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Abstract

Reaction-diffusion systems continue to attract increasing attention from the scientific
community, with investigators seeking insights into the patterns that occur in living
organisms, in ecological systems, in geochemistry, and in physiochemical systems.
Cross-diffusion is a special case of reaction-diffusion system and refers to the phe-
nomenon in which a gradient in the concentration of one species induces a flux of

another species.

Pattern formation is a sub-area of complexity science, where non-linear spatial process
dynamics are studied. Reaction-diffusion systems are at the core of the mathematical

analysis of pattern formation and appear as relevant models for such processes.

A travelling wave is a solution of a partial differential equation with a constant profile
(shape) and a constant propagation speed. A key precursor of a developmental process
seems to be the appearance of a travelling wave front of chemical concentration in

many phenomena in biology.

The aim of this thesis is to better understand how cross-diffusion influences the for-
mation and characteristics of patterns and fronts in reaction-diffusion systems. In par-
ticular, we are interested in the mechanism of pattern formations and wave fronts in
cross-diffusion systems. We do this by taking an approach that combines mathemat-

ical modelling, analysis, and numerical simulations. First, we discuss the derivation

Xvi



of a cross-diffusion system; in particular, we investigate whether all cross-diffusion
systems of two interacting species can be derived from the microscopic master equa-
tion. Next, we consider the impact of cross-diffusion on the stability of a spatially
uniform equilibrium. Then, we derive a new non-linear cross-diffusion system based
on mathematical modelling for tightly packed biomass, and we study the travelling
wave solution for this model. Using mathematical modelling, analysis, and numerical
simulations, we conclude that cross-diffusion plays a key role in forming spatial pat-
terns for competitive model, and we show that the cross-diffusion model gives rise to
the travelling wave solution. The cross-diffusion can generate patterns and can change

the sign of travelling fronts speed comparing to standard diffusion.
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Chapter 1

Introduction

In this chapter, we begin with a brief mathematical background of topics relating to the

project to motivate the work undertaken. We then present an outline of the thesis.

1.1 Cross-Diffusion Models

The reaction-diffusion equation is the mathematical model representation that demon-
strates the dispersion of substance concentration under the influence of local reactions
and diffusion processes. Diffusion is the movement of particles from a region of higher
concentration to a region of lower concentration until equilibrium is reached [3]]. There
are also number of other physical factors which influence the movement of particles
other than diffusion process such as advection, chemotaxis and haptotaxis for more
details see [9, 12, 16} 20, 22, 22, 156, 61}, 164, (73, 78, 187, 90, 91, 95]]. In local reactions,
the interaction of substances with each other takes place while in diffusion process,

substances disperse in space.

Cross-diffusion, the phenomenon in which a gradient in the concentration of one species



induces a flux of another chemical species [93]]. Cross-diffusion can arise in genuinely
practical models. For examples see [43, 65, [75]. In general, the cross-diffusion co-
efficient can be positive, negative, or zero. The positive means that the movement of
the species in the direction of lower concentration of another species, and the nega-
tive means that one species tends to diffuse in the direction of higher concentration of

another species.

The general macroscopic model consisting of two partial differential equations with
cross-diffusion has been derived in [39, [72]. They derived macroscopic models for
ecological or biological systems in which two interacting species occupy the same
spatial environment. They start with micro-level assumptions about the probability of
individuals moving from one discrete site into another one, depending on the current

population densities of both species in both sites.

These days the investigation of pattern formation is very interested topic in chemistry,
physics, and biology. Patterns occur in population dynamics, and are usually investi-
gated through reaction-diffusion models, which consider the diffusion of each species
depends only on the gradients of the concentration of the species itself [5 16, (11} 19,
36,152]]. On the contrary, when a gradient in the concentration of one species induces
a flux of another species, one must take into account also the cross-diffusion terms.
Cross-diffusion plays an important role in patterns formation of reaction-diffusion sys-
tems, and large attention has recently been given to studying the stability behaviour of
a system of interacting populations, taking into account the effects of self and cross-
diffusion [31,55]. We will present some existing models for which pattern formation

has been shown.

The principal ingredients of reaction-diffusion models are equation of the form

u, = V- (D(u)Vu) +f(u), (1.1.1)



where f can be associated with the representation of death and/or birth process, while
u can be associated with representation of population density. D(u) in equation (1.1.1])
denotes the matrix of diffusion coefficients (a diagonal matrix if no cross-diffusion).
Since, Vu in equation is a tensor, therefore, V - D(u)Vu will be a vector, see
[S9]. In the case D is space-dependent are more often observed within the biomedical
modelling domain such as organisms diffusion within heterogeneous environments and

growth of brain tumors; more details in [84}, 185, 186].

In special case, we can have diffusion matrix as a diagonal matrix. For instance, in the

case of a two-species model, self-diffusion matrix takes the form

Dy 0
H (1.12)
0 D

We note that cross-diffusion will be discussed in much more depth later, which refers
to the fact that the flux of one species is triggered by the concentration gradient of
another species. The cross-diffusion coefficients are the diffusion matrix elements
that are not diagonal, meaning that a minimum of one non-diagonal diffusion matrix
element in a cross-diffusion setting is different from zero [95]. We can have a diffusion
matrix as a full constant matrix. For instance, in special case of a two-species model,
cross-diffusion matrix takes the form
Dy1 D12

(1.1.3)
Dy Dy



1.2 Derivation of Reaction-Diffusion Equations / Con-

servation of Mass

Towards the derivation of the reaction-diffusion equation following [22, 64], let us ac-
count for diffusion in three-dimension space with an arbitrary surface (S) with volume
(V). As per the definition of conservation equation, the overall rate of change of mate-
rial within volume V will be the same as the rate of flow of material across the surface
S plus any new material created within the volume V. Mathematically, this can be

expressed as presented in equation (I.2.).

%/Vu(x,t)dV:—/SJ-dSJr/Vfd% (12.1)

where J denotes the material flux and f denotes the source of material, which may
be a function of u,x and 7. Considering that u(x,t) is continuous and implementing

divergence theorem to the surface integral, equation (1.2.1)) will transform into

/[@+V.J_f(u,x,t> 4V =0, (12.2)
174 ot

As it is known that volume V is arbitrary, therefore, the integrand must result in zero.

As a result, conservation equation for u can be expressed as the following

= —V-J+ f(u,x,1). (1.2.3)

Equation (1.2.3) is valid for any general value of J. For instance, in case of classical

transport process, J is



J=—-DVu, (1.2.4)
which called Fickian diffusion.

Hence, equation ([1.2.3]) with (1.2.4)) will become

uy =V - (DVu)+ f(u,x,t), (1.2.5)

where D might be a function of x and u or ¢.

Let us now generalize the equation (1.2.5]) for multiple interacting substances. In that
case, ui(x,t),i = 1,...,m will represent the concentration of the interacting substances
and D; will represent the diffusion coefficient of each substance. Equation (I.2.5)) will

now transform into equation ([1.2.6) for the multiple interacting substances.

u, = V- (D(u)Vu) +f(u), (1.2.6)

1.3 Derivation of Cross-Diffustion from Random Walk

In this section, we show an alternative method of derivation of PDEs particularly cross-
diffusion models. We derive PDEs from a random walk. This derivation can lead to the
same equation we derive in section (1.2l Our goal is to derive a cross-diffusion system
based on a continuous in time, discrete in space master equation that has done before
in [39,[72]. We re-derive it because we use this derivation as start point of our work in
Chapter 2} We will investigate whether all cross-diffusion systems of two interacting
species can be a special case of this derivation. Khassehkhan in [[72] showed that some

examples of cross-diffusion systems are special case of this derivation, however we



will continue this investigation by considering other examples. Before that, we show

the derivation of a continuous in time, discrete in space master equation.

We will only consider the spatial case 1-D in space for simplicity, although we could
use this method for the case n-D. To start the derivation, we first derive a scalar PDEs,
where the jump probabilities are simple. Let the variable p(x,f) be defined as the
probability of a randomly chosen individual being found on the interval (x,x + Ax) at
the time ¢ [46], where Ax is a small space interval, Thus, for a population size N with

population density u(x,7),

X—+Ax
p(x,t):]lv/Jr u(é,t)dﬁ%% as Ax — 0. (1.3.1)

During time interval Az an individual may move Ax to the right with probability g™ (x,1),
Ax to the left with probability ¢~ (x,7), and may remain stationary with probability

1 —g"(x,t) —q (x,t). If there are no births and deaths then then p(x,7 + Ar) satisfies

p(x,t+At) =p(x,1) +q" (x— Ax,1) p(x— Ax,1)
(1.3.2)

—|—q7(x+Ax,t)p(x+Ax,t) - (q+(x>t) —l—qi(x,l‘))p(x,t).

Expanding L.H.S in (I.3.2) only in time # yields

Pt) 4 2 p(rr) A t+H.OT =p(rt) +° (x— Ax.0)plx— Ax.)

+q (x+Ax, ) p(x+Ax,t) — (g (x,8) + g (x,8)) p(x,1).



Cancelling p(x,t) from both sides, we have
J - — + -
5, P 0AL = g7 plx = Axt) + g p(x+ A1) = (g +q;)p(x,1),

where ¢i = ¢*(x,t) and qlal =g (x FAx,1).

+
Taking the appropriate limit as At converge to zero (At — 0 so that % — T,Q—L), and
using (1.3.T) gives the continuous in time, discrete in space master equation which

defined over an infinite domain grid in the unbounded domain is

duk

- =T 1+ T e — (T 4T g (1.3.3)
Tk Tk
’ Xr-1 ‘ Xk ‘ Xk-1 ‘
[ * m
+ —_
k-1 Tk+1

Figure 1.1: Schematic of movement of biomass between neighbouring lattice cells.
The probability for biomass to move from cell x; into cell x; is denoted by ‘L'ki etc.
Note that x;_| = x; — Ax and x| = x; + Ax.

ug, ug—1 and uy 1 are the biomass density of species u, at the locations xy, x;—; and Xz
respectively. Here a biomass of u in the location k; can move to the left or to the right
to exit, with the transfer rate T, or ‘L'Ij_ , respectively. The biomass in a neighbouring
location (x;_; or x;11) can move into location x;, either from the left with transfer rate
"L'];tl or from the right with 7, +1- Note that Tki = limp; 0 %, and q,f represents the

probability of a jump from location x; to location x; ;. Equation (1.3.3) is a lot used



in mathematical biology [, 39, 51} 165, 68\ [70, [72} [72, 183),194], to derive population-
level macroscopic partial differential equation models from microscopic behavioural

rules.

If uy 1s interpreted as a quantity in the cell center xi, the grid function u; can be inter-
polated with a smooth function u with u(z,x;) = ux(t) and similarly, g* (x;) = q,:—L. For

given t we expand u(t,x;+) and g™ (x;41) by Taylor series:

du(t,xy) N (Ax)? 9%u(t,x;)

u(t,xpe1) = u(t,x;) £ Ax +H.0.T, (1.3.4)

and

+ 2732 +
% (W09 hor (13.5)

gt (psr) = g £ Ax

Substituting these expressions into (I.3.3)) and dropping H.O.T, we obtain:

du Aoy @ E_E
o At [(q K )8x+u( dx dx )]
(Ax)? [(1 1 . 0% 0% 9%q" du 19%¢* 18261_)]

At

+ Eq +§q )3x2+( ox2 + ox2 )ﬁﬂl 2 9x2 +§ ox2

(1.3.6)

g" and g~ are probabilities. In this section, we investigate simplest case where g™ and
g~ are constants. However we can choose ¢+ and ¢~ as functions which lead to more

complex PDEs, we will investigate this case in section[I.3.1]

We investigate possible cases for g™ and g~ which end up with scalar equations such

as diffusion and advection-diffusion equation.



Constant Jump Probability

For g™ and g~ as constants, (1.3.6) will be

du Axyp, _ du
S =rla-a5]
ot At dx
) ) (1.3.7)
+(Ax) [<1 _ 1 +)8 u]
A 1129 T21592)
We have the following cases for g™ and g~ :
1. Unbiased random walk g™ = ¢~ = 1,
du  (Ax)? (1 1+1 1)8214
ot Ar L'2°2 27279x2)
if we take
- (Ax)?
lim ——— =D >0.
a0 2ar 07
Thus, we obtain the diffusion equation
du 0u
— =D—. 1.3.8
ar ~Par (138)

2. Biased random walk g # ¢,

du _Ax[( _ +)3u}

or a9y
(Ax)z[azu}
2At Lox2]’
if we take
_ Ax . (Ax)?
1 —gt1—= = 1 =
Am e =TTy =w o lim Sy
Ar—0 Ar—0



Thus, we obtain advection-diffusion equation:

du du d%u

— =v—+D—. 1.3.9

o Vox T Poe (139
We compare the diffusion and advection-diffusion equations (1.3.8]) and (1.3.9) (con-
tinuous) with a random walk (discrete) (1.3.2]) numerically in Figures Clearly,
after several steps, the probability distribution spreads out and becomes approximately

PDEs solution. We solve PDEs in MATLAB (PDEPE) with zero flux boundary condi-
tion, and we solve (I.3.2) in MATLAB (see code in Appendix [B.2).

10



1000 T ‘ 600 -
-D\AI N_ENNN -RW, N=5000
—— Diffusion Equation 500 - 7
800 | 1
400 -
__ 600 .
X X300+
=] =1
400 ¢
200 -
200 ¢ 1 100 -
0 A ' 0 )
-50 0 50 -50 0 50
X X
() (b)
500 T 500 -
[ RW, N=500 [T RW, N=5000
—— Diffusion Equation —— Diffusion Equation
400 ¢ 1 400 - 1
=300¢ 300~
Z 2
3 3
200 | 200 -
100 ¢ 100 -
0 0
-50 0 50 -
X X
() (d)

Figure 1.2: Comparing the diffusion equation (I.3.8) and random walk. This figure
shows the solution to the diffusion equation, in red. To obtain the teal histogram, 5000
walkers with random walk were simulated for 100 time steps. As a result, each bar
represents the number of walkers whose final position was in that bin : [(a)] At time
t=25; [(b)] At time t=50; [(c)| At time t=75; and, [(d)] At time t=100. Parameter values are
shown in Table L1l

Parameter | Value
D 0.5
q" 0.5
q- 0.5

Table 1.1: Table showing the parameter values that used to solve diffusion equation

(1.3-8) and master equation (1.3.2).
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Figure 1.3: Comparing the advection-diffusion equation (1.3.9) and random walk..
This figure shows the solution to the advection-diffusion equation, in red with 1.C =
(5000)e(_x2). To obtain the teal histogram, 5000 walkers with random walk were
simulated for 100 time steps. As a result, each bar represents the number of walkers
whose final position was in that bin : [(a)] At time t=25; [(b)] At time t=50; [(c)] At time
t=75; and, At time t=100. Parameter values are shown in Table @

Parameter

Value

0.5

1% 0.4
g 0.3
q 0.7

Table 1.2: Table showing the parameter values that used to solve diffusion equation

(1.3.9) and master equation (1.3.2).



1.3.1 Derivation of Cross-Diffusion from a Continuous in Time,

Discrete in Space Master Equation

In theoretical ecology and other areas of mathematical biology, a continuous in time,
discrete in space master equation is commonly used for single-species communities to
derive population-level macroscopic partial differential equation models from micro-
scopic behavioral rules [[1, 51, 165,168, (70, 83, 194} 97]. In Khassehkhan paper [39] , it
was demonstrated that a single-species biofilm model could be derived as the macro-
scopic limit of a microscopic continuous in time, discrete in space master equation
in which biomass movement from one site to another is governed by microscopic be-
havioural rules that account for biomass already present in both sites. This modelling
approach is based on a strategy commonly used in spatially structured populations or
directed cell movement, such as chemotaxis [1} 51} 165} 168, 94, 97]]. For general dual-
species systems with spatially interacting populations, this was worked out in Ostran-
der [67]. Rahman in [72] extend Ostrander derivations to dual-species biofilm systems,
following the same master equation approach. A simpler dual-species model was pre-
viously derived in [71], where it was implicitly assumed that individual movement is
not restricted by the presence of others and that interaction between species takes place
through reactions, in which case one obtains a semi-linear model with Fickian diffu-
sion. In Rahman work, they account for the effect that the presence of other cells has
on individual movement. In a biofilm, where cells are often packed tightly, this is an

important aspect.

In section 1.3 we showed the derivation of a scalar PDE with a simple jump proba-
bilities which are constants. jump probabilities can be functions that lead to different
PDEs. In this thesis, we interested two-species cross-diffusion system. So, the deriva-
tion of cross-diffusion system must be from two continuous in time, discrete in space

master equations. Note a scalar master equation leads to a scalar PDE. The constant
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jump probabilities will not lead to cross-diffusion system. For cross-diffusion, jump

probabilities need to functions that depend on densities of the two-species.

A derivation of cross-diffusion from a continuous in time, discrete in space master
equations is summarized here, using the same approach as outlined in [39, [72], to
obtain a better understanding of the origin of cross-diffusion terms in a two-species

model, and what they mean in relation to the movement of individuals.

For two interacting species u and v, the continuous in time, discrete in space master

equation which defined over an infinite domain grid in the unbounded domain is

duk _ —
E = T]j_lukfl + Tk+1uk+1 — (le + T )I/lk,
(1.3.10)

dvk

_ B+ — + . B-

o B vt + Beoyvierr — (B + B v

Note that equation for v can be derived in similar way we did for u in (I.3.3). u,
ur—1 and uy | are the biomass density of species u, at the locations x, x;—; and xz4 |
respectively. Similarly for v equation. The master equation (1.3.10) describes the

population change in a particular site in a particular species.

In general, the transfer rate Tki , [Ski can depend on the density of both populations in

sites x; and x; £ 1. One choice of Tki, Bki, motived by Eberl [72]] is

”"ki = Yq1(ur, vi) p1 (g1, Vit 1),
B = nga(ue,vi) pa(ups1,visr), (1.3.11)

that is a separation of variable approach. Functions g1, pi, g2 and p; are the “jump
probabilities”. g1 and p; are non-negative and continuous functions with 0 < g, p; <1

that control the local movement from one site to a neighbouring site for species u.

