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This thesis is concerned with reaction-diffusion systems in one-dimensional infinite domains.
Using the theory of spatial dynamics, in which time is represented by the spatial coordinates
of a state, it can be analysed whether or not localised patterned states exist and are stable. In
essence, this dissertation addresses two major objectives.

Our first objective is to illustrate the relation between the theory of homoclinic snaking and
other theories of the from-equilibrium formation of localised patterns; so called semi-strong
interaction asymptotic analysis. We demonstrate how these different paradigms fit together
within a class of activator inhibitor-systems that include the commonly studied examples such as
the Brusselator and Schnakenberg models. An essential contribution is a demonstration that in
the limit of an infinite domain, using a semi-strong asymptotic analysis allows the calculation to
provide a large amplitude exponentially localised pattern arising from the bifurcation at a fold.
As part of this work, we also demonstrate a universal two-parameter bifurcation diagram that
emerges for a wide class of models of the activator-inhibitor type. We also investigate the stability
of these localised patterned states and the instability mechanisms. Moreover, we illustrate that
bifurcation diagrams that appear in Schnakenberg-like models can also appear in other models
with more complex nonlinear terms, including Gray-Scott, Gierer-Meinhardt and predator-prey
models.

The second objective of this study is to investigate what can be learned about cell polarisation
from various experimental models of activator-inhibitor type that have been proposed in the liter-
ature. These models typically have two activator and two inhibitor fields. Our study investigates
the polarisation models of cells within two distinct regimes, in which the amount of protein is
either conserved or not conserved. In the non-conservative regime, two types of patterns are
obtained; interleaved and overlaid. The temporal stability analysis shows that the localised pat-
terns created in the interleaved case are stable. Compared to the overlaid pattern, the localised
patterns are unstable and evolve into interleaved case. Passing to the mass conservation limit
also suggests a novel mechanism for creation heteroclinic states.

The conservative regime exhibits several distinct equilibrium solutions that can be charac-
terised using catastrophe theory. We specify the conditions under which these steady states are
destroyed and the forms of heteroclinic connection created and destroyed during this process. As
a final step, we provide numerical simulations for the entire PDE system which indicate how
distinct polarised states arise as a result of different total initial concentration.
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CHAPTER

INTRODUCTION

1.1 Introduction

Patterns of regular spatial variation of concentration or density within a seemingly homogenous
medium is a phenomenon that is widely observed in nature. These patterns arise from entirely
homogenous random backgrounds. The undisturbed background of such patterns does not provide
any information to the observer about the final emergent pattern. Over decades, a substantial
number of studies have tried to understand the formation of such patterns stemming from the
last published work of Alan Turing in 1952 (see also [47] for information on Turing’s further
results that were unpublished at the time of his death). The instability that bears his name, also
known as a diffusion-driven instability, occurs when an activator chemical species or component
of the medium diffuses more slowly than a separate inhibitor component. Starting from a
stable homogeneous equilibrium state under equal diffusion rates, Turing instability occurs
upon varying the ratio of diffusion constants, when the growth rate associated with a critical
wavenumber of a perturbation becomes positive. Typically, at least in one spatial dimension, this
corresponds to a supercritical pitchfork bifurcation of steady-state solutions, leading to the onset
of spatially periodic patterns, see e.g. [112, 119]. In two or more spatial dimensions, depending
on the shape of the domain and boundary conditions, many different forms of pattern can be
obtained, see e.g. [172] and references therein.

Many reaction-diffusion models of activator-inhibitor type have been proposed in different
fields such as physics, biological science, chemistry and ecology [98, 105, 120, 150]. Widely
studied examples of such models include the Schnakenberg [143], Gierer and Meinhardt [69],
Gray-Scott [71] and Brusselator [62] systems. All these models have been used to study pattern
formation and the localisation of stripes, spots, etc, as well as their instability leading to complex

spatio-temporal behaviour.
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Figure 1.2: Examples of biological patterns observed in nature; adapted from [107].

An example of pattern formation in a chemical laboratory system is the BZ-AOT (Belousov
Zhabotinsky reaction in a water-in-oil microemulsion), see e.g. [34] for experimental details and
for how the system can be modelled mathematically. This experiment demonstrates various
patterns, such as Turing patterns [160], oscillons [162] and spirals [161] see Figure 1.1.

In biology, the term pattern formation is too broad. We can observe it in both internal and
external contexts. The external context studies the exterior structures like spots and stripes in
animal skins, see e.g. [92]. The internal context considers the variation that within organs, tissues
or individual cells results from the mechanical-chemical interaction, see e.g. [119]. Examples of

Turing patterns which emerge in biology are shown in Figure 1.2.

1.2 Localised patterns

In recent years attention has been given to localised patterns, which means that the pattern

is confined to a portion of the domain with exponential decay into the perifery. In one spatial
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1.2. LOCALISED PATTERNS

dimension these patterns can occur due to what is known as the homoclinic snaking mechanism
[20, 171]. Bistability and different diffusion rates between activator and inhibitor are the two
main elements for such a theory of localised structure formation [46]. Here, bistability is between
stable states of spatially uniform and spatially periodic patterns. In the context of bifurcation
theory, a subcritical Turing bifurcation leads to the existence of a small-amplitude unstable
pattern and a large-amplitude stable pattern that coexist with a stable homogeneous state [46].
In [171] the homoclinic snaking mechanism is shown to arise as a heteroclinic connection between
the homogeneous state and the spatial pattern which causes the expansion of a Maxwell point
into a so-called pinning region. A Maxwell point is the point in parameter space where the free
energy of the two bistable states are equal. One explanation of the broadening of the Maxwell
point is that a finite energy difference is required in order to displace the front connecting the
coexisting states by one wavelength of the periodic pattern [134]. This interaction is also known
as the pining of spatially periodic fronts. Upon bringing two fronts back to back, a stationary
solution is established that consists of a finite domain of a spatial periodic state connected to a
background of the flat state. This is known as a spatially localised structure, see e.g [? ] for an
explanation. Moreover, in [32] the authors argue that a broad class of reaction-diffusion systems
can generate localised patterns via this mechanism close to a certain codimension-two point
where they occur at small amplitude. Furthermore, they argue that subcritical instability leading
to localised structure is more robust compared to the normal Turing instability patterns that
form from the supercritical bifurcation. This is because the former patterns which are spatially
extended are born from zero amplitude, and in a large domain, these patterns are subject to
further instability due to mode interaction. On the other hand, in the subcritical case there
is a jump with well defined amplitude to a pattern that is localised in the spatial domain. In
addition these localised patterns are more robust and hard to destroy under small perturbation
in parameters space. This is because of the hysteretic nature of the fold bifurcation underlying
the snaking bifurcation.

Another key ingredient of the theory of homoclinic snaking, as typified in scalar partial

differential equations (PDEs) such as the Swift-Hohenberg model
ur=f(u)+ (qg + V2)2u,

is that there should be competing nonlinear terms, see e.g. the review [89]. For example, the
paper [82] was one of the first to contrast the localised patterns seen in fourth-order PDEs with

cubic-quintic or quadratic-cubic forms like f(x) = au® —u® or f(u) = au® — u?, with a a tunable
positive parameter. As we shall see in chapter 3, the simplest activator-inhibitor systems such as

those due to Schnakenberg [143] or Gray & Scott [71], as well as the so called Brusselator [136],

u u 1) 5 52v2y
=c+A + u“v+ 9 |
v/, v -1 Vv
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tend to have a single autocatalytic nonlinear term +u?

v with the sign ‘+’ in the equation for the
rate of change of the activator u and the sign ‘-’ in the equation for the inhibitor v. Thus, it might
seem that such models are not likely to feature competing nonlinear terms. However, adding
constant terms to the linear-cubic kinetics, leads to non-trivial equilibria in the system. Taylor
expansion about such an equilibrium leads to quadratic as well as cubic terms, providing the
necessary competing nonlinearity for homoclinic snaking.

There are numerous examples of these localised patterns in nature, which in two spatial
dimension may occur as such as spotty, hexagonal and target-like patterns. These localised
patterns have been reported in a wide range of experiments such as: binary fluid convection [122],
plain Couette flow [68], solidification [84], gas discharge [12], optical systems [18, 114], magnetic
material [2], ocean circulation [46], optical cavities [63] and desertification [46].

The recent special issue [36] gives an overview in state-of art theory and application of the
localised patterns formation due to homoclinic snaking. Here we will report a few examples. In

nonlinear optics, the authors of [128] used Lugiato-Lefever equation
Ar=—(1+iw)A+ivo’A+ilA2PA+S

to demonstrate the occurrence of the localised patterns. They consider two regimes: anomalous
and normal dispersion. In the first regime, their study shows that the localised patterns formed
on the homoclinic snaking which is ultimately destroyed resulting in a foliated snaking. The
second regime reveals that the localised patterns undergo a collapsed snaking.

In fluid convection, Alrihieli et al [8] have used the normal form analysis around Takens-
Bogdanov bifurcation to show that localised patterns tail can take two different shapes: a trivial
and a modulated wave.

Bramburger et al. [29] investigate symmetric and asymmetric localised patterns in a spatially
discrete setting. They obtain the localised pattern from the homoclinic snaking and the isolas
structures as the continuum case. Also, they show a discrete localised patterns solution posed on
a hexagonal lattice, which agrees with the result presented [104] in the continuum case. Another
example of the homoclinic snaking in the discrete can be found in [96]

The existence of the homoclinic snaking in a non-reversible system is addressed in [90].
The authors have provided conditions that guarantee the existence of the homoclinic snaking
bifurcation.

The study in [109] reports a significant relationship between the localised patterns in net-
works and the localised pattern formation seen throughout science. Also in [37], the authors
presented an extensive review of the how the theory of homoclinic snaking and localised patterns
applies in a number of reaction-diffusion systems arising in development biology and in ecology.
Part of the contribution of this thesis is to attempt to understand certain universal properties of
the organisation and stability of localised patterns in activator-inhibiter systems; keeping our

eye on biological motivation.



1.3. CELL POLARITY

1.3 Cell polarity

An ultimate motivation for this thesis is to understand models of patterns formation that apply
to the morphology of individual cells. Cell polarity is a fundamental and essential aspect of
many cell processes; its structure drives all functions that require asymmetry within a cell [126].
Plant cells exhibit various types of polarities leading to complex geometric structure, asymmetric
cell growth, division or simply molecules and organelles asymmetric distribution within the
cell. Therefore, polarised cells contribute to the patterning via differentiation of tissues and
organs [158]. Consequently, polarised cells are involved in the overall shape of the organism.
During embryogenesis, animals often establish their adult plan and adapt their behaviour to
environmental change. In contrast, plants need to modify their body plan continuously throughout
their life cycle to accommodate environmental changes [40]. This is because of the lack of nervous
systems in plants [52]. Furthermore, the essential difference between plant cells and animal
cells is that the former cannot travel in the tissue during the patterning processes because they
are held by a rigid extra-cellular matrix, the cell wall. These differences push the plants to
generate alternative mechanisms to control plant development which depend on rearrangement
or establishment of cell polarities through processes such as embryogenesis, organogenesis,
vascular tissue formation, and regeneration [88, 138]. All these processes organise the connection

between polarity of individual cells in the tissue and within the wider tissue.

1.3.1 The biology of cell polarisation

The key plant hormone, auxin, helps regulate the cross-relationship and acts as a polarising
signal. Hence, cell polarisation is the primary cellular mechanism for plant growth [52, 100]. In
general, cell polarisation is required initiated via an internal or external signal which can cause a
break in cell symmetry and start the polarisation event [43, 126]. The auxin pattern distribution
can provide just such a signal for establishing cell polarity. In particular, polar auxin transport,
which is largely mediated by the PIN-FORME (PIN) auxin efflux carriers, has a significant role
in the generation of various polarity formation processes such as polar positioning of root hairs in
trophoblast cells [24, 142, 159]. The precise gradient of auxin has been found to activate polar for
cell growth in a single cell model such as root hair [30]. These auxin-mediated cell polarisation
mechanisms tend to begin via the formation of patches of activated signalling module (PIK-ROP
GTPase) known collective as G-proteins or Rhos (in animals) and ROPs (Rhos of plants) in plants;
[561, 176]. In this thesis we shall mostly consider plant cells.

Work by Abley et al. [1] in theoretical biology suggests that ROPs hold all essential properties
to enable a cell that is initially in homogeneous state to generate a polarity within the cell
spontaneously. The guanine of exchange factor (GEFs) and GTPase-activating proteins (GAPs)
allow switching to occur between inactive and active form of ROPs, while guanine disassociation
inhibitors (GDIs) drive the inactive form to the cytosol [23, 121]. Thus active ROPs are thought
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to diffuse more slowly as they are bound to the cell membrane.

In various modelling studies, it has been demonstrated that a system can generate stable
polarisation within a cell under two conditions: i) at least a single chemical species must appear
in both active and inactive forms, which directly or indirectly enable self-activation; ii) the
active form diffusion constant needs to be slower in comparison with inactive form [108, 115].
One particular mechanism that occurs in such system is so-called wave pinning, in which a
particular region or multiple cell regions are brought into an active state.This spatial transition
between the active and inactive state can be modelled heteroclinic connection between bistable
states composed of high and low concentrations of the activated state, see [80, 86, 116] for full
explanation. It has been shown how this mechanism can enable a single cell to establish and
maintain active localised ROP along with the membrane at different levels even without any
localised signal or external perturbation. This process has been shown to be robust to a certain
extent [72].

Tissues of plants represent distinct coordination of cell polarities over long domains. Two
essential types of coordination, namely, lateral and longitudinal, are defined to guide the under-
standing of tissue cell polarities [1]. Both the longitudinal and the lateral coordinates can be
described as a single file of cells, yet the polarities of the former are aligned from head to tail;
whereas, the polarities of the latter are aligned from the lateral to the polarity direction. Both
types of coordination can occur in a sheet of cells because each cell’s polarity may be regulated
with both. The key question here is how lateral and longitudinal coordination patterns are
established in an extended domain. Several models attempt to provide an explanation for the
establishment of both types of coordination. For instance, the model presented by Simon [147]
assumes that the neighbouring cells compare the concentration of a specific molecule and set their
polarities accordingly. Another model in plant cells proposes that the polarity of cells depends
on the concentration of auxin in the neighbouring cells see e.g. Jonsson [87]. In [67], a model is
presented to describe the establishment of polarities through differential molecular interaction

at cell interface.

Our concern here though will be another hypothesis as typified by the model of Abley et
al. [1], who propose a framework of intracellular partitioning, which suggests that the cells
can polarise in the absence of an asymmetric signal or their neighbours polarity. In this model,
there is intracellular partitioning via coupling between surrounding cells and operations of
tissue polarity organisers. There are three attributes of the intercellular portioning model. First,
it can be used to describe the polarity in both animals and plants. Second, it helps create a
new polarity coordination model in plants that does not require measuring fluxes, comparing
concentrations between cells, responding to physical stresses or measuring of gradients across
the cell walls thickness. Third, the model permits the placement of various cell polarity systems

in an evolutionary context.
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Figure 1.3: Examples for cell polarisation dynamics in 2D through two generic ROPs (A*, B*)
adapted from [72].
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1.3.2 Cell polarity models:

Let us describe the overall model as described in [1] and [72]. To explain how intracellular
partitioning may occur, consider a simple system containing two types of molecular components
(A, B). Each component may include many molecular entities (types of ROP), but each component
is treated as a single entity. These components can be of two types; one is active in the membrane
denoted by (A*, B*), and the other one is inactive in the cytosol denoted by (A, B). The inactive
components in cytosol will diffuse faster than the active components in the membrane. The active
components are autocatalytic, which means that A* promotes A’s activation to produce more
A”. There is also cross inhibitory; specifically, A* reinforces deactivation of B* and vice versa.
Beginning from a homogeneous concentration of polarity components in a cell, then introducing
some perturbation into the concentration of the active form (A*, B*) may lead to polarity with
a high concentration of A* at one end and high concentration of B* at the other end. With the
initially homogeneous fluctuation of active (A*, B*), a disturbance within the cell can lead to
orientation from one cell to the next, leading to intracellular partitioning, which causes the
polarities, see [1, 72] for more details. Figure 1.3 shows the dynamics of cell polarisation through
two generic ROPs (A*, B*).

In this thesis, for simplicity, we ar not considering an elongated cell such as trophoblast
modulated by a 1D domain which represent the homogenate through the cell’s thickness including
both membrane and cytosol. The dynamics of this intracellular partitioning includes auto-

activation and cross-inhibition is mathematically expressed by the following system of diffusion

equations.
0A* %A%

(1.1a) > =Dy- = +F(A*,A,B* B), xe(=L,1),
0A %A

1.1 ——=Dy4 -F(A*,A,B* B -

(1.1b) o Ag T ( ), xe(=11),
0B* ’B*

(1.1¢) = =Dp- oz +G(A*,A,B*,B), xe(-L1),
0B 0B

(1.1d) m —DBa——G(A*AB ,B), xe(=L1).

Here functions F' and G describe the autocatalytic activation step. We suppose D g+,Dp+ < D 4,Dp
specifically that D+ = Dp+ =6 and D4 = Dp = 1. Since the active and inactive components can
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not leave or enter the cell, we enforce the Neumann boundary condition with a 1-dimension slice
along which we suppose represent portion of the cells’ boundary.

Note the inter-conversion between the ROP components causes a switch between active and
inactive forms, yet no components are created or destroyed. Therefore, the total amount of the

ROP components within the cell must satisfy conservation statements. Hence,

!
(1.2) f (A+A%)dx=Ar.
-1

and similar for B component. Based on different choices for F and G, one can obtain different
GTPase models that illustrate the intracellular partitioning dynamics. Several of such models

have been described in the literature which can be:

* Model I: intracellular partitioning model for tissue cell polarity in plants and animals
presented by Abley et al [1]

(1.3a) F=MnA"+p)A-(aB* +pu)A*
(1.3b) G=nB*+p)B-(aA* +pu)B".

Here a is the cross-inhibition rate between the bound membrane polarity component, 7
is the auto-activation rate, u is the membrane unbinding rate, p describes the membrane

binding rate of polarity component.
* Model II: a modification of the model in [1]:
(1.4a) F= (nA*2+p)A—(aB*+,u)A*
(1.4b) G=(nB">+p|B- (A" +u)B",
where the parameters a, 1, ¢t and p have the same definition as in (1.3).

* Model III: intracellular partitioning model for juicy fruit by Grieneisen et al [72]:

-1
(1.5a) F:(ﬁ+nau2A*2(u2+A*2+B*2+cﬁ )A—pA*,
a
-1
(1.5b) G:(ﬁ+nap23*2(p2+A*2+B*2+cﬁ )B—pB*.
a

Here a denotes the homogeneous auxin level, § is capturing the auxin-independent basal
activation rate, 1 gives the auto-activation strength, u is the saturation constant in ROP
auto-activation and cross-inhibition, ¢, define the saturation constant in activation by

auxin and p defines the deactivation rate .

8
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* Model IV: mutual inhibition introduced by Holmes et al [80]

(1.6a) F=(b+pm)a-da,
(1.6b) G=(b+—=)B-dB".

Here the parameters a and b represent the strength of feedback and basal components,

respectively, and d is the rate of GTPase inactivation.

Later in chapter 6 we shall consider the model (1.1) with the inclusion of the source and loss

terms for the A and B species similar idea where apply for single species can be found in [165].

1.4 Research goals

The overall focus of this study is on reaction-diffusion systems posed on infinite one-dimensional
domains. One can analyse the existence and stability of localised patterned states using the
theory of spatial dynamics, in which the spatial coordinate plays the role of time. In this case, a
Turing bifurcation can be shown (see e.g. [32]) to be completely analogous to a Hamiltonian Hopf
or pattern-formation instability, which gives rise to localised patterns in the form of modulated
periodic states. Such homoclinic orbits are the building blocks of the onset of localised patterns
through the homoclinic snaking mechanism as described in [171]. The main distinction, though,
is that the pattern-formation instability leading to the homoclinic snaking is a sub-critical
instability, whereas the classical Turing mechanism typically involves a supercritical bifurcation.
This thesis has two broad aims.

The first aim is to show connections between the theory of homoclinic snaking [20, 33, 171]
and other theories of far-from-equilibrium formation of localised so called semi-strong interacting
spikes, these structures have been shown to occur in activator-inhibitor reaction-diffusion system
either using matched asymptotics (as in the work of Ward and co-workers [168]) or geometric
perturbation theory (as in the work of Doelman and co-workers [56, 58] ). We demonstrate
through this study how these two theoretical paradigms fit together, using the most common
activator-inhibitor systems found in the literature namely the Schnakenberg, Brusselator and
related models. In particular, we show how the semi-strong asymptotic analysis applied in the
limit of an infinite domain can show the onset of large amplitude exponentially localised patterns
through a fold bifurcation. Here semi-strong implies a scaling where the activator field is much
more highly localised than the inhibitor. We also show how there are ubiquitous two-parameter
bifurcation diagram that emerges for wide class of models of activator-inhibitor type. We also
shall seek to explain the stability of these localised patterned states, and to probe instability

mechanism.
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The second aim of this study is to investigate cell polarisation in various models of activator
inhibitor type that have been proposed in the literature. Here, we seek to show how the theory of
localised patterns can help explain how ROP dynamics can create a range of spatial patterns
that explain the shapes of cells observed in the literature. In this thesis, we utilise two modelling
approaches to show whether the dynamics of ROPs may explain cells shapes and migration. The
first approach is breaking the mass conservation law by adding generic source and loss terms in
model (1.1). The second approach is studying the heteroclinic connections that the ROPs generate

in mass-conserved limit and explore how these can underline different forms of polarity.

1.5 Thesis outline

This thesis contains eight chapters, including this one.

In chapter 2, we introduce all the technical methods required throughout this study. These
methods include linear stability analysis, weakly nonlinear stability analysis, and various nu-
merical methods for finding, tracing and examing the stability of the localised patterns. All these
methods are developed for general n-dimensional system or reaction-diffusion equation in one

spatial dimension.

In chapter 3, we study systems of activator-inhibitor reaction-diffusion equations posed on an
infinite line using a variety of analytical and numerical methods. A canonical form is considered
that contains all known models with simple cubic autocatalytic nonlinearity and arbitrary
constant and linear kinetics. Restricting attention to models that have a unique homogeneous
equilibrium, this class includes the classical Schnakenberg and Brusselator models, as well as
other systems proposed in the literature to model morphogenesis. Such models are known to
feature Turing instability, when activator diffuses more slowly than inhibitor, leading to stable
spatially periodic patterns. Conversely in the limit of small feed rates, semi-strong interaction
asymptotic analysis shows existence of isolated spike-like patterns. Chapter 3 then describes the
broad bifurcation structures that connects these two regimes. A certain universal two-parameter
state diagram is revealed in which the Turing bifurcation becomes sub-critical, leading to the
onset of homoclinic snaking. This regime then morphs into the spike regime, with the outer-fold
being predicted by the semi-strong asymptotics. A rescaling of parameters and field concentrations
shows how this state diagram can be studied independently of the diffusion rates. Temporal
dynamics is found to strongly depend on the diffusion ratio though. A Hopf bifurcation occurs
along the branch of stable spikes, which is subcritical for small diffusion ratio, leading to collapse
to the homogeneous state. As the diffusion ratio increases, this bifurcation typically becomes
supercritical, interacts with the homoclinic snaking and also with a supercritical homogeneous
Hopf bifurcation, leading to complex spatio-temporal dynamics. The details are worked out for
a number of different models that fit the theory using a mixture of weakly nonlinear analysis,

semi-strong asymptotics and different numerical continuation algorithms.
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In chapter 4, we extend the results obtained in chapter 3 to include models with bistability
of homogeneous equilibria such as the Gray-Scott system. A homotopy is studied that takes a
Schnakenberg-like glycolysis model to the Gray-Scott model. Numerical continuation is used to
understand the complete sequence of transitions to two-parameter bifurcation diagrams within
the localised pattern parameter regime as the homotopy parameter varies. Several distinct
codimension-two bifurcations are discovered, including cusp and quadruple zero points for homo-
geneous steady states, a degenerate heteroclinic connection and a change in the connectedness
of the homoclinic snaking structure. The analysis is repeated for the Gierer-Meinhardt system,
which lies outside the canonical framework shown in chapter 3. Similar transitions are found
under homotopy between bifurcation diagrams for the case where there is a constant feed in the

active field, to it being in the inactive field.

In chapter 5, we undertake investigations into simple predator-prey models with rational
interaction terms in one and two spatial dimensions. Focusing on a case with linear interaction
and saturation, an analysis for long domains in 1D is undertaken using ideas from spatial
dynamics. Parameter regions for localised patterns and isolated spots are delineated and shown
to only the qualitatively the same structure as in chapter 3. Detailed spectral computations and
numerical simulations reveal various of homogenous and localised patterns Hopf bifurcations
give rise to both temporally periodic and chaotic localised attractors. Simulation results in 2D
confirm the onset of complex spatiotemporal patterns within the corresponding parameter regions.

We briefly discussed the implications for ecology.

In chapter 6, we study intracellular ROPs dynamic models when the generic source and
loss terms are introduced. Here the canonical systems have two activator and two inhibitor
field, and two distinct branches of Turing bifurcation are formed. Implementing the weakly
nonlinear analysis shows that both Turing bifurcations become subcritical, which leads to the
creation of two forms of localised patterns; so-called interleaved and overlaid cases. The temporal
stability analysis reveals that the localised patterns created within the overlead case are stable.
In contrast, the localised patterns found in the overlaid are unstable. The generality of the
results is established by qualitatively presenting the same bifurcations diagrams for different
models with different nonlinearities. We also consider the limit that the loss terms vanish, which

motivates the analysis in the following chapter.

Chapter 7 considers intracellular partitioning models without the generic source and loss
terms. We show that the heteroclinic solutions found in these models can be characterised by
looking into the steady states that connect them. We demonstrate that there are up to nine
steady states that can be distributed in two ways: symmetric and non-symmetric. Then using
catastrophe theory, we provide conditions under which these steady states are destroyed and
which forms of heteroclinic connection are created and destroyed in the process. Finally, we
provide conformation of the results with numerical simulations for the full PDEs systems. The

simulations reveal that different total amount of the two active-inactive pairs of ROPs leads to
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different form of polarisation.

Chapter 8 contains overall conclusions and outlines possibility for future work.
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CHAPTER

METHODOLOGY

2.1 Reaction-diffusion systems

In this study, we look at systems of nonlinear reaction-diffusion equations that have many
physical, chemical and biological applications (see e.g. [1, 14, 63, 86, 127, 132, 165]). Such

systems of equations are of the form:
(2.1) oU, =DV2U +F(U, p).

Here, U(x,t) € R" is an unknown vector of state variables that represent a group of biological
or physical species and D € R"*" its a positive definite diffusion matrix which for the purpose
of this thesis we assume to be diagonal. V is the Laplacian operator, F(U, p) denotes a nonlin-
ear function of the concentrations which characterises the chemical or biological reaction and its
control parameters p € R?. Without loss of generality, we shall consider one spatial dimension
in the rest of the analysis unless otherwise stated. However, the extension to a higher order is

possible in principle. For U € R” and x € (—o00,00), we use asymptotically flat boundary conditions
(2.2) Ux,t)-Uy as x— oo,
where Uj is homogeneous steady state. For practical computation purposes we shall sometimes

pose the system (2.1) on a long finite interval x € [-/,] with [ > 1 and replace (2.2) with Neumann

boundary conditions

(2.3) U.(xl,t)=0.

13
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2.2 Linear stability analysis

This section considers linear stability analysis about an isolated homogeneous steady state
U(x) =Ujp. Implementing the linear stability analysis in (2.1) around the homogeneous steady
state Uy provides the conditions where this equilibrium loses its stability. Accordingly, we adapt
the method in [44, 119]. Specifically, we investigate the conditions under which the homogeneous
equilibrium undergoes the simplest kinds of temporal instability: a spatially homogeneous Hopf
bifurcation; or a so-called Turing bifurcation, a pitchfork bifurcation corresponding to a non-
trivial spatial wavelength. To analyse such bifurcations, we start by introducing a new variable

as follows

(2.4) U=Uj+u.

Hence, we write (2.1) in the following form

(2.5) u; =(Jp(Uy)+ D0y )u+ NL(Uy,u)

where Jr(Ug) = J is the Jacobian matrix of F' at the homogeneous equilibrium and NL contains

nonlinear terms which are given as follow

(2.6a) NL=NL'+NL?2+NL3+..,
2.6b) NL(j) ~ (w)™ (ud)nd) ( Grit-tna )(UOI Uon)
. = ,-U0d)-
n:(nly"'nd):lnlzj n]_!..nd! au’zlaugd

Considering the linear order of (2.5) and assuming the following ansatz
2.7) u=ve'™Mice, |vl«1,

where £ and A are the spatial wave number and the growth factor (temporal eigenvalue), respec-

tively, we have the following eigenvalue problem:
(2.8) [J - k%D - A(k)I] v = 0.

Here I € (n x n) represents the identity matrix and 0 is the zero vector. Since we are concerned

with non-trivial solutions, the dispersion relation A(%) is
(2.9) det (J — k%D — A(R)I) = 0.

Now, we can study the stability of Uy such as Uy will be stable (unstable), if R(A(k)) <0 (> 0).

A Hopf bifurcation arises when
(2.10) SV #0, RA)=0, k=0,

21
with angular frequency wyg = (1) and the corresponding period —. Alternatively, a Turing
)

H
bifurcation occurs when A(%) has an extremum crossing 0, which leads to the following conditions:
(2.11) R(A(k:)=0 and ROpAEk)) =0, k. #0.

14
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— P <Dec
— P = D¢
—D > De

Figure 2.1: Dispersion relation curves for (1) in (2.8) versus k. For p > p. ( black curve) indicates
the case of spatial instability of solution, while using p = p. ( blue curve ) represents the case of
the double zero root and using p < p. (red curve ) represents the case of a stable solution.

Here k. is the critical value of the wave number. These conditions are specifically the conditions
for A(%) to represent a double zero at &.. The wavelength of these patterns is given by
(2.12) Q= Z—H
ke

As argued for example in [32], the above conditions for a temporal Turing bifurcation can
be interpreted as a so-called Hamiltonian-Hopf bifurcation in terms of spatial dynamics (that
is when the time-independent problem is posed on the infinite domain and the spatial variable
x is considered to be time-like, see e.g. [76] and section 2.5 below). In Figure 2.1, we show the
three possible cases for the dispersion relation. If the real part of the dispersion relation is less
than zero for all values of £ then the homogeneous steady state Uy is stable. R(A(k)) may touch
0 for some values of the parameter p = p. and become positive for a certain values of £ when
P > pc. This value of % is called the critical value of the wave number donated as k.. The system
(2.1) undergoes spatial instability if the maximum of A(%k) becomes positive for some value of the
parameters p > p.. Then the spatial homogeneity is broken, and stationary patterns in time and
oscillatory in space will emerge.

If we consider the pattern solution to be time independent, the eigenvalue problem (2.8) takes

the following form
(2.13) [J -k2D]y =0.

Here [J —%2D] is the linear operator which is singular and the vector v is in its kernel.

Therefore, the general solution for the linear problem of (2.5) is given as

(2.14) u=yw(Ae** +c.0),
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where c.c stands for the complex conjugate and A is the amplitude of the pattern.

2.3 Weakly nonlinear analysis for Turing bifurcation

After achieving the conditions for Turing instability and linear solution for (2.5), we apply weakly
nonlinear analysis to obtain the equation that controls the dynamics of the envelope. We achieve
such an equation by adopting the method of normal forms, see [61, 76, 165] for more detail. This
method initially was proposed by Poincaré [60] to find a coordinate transformation for a nonlinear
system to simplify the dynamics to that of few pre-analysed cases. This transformation takes
place in the equilibrium’s neighbourhood and such that Taylor’s expansion of the transformed
nonlinear vector field has a minimal number of terms at each order. The analysis here is inspired
by [165], which is based on the treatment in [76]. Here though we generalise the analysis to a
general system of the form (2.1).