14



Similarly, g, , p> for species v. The incentive for species u and v to leave lattice site
k is measured by the functions g »(uk,vk). The function py s (ug,vi) represent how

suitable the lattice site k is for incoming individuals of species u and v.

Functions ¢, p1, g2 and p> can be understood as probabilities for an individual to
move between sites x; and x;1. The coefficient Y is a scaling factor that depends on
length-scale and time-scale, i.e. distance between two sites Ax. More specifically, for
diffusion problems ¥ scales with(Ax)? , such that lima,_, ¥(Ax)? = 9% > 0, Similarly,
for B3.

We first introduce two continuous functions u(f,x) and v(¢,x) that interpolate the grid
functions u(t,x;) = ui(t), v(t,x;) = ug(t), in order to make the transition from a spa-

tially discrete to a continuous model.

To express u(t,xx+1) and v(f,x3+1), we will use the expansion of the Taylor series.

du(t,xy) N (Ax)? 9%u(t,xy)

u(t,xkil) = u(t,xk) + Ax ox 2 92 +H.O.T, 1312
ov(t,x;)  (Ax)? d%v(t,x;) o
v(t,xk+1) = v(t,xx) £ Ax I + 5 92 +H.O.T,

where H.O.T. represents higher order terms and Ax is the small distance between grid

points.

Also, we can use the Taylor series to describe gy 2 (ugs1,Vit1), P1.2(Ukx1,Vkr1) as fol-

lows
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dq1 2 (g, vk) g1 2 (uk, Vi)

q12(Uks1,Vex1) = C]l,Z(”ka"k)"‘(ukil_”k)a—uk"f‘(vkil_vk) .
1 5 9%q1 2 (g, i) 5 9%q1 2 (ug, vi))
_|_ — u —Uu ’—_|_ v —V —_ =
3 (Ups1 — ug) o (Vke1 — Vi) 22
9q1.2(uk, vi)
+ 2(ukil—uk)(vki1—vk)ﬁ +H.O.T, (1.3.13)
Uy
and
Ip1 2 (g, vk Ip1 2 (g, vk
Pio(Ugsr,vir1) = Pl,Z(”kaWc)“”(”kil—“k)%‘f’(vkil—vk)#

1 59212 (ug, i) 5 9%p12 (U, i)
+ 5 (Upet1 — ug) —8u]% + (Vi1 — Vi) —8\/,%
dp1 2 (g, vk)
+ 2(uki1—uk)(vki1—vk)— +H.O.T. (1.3.14)

8uk8vk

Substituting these expressions in the equation (I.3.10) the previously calculated Taylor
expansions and taking the limits as A — 0 and Ax — 0, a continuous equation describ-

ing the rate of change of u can be found, without taking into account higher order

terms. Thus,

ox2

' 9 ap1\| 0 2 Ip\] 22
o = ey q“m”(pl Tl 8}2)] 2 T [”(pl 5 apvl)] v

92 92 92 du\ >
- —( ) (5

9%q
+ Y(Ax)? |upr=— B 2 Mll 3,2 ]

dqi du d
+ y(Ax)? 28 Lpi+2u (Pla i auglv) a_ZEVC’ (13.15)
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passing to continuous limit, Ax — 0 such as lim,,_,, (Ax)?> = ¥ > 0 rearranging the

order of term we obtain

d d d d
ur = nVv- (41P1+M (Pl%—m£)> Vu+u (m%—fh%) Vv,

which is now recognisable as a cross-diffusion equation, where

P P P P
Dy =qipi+u (m% —q1%> . Dp=u <p1%—a1%) . (13.17)

In an analogous way, we can apply the same methodology to calculate dv/dt.

d 0d d J
Vi = MoV - <Q2p2+v (Pz% —612%)) Vv+v (Pz% —qz£> Vu

(1.3.18)

d d d d
Dy =v (Pz% —42%) , Dy =qp2+v (Pz% —Q2%) . (L3.19)

This derivation has been investigated before in [39, 166, [72]. The question is, can any
cross-diffusion system can be a special case of this derivation. Ostrander shows that
some examples of cross-diffusion systems are special case of this derivation such as
the cross diffusion model of Shigesada, Kawasaki, and Teramoto (SKT) and the cross

diffusion model of Chattopadhyay and Chatterjee in [66]. They conclude that their
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approach in the inverse problem could likely be used to find jump probabilities which
recover many other reaction-diffusion systems. Therefore, we extend their work to
recover two different systems in Chapter [2] which are the simplest cross-diffusion and
new non-linear cross-diffusion system in similar way. By considering these examples,
we try to answer whether all cross-diffusion system can be special case of this deriva-
tion. In addition, we extend their work on SKT model by comparing the solution of

SKT with the solution of the master equation ((1.3.10).

1.4 Pattern Formation in Reaction-Diffusion Equations

Chapter 3| deals with the effect of pattern formation on cross-diffusion models, so we
introduce pattern formation in this section. In biological sciences, there are number of
phenomena and mechanisms which result in temporal or spatial patterns. Furthermore,
in terms of variability, these processes occur in different scales among a different range
of species for different purposes [[102]. Although, there are number of differences and
variations in different biological pattern formation mechanisms [33], however, they can
be collectively represented through a mathematical expression. The reaction-diffusion
equation is the key in developing the mathematical relationship since it represents the
evolution of spatio-temporal densities of materials forming the patterns [18, 21} 34,
35,140, 41, 93]]. Each equation includes the diffusion term (Fickian diffusion, porous

diffusion) and reaction term (interaction among substance) [64]].
Let us assume that diffusion is standard Fickian, then, system can be expressed math-
ematically as given follows

u = V- (DVu) + f(u),
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where u = (uq,...,u,)’ € R’} is the representation of chemical substance concentra-

tions and bifurcations on the system eigenvalues.

There are three principle type of instabilities including wave, Turing and Hopf in such

kind of diffusion-reaction systems [7,57].

» Wave bifurcation: Generates time oscillatory and spatially periodic type of pat-

terns.

* Turing bifurcation: Generated time stationary and spatially periodic type of

patterns.

* Hopf bifurcation: Generates time oscillatory and spatially homogeneous type

of patterns.

However, the combination of instabilities may increase the wealth of patterns. There
is the possibility of having a periodic pattern in space and time without having a wave
instability, as when both Turing and Hopf instabilities are present, leading to oscillatory

Turing patterns [34,[107]].

The Turing mechanism discovered 1952 has been considered the most common to-
wards mathematically describing biological pattern formation mechanism under con-

stant diffusion coefficients [93] .

Typically, it is assumed that the diffusion process influences the system differential
equations towards making it stable. However, in the case of Turing pattern forma-
tion, the opposite is true. Process of Turing pattern formation occurs when a system
(previously stable in the absence of diffusion) becomes spatially unstable under the
diffusion process. This process is referred to as diffusion-driven instability and results
in non-homogeneous pattern formation. For the sake of mathematical representation,

this process must need to involve two substances with different diffusion constant; an
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activator with D4 and an inhibitor with D;. Non-linear reaction terms corresponding
to these diffusion constants will become F(A,I) and G(A,I), respectively. Overall, the

system will be transformed as follows

A =V - (DsVA)+F(A,I),

I =V (D;VI)+G(A,I).

For the case of diffusion-drive instability, the reaction-diffusion equations can be ex-

pressed accordingly in their non-dimensional form as given in system (I.4.1].

=V (V) +yf(u,v), (1.4.1)

vi =V (dVu)+yg(u,v),
where v € R is the term added by scale length and is the representation of domain size,
andd = g—/i is the ratio between two diffusion coefficients. In [93]], Alan Turing showed
how a reaction-diffusion system could exhibit such instabilities to form patterns. For
a two-component reaction-diffusion system, a key requirement for diffusion-driven
instability is the concept of long-range inhibition and short-range activation (Gierer and
Meinhardt 1972). This implies that one of the species (the inhibitor D;) must diffuse
faster (typically much faster) than the autocatalytic species (activator Dy) (D; > Dy =
d > 1), thereby fulfilling one of the necessary condition for the formation of spatial
structure. In summary, Turing instability means that a stable steady state of ODE

become unstable (can generate patterns) in the presence of diffusion with d > 1.
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1.4.1 Linear Stability Analysis for Diffusion-Driven Instability

Now, we consider the linear stability analysis for the reaction-diffusion system (Turing
Instability). For any steady state to be driven unstable in the presence of diffusion,
certain conditions must be satisfied. To formulate the problem mathematically, we
need to specify initial conditions and boundary conditions. We take these to be given
initial conditions (which will be small perturbations about the steady state) and zero

flux boundary conditions. Therefore the mathematical problem is

=V - (Vu) +7f(,v),

v =V (dVv)+7g(u,v), (1.4.2)

(n.V) =0, rondQ; u(r,0), v(r,0) given,

where dQ is the closed boundary of the reaction-diffusion domain Q and 7 is the unit

outward normal to Q.

The relevant homogeneous steady state (ug,vo) of (1.4.2) is the positive solution of

fu,v)=0, g(u,v)=0.

In the absence of diffusion, any homogeneous (positive) steady state must be linearly
stable since we are concerned with diffusion-driven instability. It is only in the pres-
ence of diffusion that we want this steady state to be driven unstable. With no diffusion
terms, we have

du du
E—ﬁmm E—wmw (1.4.3)
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We consider the following perturbations to the steady state (ug,vo)

u(x,t) =uo+a(t), v(x,t)=vo+9(). (1.4.4)

where |i(r)| << 1 and |¥(¢)| << I are small perturbations.

Substitute these into equation (1.4.3), we have

d d
d;t vf (uo +1,vo +79), d—b; = vg(up +d,vo+ V), (1.4.5)

and using a Taylor expansion of f and g about (g, v) we obtain the linearised system

W = ’}/JW,
where
(1.4.6)
LR i(t)
J= , W=
g & ()

The subscripts u# and v denote differentiation with respect to u and v respectively, and

¢ indicates evaluation at the equilibrium (ug, vo).

We look for solution w o< e , where A is the eigenvalue. If ReA < 0, the steady state

w = 0 is linearly stable since in this case the perturbation w — 0 as t — oo.

Substituting the form of solution into (I.4.6) determines the characteristic equation
A% —ytr(J)A 4 yPdet(J) =0,

SO

2'171‘2:

1=

[tr(J i\/tr — 4det(J)].
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It can be derived that the linear stability of reaction equations is guaranteed if ReA < 0,

that is
tr(J) = f, +g&, <0, (1.4.7)

det(J) = fygv — 1y 8u > 0. (1.4.8)

We now consider the whole system, including diffusion (I.4.2), and we consider the

following perturbations to the steady state (ug, vo)

u(x,t) = uo+a(x,t), v(x,t)=vy+9(x,z), (1.4.9)

where || << 1 and |#| << I are small perturbations.

Substitute equation (1.4.9) into (1.4.2)) and apply a Taylor expansion about (ug,v) to

f(u,v) and g(u,v) to obtain the linearised problem

ﬁ(xat)t = V'(ﬁ(xvt)Vﬁ(x7t))+Y(f;ﬁ(xvl)+f1?ﬁ(x7t))a

ﬁ(xJ)I =V (d\?(x,t)Vﬁ(x,t)) + Y(gzﬁ(xat) —i—gﬁﬁ(x,t)),

(1.4.10)
i(x,1)
(n.V) =0, rondQ.
O(x,1)
System (1.4.10)) can be written in the form
a(x,t)
w, =V (DWVW)+7yJw, w= )
V(x,1)
where (1.4.11)
P A Y
8u & 0 d
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We define W(r) to be the time-independent solution of the spatial eigenvalue problem

defined by

AWHKEW=0 onQ,
(1.4.12)

(n.V)W =0 on dQ.

For example, in the one-dimensional domain (e.g. 0 < x < a) with zero flux boundary

nﬂx)

conditions, W o< cos( (n integer) and (k = ”77”, k is called the wavenumber). We

define the wavelength as @ = Zk” = 27“

Since n is an integer, there is a discrete set of possible wavenumbers in a finite do-
main. Let Wy (r) be the eigenfunction corresponding to the wavenumber k. Each
eigenfunction Wy satisfies zero flux boundary conditions. Since the problem is linear,

the solutions w(r,?) of (1.4.11)) in the form

w(r,) =Y cre™ Wi(r), (1.4.13)
k

where the constant ¢; are determined by Fourier expansion of the initial conditions
in term of Wk(r) and A is the eigenvalue which for temporal growth. Substituting

1nto with (1 4 12) and cancelling M, we get, for each k

AW, =YJW+ DAW,

=YJW; — DK*W,.

W/, are required to be non-trivial solutions, thus we determine A as roots of the char-

acteristic polynomial

det(AI —yJ + Dk*) =0,
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we have

A2+ GIHA+H(K*) =0, (1.4.14)
where
G(k*) = K*tr(D) — ytr(J),
and
H(k*) = det(D)k* — yqk? + y*det(J), (1.4.15)
with

q:=[df;+&)).

We require Re(A) > 0 for exponential growth and hence for steady state to now be
unstable. For the case k = 0 we are back to the diffusionless system, and we already
imposed the constraints that the steady state is stable in the absence of any spatial
effect. For the steady state to be unstable when we add diffusion we require Re(A) > 0
for some k # 0. This can happen if either G(k*) < 0 or H(k*) < 0. Since we have
(f+g9) < 0and k*[1 +d] > 0, then we have G(k?) > 0. Therefore, » must be negative
to have Re(A) > 0, and since d > 0 and |J| > 0, the only possibility for H(k?) < 0 is if

df? + g% > 0 Thus, further requirement for instability is
u v

df°+g°>0 = d#1, (1.4.16)

(1.4.16) is necessary but not sufficient for Re(4) > 0. For H(k?) to be negative for

non-zero k2, the minimum H (kz)min must be negative

(dfo+g9)*

H (k?)pin = 7 [det(J) — 1d ],
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thus,

(df2+g2)* > 4ddet(J), (1.4.17)

note 4ddet(J) > 0. Now we have (1.4.7), (1.4.8)), (1.4.16) and (1.4.17) conditions for

diffusion driven instability. Here we derive all the necessary condition for diffusion
driven instability in general. In next section, we will check these condition for our

specific system.

1.4.2 Cross-Diffusion and Pattern Formation

Recently, cross-diffusion effects have been recently considered in [25, 26} 49, [76, 88,
89, 108]. The effects of cross-diffusion on models for pattern formation have been
studied in many theoretical papers [4, 13} 14} 27, 28, 130, 31} 138}, 142} 45, 148, 50, 55, 169,
74, (76, (79} 188, 195, 1105 [109]]. When linear cross-diffusion terms are introduced into
the Schnakenberg model, the constant steady state is destabilized even if the diffusion
constant of the inhibitor is smaller or equal to the diffusion constant of the activator,
as shown in [535]]. Cross-diffusion has been shown to be the cause of Turing instability
in a large class of predator-prey or competitive kinetics term “cross-diffusion induced
instability ” [29} 130, 169, [79, 92, [95]]. However, other cross-diffusion models that have
not been investigated yet. The purpose of Chapter [3]is to further explore Turing’s
diffusion-induced instability for a class of cross-diffusion systems. Assume that there
is a spatially homogeneous stable steady state in the absence of self-diffusion and
cross-diffusion; this steady state remains stable in the presence of self-diffusion. We
investigate how this can be affected by cross-diffusion. Hence, it does not belong to
the classical Turing instability scheme; however, it may become unstable when cross-
diffusion enters the system; thus, it is a cross-diffusion induced instability. Here, we
present some examples of work on pattern formation for cross-diffusion models related

to the work in this thesis.
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Shigesada, Kawasaki, and Teramoto (SKT) proposed original Cross-diffusion models
to model the spatial segregation of two competing species [81]. SKT model has been
studied extensively for the last three decades ( see for example [15, 38144, 53,158,160,

103, 1104, 1106]), and the model has the following form

uy = V.(d\Vu+douVu+dguVv) +u(ry — rqu—ryv),
(1.4.18)

Vi = V.(daVv+dywVv +dsvVu) +v(ry — rev — rau),

where u(x,7) and v(x,) are the population densities of the two competing species, d
(j = 1,2) are positive, and constants d, dy, dg,ds are non-negative. d; and d are the
random diffusion rates, dy and dy are the self-diffusion rates which represent intra-
specific population pressures, and dg,ds are the so-called cross-diffusion rates which
represent the inter-specific population pressures. The constant r;,r,, 7., rp, 14 are all

positive.

The main feature of such a model is that the movement rate of each species depend
on the density of both species, and one key underlying biological assumption is that
the transition probability from one place to its neighbourhood depends solely on the
arrival spot and is independent of the departure spot. The goal of Shigesada was to
show that heterogeneity of the environment and the non-linear dispersive movements

raise a spatial segregation of the populations of two similar and competing species.

In the context of biological interactions of bacterial species, such a non-linear cross-
diffusion model (I.4.18)) was investigated in [30, 32]]. These are systems consisting of
two or more bacterial species exhibiting both competitive interaction for nutrients and
also diffusion that is mediated by the presence of another species and the presence of its
own species. They are interested in pattern formation in reaction-diffusion equations
with non-linear diffusion terms. The main interest in that paper is to understand how

cross-diffusion leads to pattern formation; their emphasis is less on the modelling and
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more on identifying conditions under which patterns are formed.

Many many researchers consider liner cross-diffusion flux which we called it A Sim-
ple Cross-diffusion” with different kinetics [27, 45, 54]], one example is Madzvamuse
in [55] investigated Turing instability with the effect of linear cross diffusion for the

following model

uy =V . (Vu+d,Vv)+a—u+uv,
(1.4.19)

vi =V . (dVv+d,Vu)+b—u?v,

where u(x,t) and v(x,t) are of two chemical concentrations, and d is the ratio of the
diffusion coefficients only (without cross-diffusion), and d,, and d,, are the ratios of the
cross-diffusion and the diffusion coefficients, respectively. The constants aand b are

all positive .