Specifically, the normal form in the vicinity of the Turing bifurcation can be written in the
form of a complex Ginzburg-Landau equation with real coefficients, see e.g. [112]. Note that the
region of validity of such approximations have been rigorously established through the work of
Schneider [144]. Particularly, we seek an amplitude equation for a scalar complex variable A(x,t)
that has the form

(2.15) 0;A=¢eL1A+L3AIA?+LsAlA*+O(A|A),

where the coefficients L;, i = 1,3,5 are real functions of the system parameters at the bifurca-
tion point, and ¢ is an unfolding parameter that represents the perturbation of a bifurcation
parameter from its critical value. Without loss of generality, we can assume Lj > 0 such that the
homogeneous state passes from stable to unstable as € increases through 0. Then, the criticality
of the bifurcation is determined by the sign of L3. We are interested in establishing the presence

of a codimension-two bifurcation where L3 =0 [76]. We seek a change of variable of the form

(2.16a) 0,;A = P+ FPA) + F3A) + ...,
(2.16b) u=WPA, x)+ WA, )+ WA x)+ ...

Here we shall use the superscript as the counter for the order in the normal form analysis. Now,
we are ready to proceed with the normal form analysis order by order.

Order 1

At order (1) the equation (2.5) corresponds to the linear stability analysis. Consequently, the

equation and the change of variable are
(2.17) =0, WO =yAe** +cc).

Order 2
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At this order, we have the following for the transformation and its temporal derivative
(2.18) us =W LW 5,u9=0,WPF® 1h.o.t,
where h.o.t refers to higher-order terms. Hence, at this order (2.5) becomes
(2.19) AWV @ 4 ce=[J +D0oy]. W2 + NLOWWD),

where the sub-index ¢ indicates that the linear operator is at the critical point. The nonlinear

term reads
(2.20) NL® (W(l)mzo (w2, w,U0) A% + mas (w2, w,Up) (A2e2ikcx + c.c)) :

Here mog and mog are vectors of the coefficients of the nonlinear terms where the two indices
stand for the order and the multiple of 2. in the exponent respectively. We will apply the same
convention in the rest of the analysis. It is clear that the right-hand side of (2.19) appears not
to have any term that is proportional to the kernel of the linear operator W1, Thus, there are
no secular terms. Naturally, this will be the situation for every even order. Since the secular
terms are not exiting in the second-order; we can assume f® = 0. Accordingly, we can obtain the

solution in this order straightforward by substituting the following ansatz into (2.19);
(2.21) WP = Qq0(IA12 + c.c) + Qaa(AZe? ¥ 1 ¢ c),

where @;; is unknown vector coefficient. The result at this order is given by the uncoupled linear

system
(2.222) JQs0 = —ms (w2, y,Uy),
(2.22b) (J = 4kZD)Q22 = —ms (v, y,Uy).

By solving the above two uncoupled equations, we have the solution for @2y and @2 then the
solution for W,

Order 3

Following a similar approach that applies at the previous two orders, at the third order we

have the following for the change of variable and its temporal derivative

(2.23) us =W+ WP w®  5,u3=0,WPr®+nh.o.t.

Thus, equation (2.5) is written as

(2.24) OAWDF® 4 e =[J +Dye], WS + NL® (W(D + W(Z)) ,

where the nonlinear term and the temporal derivative at this order are

2.25a) NLOWD + W?) = m3;(Q21,Q22) (A|A|2€ik”x + C-C) +m33(Q21,Q22) (A363ik“’x + C-C) s

(2.25b) WD B 4 ee=fFOWD 1ce.
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Then, we can rewrite (2.24) as follows

[J + D0, WS = FOWD 4 c.c— myy (A|A|2eikcx 4 c.c)

(2.26) —mas3 (A3e3ik”x + c.c)

According to the theory of multiple scales, the presence of the secular term at this order
(namely the second term on the right-hand side of (2.26)) will break the asymptotic expansion;

k

because e*** is in the kernel at the linear operator on the LHS, so this will lead to resonance. To

ensure the solubility of (2.26), we apply the Fredholm alternative condition (see e.g. [76] for more
detail about the theory). Specifically, if B is a Fredholm operator on a vector space of finite or

infinite dimensions and b is a vector in that space, we have
(2.27) Bx=b issolvable < (b,v)=0 V ve Ker(B").

where B' is an adjoint of B. The natural vector space to take is the Banach space of Lo functions

of period T, then we use the inner product such that

1 Q
(2.28) <f(x),g(x)>=5 fo f(x)g(x)dx,

where * refer to the complex conjugate and Q2 was defined in (2.12). Applying integration by

parts, it is clear that the adjoint matrix of the linear operator is given as
(2.29) (J + Do) = (J7 + Do),

and the kernel of the adjoint reads

(2.30) y' e Ker (7 - Dk2).

For the solvability condition, it suffices to demonstrate that the right-hand side of (2.26) is
orthogonal to the kernel of the adjoint operator (2.30). Hence, from the inner product (2.28), the

following orthonormality relation is met:

1 rQ . . 0 if s#n
(2.31) —f e ishex pinkex gy — ,

QJo 1 if s=n

Accordingly, the solvability condition becomes
(2.32) FOp,wh + (—ms1,yHAPA = 0.
Solving for f®, we have
@ _ (ms,yh) o 2
(2.33) f*W=—"""|AI"A=L3lA|"A.
(w,yp")
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By imposing the condition (2.33) and substituting the following ansatz into (2.26)
(2.34) W = Qs51(14A12Ae™* +c.c.) + Qs5(A3e3 % 1 c.c.),
we obtain the uncoupled solvable linear system given by

(2.35a) [J —k2D1Q31 = wL3 —m31 (Q21,Q22),

(2.35b) [J —9%2D1Q33 = ~m33(Q21,Q22).

By solving (2.35) we can gain a solution for W®. Note that the existence of the secular term will
repeat each odd order.
Order 4

At the fourth order, the change of variable equation and the temporal derivative are
(2.36) us=WOLWP 1w LW 5,0, =0,WPFD 15, WPfF® 14 o.t.
Accordingly, we can write (2.5) as follows
(2.37) AWV 0, W3 =[] + Do, 1, W® + NLOWD + WD + w®),
here NL® and a4, W@ f3 are given by

NL® = my(Qs1,Q33) (IAI* + cc) + m42(Q31,Q33) (A2|A|262ik“’x + C-C) +m44(Q31,Q33) (A4e4ik"x + C-C) ;
0AWDF? = LyQuo(IAI" + c.) + 2LsQaz (A2|A2e?He)
Therefore, the equation (2.37) reads

[ + D0 ] W = (L3Q20 — mao) IA* + c.c) + (L3 Q22 — mys) (A2 A 2e2ikex 4 c.c) —myy

(2.39) (Atetiher 1 c.c) + 0, W@,

Since we do not have any resonant terms at this order, then we can choose f¥ =0 and introduce

the following ansatz
(2.40) W® = Quo (JAI* +c.c) + @z (AZ|ARe? " + c.c) + Quy (A% 4 ).

This gives the uncoupled solvable system

(2.41a) J Q40 =L3Q20 — m4o,
(2.41b) (J —4£2D) Q42 =2L3Q23 — myo,
(2.41c) (J —16%2D) Q44 = — may.

By solving this system, we achieve an expression for W®
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Order 5

The main equation (2.5), at this order is given by
IAWP P+ 0, WO F® =[] + D01, WP + m51(Qu0, Quz, Q) (A|A|4eikcx + c.C)
" 31 412,3ikcx
m53(Q40,Q42,Q44)(A |Al%e +C-C) +m55(Q40,Q 42
(2.42) Qug) (A% 1 ).
We simplify (2.42) by substituting for W, W® and f® to obtain
[J + Do JW® :u/(f(f’)eikcx +c.c) +(2Q31L3 — ms1) (A|A|4eikcx +c.c)
(2.43) (3Q33L 3 —ms53) (A3|A|263ik°x + c.c) —mss (A5e5ik°x + c.c) .

It is clear; we have a secular term at this order, namely any e*** terms in f®. Consequently, we

use the solvability condition which gives

(ms1,9") - 2L3Q31, ")

AJAP =LsAAP.
(w,y")

(2.44) FO =

By imposing the above condition and using the following ansatz
(2.45) w® = Qs (A|A|4eikcx + c.c) + Q53 (A3|A|2e3ik"x + c.c) + Q55 (A5e5ik”x + c.c) ,

We obtain an uncoupled linear system which is

(2.46a) (J—k2D)Qs1 = wL5+2L3Q31 —ms51,
(2.46b) (J —9%%D) Q55 = 3L3Q33 — ms3,
(2.46¢) (J - 25k%D) Q51 = —mss.

The solution of the system gives the solution of the fifth-order change of variables W®
Unfolding
To complete the analysis, we need to understand how the normal form parameter ¢ depends
on the perturbation of the control parameters p in (2.1) from their critical value. To that end, we
introduce a new multi-index notation i — (i, j), where the first index gives the power of A and the
second index indicates the power of €. Accordingly, we re-write the change of variables and the

equation in the form

(2.47) %= [W(l’O) + W20 LB ] + [W(l’l) +WeD 4 ] _—

(2.48) 0A = [f(1’°)+f(2’°)+...] + [f(1’1)+f(2’1)+...] Fo
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2.3. WEAKLY NONLINEAR ANALYSIS FOR TURING BIFURCATION

Notice that so far we have computed (2.47) and (2.48) at € = 0, which corresponds to the terms in
the first square bracket. To determine L1 in (2.15), it is sufficient to compute the dependence in €

and A at first order. More precisely, at order (1,1), equation (2.5) reads

(2.49a) orut0 =0, WO e
where
(2.50) OAWEOFED 4 ¢ ¢ = (J + Do) WD +e£p WO,

and %p is the derivative of Jr with respect to the relevant system parameter p where p is
component of the vector parameters p , evaluated at the critical point. The last term on the
right-hand side of equation (2.50) is secular. Following the same procedure as described in order

3, the solvability condition becomes

RETAZ yh)
(w,y")

Upon substituting (2.51) into (2.50), we have

(2.51) FOD = A =e¢LA.

(2.52) (J +do WD = e (- Ly + Liy) (Ae™* + c.c).
Using the following ansatz
(2.53) WD = g (Aehe 1 cc),

we can solve (2.52) at this order.

In summary, we have gained the amplitude equation up to fifth order, which is given as
(2.54) 0;A=eL1A+L3AlAP” + L5 AlAl*,
and we have found the change of variable between the original variable U and A as follows:

(2.55)

U=U+(y+¢) (Aeikcx + c.c) +Q20 (IAI2 +c.c) + Qa2 (A|A|2Ae2ikcx + c.c) +Q31(1A2Ae™* 1 c.c)
+ Qu3(A%™ % 4 ¢.0)+ Quo (A" +c.0) + Qaz (AZ|APe e* + cc) + Qua [Ate™ ™" + c.c]
+ Qs (A|A|4eik°x + c.c) +Qs3 (A3|A|2e3ikcx + c.c) +Qs5 (A5e5ikcx + c.c) .

Since we have obtained an analytical expression for the coefficients of the normal form (2.15),
we can identify the changing of the sign of L3 from positive to negative at the point where the
Turing bifurcation passes from subcritical to supercritical; see Figure 2.2. This transition point
presents a codimension-two bifurcation point. An unfolding of the presence of a codimension-two

point guarantees the existence of the bi-stability region between the homogeneous state and

the pattern state only in the case that L1 < L5 <0 [171]. As we shall show in section 2.5 such
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Figure 2.2: A plot of an example for L3 = L3(p) here the yellow coloured circle indicates the zero
of Lg where a Turing bifurcation changes from being subcritical (blue curve) to supercritical (red
curve); see Figure 2.4 for specific numerical example.

bistability naturally leads to localised structures. In addition to the analytically determined
points of bifurcation up to the fifth order of the normal form, we developed a general Maple code
that can calculate the point of bifurcation automatically. As a result, the remainder of the thesis
will not discuss the finding the codimension-two point in more detail except for section 2.4.2

where we give an example of the method to be used.

2.4 Example: a two-component model

In the calculations that follow in this chapter, whenever complete generality for the general
system (2.1) is not possible, we shall use a single example model by default, with free parameters
d and b. This system was first proposed by Tyson & Kauffman [154] as an adaptation of the
Brusselator to model the chemical oscillator thought to control cellular mitosis. The model is
often used as a simple model for glycolysis, one of the most basic metabolic processes that turn
sugars into energy (see e.g. [70]). We shall use this model as a motivation example throughout
this chapter and by default we shall call it the glycolysis model.

Writing the equations in the form

o 02
(2.562) a—‘: =F(u,v)+62—axL2L =dv-u+uv +52—axl2‘, xel-L1, ¢t>0
ov 0%v 5 0%
(2.56b) a=G(u,v)+@=b—dv—u v+@, xel[-1,l1], t>0,
with boundary conditions
0 0
(2.57) —u(J_rl) = —U(J_rl) =0, orinthecase [— +oo, that u,v— us,vs,
0x 0x

where u; and vs are the homogeneous steady state for u and v respectively given by us = b and

Vg = Here u, v, represent the activator and the inhibitor cell concentration, respectively.

d+b2’
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2.4. EXAMPLE: A TWO-COMPONENT MODEL

The term u?

v in (2.56a) and (2.56b) refers to autocatalytic production of u from v and the
consumption of v. The parameter § is the ratio between the activator and inhibitor rate of
diffusivity, d > 0 is the dimensionless input flux and b > 0 is a dimensionless rate constant for the

inhibitor.

2.4.1 Linear stability analysis

In this section, we study the linear stability analysis and find a sufficient condition on parameters
to allow pattern formation for the system in (2.56) subject to (2.57). Since d >0 and b > 0, then
both u; and v, are positive also. The stability analysis is achieved by setting U = us; + u and

V =vs +v and then substituting into (2.56). Hence we obtain the following system

U U\ (1
(2.58) =(J+Dd)|_|+| . |NLW,V,us,vy),

where ¢/ is the Jacobian matrix which is given by

b%2-d

b2+d
2
(2.59) o= | * 14 ,
2
a2 0D

D is a diagonal diffusion matrix which reads

5% 0
(2.60) D= ,

0 1

and NL corresponds to nonlinear terms. By considering the linear order of (2.58), we can rewrite

the linear system in terms w = (U, V)T as
(2.61) w;=(J+Do,)w,

By substituting the ansatz (2.7) into (2.61), we obtain an eigenvalue problem for A(%) which has

the following dispersion relation

1
(2.62a) Mhkys = 5 (Th /T2 - 4det() ),

where

(2.62b) T ——(62+1)k2+b2—_d—b2—d
‘ ko b2+d ’

(2.62¢) det(); = 62k% - ((b2 4 5202+ d))e? + (b2 +d)
' b2+d '

Implementing the conditions (2.10) on (2.62) for the particular case of the glycolysis model
(2.56) gives the Hopf bifurcation curve in the (b,d)-plane which can be written explicitly as

1 1
(2.63) dH=—bz——+§\/8b2+1.

2
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(a) ®)
Figure 2.3: (a) Dispersion relation A(k) of (2.56) for 6 = 0.045, d = 1.1 and three different values
of b. The black curve corresponds to the case where is an interval of 2-values corresponding to
instability, the blue curve corresponds to where a Turing bifurcation occurs with the wave number
k =k, =6 and the red curve corresponds to stability for all %£. (b) Loci of Turing bifurcation points
of (2.56) in (b,d)-plane for four different values of §, and the §-independent locus of spatially
homogeneous Hopf bifurcations.

Note that this condition is necessarily independent of the diffusion ratio 8.
Applying the conditions (2.11) to (2.62), we gain conditions for Turing instability and the

critical value of wavenumber, which are given by

~(2+d)*62+b%—d

9 2 32 2 _
(2.64) (62 + )5/ ~0% (6% + )P +6b%+2d =b%~d, k! 2(b2+d) o2

Note that the conditions for this instability are §-dependent. Whether the instability is super- or
sub-critical requires weakly nonlinear analysis, which we consider in Sec. 2.4.2 below. Figure
2.3a depicts the dispersion relation (2.62) for three different values of b. Figure 2.3b shows the
Hopf bifurcation curve of the homogeneous equilibrium, obtained from (2.63) and the Turing
instability curve (2.64) in the (b, d)-plane for different values of § < 1. In the diagram, instability
occurs for either the Hopf or Turing bifurcation as we pass from the upper left to the lower
right. It is clear that, for sufficiently small §, the Turing instability always occurs before the
Hopf bifurcation upon increasing b from zero, with no Hopf bifurcation at all for d sufficiently
large. For larger &, the Hopf and Turing loci intersect; for example at the depicted value § =0.3
the intersection occurs at at (b,d) =~ (0.558444,0.122870). For 6 =6, = V2 — 1~ 0.414213, both
Turing and Hopf bifurcation curves intersect the b-axis at b = 1. Thus, for all § > §. (see e.g. the
depicted case § = 0.5) the Turing bifurcation curve lies exclusively inside (i.e. for lower d-values)
the Hopf bifurcation curve. In that case the Hopf bifurcation is the exclusive instability by which

the homogeneous equilibrium loses stability upon either decreasing d or increasing b.
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2.4. EXAMPLE: A TWO-COMPONENT MODEL

Considering that the pattern solution is time independent, we can rewrite the eigenvalue

problem using (2.13) for which we can choose eigenvector ¥ to be

T
(b2+d) (b2 +E2+d)
(2.65) w=|- o0 1

Consequently, the general solution of the linear problem in (2.58) is given by (2.14).

2.4.2 Weakly nonlinear analysis

A necessary ingredient for the onset of localised patterns due to homoclinic snaking is that the
Turing bifurcation should be subcritical [32]. Therefore the technique that we have developed in
section 2.3 is utilized to examine criticality of Turing bifurcation in (2.56)

Now, we start the normal forms calculations.
Order 1

It is clear that at this order the equation (2.58) is equivalent to the linear problem. Accordingly,

we have
(2.66) FO=0, W= (y,p)" (Ae** +c.0),

here y/1 and w9 are referring to the first and the second component of vector (2.65), respectively.
Order 2
At this order equation (2.58) becomes

1 62_1;’ 62_{;’ U2 °F
(2.67) f(z)aAW(1)+c.c.:(J+D6xx)cW(2)+§(g2ﬁ gz_G)( ;)+(%‘§‘2§)U1V1.
o0v? o0v? 1 oudv

where the subscript ¢ in the linear operator refers to the critical value of the parameters, which
satisfy (2.64). We will drop the subindex in what follows, because we will assume all functions
are evaluated at the critical value of the parameters unless otherwise stated. Since there are
no secular terms, the solution at second-order can be computed in a straightforward manner by
choosing f® =0 and substituting the ansatz (2.21 ) into (2.67). Then we obtain an uncoupled

linear system given by (2.22) where

b
1 2
=——— Y7 +2bY 12

20 (d+b2)WI viyao,
Mgy = =My,

1 _ 1
Mog =My,

1

Mg Mao>
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Note the superscript 1 or 2 on m;; corresponds to the first or the second component of this
vector.

Solving the system of equations (2.22), we gain the second order solution.

Order 3

At the third order (2.58) is given by

1(ZE 28\ (ouyU,) (S
FPoAWD 4 c.c.= (J+D0xx)W(3)+§(52u2 )( )+(%‘§"U)(U2V1+U1V2)

el
ou? 2V Vz ouodv
1 3*F 3F U3 3 *F 3 3°F
(2.69) +3—(g§g % o |+ 51| e |[Uiva) + 55| 8 |(wave)-
oud 61}3 V 6u260 Buav

By writing the terms explicitly, the above expression becomes
(2.70) (J + Do IWS = (FOWD 1 c.c.) —ma1(JAZAe™* + c.c.)— maz(A3e3h* 1 c.c),

here

4p 2b
my, =mW1Q%O + m%Q%g +4byaQ3y +2bWaQ 3,
+4by1Q50 +20Y1Q5, + 3y Y,

2 _ 1
mgy =—Mmg,,

. 2

m33 Zm%(&z +2b92Q3, + 2bY1Q%, + Y32,

2 _ 1
Mgz =—Mg3.

The kernel of the adjoint can be computed to be

T
—92p2 .
S P B ikox ikex
(2.72) w _(Wl’%) ( +cc) (k?(b2+d)62—b2+d’1) e

For solvability, it is sufficient to show the orthogonality between the right-hand side of (2.70) and
the kernel of the adjoint. Therefore, the solvability condition is

(2.73) f‘3’< (wrve)" (i) > + < ~man, (v]v]) >|A|2A = 0.
Solving for f®, we obtain

<m31, (wi,wg)T>
<(W1,W2)T,(U/LU/;)T>
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2.4. EXAMPLE: A TWO-COMPONENT MODEL

By applying the above condition and imposing the ansatz (2.34) on (2.70), we obtain the uncoupled
solvable linear system given by (2.35). By solving the system (2.35) we can find an expression for

W® and obtain an analytic expression for the third order coefficient which is given by

<m31,(1//§,1//;)T>
<(W1,U/2)T,(1//LW;)T>‘

(2.75) Ls=

Order 4

At this order, the main equation (2.58) is written as follows

*F 2 2F
AW D10, WD =(J + Do )W + %(W ) ) (2U1U3 +Us ) + (0u6v)

G 3G 2 9%°G
o ooz ) \2V1V3+Vy B0

1 #F °F 3U2U
X(U1V3+U2V2+U3V]_) 3'(‘3”3 6v3 3V2V22

63
Ov

3 632F 3 F
+3 (du av)(U1V2 +2U1U2V1) 30 (agg% )
ou2dv Oudv?

2 1(3E 28\ (Uf) 1355
x(U2V1+2U1V1V2)+Z(% ng)( 1)+E(ag4gu)

4
out ot Vl ou3dv
1[-2F 1(2E
(2.76) X U3V1 + = 1 (6u26v )Ul ‘/1 5 (6u6v3 )U ‘/1
ou2ov? oudvs

By substituting the exact value for the above expression, we obtain

[J + D0 WY = (L3Q20 — mag) (|AI* +c. c)+(2L3Q22—m42)(A2|A|2 2ik. x+cc)

(2.77) —mag (At v o)+ 0, WD,
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where

mﬁlto = @+ 5D (Zleél + Q(ng)z + 2(Q§2)2) +2(d +b) (W1Q§1 + 2Q%0Q§0 + Q%ngz + WZQ%J

+(295Q5 + ¥3Q5, + 2v1v2Q%) + 2¥1Y2Q3,)

myy = —mj,
myy :(df—bQ) (291Q3; +2v1Q35 +4Q30Q5) +2(d + H)(1Q3, +¥1Q3; +2Q50Q%
+Q32Q50 T V2@3; +¥2Q3) + (297Q5) +207Q%, + 4w 1yY2Q30 + 4¥1Y2Q3,)
mzltz =7 549
4114 % bb2 ((Q22)2 + 2‘/’1Q33) +2(d +0) (W1Q33 + Q22Q22 + 1//2Q33) + (‘//1Q22
+29192Q35),

1 _ 2
Myg =—Myy.

The equation (2.77) does not contain any secular terms. Hence, we can take f @ =0 and use
the ansatz (2.40). This leads to the uncoupled system which was given in (2.41). By solving the
system we achieve the solution for W®.

Order 5

At this order (2.58) becomes

3*°F 3*F 3°F
OAWLFO 1 5, WO F® =(J + Do ) WP + %(W W) (2U1U4 " 2U2U3) + (auav)

’G %G e
oz o) \2ViVa+2VaVs | \5u5
(UV +UyVs + UsV. +UV) (3‘1@ aaF)(3U2U3+3U1U2)
1V4 2V3 3V2 4V1 3 3
BNZE 2G)\8VEVs+3V,Vy

3 °F 3 °F
tg (au“’@v)(Ulvg, +2U1Us Vs +2U1U3V1+U2V1) (auavz)

G
ouZov O0udv?

1(2E OF\ (43U
><(U1V22+V12U3+2U1V1V3+2U2V1V2)+41(5114 o’ || V172

‘G 4G 3
out vt )\ 4V V2
1(2F 1(-2F
vy (6gfgv)(U3V2 +3URU, V1 ) + 1 (mgigﬂ ) (203V1V; + 201U, V)
Ou3dv Ou?0v?
1 ‘F 1 PF PF U5 1 °F
+6(auav3)(3U1V1 V2+U2V1) 51(355 0v5 5 +ﬂ 635431)
dudvd ou® 61}5 V dulov
4 1 (255 50 1(3255s) o5 1 (2L
3130 120 EDY
(2.79) xU1V1+ﬁ( ZgZG”Z)UIVI +E( 5 )Ulv1 +ﬂ( udy )V1 U1
ous3dv ou2dv3 6u60
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2.4. EXAMPLE: A TWO-COMPONENT MODEL

By evaluating the expression we obtain

[T + Do W =y (el 4 ¢ ] + (2Qa1 Ly — ms1) (AlA*e ™ + c.c|

(2.80) x (3@33L3 —ms3) (A3|A|2e3ik“x + C-C) —mss5 (A5e5ik“’x + C-C) ,

here

2b
mé1 :m (21/’1@10 + 1I/1Qi2 + ZQ%OQél + Q%2Q§1 + Q%2Q§3) +2(d + b)(zleio

+ Wlez + zQéole + Q%Zle + Q%ng?) + ZQ%OQ?IJ + ngQél + Q§2Q§3 + Z‘VZQio

+Y2Q10) + (WIQ5, + VIQ3s + 205Q3; +2(4y1Q30Q5) + 201Q5,Q50 + 2v1Q3,Q@ 5

+201Q39Q%, + W1V2Q31 +3Y192Q55) + Ya(Q30)” + 4y2Q3) Q55 + 2v2(Q5,)%),
mél == mép

1 2b
5 7 (d + b2)

+ Q22Q31 + 2Q30Q§3 + Q%QQél + W2Qi4 + WZQiz) + (W%le + 2W%Q§3 + 2(2W1Q%2Q%0
+ 2W1Q%0Q§2 + WlQ%zQ%z + 1//1W2Q§1 + 21#1W2Q§3) + 41#’2Q§0Q§2 + U/2(ng)2),

————(Y1Q 14 + V1@ + 2Q% Q33 + @2,Q31) + 2(d + D)W1Q%, + V1@, +2Q3 Q3

1 _ 2
Mpzg =—Mgg,

1 2b
55 = (d + b2)
+ 21//1Q22Q§2 + 21//11V2Q§3 + W2(Q§2)2),

(W1Q44 + Q22Q33) +2(a + b)(W1Q44 + Q22Q33 + Q22Q33 + 1//2Q44) + (W1Q33

1 2
Mpg =~ Mpp.
Since the equation (2.80) has a resonant term, we apply the solvability condition
<m51, WT> - <2L3Q31,WT>

(p,9")
and we substitute the ansatz (2.44). In consequence, the solution for the fifth order (W®) can be

(2.82) FO = AJAP =L5A|AP®,

obtained by solving the uncoupled system which was given in (2.46).
Unfolding

The main equation at this order from section 2.3 is expressed as
(2.83) AWLO AV 4 ¢ o = (J + Do) WD +e£p W0,

where £p is the linear operator for variation of the parameters around the critical point and e
stands for small change in the parameters. Thus, we have two possible choices for £p depend on

the choice of the control parameter which are

262 1 4bd
e T
(2.84) P A S P A .
1 ———— -2b
(d +b2)” (d+52)
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Since we have a secular term in equation (2.83), the solivability condition is
T T
<$p (U/LWZ) a(‘//;ﬂ//;) >

<(w1,Wz)T,(wLw§)T>

Introducing the condition (2.85) and substituting the ansatz (2.53) into (2.83), we obatin the
(1,1)

(2.85) FOD —¢ A =¢cL1A.

solution of W at this order.

Now, we can write the amplitude equation as follow
(2.86) 0;A=€eL1A+L3A|A>+L5A|A%,

and the change of variable equation

U b 4 4

(V) = ( b ) + ((Wl) +(,b) (Aelkcx + c.c) + Q20 (IAI2 +c.c)+ Qa2 (A|A|2A€2chx + c.c)
d+p2) V2

+Qs1(IARAC™ ™ 1 ¢.c)+ Qs3(ABe3 ket +c.c)+ Quo (IAI* +c.c) + Qas (A2|A|2e2ikcx + cc)

+Qu (A4e4ikcx + c.c) + Qs (A|A|4eikcx + c.c) +Qs3 (A3|A|2e3ikcx + c.c)
2.87) +@Qs5 (A5e5ik°x + c.c).

After obtaining the amplitude equation, we can determine that the bifurcation switches from
being subcritical to supercritical whenever L3 changes sign from positive to negative at the
transition point. Figure 2.4 shows the result of computation of the locus of Turing bifurcation
for the glycolysis model. We have used Maple to numerically evaluate the expression (2.75) for
L3 along this curve. We find a point for which Lg = 0. Figure 2.4b shows the existence of a
codimension-two bifurcation in the parameter space. The black circle expresses the point where
the spatial pattern changes from being subcritical (red ) to supercritical (blue). Finally, we use
Maple to calculate the value of L5 from the expression (2.82) which is found to be —0.09380157.

2.5 Inhomogeneous steady state patterns via spatial dynamics

Reaction-diffusion equations of the form (2.1) can describes the spatial structures that are stable
in time. In this case, the dynamics of (2.1) is expected to tend to the steady state solution after
long time. Therefore, these type of system permits two kinds of steady state: an homogeneous
steady state U = Uy independent of x which solves F'(Uy, p) = 0 and an inhomogeneous steady
state U(x) which solves

d’U
(2.88) D—+FU,p)=0.
dx?
Thus an inhomogeneous steady state associated with (2.1) can be expressed as a system of first

order ordinary differential equations for the spatial evolution which is a particular type of the
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Figure 2.4: Plot of L3 for (2.56) at the Turing bifurcation point. (a) Projection onto the (L3, b)-
plane. (b) Projection onto the (b,d)-plane. The other parameter value 6 = 0.045.

dynamical system in which space takes the role of the time, and we treat x € (—oo,00). This

paradigm has been referred to as so-called spatial dynamics [76, 171]. Specifically, if we write

(2.89a) m =V,
dx
dVv-
(2.89b) Ef:ﬂ4ﬂmm)

then we can set W = (Vi,Vy) = (U,U,) € R*" from which we can obtain

(2.90) W _zw.p.
dx

Systems of the form (2.89) or (2.90) present many interesting properties. Firstly, the system is
conservative [20]. Secondly, it is reversible [20, 35, 171] such that there is a linear involution

transformation R that fixes half phase-plane, that is
(2.91) RZF(W,p)=-F@RW,p), R?>=1I, S=fix(R)~R".
Specifically for (2.90) we have
S={W;Va=0}, and R:(V;,Vo)" —(V1,-Vp).

The linear subspace S is called the symmetric section of reversibility.

2.5.1 Linearisation

In this framework, the homogeneous state of (2.1) which is U = U is equivalent to an equilibrium

Wy = (U)y,0) in the spatial dynamics system (2.89). Now, we linearise (2.89) around the spatial
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Figure 2.5: Possible spatial eigenvalues of an homogeneous steady state configuration.

equilibrium to give
(2.92) W, = Js(F (Wp))W(x) + NLs(W(x)).

Here J; is the Jacobian matrix and NLg contains the nonlinear terms evaluated at the steady
state Wy. Investigating the linear term of (2.92) can provide us with much information about
dynamics around the equilibrium points, the natures of those equilibria and the behaviours of
the manifolds that approach and leave Wj. The linear stability analysis is performed for (2.92) by
considering a spatial perturbation of the form W(x) = Wy + Ae’”. Here o is complex in general
and A is an eigenvector. Therefore, we can understand the possible existence of homoclinic orbit
to Wy and predict the shape of the localised pattern’s tail.