They showed in the presence of cross diffusion, it is no longer necessary to enforce

that one of the species diffuse much faster than the other, so (D, =D, = d = 1).

In the previous studies, the effects of linear cross-diffusion on pattern formation has
been investigated for example [27, 45, 54]. None of these focused for the case where
steady state of the kinetic is stable to self-diffusion with any ratio of the coefficients

and see how this can be affected by linear cross-diffusion.

Yahong propose a mathematical model for a spatial predator-prey system with Allee
effect in [69]. They investigate the Turing instability and the phenomena of pattern

formation of the following system

uy = V.(auVu+b1uVv) + yu(u — B)(1 — u) — uv,
(1.4.20)

ve = V.(aavVv+bvVu) +uv — v,
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where u(x,1) is the prey density, v(x,?) is the predator density. a; > 0, ay > 0, by and
b are diffusion and cross-diffusion coefficients, respectively. The constants ¥, 3,0 are

all positive.

They showed that non-linear cross-diffusion could induce instability that pattern can
form in case where the standard diffusion can not. There are still many cross-diffusion
models can be investigated to understand how cross-diffusion can affect a stable steady
state with standard-diffusion, and how cross-diffusion can affect pattern formation. In
Chapter [3] we extend the work in this area to have a better understand of the effect
of cross-diffusion on pattern formation and investigate this case for a class of cross-
diffusion systems where the non-dimensional form of this class of cross-diffusion sys-

tems is

Ur = V,[D“(u,v)Vu+D12(u,v)Vv] + }’f(lxt,\/'),

ve = V.[D21 (u,v)Vu+ Doy (u,v)Vv] + yg(u,v).

We then consider two examples, the first one is the (simple) linear cross-diffusion
(I.4.19), and the other one is a new non-linear cross-diffusion model that we derive
in Chapter 4, We also focus on a class of kinetics term where uniform steady state
is stable with standard-diffusion, and one example of kinetic is predator-prey system

with Allee effect [69].

1.5 Background of Travelling Wave
In Chapter 4, we consider travelling wave solution, so we give introduction of what

is the travelling wave in this section. Travelling wave means the shape and speed of

propagation of the front continually changed. Customarily a travelling wave is taken
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to be a wave which travels without change of shape. So, if a solution u(x,?) represents
a travelling wave, the shape of the solution will be the same for all time and the speed
of propagation of this shape is a constant, which we denote by c. If we look at this
wave in a travelling frame moving at speed c it will appear stationary. A mathematical

way of saying this is that if the solution

u(x,t) =u(x—ct) =u(z), where z=x—ct, (1.5.1)

then u(x,t) is a travelling wave, and it moves at constant speed c. If ¢ > 0 then, we
have a right travelling wave, and If ¢ < O then, we have a left travelling wave. The
wavespeed ¢ generally has to be determined. The dependent variable z is sometimes
called the wave variable. When we look for travelling wave solutions of an equation

or system of equations in x and 7 in the form (1.5.1)), we have ‘3’; = —cdu v and = d

Z

So partial differential equations in x and ¢ become ordinary differential equations in z.
To be physically realistic u(z) has to be bounded for all z and non-negative with the
quantities with which we are concerned, such as chemicals, populations, bacteria and

cells. For more details, see [64].

1.6 Thesis Outline

The aim of this thesis is to better understand how cross-diffusion influences the for-
mation and characteristics of patterns and fronts in reaction-diffusion systems. In par-
ticular, we are interested in the mechanism of pattern formations and wave fronts in a

cross-diffusion system. The structure of the thesis is as follows.

In Chapter [2, we investigate whether all cross-diffusion system of two interacting

30



species can be derived from the following microscopic master equation [39, [72]

duk _ —
E = T,:r_luk,l —|—Tk+1uk+1 — (T]:r +Tk )uk,
dvk — _
— = Bl B = (BB vk

where 1, is a biomass of u in the location x;, and the biomass can move to the left or

to the right to exit, with the transfer rate T, or ’L’,QL , similarly for vy.

In Chapter |3} our goal is to follow the ideas of Turing about diffusive instability but to
consider the impact of cross-diffusion on the stability of a spatially uniform equilib-

rium. We perform a stability analysis for a class of cross-diffusion system

uy = V.[D11(u,v)Vu+ Do (u,v)Vv] +yf(u,v),

ve = V.[D21 (u,v)Vu+ Doy (u,v)Vv] + yg(u,v).

We investigate the possibility of pattern formation. Particularly, we investigate one
case which is can cross-diffusion induce pattern where standard-diffusion can not. We

then consider two examples which are

u =V . (Vu+d,Vv)+vf(u,v),
v =V . (dVv+d,Vu)+yg(u,v),

and

u =V . (Dy(1—u)Vu—D,uVv)+7f(u,v),

vi=V.(D,(1—=v)Vv—D,wVu)+7yg(u,v).

In Chapter |4, we are interested in a non-linear cross-diffusion system used to model

tightly packed populations [72]. We first derive the model from a mass-conservation
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perspective

u =V . (Dy(1—u)Vu—D,uVv)+7vf(u,v),

ve =V . (Dy(1=v)Vv—D,wVu)+yg(u,v).

We investigate moving front solutions of this model. For ease of analysis and numeric
investigation, we take v = 0. Thus, the system is reduced to a scalar equation, and we

seek a travelling wave solution of

=V . (Dy(1—u)Vu)+yu(l —u)(u—pB). (1.6.1)

By studying this scalar equation, we try to understand the travelling wave solution In
particular, (I.6.1)) is similar to Nagumo’s equation, so we also focus on the effect of
the non-linear diffusion term and what difference the non-linear diffusion term makes

to the travelling wave solution.

In Chapter [5] we summarise the important points presented in the thesis, and discuss

possible future work.

Throughout the thesis models are formulated as systems set in physically relevant spa-
tial domains Q C R3. These domains are either considered to be unbounded or to have
smooth boundary dQ. In the latter case, boundary conditions are assumed to be of
no-flux type. For ease of computation, much of the analysis and all the numerical

simulations are conducted with Q C R.

In this thesis, the simulations of PDEs including cross-diffusion carried out using MAT-
LAB’s pdepe B.4polver with (zero-flux) Neumann boundary conditions, we plot the
dispersion relations in Chapter [3|using MATLAB (see the code in Appendix [B.3), we

also use MATLAB function pplane to develop the phase portraits ( see the description
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of pplane in Appendix [B.5)).

Note that we are interested in processes and mechanisms and the underlying mathe-
matical structures with no direct applications considered. Hence, we do not provide a

dimensional analysis and all systems in this thesis are non-dimensional.
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Chapter 2

Inverse Problem

We discussed in Chapter |1 that cross-diffusion models could be derived from random
walk arguments. This chapter investigates whether all cross-diffusion systems of two
interacting species can be derived from the microscopic master equation (I.3.10). The
general proof does not seem an easy. Therefore, we illustrate that there is no proof by
two examples. The first one is the classical cross-diffusion model (SKT) investigated
in [66], and the second example is the simplest cross-diffusion. Since the analysis of
SKT model has been done before we will not go in details. In addition, since the jump
probabilities are simple for SKT, we compare the solution of SKT with the solution of
the master equation numerically, which has not been done before. Later, we recover

the non-linear cross-diffusion which is relevant to our work in this thesis.
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2.1 Shigesada, Kawasaki, and Teramoto Cross-Diffusion

System

The first example we investigate is the cross-diffusion model of Shigesada, Kawasaki,
and Teramoto. The partial differential equation we investigate without the environ-
mental potential function is

u=V- (011Vu +2D1puVu+ Di3vVu —|—D13MVV),
(2.1.1)

v=V- (D21 Vv +2D23vVv+ DypvVu + Dzquv),

where D are positive coefficients. The model (2.1.1) is known as the cross-diffusion
model of Shigesada, Kawasaki, and Teramoto (SKT). To recover (2.1.1) from (1.3.16)
and (I.3.18), the equations that must be satisfied are

Dy1 +2Dpu+Di3v = p1g1 +u(p1giu — q1P1u),

D13 = p1g1v — q1P1vs

(2.12)
Doy + Dyu+2D23v = pagr +v(p2gay — q2p2v),
D> = pagou — q2p2u-
By choosing p1, p2,q1,92 as
pi1(u,v) =ay,
1
qi(u,v) = a—(Dn + Dipu+ Di3v),
! (2.1.3)

p2(u,v) = az,

1
Do+ Dyu—+ D23v).

qg2(u,v) = —(
az

Where aj, a; are constants. As a result, system (2.1.1) can be recoved from (1.3.16)
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and (1.3.18)). For more details see [66]].

We compare the solution of master equation using jump probabilities (2.1.3))
with solution of the SKT model (2.1.1) in Figure 2.1} Clearly, we can see that the
simulation of master equation match the solution of the SKT model. We solve PDEs
in MATLAB (PDEPE) with zero flux boundary condition, and we solve the master
equation in MATLAB (ODEA45) (see code in Appendix [B.T]).

100

100

—1t=0

—1=0.25 —1t=0.25
80 - t=0.5 | 80r t=0.5 |
—1t=0.75 —1t=0.75
—t=1 —t=1
__60r ] 60
% )
S S
401 ] 40 ¢
201 ] 201
LT U L] U
5 10 15 20 25 30 35 5 10 15 20 25 30 35
X k
(a) (b)
15 ‘ ‘ ‘ === \aster Equation 12 ‘ ‘ ‘ === \aster Equation
—— SKT Model —— SKT Model
10
10 ] 81
6 L
5 4+
2 L
0 : ; : 0 ; ; ; : ;
5 10 15 20 25 30 35 5 10 15 20 25 30 35
© (d)

Figure 2.1: (a) Solution of u# in SKT model (2.1.1) with initial condition /.C =
100)e~1(r=20)%, (b) Solution of u in master equation (1.3.10) using jump probabilities
2.1.3) with initial condition 1.C = (100)e~'(~20 " (¢) Comparing u in SKT model

with master equation at time ¢t = 0.5. (d) Comparing u# in SKT model with master
equation at time t = 1. Parameter values are shown in Table[2.1]
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Parameter | Value

D1 1 0
D 12 0
D21 0
D23 0
Dqs 1
D22 1

ap 10

an 1

Y

Table 2.1: Table showing the parameter values that used to solve SKT model (2.1.1)
and master equation (I.3.10) with jump probabilities (2.1.3).

Using analysis and numerical simulations, we can conclude that SKT cross-diffusion
model commonly used to model dual species interaction can be derived from the ran-

dom walk.

2.2 A Simple Cross-Diffusion System

In the following, we consider the simplest cross-diffusion system given by the equa-

tions

u=V-(Vu+d,Vv),
2.2.1)
v =V (dVv+d,Vu).

Our next goal is to recover (2.2.1) from (1.3.16) and (1.3.18]). We complete this trying

to find appropriate jump probabilities functions pi,q1, p2,g2. In doing this, we match

the right hand side of (2.2.1)) with the right hand side of (1.3.16) and (I.3.18)), we get

that the following equations must be satisfied for the functions p1,q1, p2, g2,
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a= p1q1 +u(p1qiu — 91P1u)>

Jv = u(plq1v —611P1v),

(2.2.2)
d = p2g2 +v(P292v — q2P2v),
du =v(p2qou— q202u)-
We have included 9 and g in the coefficients a, dy, d, d,st. a= %, d, = %, d=

d
Mo’

tion in the cross-diffusion system for the species u and the third and fourth equations

d, = %. Note that the first and second equations in (2.2.2) represent the first equa-

represent the second equation in cross-diffusion system for the species v.

The following lemma holds.
Lemma 1. It is not possible to recover the linear cross-diffusion system in the
following cases.
1. If p1,q1,Pp2,q2 are constants.
2. If p1, or q1, or py, or q; is a constant.
Proof. 1. If all of the jump probability functions p,q1, p2,¢> are constants, substi-

tuting in the equations (2.2.2)), all is reduced to zero and therefore it is impossible

to recover (2.2.1).

2. If we suppose that one of the jump probabilities is constant for example py, that
is

p1(u,v) =c, (2.2.3)

where ¢ is constant.
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Substituting (2.2.3)) into (2.2.2)) we have

a=cqy+u(cqiy), (2.2.4a)

dy, = cqyy. (2.2.4b)

The equation (2.2.4a) is a first order linear ordinary differential equation with

non-constant coefficients for the variable g; and its solution is given by
a 1
q1(u,v) = - f (v), (2.2.5)

for some function f(v). If we substitute (2.2.5) into (2.2.4b) we have

di=cl 1) = 1) =

dyi

C

(2.2.6)

Clearly, this produces a contradiction to the previous assumption that f is a func-
tion only of v. Note that, we can proceed in the same way in the case that we

suppose that the jump probability g is constant.

In order to try to recover (2.2.1) from (1.3.16) and (1.3.18), we change the strategy

assuming that the jump probabilities can be separated into independent functions of u

and of v. In this case, we have the following proposition.

Proposition 2.2.1. Suppose that the jump probabilities can be separated in the follow-

ing way:
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pi(u,v) = fi(u)g1(v),
q1(u,v) = hy(u)j1(v),

(2.2.7)
pa(u,v) = fa(u)g2(v),

q2(u,v) = ha(u) j2(v).

In that case we can recover (2.2.1) from (1.3.16) and (I.3.18), and we have that the

jump probability functions are given by

d A AL My
f] (l/l) = ( Va-llu )7 gl(\}) = ( il‘ )7 h] (l/l) (;16212@) Jl(v) — (5182;& )7
),1 (Cle212d1’) Cle%
)’ J _ @ - 61—137\)
f) = (), @) =(——5) h)=(@e™), jv)=(—ein),
cre A3 (c262/14d‘u )
(2.2.8)
so that,

pi(u,v) = fi(u)gi(v) = (/lf‘cljza%)(/}—f i),
q1(u,v) =hi(u) j1(v) = (%eza’lzl‘g’)(cle%)
p2(u,v) = fo(u)g2(v) = (%e‘%‘j)(z’;’%e‘ ;’m{{),
q2(u,v) = hao(u) jo(v) = (_zegi:)(%e;;da ).

where ¢1,C1,¢2,C2, A1, A2, A2, Ag are constants.

Proof. We proceed substituting (2.2.7) into (2.2.2), in doing this we denote by / as

derivative with respect u or v but taking care of what variable the function is depending,

thus we have
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a= figihiji +u(figi(hiji) —hiji(f1g1)"),
dy=u(figi(h1j1) —mji(fig1)"),
d = frgohajo +v(f282(h2jn) —haja(f282)"),

du =v(f282(h2j2)' —h2jo(f282)'),

(2.2.9)

since g and j are function only of v, the derivatives of these functions with respect to u
are zero. Similarly, since f, h are function only of u, the derivatives with respect to v

are zero, thus we can rewrite (2.2.9) in the following way

a= gljl[fll’ll —|-M(f1h/1 _hlfll)]a

dy = ufihi(g1jy — j18}),
(2.2.10)
d = frha|g2ja +v(82j5 — j285)],

dy =vg2ja(fohy —ha f3).

Note that from the first and the second equations in (2.2.10) we can recover the first
equation in (2.2.1), and from the third and fourth equations we can recover second
equation in (2.2.T). We are now going to solve the first two equation in (2.2.10) in order
to find g1, j1, f1, 1 which implies that the following must hold for arbitrary constants

7(4 and ﬁ,z

gij1—ji1g1 =M, (2.2.11a)
g1j1 = Az, (2.2.11b)
Sihy = Md—)fl7 (2.2.11c)
fily +u(fih) —hi fi) = % (2.2.11d)
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Now we are going to calculate the functions g;(v) and jj(v). Note that the functions

g1 and g} can be obtained from the equation (2.2.11b)), that is

) —M
gl=—, &=—75" (2.2.12)
J1 J1
Substituting the values given by (2.2.12) into (2.2.11a) we get
M
=] 2.2.13

Equation (2.2.13)) is an ordinary differential equation of the first order which solution

is given by
/llv

J1(v) =cre*2, (2.2.14)

where c| is a constant. Substituting (2.2.14])) into the relation found for g; in (2.2.12),

we have

A
g(v) = ——. (2.2.15)

My
clezkz

Now we are going to calculate the functions fi(u«) and h;(u). Proceeding as before
note that the functions f; and f] can be obtained from the equation (2.2.11c)), in this

case we have

4, ,  —d, 4K
fr= uhi Ay’ h= w?hi A uh%/h'

(2.2.16)

Substituting the values given by (2.2.16) for fi and f{ into (2.2.11d), we have

—d, dh, g
i+ oLy ]

W, —h — = —, 2.2.17
) 1 1(112/1111 uh%/’Ll) ) ( )

(4 _
uhlll M]’llll

42



thus,

kA 1
i, :hl(ﬁ—;). (2.2.18)

Equation (2.2.18)) is an ordinary differential equation of first order with solution given
by

El kllu

hi(u) = ;e”z"_v, (2.2.19)

where ¢ is constant. Substituting (2.2.19)) into the relation founded for f; in (2.2.16),

we have

d d
fi(u) = e = R (2.2.20)

ull(%em) M (516“2";)

Thus we get that the solutions for the first two equations of (2.2.10) are given by

dy

fi(u) = g
M (5162’12‘1})
= ﬁl]l:{
hl(”) = ﬂezhd‘/a
u (2.2.21)
A
gl(V) =T
cre*
llv

jl(V) - Clemv

where c1, ¢ are constants. Next, we are going to proceed in a similar way as before to

find the functions f;,h,, g2, j» solving the last two equation in (2.2.10) which implies

43



that the following must hold for arbitrary constants A3 and A4

fahhy —hafy = As, (2.2.22a)
fohy = A4, (2.2.22b)
d,
g2 =——, (2.2.22¢)
VA3
) P d
2j2+v(g2js — j285) = o (2.2.224d)

As we can see the functions f; and f} can be obtained from (2.2.22b). Thus we have

Ay
h'’

— A4l
f= fi=—12. (22.23)
h2

Substituting this values for f> and f; given by (2.2.23)) into (2.2.22a)), we have

’/L3
I
h, = 214h. (2.2.24)

This is a linear ordinary differential equation of first order with solution given by

Aju

hy(u) = cre™™, (2.2.25)

where, ¢, is a constant. Now substituting the value of /, given by (2.2.25) into the
relation given by (2.2.23)) for the function f>, we have

folu) = (2.2.26)

Agu

We are going now to calculate the values of the functions g,(v) and j>(v). As we can
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see the values of the functions g, and g that can be obtained from (2.2.22¢)), in this

case we have

vjoAs’

_aTu d_u]/2

— . 2.2.27
vZ oAz vjsds ( )

/
82 82—

Substituting the values of g, and g5 given by (2.2.27) into the relation (2.2.22d) we

have
JM . J ./ . _JM d_ujlz d_
—V + — — ; — = —, 2.2.28
(v]213)J2 V((V]2A3)J2 J2 VZJZA«?, V‘]'%A?, )‘4 ( )
we have
v 1
= jo(=— — ). 2.2.29

The equation given by (2.2.29) is a linear ordinary differential equation of the first

order with solution given by

Jo(v) = ZePdi, (2.2.30)
v

where ¢, is constant. Substituting the value of j, given by (2.2.30) in the relation

obtained for g, in (2.2.27) we get

o)== (22.31)
VA3 (0726 2hqdu ) As(cae 2qel )
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and thus, we obtain the solutions

qu
hy(u) = cre?4
Ay

o) = —,

cre?t

d, (2.2.32)

g(v) = o

)L3 (5262’14@ )

= Jx:;y
Ja(v) = S,

v

where ¢;,¢; are constants. Gathering all above leads us to the following jump proba-

bility functions

(

d, — ai A —A
i) = filu)gn () = (e ) (B2 By
dl]u Zlv

q1(u,v) = hi(u)j1(v) = (e ) (G1e2),

(2.2.33)

Ay ,— A dy_,— dX:
p2(uv) = H(w)ea(v) = (Ge 7)) (56¢ 0,
Mg o dhyy
q2(u,v) = hp(u) j2(v) = (Cae? ) (F e ).