In general, there are 2n spatial eigenvalues, but the eigenvalues with the largest real part
(in absolute value) demonstrate the qualitative behaviour of the system as they determine the
asymptotic approach to the steady state [125]. Accordingly, we have three cases for spatial

eigenvalues see Figure 2.5:

(a) The leading eigenvalues are purely real o = +qy.

(b) The leading eigenvalues are complex conjugates o = +qg + ikg.
(c) The leading eigenvalues are purely imaginary o = +iky.

There are two main transformations for the spatial eigenvalues which cause a transition from
case (a) to case (b) and from (c) to case (b). The first transition from (a) to (b) is a result of a collision
of two real eigenvalues which leads to complex eigenvalues. In this context of the localised pattern
formation transition is known as a Belyakov-Devaney (BD) transition [35, 53, 125, 166], which
does not represent a local bifurcation of Wy in the classical sense, because it does not involve
any eigenvalues crossing the imaginary axis. The second transition is the transition from (c) to
(b), which corresponds to the collision of imaginary spatial eigenvalues on the imaginary axis to
became complex conjugate eigenvalues. This transition is called a Hamiltonian Hopf bifurcation,

and is also known as a reversible 1:1 resonance [76].

2.5.2 Localised patterns and homoclinic snaking

Now let us consider the dynamics of the reversible spatial system and the localised structures

associated with an orbit W(x) which is a homoclinic connection to a homogeneous steady state
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Figure 2.6: Qualitative differences between localised spikes (top half) and localised patterns
(bottom half). In the leftmost column, a sketch of the bifurcation diagram of each solution is
represented, in which the vector Lo-norm is plotted against a scalar parameter y. The middle
column depicts one representative component of a particular solution (distinguished with a star
on the left), as a graph against x. The rightmost column shows a planar projection of the solution
in phase space.

Wy. Hence we can make use of the homoclinic theory to study the existence of the localised
structures under parameter variation. We can observe a variety of behaviour depending on
spatial eigenvalues—the real eigenvalues corresponding to a single spike solution, whereas the
complex eigenvalues associate with the localised patterns (see Figure 2.6).

The localised patterns represent steady-state solutions to (2.1). These solutions have some
features which are an internal spatial wavelength and an oscillatory decaying of the tail as the
solution approaches the homogeneous steady state in the far-field. They typically form a group of
a countable infinite family of solutions which can be described by their number of peaks outside
the tail region (see Figure 2.6 (e) as an example). We can illustrate localised patterns in several
ways.

One approach to characterising localised patterns is to think of them as the interaction
between two fronts where at least one of the steady-states that the fronts connect to posseses a

spatial wavelength. In this situation, it is possible to apply weakly nonlinear analysis to obtain
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the bifurcation diagram of the localised structures with the assumption that the fronts are
apart from each other [134]. An alternative way to describe the localised patterns is based on a
heteroclinic connection between the homogeneous solution and the periodic patterns. Because of
the reversibility, infinity many homoclinic orbits are created from the unfolding of the heteroclinic
connection [171]. These homoclinic orbits are corresponding to the localised patterns. Hence, the
internal wavelength is provided by the period of the periodic patterns. The bifurcation diagram in
this case have referred to as homoclinic snaking [171]. There are a significant number of studies
that focus on the homoclinic snaking scenario [33, 38, 46, 49, 93, 94]. For instance, the work by
Burke and Knoloch [33] investigates the Swift-Hohenberg equation to explain the appearance of
the homoclinic snaking close to a transition of the Hamiltonian-Hopf bifurcation from a subcritical
to a supercritical. Here, the term ‘snaking’ bifurcation diagram refers to a particular scenario
when the an appropriate norm of the localised structure is plotted as a function of the bifurcation
parameter (see Figure 2.6 (d)). The peculiarity of this structure is that there is a pair of curves
that wind back and forth as they extend vertically. If the domain was infinitely long, there
would be an infinite number of localised patterns whose width tends to infinity. In contrast,
on a finite domain, there are only a finite number of localised patterns (as in Figure 2.6 (d)).
The authors of [20] provided rigorous explanation of what will happen generically for localised
patterns. Furthermore, in [104] the possibility of obtaining localised pattern in a higher spatial
dimensions is analysed where the localised patterns can be observed in different shapes such as
rolls, hexagonal lattices and target patterns.

Another type of localised pattern solution is an isolated spikes which correspond to homoclinic
orbits to a homogeneous steady state with real leading spatial eigenvalues. In contrast to the
localised patterns, the isolated spike solution decays monotonically in the far the field (see Figure
2.6 (b)). Consequently, it does not occur as part of an infinite family that would result from
having an oscillatory tail. The single spike solution can be found in a variety of applications of a
reaction-diffusion system which can be explored by either geometric singular perturbation theory
[56] or semi-strong interaction [168] which we will considered in chapter 3. In [166] an analyses
is undertaking of what happen to the co-many additional patterns solutions as we cross the BD
transition from the snaking to the spike region essentially the pules of the multi-pules orbits

become infinity for separated.

2.5.3 Two-component example continued

As a specific example, we shall reconsider the glycolysis model (2.56). Hence the time-independent

solution (u(x),v(x)) in one spatial dimension satisfies the coupled differential equations in x,

9 202u
(2.93a) dv—u+u‘v+6°—5 =0,
0x2
62
(2.93b) b—dv—uv+ 22 =0,
0x2

34



2.5. INHOMOGENEOUS STEADY STATE PATTERNS VIA SPATIAL DYNAMICS

Precisely, we let w(x) = [u,u,,v,v,], hence, we have the following

d
(2.942) S,
dx
dwy (w1—dws—wiws)
2.94b -
(2.94b) = =2 ,
d
(2.94¢) T3 wa,
dx
d
(2.94d) % = dws +wiws —b.

This system is invariant under spatial reflection
(295) (x,w1,w2,w3,lU4)—’(_x,w1,_w2,w3,_w4),

which means that the system (2.94) is reversible in space. As all localized structures are connected
to the homogeneous solution as x — *o0, therefore, we require that the homogeneous solution
has both stable and unstable spatial eigenvalues. To check this requirement, we perform linear
stability analysis around the homogeneous state. This analysis provides sufficient information
about the eigenvalues and the corresponding trajectory. Moreover, it gives information about
the tail of the solution profile. The linearisation of (2.94) around the steady state point which is
(w1, wa,ws,wq) = (b,0,b/(b? +d),0) yields

(2.96) iW(x) =JW(x)
dx

where W(x) = (w1, ws,ws,w4)T and oJ is the Jacobian matrix of the spatial system given by

0 1 0 0
d - b2 0 —(d +b?) 0
(2.97) J=| 62(d+b?) 52
0 0 0 1
2b
0 d+b%2 0
d+ b2 -

The general solution for the linear problem for (2.96) takes the form W(x) = Ae’’* here A stands
for the pattern amplitude and A is the eigenvalue of the spatial system. To drive the conditions
for the spatial instability one must obtain the eigenvalues of J which satisfy the following

characteristic polynomial

(2.98) A*—-BA?+C =0,
5% (b2 +d)’* - b2+d b2+d
where B = 62+ )02 and C = 5z Therefore, the solutions of (2.98) are defined by

1 1
(2.99) /l1,2y3,4 = i\/é(B +V B2 —-4C).
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O0 2 4 6 8 10

Figure 2.7: Spatial eigenvalues of the homogenous solution to (2.56) in the (b,d)-plane for
0 = 0.045 where the blue curve indicates the Hamiltonian-Hopf bifurcation and the red curve
expresses Belyakov-Devaney transition. The sketches in the figure show the organization of the
spatial eigenvalues which satisfy equation (2.98).

Considering (2.98) we can identify how the possible configuration of the spatial eigenvalues
depend on the values of the control parameters d and b (see Figure 2.98).

The first case we have is a set of four purely real repeated eigenvalue (112 =+q1,134 = £q2).
These undergo a transition to a double real eigenvalue pair at the Belyakov-Devaney (BD) line

(see the red curve in Figure 2.7) which reads

(2.100) 5(0%+d) /- (02 +d)?62 +23b2+d) =d - b2.

Note that this is obtained from the same condition for a Turing instability in linear stability
analysis but when the critical wavenumber is less then zero, k. < 0. The second case we can
have is pure imaginary eigenvalues (112 = +ik1,A3 4 = £ik2). These eigenvalues become double
imaginary eigenvalues at a Hamiltonian Hopf line (which is equivalent to a Turing bifurcation in
the time domain) see the blue curve in Figure 2.7. The last interesting case when the eigenvalues
are quartet complex (119 =+q1+ik1,A34 = +q2 £ kg).

So far we have described the spatial eigenvalues and their transition in (b, d)-plane. However,
we are interested in finding the localized structures and study the complex behaviour which exist.
By applying the normal form method (see Section 2.3 for the detail of the method), we gain the
codimension two point which implies the existence of small-amplitude localised structures from
the Hamiltonian Hopf bifurcation [171]. Figure 2.8a shows the (b,d)-plane with the codimension
two point, which we obtained by linear analysis coupled to the weakly nonlinear analysis described

in Section 2.2 and 2.3, and the localized structures region found by the numerical continuation
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AUTO [54]. Here, we use numerical continuation to track and understand the behaviour of the

localized solutions far from the codimension two point.
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Figure 2.8: The figure depict the snaking region of the glycolysis model (2.56) for § = 0.045.
The red star indicates the condition L3 =0 in (2.75) where the Turing instability changes from
subcritical to supercritical. (b) Homoclinic snaking for d =2.11885 as b varies. The continuous
(dashed) line presents stable (unstable) solutions. Here the red (blue) line relates to even (odd)
number of peaks. In the right profile example of even (odd) numbers of peak solution that mark
by magenta (yellow) circle in snaking digram is presented.

Figure 2.8b shows the pair of the homoclinic orbits undergoing homoclinic snaking. It is clear
from the figure the wiggle of the two branches of the localized structures. The solution measure

used in the diagram is the vector Ly norm which is given by

J 1 (L 4 |
(2.101) Lonorm= | = | Y wi(y)dy.
L Jo =0 J
where [0, L] is the truncated interval used by AUTO to approximate the infinity dimension using
Neumann boundary conditions. Also indicated on the branches are the stability of the localised
states by use of a solid (stable) or dashed (unstable) line. Here stability was computed using the
methods outlined in Section 2.6 below. The colour used in each branch corresponds to different
numbers of peaks; the blue curve represent an even number of peaks while the red curve accords
with an odd number of peaks (see Figure 2.8b). Furthermore, these branches emerge subcritically
from the Hamiltonian-Hopf bifurcation. Moreover, the localised pattern solutions are symmetric
under the reversibility because of the spatial reflection x — —x. At each subsequent pair of the
saddle node bifurcations the homoclinic orbit gains an extra pairs of peaks close to the periodic
solution [171].

The spike solution corresponds to a homoclinic connection of system (2.93) whose tails are

decaying monotonically in the far field. This solution arises from a single branch of the homoclinic
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Figure 2.9: (a) Similar to Figure 2.8a but for lower part of (a,b)-plane where the spike solution
is existing. (b) The fold of the spike type solution is presented in vector Ly —norm against the
parameter d for fixed b = 0.5. The continuous (dashed) line indicates the stable (unstable) branch
of the fold . The panels to the right correspond to the solution of the fold branches.

solution that bifurcates from the homogeneous equilibrium forming an unstable spike with
small amplitude which grows to become stable after crossing a fold. Figure 2.9 depicts the spike
region in (b,d)-plane, and examples of stable and unstable single spike type solutions. In chapter
3 we show how to construct approimate solutions for the spike using semi-strong interaction

asymptotic analysis.

2.6 Numerical methods

In this section, we describe the numerical techniques which we apply to investigate the existence

and the stability of the solutions in this thesis.

2.6.1 Direct numerical integration

This section outlines the numerical technique of solving reaction-diffusion system of the form
(2.1), which we will be utilized in this thesis. The procedure uses finite difference approximations
with zero flux boundary conditions [25, 50]. The essential advantage of the finite difference
method is its applicability to many problems without requiring much mathematical detail of
the individual problem [25]. Furthermore, the approach is straightforward to implement as it
can handle any boundary conditions. In principle, the finite difference method employs Taylor
expansion for the discretisation of the spatial derivative.

The initial step of the technique is to discretise the domain by a set of equal space mech
points—such that

x;=1Ax, 1=0,...,Ny,
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and

tj=jAt, j=0,..,Ny

where N, and N; are the number of mesh points in x and #, respectively. Therefore we can write
U(x;,t;) as a mesh function U{ fori=0,..,N, and j=0,..,N;. In consequence, the system (2.1) at

a mesh point (x;,;) is expressed by

(2.102) OU(xi,t;)=DVU(x;,t))+ F(U(x;,t,),p), x€l-11, t>0,

The next step is replacing the derivative with finite difference approximation using forward

difference in time and central in space. Hence, system (2.102) become

L _ gy J J g
(2.103) Ui U _pUin =2Vt rwi
' At Ax? P

let us suppose U lJ is given, so Ug *1 is the only unknown. Solving (2.103) for Uij +1, we obtain

U‘.i-*—1 = U‘] + %
12 1 sz

J J o q7i J
(Ui+1 —-2U; + Ui—l) +AtF(U;, p),
with homogeneous Neumann boundary conditions

J+1 _ gprj+1 J+1 _ yrj+1
Ut =u/j], and U =ULT

The term Q = Df; is known as the Courant number [42]. This term plays an essential role in the
method’s stability. In order to obtain a numerically stable solution, we require 2 < 0.5 [99]. All
computation were carried out in Matlab.

As an example, let us recall the two-components example glycolysis model (2.56). Accordingly,

the discrete system is

2

r_ g OTAL( Jyi Jo g N2,
(2.105a) u; =u;+ AP (ui+1—2ui +ui_1) + At (dvi —u; +(ui) vi),

ar_ g At Jo J N2
(2.105Db) v; =upt A2 (Ui+l - 2v; +vi_1) + At (b —dv; —(u;) vi),
with Neumann boundary conditions

J+1 g+l J+1 g+l

Un, “UNn,-10 Un, TUN,-1

J+1 _  j+1 J+1 _ g+l
(2.105c¢) Uy, TUN._1 and Uy, TUn._1-
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2.6.2 Numerical continuation using Auto

Here we briefly introduce the AUTO continuation package. AUTO is a continuation code that

intends to find and continue a solution of a system of ordinary differential equations of the form

(2.106) ﬂ =fWU,p), x€l0,l]

dx
which is subject to boundary conditions. Implementing AUTO requires two Fortran files. These
files are given named as ***.f90 and c.*** where *** is the abbreviated name of the example in
question. The first file contains the information of the right-hand side of (2.106). The second file
defines the individual constants set by the user to specify what problem AUTO should solve and
how.

The purpose of the continuation is to explore and compute families of the steady state
solutions to spatially periodic orbits and localised solutions of (2.106) as the parameters vary.
This allows us to acquire substantial information about the system dynamics for a diverse range
of the parameter values. Using the theory of reversible system, note that both homoclinic and
periodic orbit can be captured using Neumann boundary conditions which is equivalent to saying
x(xl) € S; see for example [35] and references therein. Through the continuation, we can identify
the first bifurcation point from the branch of the steady state solution which will typically be
spatially periodic. The localised solution will typically be found as secondary bifurcations when
computing on finite domain. We also employed the reading of data from Matlab simulation as
starting solution for continuation.

We found a variety of AUTO demos to be useful. The demo ab was useful to find the steady
state solutions and the location of Hopf bifurcation of these steady states. The second demo
we utilised is the boundary-value problem (exp demo). We have adapted this demo to obtain
solutions to the boundary-value problem and continue these solutions in the parameter space.
By implementing such approach, we achieved the homoclinic snaking diagram. By continuing
folds of such diagram in two parameters we were able to find the boundary of the region of the
localised structures. The final demo we use is the HomCont demo (she demo). The demo has been
applied to find the heteroclinic connection between two homogenous steady states; (see chapters 4
and 7).

2.6.3 Spectral computation

Once we have found the steady solution using AUTO, we investigate its stability using a combina-
tion of direct numerical simulation as in section 2.6.1 and computation of the spectrum linearised
about the steady state [25]. To illustrate the implementation of spectral computation, let us
consider (2.1) in one dimension domain. We assume the system has a non-constant equilibrium

solution
(2.107) U(x,t) =U(x).
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Firstly, we linearise the system (2.1) at the above equilibrium by introducing new variable

U(x,t) = U(x) + u(x, t) and neglecting nonlinear terms, we obtain the following linear problem
(2.108) u;=%u.

Here £ = (Jp(U(x)) + Dy, ), where Jp(U(x)) is the Jacobian matrix of F at the equilibrium

solution. Considering the linear order of (2.108) and assuming the following anasatz

(2.109) u= w(x)e“,

where A is the growth factor or temporal eigenvalue, we have the following eigenvalue problem:
(2.110) [£—-Aw =0.

The main steps to calculate the eigenvalues of a solution using a finite differences are

l
1. Discretising the spatial domain such that Ax = N
X

2. Replacing the linear operator by the discretised operator.

3. Using a numerical eigenvalue solver to compute the eigenvalues that correspond to the

discretised linear problem.

Therefore, for any given Ax or N,, some eigenvalues and their corresponding eigenvectors are
computed. Hence, to increase the number of eigenvalues, we require to increase N,. Moreover,
we have a more accurate approximation for the linear elements. However, this causes increase in
the computational time for the solver. Nevertheless, studied theorems on spectral approximation
show that the spectrum of the discretised problem converges to that of the continuum problem in
the limit that N, — oo [151].

Now the spectrum for (2.1) can be determined. To do so, the finite difference method is applied

to discretise the linear operator such that

w(x + Ax) — 2ww(x) + w(x — Ax)

(2.111) Oprw(x) = (Bx)?

Therefore, the matrix of discretised linear operator £, is tridiagonal with zeros away from the
main diagonal and the diagonals either side of it. In this study Neumann boundary conditions

are used. Accordantly, the discretised matrix is
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Ag 2B 0

B A, B 0 .. .. 0
0 B Ay B O

(2.112) Lar =
0 0 .. 0 B Ay, B
0 2B Ay
where
0Fy 2D, 0F; oF,
UL (Ax)? U, i
0F3 0Fy 2Dy dF
- 2 DY e
(2.113a) A =| U Uz (Ax) oU,
oF, oF,, oF, 2D,
Uy 0Us U,  (Ax)?
D,
A2 0
(Ax)?
2 0
(2.113b) B= (Ax)2
D,
0 _n_
(Ax)?

lwex)

The index in the matrix A stands for number of the grid point in x and the dimension of matrix

Zry 18 n(Ny + 1) x n(N, + 1). Then we can use a numerical eigenvalue solver to compute the

eigenvalues that corresponding to the discretised linear problem.

Now, let us recall the example model equation (2.56), accordingly the matrices A; and B are

written as follows

oF 262
ou (Ax)?
(2.114a) A; = oG oG
ou ov
62
(2.114b) B =| (Ax)?
(Ax)?
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Figure 2.10: [Left:]JExamples of stable solution for (2.56) with [Right:] profile of the corresponding
largest eigenvalues. Parameters are b =0.45, d =0.31 and 6 = 0.17.
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Figure 2.11: (a) From top to bottom, unstable localised solution, their eigenvalues for (2.56).

(b) The corresponding eigenfunction: I the symmetric mode and II the anti-symmetric mode.
Parameters are 5 =0.45,d =0.13 and 6§ = 0.17.

As a baseline test, we use Matlab and the spectrum of the linearised operator to obtain
the stability of some solutions for (2.56). In the following, we are going to distinguish between
different types of spectrum that can be found in (2.56) using Ax within the ranges Ax € (0.1,0.001).
We start with the Figure 2.10 which shows a sample of stable solutions and the corresponding
largest real-part eigenvalues of the linear operators.

In Figure 2.11(a), we depict an unstable solution with the largest real-part associate eigenval-
ues. The corresponding eigenfunctions of the positive real-part eigenvalues are shown in Figure
2.11(b). There are two eigen-modes which are symmetric and anti-symmetric (see Figure2.11(b) I
and II respectively) [33]. We show another example of an unstable solution in Figure 2.12. Here

the eigenvalues are complex with positive real part.

Finally, we illustrate the Goldstone mode, which is the mode of the eigenvalue at the origin
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Figure 2.12: [Left:] Example of unstable solutions with [Right:] profile of the corresponding
largest eigenvalues for (2.56). Parameters are b =0.31, d =0.0987 and 6 =0.17.
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Figure 2.13: (a) Example of Goldstone eigenvalue, (b) profile of the corresponding eigenfunction,
and (c) profile of the derivative of the variables of the localised solution. Parameters are b = 0.45,
d =0.13 and ¢ =0.17.

in the complex plane [9, 33] (see Figure 2.13(a)). This mode is not related to the instability, but
it is a sign that the discretisation is too coarse or the interval is too long. The corresponding
eigenfunction is displayed in Figure 2.13(b). Note, the profile of the eigenfunction of the Goldstone
mode is indistinguishable to the derivative of the variables of the solution whose stability we are

investigated (see Figure 2.13(c)). In the coming chapters we will discuss all cases in more detail.

2.7 Conclusion

This chapter outlines the methods that will be required throughout the thesis. In the chapter, we
have introduced the type of reaction-diffusion equation that will be studied in this thesis. Further,
we provide in detail the techniques used to find and study localised patterns. These techniques

can be listed as follows:

1. Linear stability analysis is used to obtain the conditions for Hopf bifurcation of the homoge-

nous steady-state, Turing instability (Hamiltonian-Hopf) and BD transition.

2. Weakly nonlinear analysis is employed to find the codimension-two point where Turing

bifurcation change from being subcritical to supercritical (or vice versa).

3. The spatial dynamics method and numerical continuation are used to find and trace the

localised patterns in the parameters space.

4. Numerical methods for stability are utilised to provide information about the stability
of localised patterns. Direct numerical is used to determine what happens beyond the

instability
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CHAPTER

BIFURCATION OF LOCALIZED STRUCTURES IN BIOLOGICALLY
INSPIRED REACTION-DIFFUSION EQUATIONS

This chapter is based on publications [4, 5] and partly on [37]

3.1 Introduction

This chapter aims to show theoretical paradigms in how the pattern formation and dynamics of
spatially localised patterns fit together by studying models of the generalised Schnakenberg type
in one spatial dimension. In particular, we aim to show how the semi-strong asymptotic analysis
applied in the limit of an infinite domain, can show the onset of large-amplitude exponentially
localised patterns through a fold bifurcation. Here semi-strong implies a scaling where the
activator field is much more highly localised than the inhibitor. When this fold is followed
numerically into a different pattern regime, we find that it forms the extremity of the homoclinic
snaking region. Moreover, the semi-strong limit allows for analysis of the stability of the localised
patterns. Theory can then be extended to argue the existence of a temporal Hopf bifurcation as
one passes from the snaking regime to the semi-strong limit.

We will consider the general model for a bounded nonlinear reaction diffusion system of
equations. We will use biological interaction between two species to give a physical interpretation
of the model and the results. In this chapter, we will investigate models with two components

which can be written as:

u u 1), 52v2y
3.1 =c+A + u“v+ 9 ,
v/, v -1 V4v
for u(x,t),v(x,t) € R and x € (—oo,00) with asymptotically flat boundary conditions

(3.2) (uy(x,t),v5(x,2)) —(0,0) as x— +oo.
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Name fixed parameters free parameters
Schnakenberg [143] c=1,d=h=j=0, a,b.
Brusselator[136] h=c-1>0,b=d=j=0, a, c.
Glycolysis [154] c=1,d=j,a=h=0, d,b.
Sel’kov-Schnakenberg [145] c=1,d=j,h=0, a,b,d.
Root-hair [131] a=0,d=j,h>c>0, b,e,d,h.

Table 3.1: Reaction-diffusion models of the form (3.1), and the corresponding coefficients (3.3) of
the constant and linear terms.

Here c is a 2-vector with non-negative entries that models a constant influx or feed of the
two different reactants, an activator u and inhibitor v. A is a constant 2 x 2 matrix where the
coefficients are chosen so that diagonal terms are non-positive and the off-diagonal terms non-
negative (to model decay and mass transfer respectively) and 62 <« 1 measures the ratio of the
diffusion rates of activator u and inhibitor v. Specifically, we assume

- d
3.3) c= @ , A= ¢ |, wherea,b,c,d,h,j=0.
b h -j,

For practical computation purposes we shall sometimes pose the system (3.1) on a long finite
interval x € [-/,[] with [ > 1 and replace (3.2) with Neumann boundary conditions as in chapter
2.

(3.4) (ux(=1,8),v:(,2)) = (0,0).

Our interest is in patterns that are truly localised, that is, are not influenced by effects coming
from boundary conditions.

This chapter shall specifically concern the case where there is a unique strictly positive
homogeneous steady state (u,v) = (ug,vs), which places some constraints on the coefficients of
c and A (see Sec. 3.2). In this case the asymptotic boundary condition (3.2) is equivalent to
(u,v) — (us,vs) as x — +oo. Despite these restrictions, there are still many problems that arise
in the literature that fall into this general category of model; See Table 3.1. Note that another
important model, the so-called Gray-Scott system, [71] has three homogeneous steady states in
the typical parameter regime in which localised patterns are known to occur [66, 179]. Hence

this system falls outside the scope of the present chapter and will be considered in chapter 4.

The overall message of this chapter will be the emergence of a universal two-parameter bifurcation
diagram for the existence of localised patterns of activator-inhibitor reaction-diffusion systems,
and a certain universality in the manner that such patterns become unstable as the diffusion
ratio becomes less extreme. In fact, similar bifurcation diagrams have already been found in

other models with more complex nonlinear terms than the simple form (3.1), such as models for
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cell polarisation [165], crime waves [103], virus-host interaction [7] and desertification [180]; see
also [166]. In chapter 5 shall also consider examples with more general nonlinear terms arising
as models of predator-prey interaction. In this chapter we shall study each of these models in
Table 3.1.

The rest of the chapter is outlined as follows. Section 3.2 makes some preliminary calculations
for the general model (3.1) and establishes conditions under which homogeneous Turing and
Hopf bifurcations take place. It also considers several rescalings for large and for small values of
the constant and linear parameters. Section 3.3 to 3.7 then introduce the Schnakenberg model
and applied different method to study existence and stability of the localised patterns. These
methods are then applied to the other form models in the subsequent chapters. Sections 3.8 to
3.10 present a brief presentation of analogous results for the other models in Table 3.1. Finally,

section 3.11 draws conclusions and points to many avenues for future work.

3.2 General model

Our starting point is to obtain conditions under which a unique homogeneous equilibrium exists
for (3.1). Accordingly, upon setting all time and space derivatives to zero we find that steady

solutions (u(x,t),v(x,t)) = (us,vs) must satisfy

cug—a
(3.5a) =—)
Us uZ+d
where u; solves
(3.5b) (h—c)ud +(a+bul+(dh - cjlus+aj+bd =0.

By Descartes’ rule of signs, necessary conditions for the equation (3.5b) to have a unique positive

root are

(3.6) a+b>0, h<ec, d=j.

Henceforth we shall assume that (3.6) applies and shall drop any reference to the parameter j
in favour of d. In this case, equation (3.5b) can be solved explicitly and we obtain a closed form

expression for the homogeneous equilibrium:

3.7 (us,vs):(

a+b cus—a)
c—h’u2+d)

Note that the Gray-Scott model does not satisfy (3.6) because, when written in the form (3.1),
0=d#j>0.

47



CHAPTER 3. BIFURCATION OF LOCALIZED STRUCTURES IN BIOLOGICALLY INSPIRED
REACTION-DIFFUSION EQUATIONS

3.2.1 Turing and Hopf bifurcation

We next investigate the conditions under which the homogeneous equilibrium undergoes the
simplest kinds of temporal instability; specifically a spatially homogeneous Hopf bifurcation or
Turing bifurcation.

Following the linear stability analysis established in section 2.2, conditions for the Turing
and the Hopf bifurcation are achieved. Applying conditions (2.10) to (3.7), gives an expression for

Hopf bifurcation to arise which reads
(3.8) u?—2ugvg+c+d=0.

This expression defines a codimension-one surface in parameter space at which Hopf bifurcation
occurs. Note that this is necessarily independent of the diffusion ratio 6.
By applying conditions (2.11) to the steady state (3.7) for (3.1) we find a codimension-one

surface in parameter space on which a Turing bifurcation occurs is defined implicitly via

(3.9) 8%us? +do? —2usvs+c=-281/(us2+d)(c—h).

3.2.2 Large parameter limit

There are two natural kinds of scales that can be applied to (3.1) leading to simpler models, one
in a certain limit of large values of the production-rate parameters a and b, the other for small
values of these parameters.

For large values of @ and b we can obtain a distinguished limit by setting
(3.10) a=6ta, b=671p, d=j=62p,
and introducing a scale for space and dependent variables as follows:

(3.11) 4=

=6V =0y.
67 U ’ X Yy

Substitution of (3.10) and (3.11) into (3.1) leads to the following system

U U
3.12 —cU UV+—=— R
(3.12a) a—-cU+pV + V+6y2 5 YR
0%V oV
(3.12b) B+hU —pV -U?V +— =62—, yeR.
0y2 ot

(3.12¢)

Now, if we consider the steady-state problem, by setting the right-hand-sides of the above
equations to zero, we see that we have the identical form of equations to the steady problem for
(3.1), with a, b and d replaced by a, § and p, respectively, but with 6 = 1. Hence the study of

existence of steady patterns can be conducted independently of the diffusion ratio. Nevertheless,
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owing to the factor 62 on the right-hand side of the second equation in (3.1), the dynamics of
these localised patterns will strongly depend on the diffusion ratio.

Note in particular, that the location of the Turing bifurcation (3.9) is independent of § in
the new parameter regime, whereas the values of p, f and «a for the Hopf bifurcation to occur,
increase uniformly in §. Thus, any localised pattern that is stable for small § is likely to be

destabilised by the homogeneous Hopf bifurcation for § sufficiently large.

3.2.3 Small parameter limit

Alternatively, for small values of @ and b we can obtain a scaling that naturally fits into the so-
called semi-strong interaction asymptotic regime [55, 59, 168]. Such a regime is naturally suited
to the method of multiple scales for the finding of pulse-like steady patterns. In an inner regime,
the v-field is approximately constant and the u-field is given by a sech or sech? profile, whereas in
the outer regime u is approximately equal to us and v solves a simple linear differential equation.
On the infinite domain this leads to exponential relaxation to vy [4], whereas on the finite domain
v is typically piecewise quadratic [168].

Looking for general parameter choices that can be applied in the inner and the outer regime

we seek a scaling of the form

(3.13) a=6a, b=6"B, c=6Pn d=j=6"p, n=1, p=0.
For the inner solution, we can then scale space as

(3.14) x=0y,

and in the outer domain the following scale is used

(3.15) u=06a, x=6Mz, m<O.

As we shall see in the following, the natural scaling in the general case of (3.1) is
-1

(3.16) m:7, n=1 and p=0.
However, as we shall see later in the chapter, for special cases of constraints on the parameters a,
b, ¢, d, h such as for some of the models in Table 3.1, a distinguished limit is obtained for other
choices of m, n and p.

The rest of this section presents a brief calculation for the semi-strong interaction method for
the general model (3.1)-(3.3), and we will provide the details in Section 3.4 specifically applied to
the Schnakenberg case. We begin by introducing the scalings (3.13)-(3.16). In the new parameters,

steady state system of (3.1) satisfy

%u

(3.17a) 5a+5pv—cu+u2v+§2—220,
Ox
o 0%

(3.17b) 6p-b6pv+hu—-uv+—=0.
Ox
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3.2.4 Inner solution

Introducing the inner spatial scale (3.14) into (3.17) and collecting the leading order terms of §,

we obtain
(3.18a) fLgyy — Clig + @30 = 0,
(3.18b) Uoyy = 0.