\

Clearly with these functions, we can recover the simple cross-diffusion system (2.2.1)

from the relations given by (1.3.16]) and (1.3.18). [

From py,q; as defined in (2.2.33), the dispersal strategy of species u depends on both
densities of its own and v in the arrival and target site. Therefore, cross-diffusion effects
are introduced. The jump probability p; (u,v), which describes the wish or need of the
particles u to join its neighbouring position is an exponentially decreasing function,
and it is separated into two decreasing functions that one depends on u. The other
depends on v. The jump probability ¢ (u,v), which describes the incentive for that the
particles u leave their original position, is an exponentially increasing function, and it

is separated into two increasing functions that one depends on u and the other depends
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on v, indicating that species u preferentially seeks location with lower concentrations

of both species u and v.

As we can see, pj(u,v) and g (u,v) are complex and do not seem to have a specific
meaning. In contrast to the SKT model where the flux is more complex, but the jump
probabilities are simpler. As a result , the simple flux does not mean that the
jump probabilities are simple and the complex flux does not mean that the jump proba-
bilities are complex. Therefore, it is not easy to prove that all cross-diffusion systems of
two interacting species can be derived from the microscopic master equation ((1.3.10).

Similarly for jump probabilities p,(u,v) and g»(u,v) which are for species v.

2.3 New Non-linear Cross-Diffusion System

Here, we investigate the final example that is relevant to our work in this thesis

ur =V-(Dy(1 —u)Vu—D,uVv),
(2.3.1)
v =V-(Dy(1 —v)Vv—D,vVu).

We will leave the details of the derivation for Chapter[d however, our next goal is to re-

cover the non-linear cross-diffusion system (2.3.1)) from (1.3.16)) and (1.3.18). In other

words, we investigate now whether this model can be derived from our microscopic
master equation. We achieve this by trying to find appropriate jump probabilities func-
tions p1,q1, p2,q2. In doing this, we match the right hand side of (2.3.1]) with the right
hand side of (1.3.16)) and (1.3.18)); we get that the following equations must be satisfied

for the functions p,q1,p2,q>

47



D, —Dyu= p1q1 +u(p1qiu—q1P14),

— D, =u(piqiv— qip1y), (2.3.2)

Dy, — Dy = pag> +v(p2g2y — q202v),

— Dy = (p292u — 92P20)

we have included ¥y in the coefficients D,,, D, s.t. D, = %, D, = %. Note that the
first and second equations in (2.3.2) represent the first equation in the cross-diffusion
system for the species u and the third and fourth equations represent the second equa-

tion in the cross-diffusion system for the species v.

In order to recover (2.3.1)) from ((1.3.16)) and (1.3.18]), we assume that the jump proba-

bilities can be separated into independent functions of # and of v. In this case, we have

the following proposition.

Proposition 2.3.1. Suppose that the jump probabilities can be separated in the follow-

ing way:

p1(u,v) = fi(u)g1(v),
q1(u,v) = hy(u)j1(v),
(2.3.3)
pa(u,v) = fo(u)g2(v),
q2(u,v) = ha(u) j2(v).

In that case, we can recover from ([.3.16) and (I.3.18)), and we will notice that

the jump probability functions are given by
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D_V 1 Dy (—utlnu)
i) = g M= g R
ﬂ,l(c—'e 2Dviy )
zﬁ . (2.3.4)
2 . bt e
gi1v) = —, Jiv) =cre?,
cire 2

so that,

pr(v) = fi (w1 () = (—52 ) (2 ).

M(Le v )" Tce R

a1(v) = Wi () = (e PR )(cre™),

where c1, A1, Ay are constants.

Proof. We proceed by substituting (2.3.3) into (2.3.2) which we denote by / as the
derivative with respect to u or v with taking care of what variable the function depends

on. Thus we have

Dy, —Dyu = figihyji +u(figi(hij1) —hiji(fig1)"),

=D, = (figi(hj1) —hiji(fig1)'),

(2.3.5)

since g and j are function only of v, the derivatives of these functions with respect to u
are zero. Similarly f, h are function only of u, so the derivatives with respect to v are

zero. We rewrite (2.3.5) in the following way

Dy — Dyu = gy ji[filn +u(fily — i f1)],
(2.3.6)

—Dy=ufihi(g1j1 — j1&));

and we solve (2.3.6) to recover only the first equation in (2.3.1). We will now solve
(2.3.6) in order to find gy, ji, f1,h; which implies that the following must hold for
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arbitrary constants A; and A,

g1j1—Jj181 =M, (2.3.7a)
g1j1 = Az, (2.3.7b)
fihy = _f ’, (2.3.7¢)
fihi +u(fihy —hif]) = D_”;—ZD_””. (2.3.7d)

Now we are going to calculate the functions g;(v) and jj(v). Note that the functions

g1 and g} can be obtained from the equation (2.3.7b)), that is

A —AaJ
=22 =" (238)
J1 J1
Substituting the values given by (2.3.8)) into (2.3.7a)), we have
M
= . 2.3.9
=5, (2.3.9)

Equation (2.3.9) is an ordinary differential equation of the first order which solution is

given by

Ay

J1(v) =cre*, (2.3.10)

where ¢ is a constant. Substituting (2.3.10) into the relation found for g; in (2.3.8)),

we get

50



A
gi(v) = —", (2.3.11)

cre
where ¢ is a constant. Now we are going to calculate the functions fi(«) and & (u).
Proceeding as before note that the functions f} and f] can be obtained from the equa-

tion (2.3.7¢), in this case we have

-D, , Dk
=— = —. 2.3.12
Substituting the values given by (2.3.12) for f; and f] into (2.3.7d), we get
-D, -D, Dy,  D,—Dyu
—h S VYA _ , 23.13
we have
; -D DI M(D,—D
Byl — (P - BB, 23.14)
h h Ao
which is
} -D M(D,—D
by —2u =Py = MDu= D) (2.3.15)
hy A
thus, we get
MD,(1—u) 1
Wo=h(—————— — ). 2.3.16
! i 2D, ul, 2u) ( )

Equation (2.3.16)) is an ordinary differential equation of first order with solution given

by (steps of the solution are in Appendix [A.3))
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Dy (—u+Inu)

L 2.3.17)

Vu
Substituting (2.3.17) into the relation founded for f; in (2.3.12)), we have

hl(u) =

D
fi(u) = TR (2.3.18)

(e o)

Thus we get that the solutions for the first two equations of (2.3.6) are given by

D,
Silu) = B i)
M(he 2 )
DyAq (—u+Inu)
hl u)=—=e h ’
(1) Vu (2.3.19)
A
gi(v) = —%+,
cre
llv

J1(v) =cre?,

where ¢ is constant. Gathering all above leads us to the following jump probability

functions

D, A
pi(u,v) = fi(u)gi(v) = ( B ) (—h )
M(he P et (2.3.20)
D_ull (—u+Inu) Ay

q1(u,v) =W jr(v) = (Fhe " )(cre).

u

Clearly with this functions, we can recover the first equation in a cross-diffusion system

(2.3.1) for species u from the relations given by (1.3.16) and (I.3.18)). In a similar way

as before we can find the functions f3, /2, g2, j» to recover equation for v in (2.3.T).
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2.4 Conclusions

In Chapter I} it was outlined how the spatially discrete master equations

duk _ _
= = T,:r_luk,l + Ty U1 — (’C,;|r + 7, )u,
dvk _ —
— = Bl v+ B i — (B 4B v

could be used to derive a macro scale cross diffusion model. This chapter investigated
whether all cross-diffusion system of two interacting species can be derived from these
microscopic master equations. First, we presented Ostrander’s result that the micro-
scopic master equation can be recovered from the SKT cross-diffusion model [66].
Next, we compared the solution of SKT with the solution of master equation numeri-
cally. Then, we also showed that the microscopic master equation could be recovered
from the linear cross-diffusion model. Finally, we showed that the microscopic master
equation can be recovered from the new non-linear cross-diffusion model. We found
out that recovering a system with complex flux does not imply that the jump prob-
abilities are complex. As we see for the SKT cross-diffusion model, where the flux
is complex, but jump probabilities are simple. In addition, recovering a system with
simple flux does not mean that the jump probabilities are simple. As we see for the
linear cross-diffusion model, where the flux is simple, but jump probabilities are com-
plex. Therefore , we conclude that it is not easy to prove that the microscopic master
equation (I.3.10) can be derived from all cross-diffusion systems of two interacting

species.

Note that the validity of the form of the jump probabilities given in (2.2.33) and
(2.3.20) could be verified by comparing numerical solutions of master equation with
those for the related PDE models (2.2.1) and (2.3.1)), respectively (as is done for the
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SKT model and shown in Figure[2.1). Due to the complex form of the jump probabil-
ities we were unable to formulate a stable numerical code for the master equation that
would allow such a comparison. The construction of a stable numerical code would

form useful future work.
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Chapter 3

Effect of Cross-Diffusion on Pattern

Formation

In this chapter, we focus on pattern formation for cross-diffusion systems. Our goal
is that to follow the ideas of Turing about diffusive instability but to consider the im-
pact of cross-diffusion on the stability of a spatially uniform equilibrium. Suppose we
have kinetic where the steady state is stable to all self-diffusions. Can cross-diffusion

destabilize it?

A Turing instability arises when a steady state, stable in the absence of diffusion, can
be driven unstable in the presence of self-diffusion. It is also known that if cross-
diffusion terms are added to the system, the stability of the steady state of the reaction-
diffusion system with self-diffusion terms can be reversed. In other words, a steady
state, which is stable, either in the absence of any diffusion terms or in the presence
of self-diffusion alone can be destabilized when cross-diffusion terms are added to the
system. This is called a ’cross-diffusion induced instability’ [80], and can also induce
pattern formation [10,[101]]. On the contrary, a stable steady state that becomes unsta-

ble in the presence of self-diffusion (Turing instability) can once again become stable
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in the presence of cross-diffusion. This is known as ’cross-diffusion induced stability’
[79] and prevents pattern formation. ’cross-diffusion induced stability’ investigated for
example of models, one example we presented in Chapter [IL However, there are still

models where this case has not investigated.

The main purpose of this chapter is that we investigate cross-diffusion induced insta-
bility in a class of problems, then we consider two examples. One example is the new
non-linear cross-diffusion model which we derive in Chapter d] We focus in pattern
formation for this new model. In particular, we investigate the case of where self-
diffusion cannot destabilize the steady state. Thus, we investigate how the non-linear
cross-diffusion can affect the steady state. Before investigating the possible pattern for
this new model, we investigate an example which is a (simple) linear cross-diffusion

with the same kinetic to see how it can affect a stable steady state with self-diffusion.

3.1 Stability for a Class of Cross-Diffusion Models

To investigate the possibility of pattern formation for cross-diffusion systems, we set
up a two-species cross-diffusion model and carry out stability analysis. We consider a

class of cross-diffusion systems where the general non-dimensional form is

Ur = V-[Dll(uvv)vu+D12(M7V)VV] + Yf<uav)a
(3.1.1)

ve = V.[Day (u,v)Vu+ Dy (u,v)Vv] + yg(u,v),

where u and v represent densities of two-species, f(u,v) and g(u,v) are general reac-
tion terms, D1(u,v) and Dy (u,v) are cross-diffusion terms, D1 (u,v) and Dy (u,v)

are self-diffusion terms.
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3.1.1 Linear Stability Analysis for Diffusion-Driven Instability

Now, we consider the linear stability analysis for a cross-diffusion system. For any
steady state to be driven unstable in the presence of diffusion, certain conditions must
be satisfied. To formulate the problem mathematically, we need to specify initial con-
ditions and boundary conditions. We take these to be given initial conditions (which
will be small perturbations about the steady state) and zero flux boundary conditions.

Therefore the mathematical problem is

uy = V.[D11 (u,v)Vu+ Dia(u,v)Vv| + vf (u,v),

Vr = V.[DZI(M,V)VM+D22(M,V)VV] + Yg(u,V),
(3.1.2)

(n.V) =0, rondQ; u(r,0), v(r,0) given,

where dQ is the closed boundary of the reaction-diffusion domain Q and 7 is the unit

outward normal to Q.

The relevant homogeneous steady state (ug,vo) of (3.1.2) is the positive solution of

fu,v)=0, g(u,v)=0.

Note that in Chapter |1/ we derived the conditions for diffusion driven instability. For
ease of exposition, we rewrite the conditions here (see Chapter 1] for details of the cal-
culations). Linear stability of steady state (uo,vo) without any diffusion is guaranteed

if ReA < 0 where A satisfy 12 — y(f9 + g2)A + Y* (g9 — f°g%) = 0, that is

01 g%<0, (3.1.3)
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figr— 1y &n>0

(3.1.4)

Instability of steady state (ug, vo) with self-diffusion is guaranteed if ReA > O where A

satisfy A2 + G(k*)A +H(k*) =0,

where
G(K) = Kur(D) — yir(J),
and
H(k*) = det(D)k* — ygk® + y*det(J)
with
q:=[df; +g.

Thus, the necessary conditions for self-diffusion-driven instability are

fi+a0 <0, (3.1.52)
figl—1gu>0 (3.1.5b)
det(D) > 0, (3.1.5¢)
qg:=1df]+g)]>0 = d#1, (3.1.5d)
(9)* —4 det(J)det(D) > 0, (3.1.5¢)
where D = 0 is the self-diffusion matrix and the positive constant d = g—; is

0 d

the ratio between two self-diffusion coefficients.
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Next we consider the following perturbations to the steady state (u,v)

u(x,t) =uo+a(x,t), v(x,t)=vo+v(x,1). (3.1.6)

where || << 1 and |#| << 1 are small perturbations.

Substitute equation (3.1.6) into (3.1.2) and apply a Taylor expansion about (ug, vo) to

f(u,v), g(u,v) and D;j(u,v) to obtain the linearised problem

dn(x.1) _ V.[DY1Vii(x,1) + DY, Vi(x,1)] + y(f d(x, 1) + f79(x, 1),

dt

V(x,1) . . . .

——= =V.[D5,Vii(x,t) + D5, VV(x,1)| + y(goi(x,t) + gov(x,1)),

o1 (D3, Vii(x,1) 5 VO(x,1)] + v(gnid(x,1) + gy 0(x, 1)) (3.1.7)
i(x,t)

(n.V) =0, rondQ,
V(x,1)

where D?j = D;j(ug,vo). The subscripts u and v denote differentiation with respect

to u and v respectively, and ¢ indicates evaluation at the equilibrium (ug,vp). System

(3.1.7)) can be written in the form

a(x,t)
w; =V (DwWVW)+ 7w, w= ,
D(x,1)
where (3.1.8)
J= "‘0 f‘? D° — D(fl D{IJZ
= , D% =
g & D3, D3,

Following the same method in used in Chapter|l] the dispersion relation is
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A2+ Gi(K*)A +H, (k) =0, (3.1.9)

where
G1(k*) = u(D?) — yu(J),
and
H (k%) = det(D)k* — yq1k* + y*det(J), (3.1.10)
with

q = D% f; +Di1gy — D31 fy — DTagyl-

For cross-diffusion driven instability, we require Re(A) > 0. It is assumed that tr(J) <0
and tr(D?) > 0 and so G| (k?) > 0. Therefore Re(A) > 0 if and only if H; (k%) < 0. The
minimum of H (k%) occurs at

K2 = #EDQ, and  H; (k) = det(J) — (g1)?/[4det(D°)].

If this minimum is positive, then Re() < 0. Hence the critical case occurs if H; (k2) =
0, 1.e.
i

det(J) = Jdet (D)’

Now, it is assumed that det(J) > 0 hence the only way this equality can hold is if
det(D?) > 0 (third condition).

We also require the critical value of kf > 0 (k real). A necessary condition for this is

g1 > 0 (fourth condition).

For diffusively-driven instability to occur, the critical case is when k% such that H (k1) =

0, and these can be easily shown to occur when
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> qiE+/(q1)> —4 det(J)det(D?)
2 = .

200107} (3.1.11)

Thus, requiring H (k?) < 0 entails (g1 )? —4 det(J)det(D?) > 0 (fifth condition), thereby
yielding the fifth and last condition for cross-diffusion-driven-instability.

In summary, the necessary conditions for cross-diffusion-driven instability for system

(3.1.1) are given by

fi+g <0, (3.1.12a)

«8& — 1,8, >0, (3.1.12b)
det(D?) > 0, (3.1.12¢)
q1 = [D5,f;, + D18y — D3, fy — D8] > 0, (3.1.12d)
(q1)* — 4 det(J)det(D%) > 0. (3.1.12)

To see how cross-diffusion affects diffusion-driven instability conditions, clearly in the
present of cross-diffusion the self-diffusion coefficients can be equal where it is a nec-
essary condition (3.1.5d) to be not equal in absence of cross-diffusion (self-diffusion-

driven instability conditions).

Next, we will investigate the choice of kinetics term.

3.2 Kinetics Term

We focus on the effect of cross-diffusion on pattern formation. particularly, can cross-

diffusion destabilize a steady state that is stable to all self-diffusion, so cross-diffusion
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can induce pattern. Therefore, we need to specify the kinetic term. There are more than
one class of kinetic where self-diffusion cannot destabilize the steady state; however,

we focus only in one class where Jacobian matrices of kinetic model is

PR IR I B (3.2.1)

gn &

S}
+
)

The other classes of kinetics might be discussed in future.

3.3 Patterns Are Not Generated by Self-Diffusion

Here, we check can the conditions (3.1.5) be hold with kinetic (3.2.1) where f <

0, f¥ <0, g7 >0and gf =0. Thus in this case the conditions become

y <0,

—f78u >0,
det(D) =d >0,
dfy <O0.

Hence, conditions (3.1.5) are not satisfied. Thus, we conclude that self-diffusion can
not destabilize the uniform steady state , and pattern formation could not rise in pres-

ence of self-diffusion only.

However, if we look for conditions (3.1.12)) in the presence of cross-diffusion system,
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fi <o

—/V8u>0,

det(D7) = (D{,D%, —D7,D5) > 0,

q1 = [D% f,, + D118y — D3 fy — Di,84] > 0,

(g1)* — 4 det(J)det(D2) > 0.

Clearly, in the presence of cross-diffusion, these conditions can be satisfied. Next, we
focus on examples of cross-diffusion systems to investigate the role of cross-diffusion

in stability and pattern formation.

3.4 A Simple Cross-Diffusion Model

In this section, we investigate the first example of cross-diffusion systems to see how it

affects the pattern formation. We consider the non-dimensional cross-diffusion system

u = V.[Vu+d,Vv|+yf(u,v),
(3.4.1)

v = V.[d,Vu+dVv]+vg(u,v),

where d is the ratio of the linear diffusion coefficients, d,, and d, are cross-diffusion

coefficients and the ratio 7y is a positive constant. f(u,v) and g(u,v) are kinetics term.
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The above system is supplemented with initial conditions and Neumann boundary con-

ditions. The Jacobian of flux coefficients evaluated at steady state is

3.4.1 Instability Conditions for the Simple Cross-Diffusion Model

We check now the conditions (3.1.12) for system (3.4.1)), to see can this example of

flux induce instability.

fi +8 <0, (3.4.2a)

8y — 178 >0, (3.4.2b)
det(Dy) = d —dyd, > 0, (3.4.2¢)
q1 =df, —duf, —dygy >0, (3.4.2d)
(Yq1)? — 4y2det(J)(d — dyd,) > 0. (3.4.2¢)

It follows trivially that conditions (3.4.2c)), (3.4.2d) and (3.4.2¢) can be satisfied by

choosing small positive d and d, and large positive d,,. Note that there are other pos-
sibilities for these conditions to be hold, such as negative cross-diffusion. Since all

instability conditions can hold, the patterns can form. Next, we investigate system

(3.5.1) numerically.
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3.4.2 Numerical Simulation

For numerical simulation we consider the following model of predator-prey interaction
in a homogeneous environment. This is an example of reaction kinetics for which it
satisfies our conditions on kinetics (3.2.1). The model of predator-prey with cross-

diffusion is

= Viu+d,V?v+yu(u—B) (1 —u) —uv,
(3.4.3)
v =dV*v+d,Vu+uv— v,

where u(x,¢) and v(x,) are the densities of prey and predator, respectively. y, B and &
are positive constant. The above system is supplemented with initial conditions and

Neumann boundary conditions.

The only non-trivial steady state of the reaction term in system (3.4.3) is (ug,vo) =
(8,7(6 —B)(1—9)), it can be shown that this is stable to standard-diffusion (for more

details see Appendix [A)), and we discuss the outline result here.

12

(a) (b)

Figure 3.1: Plots of (a) H(k?) and (b) Re(A(k?)) in (3.1.9) with parameter values
B=016=06y=1,d,=0,d,=0andd = 1.
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Note that the dispersion relation as calculated in (3.1.9) is in the general form, in

this section we just substitute the diffusion coefficients partial derivatives from system

B4.3).

Figure (3.1I)) shows the dispersion relation for system (3.4.3)) with self-diffusion only.
We observed no instability for any mode, and Re(A (k?)) remained negative for any
value of the diffusion coefficient d. So, self-diffusion can not destabilize the uniform

steady state where standard-diffusion.

’ 0 20 40 60 80 ' 0 20 40 60 80
k2 k2
(a) (b)

Figure 3.2: Plots of (a) H(k?) and (b) Re(A(k?)) in (3.1.9) with parameter values
B=0.1,6=06,y=1,d,=0.313,d,=0.313and d =0.1.

Figure (3.2)) shows the dispersion relation for system (3.4.3) with self and cross-diffusion.
We observed instability in the first and second modes. Next we show the numerical
simulation for cross-diffusion system (3.4.1). We test the first mode and the second

mode, which are indeed shown to be unstable grow, forming patterns (see Figures [3.3]

B-4).
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Figure 3.3: Numerical simulations of (a) species « and (b) species v in system (3.4.1).
Figure (a) The initial condition u(x,0) = 0.6 4 .01 cos(xx). Figure (b) The initial con-
dition v(x,0) = 0.2+ .01 cos(mx). Times shown are ¢ = 0 (blue), 7 = 10 (orange), t = 20
(yellow), t = 30 (purple), r = 40 (green). Parameter values are shown in Table[3.1]
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Figure 3.4: Numerical simulations of (a) species « and (b) species v in system (3.4.1).
Figure (a) The initial condition u(x,0) = 0.6 —.0001 cos(27x). Figure (b) The initial
condition v(x,0) = 0.2 —.0001 cos(2mx). Times shown are t = 0 (blue), t = 50 (or-
ange), t = 100 (yellow), t = 150 (purple), t = 200 (green). Parameter values are shown
in Table[3.11
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Figure 3.5: Numerical simulations of (a,c,e) species u and (b,x,f) species v in system
(3.4.1). Figure (a) The initial condition u(x,0) = 0.6 —.0001 cos(27x). Figure (b) The
initial condition v(x,0) = 0.2 —.0001 cos(27x). Parameter values are shown in Table

B1
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Parameter | Value
0.1
0.6

|

0.313

0.313
0.1

R | ™

QU
<

S

Table 3.1: Table showing the parameter values that used to solve system (3.4.1).

To understand the behaviour of the solution, we increase the time ¢, and numerical
simulation confirm that the large scale patterns continue to evolve (see Figure [3.5).
We conclude linear cross-diffusion can induce the instability where standard-diffusion
can not, and that large scale spatio-temporal patterns form. Our numerics suggest that

under the effect of cross-diffusion, these patterns continue to evolve.

3.5 Pattern Formation Induced by Non-linear Cross-

Diffusion

In previous section, it was shown that a linear cross-diffusion can destabilize the uni-
form steady state where standard-diffusion can not. Here, we investigate another ex-
ample of flux. We consider the non-linear cross-diffusion with same predator-prey
kinetics as used above. The details of derivation of system will be in Chapter
The full cross-diffusion system is
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u =V . (D,(1—=u)Vu—DuVv)+yu(u—B)(1—u)—uv,
(3.5.1)
v =V . (Dy(1—=v)Vv—D,wVu)+uv— v,
where D, and D, are non-negative constants. The above system is supplemented with

initial conditions and Neumann boundary conditions. The Jacobian of flux coefficients

evaluated at steady state is

Do D,(1—up)  —Dyup

C

—D,vq Dv(l — VO)

3.5.1 [Instability Conditions for Non-Linear Cross-Diffusion Model

Here, we investigate the conditions (3.1.12) for system (3.5.1), to see whether this

example of flux can derive instability.

fit8) <o, (3.5.2a)

08y — fygn>0, (3.5.2b)
det(D?) = D,Dy(1 —vo—up) >0, (3.5.2¢)
q1 = —(Du(1 —uo)gy +Dy(1 —vo) f; + Dyuogy +Duvo fy) <0, (3.5.2d)
g3 > 4det(J)DyDy (1 —vo — up). (3.5.2¢)

It follows trivially that condition (3.5.2d)) can be satisfied by choosing D, large and D,
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small, since f;] >, f <0, g7 > 0 and gy = 0. The conditions (3.5.2¢) become

g =(Duvo )2+ (Dy[(1—vo) £ +uogl))? +2(Duvo f2)(D[(1 — vo) £ + uogl)
>4D,D, (1 —vy—ug)(— 17 g0)-

This can be satisfied by choosing either D, or D, sufficiently small whilst the other is

set to be O(1).

We therefore conclude that the non-linear cross-diffusion can induce instability where

standard-diffusion can not.

3.5.2 Numerical Simulation

A plot of the dispersion relation of system (3.5.1)) is shown in Figure We can

observe that there is instability in the first, second and third modes.

10

0 50 100 150 0 50 100 150
K2 K2

(a) (b)

Figure 3.6: Plots of (a) H(k?) and (b) Re(A(k?)) calculated from (3.1.9). Reaction
parameter values y=0.2, 6 =0.6, B = 0.4, D, =0.0007, and D, =6

Note that the dispersion relation as calculated in (3.1.9) is in the general form. In this

section we just substitute the diffusion coefficients partial derivatives from the system

(3.3.1).
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We test the Ist, 2nd and 3rd modes to confirm our result summarised in Figure [3.6]
Numerical test confirms that the 1st (a) 2nd (b) and 3rd (c) modes are unstable (see
Figure [3.7). In addition, the standing front pattern in Figure [3.7] (a,b,c) was formed by
small perturbation for species u. We observe that v ~ 0 (d) when we test the 1st mode,

and similar behaviour is observed for the other modes.

u(x,t)
u(x,t)

—1=188
0 0.2 0.4 0.6 0.8 1

X X
(a) (b)
0.045
(00—
—t=0
0.035} — 1175
= t=350
X 0.03 — =525 ]
1 — =700
0.025
0.02}
0.3 : : : : 0.015 ‘ ‘ : :
0 0.2 0.4 06 0.8 1 0 0.2 0.4 0.6 058 1
X X
© (d)

Figure 3.7: Solution of species u as computed by solving (3.5.1), (a) 1st mode: pattern
occur, times shown are ¢t = 0 (blue), = 38 (orange), t = 76 (yellow), t = 114 (purple),
t = 152 (green). (b) 2nd modes: pattern occur, times shown are t = 0 (blue), t = 47
(orange), t = 94 (yellow), t = 141 (purple), t = 188 (green). (c) 3rd modes: pattern
occur, times shown are t = 0 (blue), t = 65 (orange), t = 130 (yellow), t = 195 (purple),
t =260 (green). Initial condition I.C= 0.6 401 cos(nmx), n = 1,2,3.. (d) Solution of
species v as computed by solving (3.5.1) with same paramter value we use for u and
the initial condition I.C= 0.04 4 .001 cos(7x). times shown are t = 0 (blue), t = 175
(orange), t = 350 (yellow), t = 525 (purple), t = 700 (green). Parameter values are
shown in Table
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Parameter | Value
B 04
) 0.6
Y 0.2

D, 0.0007

D, 6

Table 3.2: Table showing the parameter values that used to solve system (3.5.1).

We conclude that non-linear cross-diffusion can induce pattern formation where standard-
diffusion can not. In addition, numerical simulation confirm that the staple pattern can

not generated by the linear cross-diffusion.

3.6 Conclusions

In this chapter, we focused on pattern formation and how it could be affected by cross-
diffusion. We found out that cross-diffusion induces patterns where standard-diffusion
can not. We have considered the stability analysis for a class of cross-diffusion sys-
tems. We focus on one type of kinetics where f! >, f7 <0, g, > 0 and g% = 0, with
two examples of flux. We derived conditions for linear instability induced by cross-
diffusion. Using predator-prey kinetics, we observed that a stable pattern occurs for the
non-linear model while for a linear model, the large scale pattern continues to evolve.
We conclude that cross-diffusion can induce instability where standard-diffusion can
not. In the next chapter, we will discuss the derivation of the non-linear cross-diffusion

model.
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Chapter 4

Travelling Fronts in a Non-Linear
Cross-Diffusion Model for Tightly

Packed Populations

In this chapter, we are interested in a non-linear cross-diffusion system used to model
tightly packed populations [72]. We first derive the model from a mass-conservation
perspective. We investigated the pattern formation process for this model in the pre-
vious chapter, and we observed that the stationary front pattern formed. Here, we

investigate moving front solutions of this model.

4.1 Model Derivation

Suppose that a biomass can be segregated into three components. Denote the volume

fraction of these components by v = v(x,t), u = u(x,t) and s = s(x,t), respectively,
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x € Q C R3. We assume that the fractions are subject to the following constraint:

v(x,t) +u(x,t)+s(x,t)=1 VxeQt>0. (4.1.1)

The model we derive below is generic, but for ease of exposition and conception, we
have in mind a simple model of a bacterial biofilm - a densely packed community of
cells encased in a self-produced extracellular matrix [17, 63]. This volume fraction
approach is indeed a common method for dealing with such problems and represents
the realistic situation where the depth of the biofilm (in the direction orthogonal to the
plane of growth) is nutrient limited and hence the fractions defined above are simply
scaled population densities [110]. The components u and v can be considered to repre-
sent separate cell populations with s representing the extra cellular polymeric matrix.
In the absence of any other processes, conservation of mass demands that the following

relationship holds:

w=-VJy v=-VJ; s=-V.J; for (x1)cQxR", (4.1.2)

and we consider this system to be augmented with zero flux boundary conditions:

Jun=J,n=Jon=0, for x€dQ, (4.1.3)

where n is the outward pointing normal on dQ. Clearly any one of the variables could
be computed directly from the other two by invoking @.1.1)), but for clarity, we write
the system out in full in the first instance. Moreover, adding the equations in (4.1.2)
results in

(U+v+s) =0=—V.(Ju+Jy+J5).

75



Let us consider the u-subpopulation. Similar arguments hold for the other variables.
The conservation equation (#.1.1)) combined with the boundary conditions (4.1.3) en-
sures that a unit of volume in the u-subpopulation e.g. a u—cell can move from one
spatial location to another only if its place is taken by an equivalent volume. Note
that this replacement could be from the u—, v— or s—populations with only the latter
two representing a change in the distribution of the volume fraction (swapping u for
u has no net effect on the volume fraction). As a first step suppose that the self-flux
J;} is proportional to Vu, i.e. in isolation, the u—population exhibits “Fickian-like” be-
haviour. However, the populations are constrained by (4.1.1)) and hence, as outlined
above the probability of a change in the u-fraction at a given spatial location is in fact
proportional to 1 — u (i.e. “not #”’). Hence, unlike the standard case where the coeffi-
cient of proportionality is a positive constant (leading to Fickian diffusion), we set the
coefficient of proportionality to be D, («) := D,(1 — u), for some positive constant D,
and thus

Jy =—Dy(1 —u)Vu=—D,(v+s)Vu.

In the absence of other processes, (4.1.1), demand that this flux of u must be
balanced by a flux of v and s. Hence, the terms D,vVu and D, sVu must appear in the
flux functions for v and s, respectively. Applying similar arguments to v, it follows
that the self-flux J = —D, (1 —v)Vv and this component induces the balancing terms
D,uVv and D,sVv in J,, and J;, respectively. Finally, the self-flux J contains the term
—D;(1 —s)Vs and this component induces the balancing terms DsuVs and DgvVs in J,,

and J,, respectively. Hence, the flux terms in system (4.1.2)) are

Ju=—-D,(1 —u)Vu+D,uVv+ DsuVs,
Jy = —Dy,(1 —v)Vv+D,vVu+ DsVs, 4.1.4)

Js=—Ds(1 —5)Vs+D,sVu+ D,sVv.
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It is easy to confirm that J,, + J,, 4+ J5; = 0. Note also that in the special case D,, = D, =

Dg = D, then the fluxes collapse to

Ju=—-DVu; J,=—-DVv; J;=—-DVs.

Therefore, the fluxes decouple and standard Fickian diffusion is recovered. We con-

sider this not to be the case as discussed below.

Now that the form of the flux terms has been established, we invoke (4.1.1) to elim-
inate one of the variables and without loss of generality set s = 1 — (u+ v) with

Ds <min{Dy, D,}. Thus, {#.1.4) becomes

Ju=—(Dy— (D, —Ds)u)Vu+ DyuVv,

Jy = —(Dy,— (D, — Ds)v)Vv+D,vVu

From (4.1.1)) and the choice of D it follows that the coefficients of the self- and cross-
gradient terms are negative and positive, respectively. In what follows, for ease of cal-
culation, it is therefore assumed that Dy = 0. This choice does not affect the qualitative
output of the system. Moreover, If we consider s to represent the sticky extracellular
matrix, it may be reasonable to assume this generic self-diffusion rate to be much lower

than that of the cell-components.

In summary, we arrive at the flux-driven system

u =V . (Dy(1—u)Vu+D,uVv),
4.1.5)
vi =V . (Dy(1=v)Vv+D,wVu),
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for (x,7) € Q x R* with boundary conditions

(=D (1 —u)Vu+ DyuVv).n =0,
(4.1.6)
(—Dy(1 =v)Vv+D,wVu).n =0,

for x € 0Q.