Solving system (3.18), we find that v is a constant to be determined
(3.19) Ug =K.

Then, from the u-equation we need to find a solution

(3.20) i = (Uw(y),

where w(y) satisfies

(3.21a) w —cw +w? =0, —oco<y<oo,

(3.21b) w—0 as y— +oo; w/(O) =0, w(0)>0.

The unique solution to (3.21) is

(3.22) w=—sec
2K

3c X (@)

Hence the inner solutions are

(3.23a) v = 0(0) = constant :=«,
3

(3.23b) u= —Csech2 (@),
2k 2

where «x is an unknown real parameter.

3.2.5 Outer solution

The next step is to obtain the outer solution. Taking into account the rescaled variables in (3.15)

and (3.16) an outer solution can be written as

(3.242) p= 2PV
c
where
_\/F\/c—h |z |
(3.24b) 5 =( _ah+pe), NG ah+pe
p(c—h) p(c—h)

Recalling the condition (3.6) we can guarantee that (3.24) provides a real solution. Note this

solution has a derivative jump at z = 0.
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3.2.6 Matching

In order to match inner and outer solutions, we have freedom to choose a value of the free variable
k. A typical approach would be to match derivatives of the inner and outer solutions at x = 0. But
the outer solution is not differentiable there. So, following Ward et al. [168] we look to match the
solutions in a weak sense. The novelty here though is to use a matching method that does not
rely on / being finite. Adding the inner and outer solutions and substituting into a weak form of

form of the v equation, we obtain
(3.25) f [5,6+hu—5pv—u2v+vxx]dx:0,
D

where u = 6@ +ug and v =60 + vy . Here, the domain 2 of integration corresponds to an extended
interval around the inner asymptotic region that includes a matching zone: J,, = f_ee where € is an
arbitrary number, assumed to have the asymptotic order § < ¢ <« 1. It would seem that condition
(3.25) for the matching of the inner and outer solutions (which contrasts with that in [168] where
integration is taken over the entire outer domain) can be seen as somewhat akin to the vanishing
of a Melnikov integral, as used in geometric singular perturbation theory, e.g. [59]. A detailed
comparison between the different asymptotic theories is beyond the scope of this thesis.

The integral condition (3.25) evaluated by substituting the expression for ug, vg, & and 0.
This evaluator leads to known expression for integrals of powers of sech(x) from —oco to co and
for the jump in the derivative of ,,. We give the detail in section 3.4. Setting the integral to zero,

we obtain the following

_Qsz+2\/M(ah+bc)K_6\/g5(c_

2
(3.26) NG dvec—nh)

h)=0,

which is valid up to O(52). Hence, the constant x can determined by solving the above quadratic
equation. It turns out that in order to find the fold bifurcation of these localised solutions it is

necessary to go beyond the leading order in 6.

To start with, we assume the solutions of ¥ have the expansion of form:

(3.27) k=Y 5ty
=0
Up to first-order in y we obtain
-2 — 2 _
(3.28a) d(c—h) 2, Vd(c—h)(ah+bc)

\/F Yo d,\/g(c—h) Yo=V,

—-2y/d(c—h) +2\/d(c—h)(ah+bc)
Ve d\c(c—h)

(3.28b) y1-6vc (c—h)=0.
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These simultaneous equations can be solved for yg and y; separately and recombined to form two

roots of x, written as

72
(3.292) ko 20Cd R | 2,
vVd(c—h)(ah+bc)
ah+bc 36cd (c—h)

(3.29b) K9 +0(562).

d(c—h) Vd(c-h)?@h+bc)

Here, k1 is the value of x on an ‘upper’ (large U(0)) branch kg is matching the value of x on a ‘lower’
(small U(0)) branch. Moreover, a fold bifurcation can be obtained by setting the discriminant of

(3.26) to be zero. The details will be worked out for each model in the subsequent sections.

3.3 The Schnakenberg model and its underlying dynamics

We start the investigation by considering the Schnakenberg model. The model in question was
first proposed in [143] and has many applications in biology; see e.g. [21, 146] and references
therein. The equations describe an autocatalytic reaction between two chemical products U,V

and two sources A and B as follows:
U=—A, B—V, 2U0+V—3U.

The reaction is assumed to take place in a closed domain, such that the activator U and inhibitor
V are free to diffuse in one spatial dimension, across a domain of size 2/, and that the sources
A and B are abundant everywhere and do not diffuse. Applying the law of mass action, after

non-dimensionalisation, one can obtain the following system of reaction-diffusion equations:

ou 9 0 0%u
(3.30a) E:a—u+u v+0 @,
ov %
3.30b —=p-u? +—
(8.30b) ot BT a2

Here u and v represent the activator and the inhibitor concentration, respectively, and the
parameters a,b > 0 are the respective constant concentrations of A and B. The dimensionless
parameter § > 0 measures the ratio of the diffusion rate of the activator to that of the inhibitor.
In what follows we shall be interested in the case that 6 < 1 and in the limit of an infinitely long
domain [ — oo.

Upon setting the diffusion terms in (3.30) to zero, a straightforward calculation shows there

is a unique homogeneous equilibrium:

b
(3.31) (us,vs)—(a+b,m).
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Following the standard linear stability analysis that is found in Section 2.2, we obtain the

condition for Turing instability and the critical wave number as:
(3.32) b—(a+b)38%—a=2(a+b)s,

s —(@+b)P?6%-a+b
¢ 262(a+b)

Another linear transition we shall be interested in is when the far field of the purely spatial
problem posed around the homogeneous equilibrium switches from having monotone to oscillatory
decay. Such a BD transition occurs whenever there is a pair of double real eigenvalues of the

spatial dynamics problem linearised about the homogeneous equilibrium. This gives the condition
(3.33) b—(a+b)P6%—a=-2(a+b)?6.

The curve (3.32) is plotted in Figure 3.1a in the (a, b)-plane for fixed  (solid red line). Using
weakly nonlinear analysis ( for details see Section 2.3) we find that for sufficiently large a, stable
periodic patterns bifurcate supercritically from the Turing bifurcation as b increases (into the
yellow shaded region in the figure). For smaller a, the bifurcation is subcritical and a fold in the
periodic structures occurs for lower b-values, creating a Pomeau pinning region (shaded green in
the figure) in which localised structures are observed. The large a-limit of the localised structures
region is formed by the codimension-two point where the Turing bifurcation changes from being
sub- to supercritical (indicated by the pink circle in the figure). Here the codimension two point
was computed using the method in section 2.3.

Figure 3.1 also contains numerical results obtained using AUTO [54] on the bifurcation
structure of localised solutions within the green shaded region.

The BD curve defined by (3.33) is also depicted in Figure 3.1a; note how it divides the
localised-structure region into two parts. The region to the right of the BD line is where spatial
eigenvalues are complex and localised solutions have oscillatory tails, whereas to the left line the
spatial eigenvalues are purely real and solutions have monotonic tails. Recently [166], in a class
of reaction diffusion equations which includes (3.30) it is argued that a single-spike localised
pattern crossing a BD from right to left in the sense of Figure 3.1a should result in the destruction
of all but a finite number of localised pattern solutions. Figures 3.1b and 3.1c show one-parameter
bifurcation diagrams of localised structures obtained numerically, which appear to confirm this
prediction. The figures also indicate which among the various solutions are found numerically to
be stable.

In particular, note that the localised solutions for small a and b shown in the inset to Figure
3.1c consist of a highly localised spike in u, but are more spread out in the inhibitor field v. This
observation is suggestive that there may be a semi-strong asymptotic analysis that can predict
the bifurcation diagram observed for these two spike solutions. Note that the v-field appears

exponentially localised, which would suggest a different approach to the finite-domain assumption
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Figure 3.1: (a) The (b,a) bifurcation diagram for fixed 6 = 0.01 and / = 100. The red curve
represents a Turing bifurcation and black lines represent the (outer) folds of a bifurcation diagram
of localised solutions. (b) One-parameter numerical bifurcation diagram showing snaking of multi-
pulsed solutions for ¢ = 2.7 as b varies. A continuous (or dashed) line indicates where spectral
computation indicates that the solution is stable (unstable). A pink (blue) colour indicates that
the number of peaks in the solution is odd (even). Insets show © and v solution profiles at the two
indicated points in the bifurcation diagram. (c¢) One-parameter numerical bifurcation diagram as
b varies for a = 0.3785 where a fold bifurcation connects spike solutions that are computed to be
stable (unstable) as indicated by a continuous (dashed) line. Insets show the u and v solution
profiles at the indicated points.
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typically used in previous works, e.g. [91, 168] in which the v-field is approximately two reflected
quandratic functions. Moreover, the stability results here with two branches connected by a fold
cannot be predicted using the usual finite-domain method.

3.4 Semi-strong asymptotic construction of spike solutions

Consider the steady-state version of (3.30):

02
(3.34a) a—u+u2v+62—u:O,
0x2
2
(3.34b) b-utv+ 2V 2o,
0x2

subject to Neumman boundary conditions. We are interested a homoclinic orbit in space to the

homogeneous equilibrium

b

*m, as x — +oo.

u—a+b, v

We show how semi-strong interaction method introduced in section 3.2.3, applies in this case
when both parameters a and b are small. In particular, we find a natural distinguished limit by

considering n =2 in (3.13). Therefore, we can introduce a and 8 as O(1) parameters to obtain

0
(3.352) 0=6>25 +u’v-u+oa,
X
02
(3.35b) 0= +8%p-u.
X

We then seek solutions expanded in powers of &
u(x) = uo+6u1+06%),  v(x)=uvo+6v1+0(5?),

in the inner and outer asymptotic regimes, separately.

Introducing the new spatial scale (3.14) for the inner into (3.35) and collecting the leading
order terms of 6, we gain the leading-order solutions for (3.35) on an infinite domain with
asymptotically flat boundary conditions to be (3.23) with ¢ =1

We introduce a new scaling within an outer region, given by (3.16) with m = —1 into (3.35).

Collecting terms in (3.35) that have the same order of 9, to leading order we find

~

uo(z) = a, and 0022 — ﬁ%ﬁo +pB=0.

However, it is useful to include the O(6)-correction to the u solution, so that we can explain the
Neumman boundary conditions solution on a finite domain transforms into the case of asymptotic

boundary conditions in the limit I — co. Thus, we set
(3.36) i(z)=a+dp,
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in which case, we find that the leading-order solution for v needs to satisfy

ﬁo(z) — — +00.

—(a pyY as z

Note that, in either the case of finite or infinite /, the boundary conditions on 7y mean that
(3.36) cannot be satisfied by a single smooth function. Instead we must solve separately on the

intervals z € [-61,0] and z € [0,61]. Solving separately on these domains, we get

i) = a+6,

and

(3.37) YOS G GA) i) cosh((a +86) (|| 61) + —P—
' ~ (@ +06p)2cosh(6l(a+06p) (@+6pR"

In the limit / — oo this function can be written as

B
S -6
((wm)g)exp[ 6B+ a)lzl] + o5

Next we need to match the inner and outer solutions, by finding feasible values for x. Hence

B

(3.38) 5(2) = (K— .
+a)

we follow the technique outline in section 3.2.6.

Adding the inner and outer solutions from the previous sections we obtain we obtain

u(x) = %secb2 (%) +60 (%) , v(x)="0 (g) ,

which we then substitute into a weak form of the v equation:

(3.39) f[ézﬁ—u2v+vxx]dx=0
7

Consider the three terms in the integrand of (3.39) separately. The first term integrates to

zero because 62 is vanishingly small in the limit § — 0. The second term can be approximated as

o0 ® § 66
(3.40) f Sxu(y)dy = f 9 sech? (Z) dy="2.
oo —o0 K 2 K
Finally, the third term can be approximated as
0* B
(3.41) f 0z2dz =[0;]o+ —[0210- = -2 [k - ———— |6 (a+6B)tanh(5al).
0 (a+6p)

Substitution of (3.40) and (3.41) into (3.39) yields the following quadratic equation for x

2
(3.42) (—2 (a+6p) K2+ px )6tanh(6al) -66=0.
(a+6p)
Note that when [ — oo, tanh(6al) ~ 1, which yields
2
(3.43) o (a+8B)2+ 2P __g-o,
(a+6p)
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Figure 3.2: A zoom of the spike region of Figure 3.1a. (a) The dashed red line indicates the
analytical upper expression (3.45) in the limit / = 100, which can be compared to the the solid
black fold line computed numerically. (b) The corresponding fold curves for different finite values
of [; with dashed (solid) lines representing analytic (numerical) approximations.

On the other hand, the domain ! must be much larger than the width of the spike in order for the
asymptotics to be consistent. This means that we must assume [ > O(9).

Solving (3.43), we obtain two values for x, which correspond to a small and a large value.

Specifically,
_\/-12(6p+a)®+ B2
(3.44a) 1<1=ﬁ \/ ( h CZK) P R
2(6p6+a)
ty/-12(6p+a)+p2
(3.44b) K2=ﬂ \/ Bpra) +6 .

2(6p+a)’

We shall refer to x; as corresponding to an ‘upper branch’ of the spike solution, and k3 to a "lower
branch’. Finally, we can find a fold bifurcation of spikes by setting the discriminant of (3.42) to

zero, which gives a curve in the (a, b)-plane given by

(3.45) p?tanh(bal)— 12 (a+8p)° = b%tanh(al) - 126 (a +b)° = 0.

The two spike solutions exist for a-values less that this curve, and b-values above it. Note we
find in the limit [ — oo both tanh — 1 leading to a much sampler expression.

3.4.1 Comparison with numerics

Figure 3.2a plots a zoom of the left-hand corner of Figure 3.1a, comparing the computed left-hand
fold with the formula (3.45) in the limit [ — oo as a red dashed line. It is clear that the two

lines are in good agreement in the limit of small a and b where the asymptotic analysis applies.
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Figure 3.2b shows (3.45) for different values of [ (dashed lines) which is again shown to have
good agreement with the corresponding numerical results from AUTO on a finite domain.
Figures 3.3 and 3.4 show a comparison between the approximate solutions obtained via
asymptotic analysis and the corresponding numerical solution obtained using AUTO. It is clear
from the figures that there is good agreement for both the upper/stable and lower/unstable branch
of solutions, both on a finite domain and an infinite domain. Note how the agreement gets better
as [ — oco. Also note how the v component transforms from being exponentially localised to being
more quadratic-shaped as [ is decreased from +oo. In the rest of this chapter, we shall apply the
same method of the analysis to the other models in Table 3.1. In all subsequent cases though we
shall only consider the infinite-domain problem although we expect the same results for finite

domain as [ — oco.

3.5 Stability analysis of spike solutions

In the paper with our collaborators [4], the stability of the spike solution was obtained by so-called
non-local eigenvalue problem. Here we are able to obtain so-called breathing pulses. In general,
these breathing pulses can be considered to be the result of Hopf bifurcation of the spike solutions
in which the statinary spike becomes oscillatory in time [75].

The results of the analysis can be summarised in the following proposition.