With the flux terms established, reactions terms f(u,v) and g(u,v) can be added to the
right hand side of u— and v— equations in (4.1.5). Note that in general does
not demand that f 4+ g = 0. Rather, defining 7 = —(f + g) and adding A to the right
hand side of the s—equation in (4.1.2)) yields the appropriate conservation equation.
[The case s = 0 would demand 4 = 0 and then f = —g. In this case, the system would

collapse even further to scalar in u, withv =1 —u.]

We note that the derivation given above clearly describes the application we have in
mind and allows for the possibility of explicitly including the effects of the third vari-
able. Moreover, despite the fact that we reduce the problem to two equations and
consider the case Dy = 0, this case could not have been derived via the route of con-
sidering only the u# and v populations for which the conditions u+v < 1 and u+v # 1
hold. Here, the remaining volume fraction is implicitly defined as 1 — (u+v) Z 0. As
such, it is not possible to partition the relevant component of the fluxes to the "not X”

population where X = u or v as we have done using the explicit three variable model.

Finally, we recall that the mass conservation arguments given above are supported
by the random walk formulation given in Chapter [2| There, it was shown that jump
probabilities could be selected that connect the partial differential equation (4.1.5)) with

the relevant master equation.
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4.2 Moving Fronts

We observed in the previous chapter that with the chosen parameters, the standing front
pattern was formed. However if we start with different parameters we have moving
front solution. We do numerical simulation for system (3.5.1)) with different parame-
ters. As we observed in previous chapter that population u tended to standing front and
v tended to small constant. Here, we investigate the same system numerically with a

step function as initial condition for species u, and constant initial condition for species

V.

1.2 : : : 0.1
—t=0 —1=0
’ —t=100| | —t=4
0.08F =8 |1
—t=12
081 —t=16
. _0.06F ]
%06 X
=] >
0.04f
0.4}t
o2l 0.02F
0 0
0 0 05 1 15 2
X X

(@) (b)

Figure 4.1: (a) Solution of species u as computed by solving (3.5.1)). Times shown are
t =0 (blue), t = 100 (orange), t = 200 (yellow), t = 300 (purple), t = 400 (green). (b)
Solution of species v as computed by solving (3.5.I). Times shown are 7 = 0 (blue),

t = 4 (orange), t = 8 (yellow), t = 12 (purple), t = 16 (green). Parameter values are
shown in Table 4,11
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Parameter | Value
B 0.2
) 0.6
Y 0.2

D, 0.0007

D, 6

Table 4.1: Table showing the parameter values that used to solve system (3.5.1).

Clearly, the model can exhibit a moving front solution for u with certain parameter
choices, and v ~ 0 (see Figure @) Therefore, in next section, to understand the front

formation, we consider the related problem where v = 0.

4.3 A Simplified Model

The moving front solution appears for species u while species v is essentially uniform
in space and tends to a constant. We observe in Figure @.1](b) that v ~ 0, thus for ease
of analysis and numeric investigation in the following, we take v = 0. Thus, the system

is reduced to scalar equation as expressed in equation (4.3.1).

u =V . (Dy(1—u)Vu)+yu(l—u)(u—p). (4.3.1)

We seek a travelling wave solution of above equation, so we try to understand how
the travelling wave solution occur. Two highlighting features of equation (4.3.1)) are
non-linear diffusion and bistability of the kinetics term. In addition, the kinetic term of
equation is the same as in Nagumo’s equation, thus we also focus on the effect

of non linear diffusion term and what difference the non-linear diffusion term makes
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to the travelling wave solution.

4.4 'Travelling Wave Analysis of the Scalar Equation

We consider the reaction-diffusion equation (4.3.1). The stability of steady states of

the associated ODE is the same as that in Nagumo’s equations (see Appendix [A.1.2)).

Rewriting equation (#.3.1)

Jdu 0%u

2
u,:—Du<$> —I—Du(l—u)w+f(u). (4.4.1)

Considering the travelling wave ansatz u(x,t) = W(z) = W (x — ct), it follows that the

W (z) is required to satisfy

d*w

aw dw
( =z +F(W). (4.4.2)

_ctt _ _p (2
4z “\ dz

2
> +D Lt(l - W)
We restrict our attention for the case where ¢ > 0. The case where ¢ < 0 will be
investigated in the future work. Equation (4.4.2)) can be re-written as a first order

system of ODEs as follows

< P (4.4.3)
D,(1 —W)- = D,P*—cP—f.
<

When W = 1, clearly the left hand side of the second equation is zero. This degeneracy
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can be removed by introducing the parameter 7 such that

dr 1
il 4.4.4
dz D, (1 —W(z / D,(1-W ( )

ExceptatW =1 where 1s not defined, ‘” > 0 [12,[77].

Thus 7 has an inverse t~!, which in principle can be obtained from (4.4.4). Thus we

have

W(z) =W(1(z)) and P(z) = P(7(2)), (4.4.5)
and we obtain
aw  dw 1 dP dP 1
dz dT( )m and P dr( )m (4.4.6)

Clearly, for 0 < W(z) < 1, sign(‘ﬁiZ )= s1gn( ) and therefore W (z) is monotone de-

creasing < W (1) is monotone decreasing.

Substituting (4.4.6) into (4.4.3) we have a system without the singularity as follows

W=D,(1-W)P,
(4.4.7)
P=D,P>—cP— ¥,

where ”.” denotes derivative with respect to 7.

Note that systems (4.4.3)) and (4.4.7) are topologically equivalent in the slab {(W,P) |

82



0 <W <1, —oo < P < oo}. This is because (4.4.5)) defines a re-parametrization of the

trajectories which, according to (4.4.6), preserves their orientation.

The steady states of (4.4.7) are (W, P;) = (0,0) , (Wa,P,) = (1,0), (W3,P3) = (B3,0)
and (W4,P4) = (I’DLM)'

The Jacobian matrix for system (4.4.7) is given by

~D,P D,(1-W)
J(W,P):=
—f'(w) 2D,P—c.

At steady states (W, P;), the eigenvalues of J(W;, P;) are solution of the characteristic

polynomial

—Dtu—l D,(1 —Wj)
det(J(Wj,Pj) — A,I) = =0,
—f/(Wj) ZDMPJ' —c—A.

= A2+ A[c+ DyP; — 2D, P;| 4 D, P; — 2D2P; + D, f (W;) — D,W;f'(W;) = 0.

(4.4.8)
Therefore:
; 5 . 4.
We can obtain the eigenvectors associated with the eigenvalues by solving
(J—AHW =0. (4.4.10)
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At the steady state (W, P;) = (0,0),

—c++/c2—4D,f'(0)

+

(4.4.11)

Since f'(0) < 0, we obtain A;” <0 < /’Lfr and it is a saddle point. Using lb the

equations representing the eigenvectors are

n 1
Y = 2% (4.4.12)
D,
At the steady state (W>, P») = (1,0),
7Lz+ =0, A, = —c, so it is non-hyperbolic point for which stability can not be deter-

mined using linearisation. However, we look close to (W, P,) = (1,0) with W* <1

and P* < 0, we see from system (4.4.7)

W =D,(1-W)P <0,
(4.4.13)
P=D,P>—cP—f<0 if D,P>—cP<f(W).

Therefore, the trajectory starting at (W*, P*) moves away from (W,,P,) and hence

(W, Py) = (1,0) is unstable.

Using (#.4.10), the equations representing the eigenvectors are

C
S 0
for A =0, WS = | "P | ford; =—c, ¥, = . (4.4.14)
1 1

84



At the steady state (W3,P3) = (B,0),

st —CEVE 4D (B)— f'(B)
Fo

. . (4.4.15)

Recall /() > 0. Hence,

focus  if ¢> < 4D, f'(B) — f'(B) and is stable if ¢ > 0, unstable if ¢ < 0,
(B,0)—< node  ifc?>4D,f'(B)— f'(B) and is stable if ¢ > 0, unstable if ¢ < 0,

centre ifc=0.

Using (4.4.10), the equations representing the eigenvectors are

1
A
D,(T-F)

P = (4.4.16)

At the steady state (Wy,P4) = (1, 5-),

QLZF =c, Ay = —c,soitis asaddle point. Using (4.4.10), the equations representing

the eigenvectors are

0 2
for A} =c, W} = , fordy =—c, W= ™|, (4.4.17)
1 1

To see what effect the non-linear term makes on Nagumo’s equation, we compare the
. + . . . , . .
eigenvalues A ; in 1} with the eigenvalues for Nagumo’s equation, which are (see

e.g. [99])

—c+ 2_4 /W.
oF = ¢ 62 f'(Wj) (4.4.18)
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So, for the steady states (0,0), (f3,0) and (1,0) equation (4.4.9) become:

(i~ /I AW — W]

; 5 (4.4.19)

D,W f'(W;) under square root in (4.4.19) is difference between and
and that is because of non-linear diffusion term in our equation; however, since 0 <
W < 1 the stability of the steady state should be same in our equation and Nagumo’s
equation. In summary, the non-linear diffusion term does not affect the stability of

steady state and it is similar to Nagumo’s equation.

4.5 Sign of the Wave Speed

Let us return to the original formulation (4.4.2)), taking the product of equation (4.4.2)

and ‘Z—VZV, and integral over (—oo, 4-00):

2

o d*W dW o | dW oo o
D,(1-W)——-——-d dz—D, d —d =0.
/oo ( )dzz dz Z+C/oo dz Z / Z+/ ¢
(4.5.1)
Using integration by parts to calculate first integral in (4.5.1)
/+°°D (- W>d2Wde _p, dW(l_W)dW e
e a2 d7 ¢ dz dz | .
dW dW d*w
S —w —)d
/ dz dz * )alz2 ¢
d*W dw
—W)—5—d
/ Yoz
4.5.2)
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Substituting (4.5.2)) into (.5.1]), we obtain

Sy d2 +o0
- Du(l—W)dde /_ =

—o00

We can rewrite

+°° d2W d*w

Du(1-W) 2 aw = /D W) S aw = - /D
Hence,
o L
Y 1 Y
/D WdW+/ f(W)aw
0

+oo | dW |2 '

d

/_oo dz ¢

4]

W (4o0)
dz—i—/( )f(W)szO. (4.5.3)
W (—oo

d*w
—dW

(4.5.4)

(4.5.5)

The sign of ¢ depends on the integrals /1 and I, since I3 > 0, so it can be positive

(right wave), negative (left wave) and zero (standing wave). With the chosen parameter

values the sign of [ is negative (we shall show this case in our numerical investigation

), then if ;> is zero or negative the sign of c is negative thus we have left wave, but if I,

is positive and I, > —I; we get right wave. If I, = —I; we have standing wave.

Comparing expression of ¢ in equation (4.5.5)) for non-linear diffusion bistable equa-

tion with expression of ¢ in equation (A.1.4) for Nagumo’s equation, it can be seen

that /; does not appear for Nagumo’s equation case, which come from non-linear dif-

fusion term in (4.5.5)). Thus, /; can affect the sign of ¢. For example with the chosen

parameter values taking 8 = 0.4 result I, > 0 which gives right wave for Nagumo’s
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equation but in non-linear case gives standing wave since /| = —/I,. Furthermore, tak-
ing B = 0.2 result I, > 0 which gives right wave for Nagumo’s equation and in the
non-linear case gives right wave as well since /1 < I>. In addition, in the case where
B = 0.2 which result right travelling wave for both non-linear and stranded diffusion,

the right travelling speed slowed down because of /.

As D, changes, the value of I; does not affect or it just have a little effect since the D,
scales z and we integrate —oo < 7 < o0; however, as D, increase, I3 decrease which re-
sult ¢ — +-oo for right wave (see Tables 4.3). In summary, the diffusion coefficient
D, can increase or decrease the wave speed, but it can not change the sign of speed

wave.

B = 0.4 Standing wave

Case | D, L b 5
1 1 [-0.016/0.016|0.16
2 | 10 [-0.016|0.016|0.53
3 |20 -0.016{0.016|0.37
4 1200-0.016|0.016 | 0.01

OO OO N

Table 4.2: Table showing the value I;, I, and I3 with varying D, to see the effect on ¢
that calculated in equation (4.5.5) with § = 0.4.

B = 0.2 Right wave
Case | D, L ) 15 C
1 1 [-0.012]0.05| 0.14 | 0.025
2 10 1-0.012]0.05| 0.04 | 0.81
3 |20 -0.012/0.05] 0.32 | 1.14
4 1100(-0.012]0.05]0.041 | 2.69

Table 4.3: Table showing the value I, I, and I3 with varying D, to see the effect on ¢
that calculated in equation (4.5.5) with § = 0.2.

88



We conclude that the sign of c¢ is affected by I; which comes from the non-linear
diffusion term, in contrast to the classic case (Nagumo’s equation) where sign of ¢

depends on 7, only.

4.6 Proving Heteroclinic Connection via Shooting Method

In order for a travelling wave to exist, it is required that W(z) approaches constant
states as z — +oo. In other words, trajectory leaves one fixed point at T = —oo and
joins another fixed point at T = co. Therefore, we use the shooting method to prove
existing of the travelling wave, and we use MATLAB function pplane to develop the

phase portraits.

As above, we restrict our attention for the case where ¢ > 0. Assume fol (fu)du>0,i.e.
¢ > 0. For the trajectory 7y entering (0,0) see Figure[4.2] from the equations in (4.4.7)

and the assumptions on f we have

1. fW € (0,B), we have

4V = D,(1-W)P <0,

4F = DP* —cP— f(W) >0,
this implies for W € (0, 8), 45 < 0, since f(W) < 0 and P < 0. Thus P(W) is
always deceasing.

2. If W = 3, we have

4V =D,(1-W)P <0,

4f = D,P? —cP >0,
this implies for W = f3, j—vlf, <0, since f(W)=0and P < 0. Thus P(W) is always
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deceasing.

3. IfW e (B,1), we have

62_‘2’ =D,(1-W)P <O,

%’:DMPZ—CP—f(W)<00r >0,

this implies for W € (8, 1), j—‘f, > 0 for small P, and j—‘f, < 0 for large P, since

f(W)>0and P <0.

Let 9 be the first value of W € (B, 1) such that ‘fl—f = 0, then we have

ZITIZ) > 0 forall W € (0,%),

dP —
dz |W:Y0_ 0,

this implies

j_vlt)/ < Oforall W € (0,1),

%:OforW:}/o.
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Figure 4.2: An illustration of the trajectories 7.

Now, for the trajectory 7; leaving (1,0) see Figure with similar calculation from
the equations in (4.4.7) and the assumptions on f we have

1. fW € (0,B), we have

4V =D,(1-W)P <0,
4 = DyP* —cP— f(W) >0,

this implies for W € (0, ), 45 < 0, since f(W) < 0 and P < 0. Thus P(W) is

always deceasing.

2. If W = f3, we have
4V =D,(1-W)P <0,
4 = D,P? —cP >0,
this implies for W = 3, j—‘f; <0, since f(W)=0and P <0. Thus P(W) is always
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deceasing.

3. IfW e (B,1), we have

62_‘2’ =D,(1-W)P <O,

%’:DMPZ—CP—f(W)<00r >0,

this implies for W € (8, 1), j—‘f, > 0 for small P, and j—‘f, < 0 for large P, since

f(W)>0and P <0.

Let 7 be the first value of W € (B, 1) such that ‘fl—f = 0, then we have

ZITIZ) >0 forall W e (0,7),

dP —
dz |W:Y1_ 0,

this implies

j_vlt)/ <OforallW € (0,1),

%:OforW:%.
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Figure 4.3: An illustration of the trajectories 7.

We now investigate that either y) = 1 or % # 71 , we have from system (4.4.7))

2 .p_
ap _ D —cP—fW) _ 4.6.1)
AW Du(1—W)P

thus,

D,P* —cP— f(W) =0,

we get

PW) = ct\/c2+4D,f(W)

2D,

For W € (B,1) and since f(W) > 0, thus this defines a unique value

PW) = c—+/c>+4D,f(W)

1D, :

for each value of c. Thus, ¥ = ¥; and we rename this point as m.
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Figure 4.4: An illustration of the trajectories 7 and T

Therefore, there is a travelling wave < Tj and 77 are the same trajectory. Next, we are

going to show that trajectories Ty and 77 join. From (4.4.12), the eigenvector for 7Tj at
(0,0) (see Figure [4.4) is

1
¥, | (4.6.2)
Dy,
where
—c— /24D, f(0
A= VS uf"(0) : (4.6.3)

2
which clearly vary as c varies. A little algebra shows that
A — —o0as ¢ — oo,
and

7Ll_—>0asc—>—oo.
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The eigenvector for 7} at (1,0) is

C

w, = | =B | (4.6.4)

Fix m € (0,1) and let Py, P be the values of P at which Ty , 77 hit the line W = m.
Then,

as ¢ — oo, A — —oo, thus Py = —co and P; — oo,

and

as ¢ — —oo, A; — 0, thus Py — e and P; — —oo.

Therefore, Py and P are the same for exactly one value of ¢ = there is a travelling

wave for this speed only.

4.7 Uniqueness of the Wave Speed

In this section, we investigate the uniqueness of wave speed. We investigate the nu-

merical solution for equation (4.3.1]) with different initial condition, and phase plane

for system (#.4.7).
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Figure 4.5: Phase portrait for system

denote equilibrium points.

(a) ¢

steady state (1,0) and (0,0). (b) ¢ = .8 there is no heteroclinic connection between
two steady state (1,0) and (0,0). (c) ¢ = .6 there is no heteroclinic connection between

two steady state (1,0) and (0,0).

As it can be seen in phase plane for system (#.4.7) in Figure d.5](a), there is trajectory
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connection from (1,0) to (0,0) where ¢ = 0.7, which mean travelling wave solution
exist, and it shall be investigated numerically. From phase plane if ¢ is increased or

decreased, there is no trajectory connection from (1,0) to (0,0) (see Figure 4.5|(c,b)).

4.7.1 Numerical Result

Taking 8 = 0.2 which implies [y f(W)dW =0.05 > 0 and it bigger than — [ D, (1 —
W)%‘Z—fdz = —(—0.0125) = 0.0125 ( numerically calculated), thus we have right
waves ¢ > 0. For this case we do simulation with different initial conditions using

MATLAB (PDEPE). We start with step function Figure 4.6](a).

By computing the position of a selected level point (z = 0.5) on the solution profile
and the velocity of moving boundary position Figure (b) in (.6] .7[4.8), the speed is

approximately ¢ = 0.7, which is the slope of the line, and it is the same as the speed

given by equation (4.5.5)).

1.2 150
—t=0
—t=20 ||
1 t=40
—1t=60
0.8 ——1=80 |7 100 ¢
= t=100 0
x06 it
=] <=
0.4+ ] 50
0.2
0 . 0 ! : ! ! !
0 50 100 150 0 20 40 60 80 100 120

X t

(a) (b)

Figure 4.6: (a) Solution of species u in with step function as initil condition,
times shown are ¢ = 0 (blue), t = 20 (orange), t = 40 (yellow), t = 60 (purple), t = 80
(green), t = 100 (sky blue). (b) Selected level point (z = 0.5) on the solution profile.
Parameter values are shown in Table 4.4

We solve equation (4.3.1) numerically with different initial condition (Figure
B-8l(a).
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Figure 4.7: (a) Solution of species u in with 1.C = exp((—.1x?)), times shown
are t = 0 (blue), r+ = 20 (orange), t = 40 (yellow), t = 60 (purple), + = 80 (green),
t =100 (sky blue). (b) Selected level point (u = 0.5) on the solution profile. Parameter
values are shown in Table (4.4

1.2 100 »
—1=0
1 —t=20 ||
t=40 80
—1=60
0.8 ——1=80 |1
t=100 60
= 0
X067 ] ‘E
> <" 40
0.4+ ]
02l | 20
0 0 ; ; ;
0 20 40 60 80 100 0 20 40 60 80
X t
(a) (b)

Figure 4.8: (a) Solution of species u in (4.3.1)) with IC = 1 — (x*/((5) +x?)), times
shown are ¢ = 0 (blue), r = 20 (orange), t = 40 (yellow), t = 60 (purple), t = 80 (green),
t =100 (sky blue). (b) Selected level point (u = 0.5) on the solution profile. Parameter
values are shown in Table 4.4

Table 4.4: Table showing the parameter values that used to solve equation (@.3.T).

Parameter

Value

B

0.2

v

|

D,

8.15
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From all numerical investigations as we started with different initial conditions we end
up with same wave speed ¢ = 0.7. This support the conjecture that the wave speed is

unique.

With chosen parameters, if we take § = 0.4 implies [, f(W)dW = 0.0166 and it is
equal — [12D,(1 - W)%@—ngz = —(—0.0166) = 0.0166 (numerically calculated),
so ¢ = 0 (standing wave) ( Figure [4.9). However, since the sign of ¢ determine by
fol f(W)dW in Nagumo’s equation, thus taking B = 0.4 implies ¢ > 0 (right wave).
Phase plane for ODE system with ¢ = 0 is shown in Figure We conclude

that the non-linear diffusion affect the speed of travelling wave.

—1=0
— =30 ||

! t=60
—1=90
0.8r t=120 |1
t=150

-100 -50 0 50 100
X

Figure 4.9:  Solution of species u in (4.3.1). Times shown are r = 0 (blue), t =
30 (orange), t = 60 (yellow), ¢t = 90 (purple), t = 120 (green), t = 150 (sky blue).
Parameter values are shown in Table

Parameter | Value
B 0.4

Y 1
D, 8.15

Table 4.5: Table showing the parameter values that used to solve equation (4.3.1).
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Figure 4.10: Phase portrait for system (4.4.7) withc =0, D, = 8.15 and § = 0.4. Red
circles denote equilibrium points.

4.8 Moving and Standing Front Solution for Full Cross-

Diffusion System

We have done a simple calculation for the scalar equation, and we compared equation
(4.3.1) with Nagumo’s equation. We showed that the sign of the travelling wave speed
was affected by non-linear diffusion term in (4.3.1). We use this information in full
system and solve tit numerically using step function as initial condition, taking § = 0.2
is resulting right travelling wave solution for species u see Figure {.11] and taking
B = 0.4 is resulting standing travelling wave solution for species u see Figure 4.12]

We observe that species v is essentially uniform in space and tends to a constant v ~ 0
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—t=0

—t=100| |

v(x,1)

—1t=0
—t=100| |

t=200
—1=300
—1=400 |

0 0.5

1 1.5 2
X

(b)

Figure 4.11: Solution of species (a) u and (b) v in the full system (3.5.1). Times shown
are t =0 (blue), t = 100 (orange), t = 200 (yellow), t = 300 (purple), t = 400 (green).
Parameter values are shown in Table

Parameter | Value
B 0.2
0 0.6
4 0.2
D, 0.0007
D, 6

Table 4.6: Table showing the parameter values that used to solve system (3.5.1]).
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—t=0 —t=0
1 —t=50 || —1t=50
t=100 0.08 t=100 |
—t=150 —t=150
0.8 ——1=200 |1 —1=200

= 0.06

(x
v(x,1)

0.04 1

0.02 ¢

() (b)

Figure 4.12: Solution of species (a) u and (b) v in the full system (3.5.1)). Times shown
are t = 0 (blue), t = 50 (orange), t = 100 (yellow), t = 150 (purple), t = 200 (green).
Parameter values are shown in Table 4.7

Parameter | Value
B 0.4
0 0.6
4 0.2

D, 0.0007

D, 6

Table 4.7: Table showing the parameter values that used to solve system (3.5.1)).

4.9 Conclusions

In this chapter, we derived a new non-linear cross-diffusion system for tightly packed
particles based on mathematical modelling. An important feature of this model is
that it leads to pattern formation where standard diffusion does not (see Chapter |3)).
We found out that this model can exhibit a moving front solution for u# with certain

parameter choices.

102



Then, the system was reduced to scalar equation (4.3.1]) which is:

u =V . (Dy(1—u)Vu)+yu(l —u)(u—p).

We investigated the travelling wave solution of this equation. Two highlighting fea-
tures of this equation were non-linear diffusion and bistability of the kinetics term. We
tried to understand how the travelling wave solution could be affected. In addition, it is
similar to Nagumo’s equation, so we also focused on the effect of non-linear diffusion
term and what difference the non-linear diffusion term made to the travelling wave so-
lution. It was proved by shooting method that there exists a travelling wave solution.
We calculated the speed of travelling wave, and we established the uniqueness of the
wave speed numerically. Most of the analysis showed similarity to Nagumo’s equa-
tion, but the differences was in the wave speed . The wave speed for equation (#.3.1)
depended on [ D, (1 — W)%%dz and [y f(W)dW in contrast to Nagumo’s equa-
tion, where it depended only in fol f(W)dW. Therefore, the non-linear diffusion could
change the speed. Using analysis and numerical simulations, we conclude that the
non-linear diffusion affected the travelling wave solution and could change the speed’s

sign of travelling fronts compared to the standard diffusion in Nagumo’s equation.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

This thesis investigated cross-diffusion systems to better understand how they impact
the formation and characteristics of patterns and fronts in reaction-diffusion systems.
In particular, the mechanism of pattern formation and wave fronts. We discussed the
derivation of cross-diffusion systems. We discussed the effect of cross-diffusion on
pattern formation. In addition, we derived a new cross diffusion model, and we inves-

tigated the possible pattern formation and travelling waves solution for that model.

In Chapter [2] we investigated whether all cross-diffusion system of two interacting

species can be derived from the following microscopic master equations

duk _ _
o = T,j_luk,l + Ty Uk 1 — (’C,;|r + 7, )u,
dvk _ —
— = B+ By — (B 4B v

where 1, is a biomass of u in the location x;, and the biomass can move to the left or

to the right to exit, with the transfer rate 7~ or ’L',j' , similarly for v;. We considered
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examples of cross-cross-diffusion models, and we found out that it is not easy to prove
that the microscopic master equation (1.3.10) can be derived from all cross-diffusion

systems of two interacting species.

In Chapter [3] We derived conditions for linear instability induced by cross-diffusion.

We considered a class of cross- diffusion systems which has the form

uy = V.[D11(u,v)Vu+ Do (u,v)Vv] + vf(u,v),

ve = V.[D21 (u,v)Vu+ Doy (u,v)Vv] + yg(u,v).

We also focused on one type of kinetics where f >, f7 <0, g7 > 0 and g7 = 0. We
considered two examples of the cross-diffusion system, and we found out that cross-
diffusion can induce instability where standard-diffusion could not, thus patterns can

generate by cross-diffusion.

In Chapter ] We derived a new non-linear cross-diffusion system for tightly backed

particles from a mass-conservation perspective:

u =V .(Dy(1—u)Vu—D,uVv),

v =V . (Dy(1—=v)Vv—D,wVu).

An important feature of this model is that it led to pattern formation. We found out that
this model can exhibit a moving front solution for u with certain parameter choices.

Then, the system was reduced to a scalar equation which is:

uy =V . (Dy(1—u)Vu)+yu(l —u)(u—pB). (5.1.1)

Two highlighting features of this equation were non-linear diffusion and bistability of

the kinetics term. We investigated a travelling wave solution of the scalar equation. We
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showed that the sign of travelling wave speed was affected by the non-linear diffusion
term. We conclude that the non-linear diffusion can affect the travelling wave solution

and could alter the speed of travelling fronts compared to the standard case.

5.2 Future Work

In Chapter [2 we found out that it is not easy to prove that the microscopic master
equation can be derived from all cross-diffusion system of two interacting species.
However the approach in the inverse problem could likely be used to find jump prob-
abilities which recover many other cross-diffusion systems. Also, the validity of the
form of the jump probabilities given in and could be verified by com-
paring numerical solutions of master equation with those for the related PDE models
(2.2.1) and (2.3.1), respectively (as is done for the SKT model and shown in Figure

[2.1)). The construction of a stable numerical code would form useful future work.

In Chapter |3} we found out that our new non-linear cross-diffusion model can induce
patterns where standard-diffusion can not. In the future, we can investigate other
cases, such as how the non-linear cross-diffusion affects unstable steady state with

self-diffusion (Turing instability).

In Chapter 4, we proved that the right travelling wave solution exits via a shooting
method. However, we did not investigate the left travelling wave case. It would be
interesting to attempt to prove this case. We obtain some numeric results of the left

travelling wave solution as follows.
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Figure 5.1: Phase portrait for system (4.4.7) with ¢ = —0.3, D, = 8.15 and 8 = 0.5.
The green highlighted curve is heteroclinic connection between two steady state (1,0)
and (0,0). Red circles denote equilibrium points.

In the Phase plane of ODE system (4.4.7) with ¢ < 0 (see Figure 5.1, we observe that
the trajectory that connect steady states (1,0) and (0,0) go through the steady state

(1, Diu) which form non-smooth front, this can be observed in Figure .

We do numerical simulation where § = 0.5 so fol f(W)dW = 0 and since [*2°D,(1 —

W)dz_Wd_W

o dz = —0.0200 < 0 (numerically calculated for chosen parameters), so ¢ <0

we get left wave (see Figure[5.2)).

1 D

0 .
-100 -50 0 50 100

Figure 5.2:  Solution of species u in (#.3.I). Times shown are t = 0 (blue), 1 =
30 (orange), t = 60 (yellow), ¢t = 90 (purple), ¢t = 120 (green), t = 150 (sky blue).
Parameter values are shown in Table 5.1
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Parameter | Value
B 0.5
Y |
D, 8.15

Table 5.1: Table showing the parameter values that used to solve equation (4.3.1).
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Appendix A

Appendix A

A.1 More Background of Travelling Wave

By definition, a travelling wave moves in a certain direction while retaining a fixed
shape. Furthermore, the speed of the travelling wave remains constant through out the
duration of its propagation. Examples of travelling waves can be found in models for
a range of applications such as combustion [98]], movement of species [64] and fluid

dynamics [82].

Definition 1. (See e.g. [64)]) A travelling wave is a solution of a partial differential

equation with a constant profile (shape) and a constant propagation speed.

A.1.1 Classes of Travelling Waves

e Travelling pulse: u(x,t) — a as x — Foo
* Travelling front : u(x,t) — a as x — —oo, u(t,x) — b as x — +oo, and a # b

* Periodic travelling wave. (See Figure[A.T])
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(a) (b)

()

Figure A.1: Forms of travelling waves: (a) wave front, (b) pulse and (c) Periodic
travelling wave.

A PDE’s travelling wave solution can be presented in the form u(x,7) = W(z), where
z=x—ct, and ¢ > 0, depicts a wave travelling from left to right. The partial derivative
of u can calculated as following

du dWadz  dW

Z=_ 7" — o A.l1.1
dt  dz ot “dz ( )

and

du dWdz dW
dx dz dx dz’
*u d*W (9dz\2 dW d*z d*W
=z o) T @

(A.1.2)
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A.1.2 Fisher’s and Nagumo’s Equations

This section covers some well-known properties of simpler reaction-diffusion (R-D)
systems. Simplest form of R-D equation in one dimension that represents the travelling

wave behaviour can be expressed mathematically as

Uy =ty + f(u), (A.1.3)

where u is the concentration, f(u) = ru(1 — u) represents the kinetics.

Equation (A.1.3) with f(«) = ru(1 — u) is called Fisher’s equation, which is known to
have monotone travelling wave solution joining u = 1 at x = —oo to u = 0 at x = oo for
wave speeds of ¢ > ¢p = 2 (in terms of the original dimensional equation, the range
of wavespeeds satisfies co = 2v/rD). It is known that rapidly decaying initial data as
x — oo results asymptotically to a wave with minimum speed co. Figure [A.2] (a) is
a solution of Fisher’s equation which shows right travelling wave solution, and (b) is
phase plane with trajectory connecting (1,0) and (0,0) (phase plane for ODE system
obtained by travelling wave analysis for Fisher’ equation see [64]]. Note two features
of Fisher’s equation; first that the wave moves the system from unstable to a stable
state as expected, second the minimum speed of wave is the function of D, which is

the motility parameter. For more details on the analysis of Fisher’s equation see [64].
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Figure A.2: (a) Solution of species u for Fisher’s equation with a step function as
initial condition, Times shown are t = 0 (blue), = 12 (orange), t = 24 (yellow), t = 36
(purple). (b) Phase portrait for Fisher’s equation with ¢ = 3 where the green highlighted
curve shows the heteroclinic connection between (1,0) and (0.0) and red circles denote

equilibrium points.

Supposing now that f(u) =u(1—u)(u—),0 < B < 1, transforms the equation (A.1.3))
into Nagumo’s equation or bistable Fisher equation. It is called bistable because the as-
sociate ODE %% = y(1 —u)(u— B) has two uniform stable steady states u = 0, 1, while
u = f is an unstable state. Figure (a) is a solution of Nagumo’s shows right trav-
elling wave solution. Phase plane with trajectory connecting (1,0) and (0,0) (phase
plane for ODE system obtained by travelling wave analysis for Nagumo’s equation) is
shown in Figure [A.3(b). It is an established and well known fact that in the bistable

case, there exists a unique travelling wave with speed c¢. The sign is determined by the
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sign of the integral of reaction function over a certain interval (see [23]). For Nagumo’s
equation, a formula provides the unique wave speed value and the sign from which the

direction of wave can be determined, namely, (see e.g. [99]]),

CcC =

—fjx, Uz (A.1.4)

Since [ [U’)2dz > 0, we conclude that [y f(U)dU determines the sign of ¢

Jo f)du>0 = ¢>0,
Jofdu=0 = =0,
Jo f)du<0 = ¢<0,

which means we can have right ¢ > 0, left ¢ < 0 or standing ¢ = 0 travelling wave.
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Figure A.3: (a) Solution of species u for Nagumo’s equation with a step function as
initial condition, times shown are t = 0 (blue), t = 20 (orange), t = 40 (yellow), t = 60
(purple), t = 80 (green), t = 100 (sky blue). (b) Phase portrait for Nagumo’s equation
with ¢ = .426 where the green highlighted curve shows the heteroclinic connection
between (1,0) and (0.0) and red circles denote equilibrium points. Reaction parameter

values 3 =0.2.

A.2 Predator-Prey System with Allee Effect
We consider the following model of predator-prey interaction in a homogeneous envi-

ronment, and it is just example of reaction kinetics for which it is known that they are

stable to standard-diffusion. The model of predator-prey with standard-diffusion is
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0H(X,T) J°H

+F(H)—f(H,P),

or  'ox? (A2.D)
oPXT) _ 82—P+1< (H,P) — MP B
o~ Prgxz HKRAH, '

Here, H and P are the densities of prey and predator, respectively, at time 7 and posi-
tion X. D; and D, are diffusivities and is the food utilization coefficient. The function
F(H) describes prey multiplication, f(H,P) describes predation, and the term MP
stands for predator mortality. To keep the model as simple as possible, we assume
that f(H,P) = AHP, where A is the predation rate, which corresponds to the classical
Volterra scheme. Assuming Allee dynamics for the prey population, its growth rate

can be written as (see [47,162, 169]]).

4w

P =& —Hop

H(H—Hy)(K—H). (A.2.2)
Equations (A.2.T) and (A.2.2)) contain a large number of parameters, which makes their
numerical investigation cumbersome. However, by choosing appropriate scales for
the variables following [62], the number of parameters can be lessened. Considering
dimensionless variables u = H/K, v = P/(xK), t = aT, x = X (a/D;)"/?, where a =
AkK.

From equations (A.2.1)) and (A.2.2)), we obtain

du(x,t 9%u
gt ):axz-l—'yu(u—ﬁ)(l—u)—uv, A2
av(x,1) d%v (A23)
5 :dax2+uv—5v,

where B = Hy /K, Yy = 40K (Ax(K — Hy)?), 8 = M /a and d = D, /D;.
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A.2.1 Linear Stability Analysis of the Associates ODE

In this section, we would like to do stability analysis of system (A.2.3). First, we

consider the associate ODE:

% = Yu(u—B)(1 —u)—uv,
dé (A.2.4)
il ov,

where u(r) is the prey density, v(¢) is the predator density; 0 < B < 1 corresponds to

the strong Allee effect, and assume ¥ > 0 and 6 > 0.

The steady states (ug,vo) of system 1| are solutions of % = % = 0 which are

(u0,v0) = (0,0), (uo,v0) = (1,0), (uo,v0) = (B,0), (uo,v0) = (8,7(6 — B)(1—6)).
(A.2.5)

Following standard theory (see e.g. [8, 64, 96, 100]), the linear asymptotic stability of
the steady states (A.2.5)) is determined by the eigenvalues of the Jacobian matrix we

have:

(uo,vo) = (0,0) is stable, (ug,vo) = (1,0) is unstable, (up,vo) = (B,0) is unstable and

(uo,v0) = (8,7(8 — B)(1—8)) is stable if 0 < B < 5 < 1 and B < 5 < 1,

The only nontrivial steady state is (ug,vp) = (8,7(6 — B)(1 — 9)) of kinetic system
(A.2.4). We test the stability numerically to support the analysis, we start around the
steady state (ug,vo) = (6,Y(6 —B)(1 —&)) and observe that the solution return back to
steady state which support our analytical result that the steady state is stable see Figure
(a). This is just an example, and similar behaviour is observed with different initial
data. In addition, we start around the steady state (ug,vp) = (9,7(6 —B)(1 —6)) with

different parameter value where the condition 0 < 8 < & < 1 is not hold and observe
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that the steady state is unstable see Figure (b). Next, we investigate the effect of

standard diffusion.

0.64 0.7
0.6
062} 05!
_ 04}
= 0.6 =t
0.3}
0.58 0.2
0.1
0.56 1 1 1 L 0 L I I
0 200 400 600 800 1000 0 20 40 60 80 100

t t

(a) (b)

Figure A.4: (a) The solution u(t) of system with parameter values y=0.2, § =
0.6 and B = 0.1 which shows that the steady states (ug,vo) = (6,7(0 —B)(1—19)) is
stable. (b) The solution u(t) of system with parameter values Y= 0.2, § =
0.6 and B = 0.7 which shows that the steady states (ug,vo) = (8,7(6 —B)(1—9)) is
unstable.

A.2.2 Standard Diffusion Does Not Generate Patterns

In previous section, we showed that the steady state of ODE system (A.2.4) (up,vo) =
(8,7(6 —B)(1—0)) is stable. In this section, we investigate it with standard diffusion

and see the pattern can occur or not.

By the similar calculation in previous chapter, the dispersion relation associated with

the standard diffusion (A.2.3)) is

h(k?)

~ A\

A2 A (R +d] — [fu+ )| +dk* — (df+g)K2+|A] =0. (A2.6)

c
A
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We already go through stability analysis for reaction-diffusion system in Chapter
and we introduce necessary conditions for diffusion driven instability. We show that

one of necessary condition ((df, + g,) > 0) which does not hold for kinetic (A.2.4) :

(dfu+g8v) = —dyuo(2uo— (B +1)) = —dy8(26 — (B+1)).

Since % < 8 < 1, we have

(dfu +gv> <0.

We conclude that linear instability does not occur with standard diffusion. We solve
system (A.2.3) numerically and it supports our analytical result that the steady state is
stable (see Figure . Here, the first mode is tested, and similar behaviour is observed

for any modes.

0.615

—t=0

—1=0.1
0.61 t=0.2 |1
—1=0.3

0.605 |

u(x,t)

0.6

0.595 |

0.59

0 0.2 0.4 0.6 0.8 1
X

(@)

Figure A.5: Solution of species u in (A.2.3). Times shown are r = 0 (blue), r = 0.1
(red), t = 0.2 (yellow), t = 0.3 (purple). Reaction parameter values y = 0.2, 6 =
0.6, B =0.1 and d = .7, with initial condition I.C = 0.6 + .1cos(7x).
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A.3 Calculation Steps

Solution’s step for equation (2.3.16).

MDJ(1-u) 1

W, =h —
! ! 2Dy 2u

).

/dh1 /11 l—u —i)du
2D,ul 2u’

o = [0 (122) - ()

- 2D, A

Note that § Inu = Inu? = In V.

(Inu—u).

ln<h1\/ﬁ) _ MD,

C1 2D_v 3,2

hy \/ﬁ . (2}3—3”2 (lnufu)>

€1

1 Dy (-utlnu)
) = e
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(A.3.3)
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(A.3.6)

(A.3.7)



Appendix B

Numerical Simulations: MATLAB
Codes

B.1 Matlab Code to Solve Equation (1.3.10)

We use this code in section [2.1]to plot Figure

%» Computes the right-hand side

function dx = RHS1(t,x, gamma,n)

hx=x";
% n = length(x) /2;
yA % Split the vector x into u and v
yA u = x(1:n);
yA v = x(1,n+1:2%n);
yA pl = @(u,v) 1;
b p2 = @(u,v) 0.7071;
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Q
[
I

Q0
N
I

Q(u,v) 0.7071%v;

0(u,v) 0.7071x*u;

ql=1; pl=1; q2=1; p2=1;

% Initialize derivative

du = zeros(n,1);
dv = zeros(n,1);
tm = zeros(n,1);

tp = zeros(n,l);

bm = zeros(n,1);

bp zeros(n,1);

% tau's and beta's as
for k=1:n

%» Boundary values

if k==
tp(k) = gamma
tm(k) = 0; %
bp(k) = gamma
bm(k) = 0; 7%
elseif k == n
tp(k) = 0; %
tm(k) = gamma
bp(k) = 0;
bm (k) = gamma
else

h
b

h
b

in

vectors,

tau” -

tau~+

beta”™ -

beta”™+

(2.2.2)

* ql * x(n+k) * pil;

is tau~-_0

x q2 * x(k) * p2;

is beta™-_0

is tau~+_n

* ql x x(k) =% pl;

* g2 * x(k) *x p2;
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tp(k) = gamma * ql * x(n+k) * pl;

tm(k) = gamma * ql * x(n+k) * pl;

bp(k) = gamma * q2 * x(k) * p2;

bm(k) = gamma * q2 * x(k)* p2;
end

end

% Computation of the derivatives by (2.2.1)

for k=1:n

if k== % Since tau"-_1 = 0, the first term

is missing

du(k) = tm(k+1)*x(k+1) -(tm(k)+tp(k))*x(k);

dv(k) = bm(k+1)*x(n+k+1) -(bm(k)+bp(k))*x(n+

k) ;
elseif k == % Since tau~+_{n+1} = 0, the

second term is missing

du(k) = tp(k-1)*x(k-1) -(tm(k)+tp(k))*x(k);

dv(k) = bp(k-1)*x(n+k-1) -(bm(k)+bp(k))*x(n

+k) ;

else

du(k) = tp(k-1)*x(k-1) + tm(k+1)*x(k+1)-(tm

(k) +tp (k) ) *x (k) ;

dv(k) = bp(k-1)*x(n+k-1) + bm(k+1)*x(n+k+1)

-(bm (k) +bp (k)) *x (n+k) ;
end

end
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dx = [du ; dv];
Y%size (dx)

end

% parameters
close

gamma = 1;

n =301;

m = (n-1)/2+1;

% functiomns pl, ql, p2, g2

% To test I take them constants
% pl = @(u,v) 0.7071;

% p2 = @(u,v) 0.7071;

h ql = @(u,v) 0.7071%v;

% q2 = @(u,v) 0.7071xu;

% Starting values u_i=0 v i-(n+1)/2

u0

zeros(n,1) ;

v0 zeros(n,1);

for i=1:n
u0 (i) =floor (100*exp (-1*%(i-20)"2));
v0(1)=u0(i);

end

%» Starting values v_i=0, except v_m=100

% u0

zeros(n,1) ;

% vO

zeros(n,1);

% vO(m) =100;
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x0 = [u0 ; vO0];

% Final time

tmax = 1;

% Produce the solution

[t,x] = oded4b5(@(t,x) RHS1(t,x,

% % Plot u an v
% figure (1)

% plot(t,x);

% Plot u

figure (1)
plot(x(1,1:n),'LineWidth',5)
hold on

plot(x(98,1:n), 'LineWidth',5)

hold on

plot(x(132,1:n), 'LineWidth',5)

hold on

plot(x(157,1:n), 'LineWidth',5)

hold on

plot(x(end,1:n), 'LineWidth',5)

x1im ([5 35])
xlabel('k','Color','k")
ylabel ('u(t)','Color','k")

set (gca, 'FontSize' ,20)
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% Plot v
% figure (3)

% plot(x(1,n+1:2%n));

% Plot u

figure (4)

plot(x(end,1:n), 'LineWidth',7)

x1im ([5 35])
xlabel('k','Color','k")

ylabel ('u(t)','Color','k")

set (gca, 'FontSize ' ,20)

B.2 Matlab Code to Solve Equation (1.3.2)

We use this code in section[I.3]to plot Figures|[I.2] [I.3]

close all;clear;

n=100; Y%number of time steps;

nwalks=5000; 7 number of particles
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%Define an array of uniformly distributed jumps at
each time step for each particle.

%x = sing(x) ensures that x is an

harray of +1 and -1 (right and left jumps resp). Each
column represents a

%walker and each row is the jump made by that walke

rat the specified time

hstep
alpha = .7;
x = (rand(n,nwalks) - alpha.*ones(n,nwalks));

x=sign(x); %if sign of x postive give 1 if it negative

give -1

% % At t=0, all particles are at O.

x=[zeros(1,nwalks);x(1:end-1,:)];

%» Take the cumulative sum of x in the "row" direction
(i.e. down each

%» column) z is now an array the columns of which
contain the location of

% each particle at all times reading from t=0 at the
top to t= n at the

% bottom
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z=cumsum(x,1);

/» Compute the average value

z_mean=mean(z,2);

% plot all walks

figure (1)

h=plot(z,0:n-1, 'Color', [0.7 0.7 0.7]);
hold on;

% plot the mean walk

hmean=plot(z_mean,0:n-1,'b', 'LineWidth',1.5);

% hold on;0

% hil=plot((z(1,:)),1:100,'k"');

hold on;

h2=plot ((z(:,50)) ,0:n-1,"'r");

legend ([hmean ,h2], 'Mean', 'Example Trajectory')

ylabel ('Time t')

hold off
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hGenerate histogram at time 50
figure (3)

histogram(z(50,:));

b

B.3 Matlab Code to Plot the Dispersion Relation

We use this code to plot the dispersion relations in this thesis, and the parameters values

generate Figure (3.2) in section[3.4]

ddi= [1];%1
dd2=[.313]; % dv
dd3=[.313]1;% du

dd4= [.1];% d

% paramters
delta=.6;
gam=1;

beta=.1;

% steady statee
ustar=delta; %u0

vstar=gam*(delta-beta)*(1-delta); %vO
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hJacupain
fu= -gam*ustar*(2*xustar-(beta+1));
fv=-ustar;

gu= vstar;

ddc=[8.5,1.5625,1.565];

k=linspace (0,100,10000) ;

for j=1:1length(dd4)
d4=dd4 (j);
d3=dd3(j);
d2=dd2 (j);
d1=dd1(j);
dc=ddc (j);
b lab{j}=sprintf ('d1=%.2f,d2=%.2f,d3=Y%.3f,d4=7.2f,dc

=%.2f"',d1,d2,d3,d4,dc);

G=0(k)k"2%(d1+d4) -gam*(fu+gv) ;

h=0(k)k~"4*x(d1*d4-d3*d2)-gam*(d4*fu+dl*gv-d3*fv-d2x*

gu) *xk"2+gam " 2x (fuxgv-fv*gu) ;
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pc=@(k)roots ([1,(k"2*(d1+d4)-gam*(fu+gv)) ,k~4*(d1*
d4-d3*d2) -gam*(d4*fu+dl*gv-d3*fv-d2*gu)*k~"2+gam

“2*x (fuxgv-fvxgu)l);

%Compute some values for plotting
for i=1:length (k)
lam_k (j,i)=max(real (pc(k(i))));
h_k(j,i)=h(k(i));
G_k(j,i)=G(k(i));
end
end
condl=fu+gv;
cond2=fuxgv-fvxgu;
cond3=(d1*d4-d3x*d2);
cond4=(d4x*xfu+dl*xgv-d3*xfv-d2*gu)

condb=(d4*xfu+dl*gv-d3*fv-d2*xgu) "2-4*(fuxgv-fv*gu) *(d1l*

d4-d3x*d2) ;
figure (1) ;
plot(k."2,lam_k ,k([1,end]),[0,0], 'k--",'LineWidth',3)
yA ylim ([-10 30])

x1im ([0 80]1)
yA legend (lab{:})
% legend('d<dc','d=dc','d>dc');
xlabel('k"2','FontSize' ,16)

ylabel ('Re \lambda(k~2)','FontSize' ,16)
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% title('Plot of the eigenvalue Re\lambda(k~2) ')
set (gca, 'FontSize',20)
figure (2)
plot(k."2,h_k,k([1,end]) ,[0,0], 'k--", 'LineWidth"',3)
/A ylim ([-10 65]1)

x1im ([0 801)
% legend(lab{:});
% legend('d<dc','d=dc','d>dc');
xlabel (' k~2','FontSize',16)
ylabel ('H(k"2) ', 'FontSize' ,16)

% title ('Plot of H(k"2).")

set (gca, 'FontSize',20)

B.4 PDEPE

PDEPE is MATLAB function that solve initial-boundary value problems for parabolic-
elliptic PDEs in 1-D. We use it to solve all the partial differential equations in this

thesis. For example this code used to solve the new non-linear cross-diffusion system.

function []=CDpde ()
m=0;

xmax=1;

tmax=152;
xstep=200;

tstep=b;

x=linspace (0, xmax ,xstep) ;
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t=linspace (0, tmax,tstep);
hparameters
global di;
global d2;
global d3;
global d4;
global ri;
global di;
global dm,
global rm;
global beta;
global alpha;
global A;
global B;
global C;

global D;

global kk;
global a;
global b;

global cc;

global gam;
global sig;
global mu;

global rho;
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global p;

%%Yahong model a
global delta;
global gam;

global beta;

% %%pp with alle effect
delta=.6;
gam=.2;

beta=.4;

d1=0.0007; Y%du
d2=6; %dv
d3=6; Jdv

d4=0.0007 ; ‘%du

options=odeset ('RelTol"',le-6, " 'AbsTol',le-6);
sol=pdepe (m,@CDfun ,@CDinitial ,@CDbc,x,t,options);
u=sol(:,:,1);

v=sol(:,:,2);
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% plot u

figure (1) ;

plot(x,u, 'LineWidth',3);
lgd = legend (['t=' num2str(t(1))],['t="' num2str(t(2))
1,0't=" num2str(t(3))],['t=' num2str(t(4))],['t="
num2str (t(5))1);
xlabel ('x','Color','k")
ylabel('u(x,t)"','Color','k")

set (gca, 'FontSize' ,20)

% plot v

figure (2);
plot(x,v, 'LineWidth',3);
lgd = legend(['t=' num2str(t(1))],['t="'" num2str(t(2))
J,['t=" num2str(t(3))],['t=" num2str(t(4))],['t="
num2str (t(5))1);
xlabel('x','Color','k")
ylabel ('v(x,t) ', 'Color',"'k")
set (gca, 'FontSize ' ,20)
%h % annotation('arrow', [.2 .2], [.25 .45]);

% annotation('arrow', [.5 .5], [.8 .6]);
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% % plot of derivative of soln

% figure(5)

% plot(x,dif_1,'LineWidth',3)

% xlabel (' x')

% ylabel ('“{du}/_{dx}','Color','k")

b set (gca, 'FontSize ',20)

yA figure (6)

% plot(x,dif_2,'LineWidth',3)

% xlabel(' x')

% ylabel ('“{dul}/_{dx}','Color','k")

b set (gca, 'FontSize ',20)

yA figure (7)

% plot(x,dif_3,'LineWidth',3)

% xlabel(' x')

% ylabel ('“{du}/_{dx}','Color','k")

b set (gca, 'FontSize ',20)

pA figure (8)

% plot(x,dif_4,'LineWidth',3)

% xlabel(' x')

% ylabel ('“{du}/_{dx}','Color','k")

b set (gca, 'FontSize',20)

function [c,f,s]=CDfun(x,t,u,DuDx)
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%function

global
global
global
global
global
global
global
global
global

global

global
global
global

global

hhhshi
global
global
global
global

global

di;
d2;
d3;

d4;

model
gam;

sig;

%%Yahong model

global

delta;
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global gam;

global beta;

c=[1;17;

hsimple c-d flux

% f=[d1*DuDx (1) +d2*DuDx (2) ;d4*DuDx (2) +d3*DuDx (1) ];

%non-linear c-d flux
f=[d1*(1-u(1))*DuDx (1) -d2*u (1) *DuDx (2) ;d3*x(1-u(2))*DuDx

(2) -d4*u(2)*DuDx (1) ];

hreaction term
s=[gam*u (1) *(u(1)- beta)*(1-u(1))-u(1)*u(2);u(l)

xu(2) -delta*xu(2)];

function value=CDinitial (x)

h % % % small pret

u0=.6+.1*x(cos (1*pix*x));

v0=.0160+.0001*(cos (1*pix*x));
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value=[u0;vO0];

yA step function

% value=[1;.1];

hooif ((x >.5) && (x>.7));
yA value = [0,.1];

% end;

function [pl,ql,pr,qr]l=CDbc(xl,ul,xr,ur,t)

hno flux
pl=[0;0];
ql=[1;1];
pr=[0;0];
qr=[1;1];

B.5 Pplane Tool

The pplane [24] is software that allows the user to utilize a graphical interface to plot
direction fields for differential equations. Instead of defining array vectors of all points
in the range of the desired differential equation graph, a user can simply enter their
equations in the software, determine the desired range to graph, and the shape of the

arrow. This MATLAB package was written and developed by the professor of Rice
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University John C. Polking. He made this software free for use in educational institu-

tions [37]].
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