Proposition 1. The one-spike solution u(x),v(x) given in (3.23b), (3.37) with v(0) = k1 is stable
only when 0 < a < ap,. As a increases past ay, a breathing Hopf bifurcation in the amplitude of the
spikes is triggered. The numerical computation of an eigenvalue problem shows that ay, is defined

implicitly by
(3.46) x=15.748

In particular if we consider the regime B> 1 and a ~ O(1), then to leading order we have from
(3.44a) that

4
1 3a 1
+0(—) ~— +36+0(=,56%).
ps5) B

_3(a+dp) . 9(a+6p)
p*

(3.47) K1 = 5 5

Therefore combining (3.46) and (3.47), we get

157183

. 0.663652 B,

(3.48) ay,

to the leading order in 6 and %

To verify the proposition, we can compare with numerical computation of the spectrum using
a finite difference approach. The result is shown in Figure 3.5, which shows good agreement

when we take various different approximations to x; that are accurate to O(5)

58



3.5. STABILITY ANALYSIS OF SPIKE SOLUTIONS
2.5 =
5 5.2|_ e
5= S - . ,’-s- -
N v
4]\ 18 107 2 v
\ 0 5 &
—~3 \ 15 7
8 \ 8 ’
\ 0.2|'\ 1 032 Pt
1 \ S L.z’
~ 0 —— o5l 03z =
0 S 005 0.1 | 028
0 0 0.5
0 0.02 0.04 0.06 0.08 0.1 0 50 100 150
x T
(b)
2.5
—,-——‘_-'-__-—___‘
-
P
2.4 vad
’ 77
/77
Bogl
> 1124
_A_'\. ,I 992 = ===
224
.05 0.1 20 5
2.1
0.08 0.1 0 50 100 150
x
(c) (d)

Figure 3.3: Comparison between the semi-strong asymptotic solution and the numerical solution
for a =0.04, b =0.005 and § = 0.01 in the limit / — oo (computations performed with / = 1000). (a)
Solution profile u(x) for x > 0 on the upper branch; green and blue continuous lines indicate the
inner and the outer solution, respectively. The red dashed lines represent the sum of the inner
and outer solutions, and the black dashed line is the numerical solution. (b) Solution profile for
v(x) for x > 0 on the upper branch with red and black dashed lines indicating the analytical and
numerical solutions, respectively. (c)-(d) Solutions for the lower branch plot identically to panels
(a)-(b), respectively.
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Figure 3.4: Similar to Figure. 3.3 but on a finite domain. (a) and (b) Analytical approximations
to solution profiles for u(x) and v(x) respectively, for the upper branch (solid lines) and their
numerically obtained counterparts (dashed lines). (¢) and (d). Solutions for the lower branch plot
identically to panels (a)-(b), respectively.

Note the apparent contrast between this asymptotic result and the depicted numerical
stability result of the spike solutions in Fig. 3.1c for which no Hopf bifurcation on the upper
branch was found. To resolve the apparent descrepancy, note however that the numerical results
in that figure were for a = 0.3785, which for § = 0.01 is outside of the present asymptotic regime.
Figure 3.6a shows a similar computation for a = 0.1 and § = 0.05 which is consistent with the
asymptotic limit. Here we see that as for small a there is indeed a breathing Hopf bifurcation
on the upper branch, before it connects to the lower branch in the fold. As a increases, the Hopf
point gets closer to the fold and disappears in a codimension-two point for a = 0.2. For larger
a-values the upper branch is stable all the way up to the fold point. Here the location of the
Hopf instability was found by computing the spectrum of the spike solution and using a simple

bisection method developed in section 2.6.3 to find where a pair of imaginary eigenvalues cross
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Figure 3.5: Hopf bifurcation threshold given by (3.48) . The parameters are § = 0.05,/ = 100. Here
dashed line are obtained through numerical spectral discretisation of system (3.30); different
coloured solid lines are obtained by computing aj such that x; solved in (3.47) using two different
level of approximation.

the imaginary axis (see Fig. 3.6b.

To establish whether the Hopf bifurcation is super or sub-critical, we use direct numerical
simulation of (3.30). Based on the computation in figure 3.23b, it is possible to select two points;
one just before the Hopf bifurcation and the other just after. Figure 3.7(a),(b) illustrates the
results of the direct simulation of (3.30) as the maximum of the u-component as a function of time
for b =0.09 and 6 = 0.05, given small spatially uniform perturbations to the spike solutions. That
is the initial condition is (u(x,0),v(x,0)) = ug(x) + €,vo(x) + €) where ug and vg represents steady
spike solutions computed by AUTO. For these values of the parameters, the Hopf bifurcation
occurs at ap = 0.1658. Figure 3.7a shows that the spike solution before the Hopf point a =0.1657,
seems to be stable under small perturbations (¢ < 0.085), yet for a perturbation that is slightly
bigger, the solution leaves the basin of attraction of the spike solution and completely collapses to
the homogeneous steady state. As we move beyond the Hopf point, any size of perturbation is
found to oscillate with increasing amplitude until it collapses completely back to the homogeneous
steady state; see figure 3.7b. Hence, it can be concluded from the numerical simulation that the

Hopf bifurcation is subcritical.
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Figure 3.6: A zoom of the numerical two-parameter bifurcation diagram for small ¢ and b with
region 6 = 0.05 in the limit of large [. (a) The dashed (blue) curve indicates the location of the Hopf
bifurcation. (b) Bifurcation diagram of max u versus a for fixed b = 0.01 and 6 = 0.05 showing
the stable and unstable branches joining at the Hopf point a; = 0.0408. The insets represent
solutions and corresponding linear spectrum either side of the Hopf bifurcation.
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Figure 3.7: The direct simulation results of the full system (3.30) express by the plot of u
component of the spike at x = 0 as function of time for fixed b =0.09, 6 = 0.05 and two different
values of a (a) a = 0.1657 before the Hopf point and (b) @ = 0.171 after the Hopf point.

3.6 Glycolysis Model

The second example we consider is the model of Glycolysis first proposed by Tyson & Kauffman

[154] in their study on cellular mitosis which we introduce as a canonical example in chapter 2.
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Recall that the model equations can be written

0 02
(3.49a) a—LtL:dv—u+u2v +62ﬁ,

01) 2 62U
(3.49b) a—t:b—dv—u U+@.

The system (3.49) has a unique homogeneous steady state which is given by

b

(350) Ug = b, Vg = m

Here u and v, represent the activator and the inhibitor concentration, respectively. The term u2v

in (3.49a) and (3.49b) refers to the production of © in the presence of v and the consumption of v in
the presence of u, respectively. The parameter § is activator and inhibitor rate of diffusivity ratio,
d > 0 is the dimensionless input flux and b > 0 is dimensionless rate constant for the low activity
state. The steady state bifurcation analysis for the model found in (3.49) subject to the Neuman
boundary conditions has been investigated in [170] and the model dynamics were considered in
[11]. For the case d =0, Ward et at. [168] investigated the existence of symmetric spatial patterns.
Iron et at. [83] studied the stability of spatial pattern while Zhou [182] extended this analysis to

show the existence of more generalised patterns and their stability analysis.

Figure 3.8a shows the overall bifurcation diagram, which was already presented in section
2.4.1, represented in the (b,d)-plane for a fixed value of §. Additionally, we have included the
condition for the Turing bifurcation change from the super- to sub- critical using the normal form
method from; see section 2.4.2. This point is depicted by a pink circle along the Turing curve in
Figure 3.8a. Using AUTO, the region of localised patterns region (snaking, spikes) is obtained
which is represented by the green shaded region in Figure 3.8a. Note, the localised patterns

region is divided into two subregion (spike and snaking) by BD curve

(3.51) (b2+d)5\/—62(b2+d)2+6b2+2d‘=d—b2.

In Figures 3.8b and 3.8c the results of one-parameter continuation from within the snaking and
the spike regions respectively are shown. The solid (dashed) lines presents stable (unstable)
patterns. In the homoclinic snaking region (the upper portion of Figure 3.8a), there are infinity
many of localised patterns which have decaying oscillation in the far field and have an arbitrary
wide spatial extent. In addition, the homoclinic snaking exists on two intertwined snakes where
branches of a solutions with an odd and an even number of spikes alternate. Examples of stable
solutions from each branch are produced in Figure 3.8b. Moving from the snaking region to the
spike by crossing the BD curve, the solutions in this region have a single spike with a monotonic

tail (see Figure 3.8c).
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Figure 3.8: (a) Similar to Figure 3.1 but for model (3.49) with parameters b and d varying and
6 = 0.045. (b)-(c) Results of one parameter continuation from the snaking and the spike regions
for b = 1.8 and b = 0.49 respectively when d is varied.

3.6.1 Semi-strong interaction asymptotic analysis

As shown in section 3.4 by applying the semi-strong interaction asymptotic analysis a good
approximation solution for the spike can be achieved. In this section the same method is applied
to obtain an approximate solution for the spike solution; see figure 3.8c.

To implement the semi-strong interaction asymptotic analysis, starting from the spike region

in Figure 3.8 and doing continuation along the parameter d, we find a fold that joins two types
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of solutions; a spike with large (small) peak; see figure 3.8c. For the purpose of gaining an
appropriate scaling for the spike solution, we consider n =1 in (3.13) so that the parameters d
and b are small. We consider the steady-state problem of (3.49) and seek solutions expanded in
the power of § in inner and outer asymptotic regimes separately.

Hence, the solutions for the inner problem to leading order of § are given by (3.23) with ¢ =1

Now, on the outer scale we choose m = —% in (3.15). Consequently, the outer solutions are
given by (3.24) where ¢ =1 and 2 = 0. As in the general case, it is more convenience to write
the outer solutions with included the next order of § to match asymptotic boundary conditions.

Consequently, the outer solutions are

o) (e P ~/pl2l B
(3.52a) 0(z) =(x o )e + PR
(3.52b) a(2) =((p + 52k — Ple VP + B,

In order to match the inner with outer solutions, we follow the same technique used in the
previous section 3.2.6. Accordingly, the values of x are
(3.533) 66 (d +b?)
.53a K1~ ————
2vd'b
b 65(d+b?
Td+b2  2Vdb

As before, we refer to k1 as corresponding to the value of « in the ‘upper branch’, and xg is

+0(5%),

(3.53b) K9 +0(62).

correlating the value of x in the lower branch’.
Based on the above analysis, the fold bifurcation for the spike region in (b,d)-plane of the

spike region is given by
(3.54) —24d32b26 - 12Vd b*6 - 12d%265 + ab? = 0.

Figure 3.9 depicts the spike region where the pink curve indicates the equation (3.54) while the
black curve presents the numerical upper extant which was obtained by AUTO. It clear that the
two lines agree in the lower limit where the values of the parameter are small as assumed.
Figures 3.10a and 3.10b show a comparison between the approximate solution obtained using
the semi-strong method and the numerical solution for the upper branch. Figures 3.10c and 3.10d
present a comparison between the semi-strong solution and the numerical solution for the lower

branch. It is clear from the figures that there is a good agreement.

3.7 Stability of localised patterns

As already discussed in section 3.2.2, under the rescaling (3.10), (3.11), steady states of the
general system (3.1) can be studied independently of the diffusion ration §. Temporal stability,

however, is 6-dependent. In particular, for § sufficiently large all localised patterns are unstable
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Figure 3.9: Zoom of the spike region of the glycolysis model (3.49) with § = 0.01. See the text for
details.

to a homogeneous Hopf bifurcation of their background state. Also, for the Schnakenberg example,
it was proved in Section 3.5 that for small § the spike solution is subject to a subcritical localised
(that is breathing) Hopf bifurcation for small values of the parameters a¢ and b.

Our aim now is to investigate the relation between these two contrasting instability results,
and more generally how stability of patterns changes as § varies. Here, we shall exclusively
consider the the glycolysis model (3.49). Results for the other models will be considered in the

remaining sections of the chapter.

3.7.1 6 =0.045; subcritical breathing Hopf bifurcation

Figure 3.11a shows a computation of a curve of Hopf bifurcations of the localised spikes for small
(b,d)-values for § = 0.045. This result is typical of what we observe for small §-values, with the
region of instability emanating from (b,d) = 0 and ending on the curve of the fold of the spike
solution. This instability region becomes a vanishing small proportion of the spike region as
d—0.

Figure 3.11b shows a one-parameter continuation of the spike solution undergoing both Hopf
and fold bifurcation for fixed b = 0.1. Insets also depict the leading eigenvalues and eigenfunctions
close to the Hopf bifurcation point. Note that the complex conjugate critical eigenfunctions are
spatially localised, indicating that the corresponding instability represents a ‘breathing mode of
the spike.

For the b = 0.16 the Hopf bifurcation occurs at d = 0.1118. Figure 3.12 shows simulations for
d-values just below and just above this d-value. The results strongly indicate that the bifurcation
is subcritical. In particular, Figure 3.12a indicates that before the bifurcation, there is a threshold
on the initial perturbation such that small perturbations decay back to the spike solution, whereas
larger perturbations lead to a massive departure. In fact, when viewing the entire spatio-temporal

trajectory (result not shown), the dynamics is found to relax back to the stable homogeneous
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Figure 3.10: Similar to Figure 3.3 but for (3.49) with d =0.01, 5 =0.025, § =0.01, and / = 1000.
(a)-(b) Analytical approximations to solution profiles for u(x) and v(x) respectively, for the upper
branch (solid lines) and their numerically obtained counterparts (dashed lines) where x = 0.1275.
(c)-(d) Solutions for the lower branch plot identically to panels (a)-(b), respectively where x =
2.22544.

steady state. For a d-value just beyond the bifurcation, all initial conditions are found to lead to
a large departure from the neighbourhood of the spike, albeit after a long transient breathing
oscillation (see Figure 3.12b). Once again, the trajectory eventually collapses to the homogeneous

steady state.

3.7.2 6 =0.17; supercritical breathing and global Hopf bifurcations

Figure 3.13a shows analogous results to Figure 3.8 and 3.11 for § = 0.17. Note that the portion
of the localised pattern region that is unstable to the breathing Hopf bifurcation is much larger.
The instability now crosses the BD line and encroches significantly into the homoclinic snaking
region. Figure 3.13b depicts the equivalent of Fig. 3.8b for this §-value. Note how the entire
right-hand portion of the snaking diagram is Hopf unstable. That is, the Hopf bifurcation of
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Figure 3.11: Bifurcation diagrams for (3.49) for § = 0.045. (a) The lower part of the (b,d)-plane, A
(magenta) curve show the location of the breathing Hopf bifurcation. (b) One-parameter bifurca-
tion diagram of spikes, depicting the maximum of u(x) against d for b = 0.1; continuous (dashed)
lines indicates stable (unstable) solutions where d = 0.049(0.053). Panels to the right show the
spectrum and corresponding absolute value of the eigenfunction of the complex-conjugate pair
of eigenvalues with largest real part at the two indicated points. Here, the Hopf point is at
dp =~0.051.
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Figure 3.12: Similar to Figure 3.7 but for (3.49) for fixed b = 0.16, 6 = 0.045 and two different
values of d (a) d = 0.1115 before the Hopf point and (b) d = 0.1139 after the Hopf point.

the primary (single pulse) branch that can be continued from the spike region, is reflected
in Hopf bifurcation of the multi-pulse patterns too, at more or less the same d-value. The
nature of the instability is indicated by the spectral computations in Figure 3.13b for a three-
pulse pattern, presented in separate panels either side of the Hopf bifurcation. Note how the
instability corresponds to a complex conjugate pair of eigenvalues crosses the imaginary axis. The
corresponding eigenfunctions are localised, indicating that breathing-mode instability. Numerical
simulations indicate that this Hopf bifurcation is supercritical (see Figure 3.14).

A zoom of the lower portion of Figure 3.13a shows that for § = 0.17 the Hopf bifurcation of
the homogeneous steady state (given analytically by (2.63)) crosses the Turing bifurcation line
(given analytically by (2.64)). Hence there is a small portion of the spike region that is subject
to this Hopf instability. Given that localised solutions have tails that become asymptotic to the
homogeneous steady state, it is clear that this instability of the background must be inherited by
any localised states. In contrast to the breathing Hopf bifurcation of a spike, we refer to this as a
global Hopf bifurcation.

Figure 3.13c shows one-parameter continuation in d from within the spike region, showing
the location of the two separate Hopf bifurcations. The sub-plots to the right show the solution
profile, spectrum and critical eigenfunction at each of the two bifurcations. Note that the larger-d
bifurcation corresponds to a breathing Hopf, as can be seen by the localised eigenfunction. In
contrast, the smaller-d bifurcation is a global Hopf, corresponding to a delocalised eigenfunction.
Numerical evidence suggests that both bifurcations are supercritical. In particular, simulation
results are depicted in Figure 3.15 for small perturbation to the spike, at parameter values that
are just ‘beyond’ each of the two bifurcations. For the breathing Hopf, which occurs for d = 0.0270,
a simulation is presented in Figure 3.15a for d = 0.02889. The global Hopf occurs for d = 0.0230

and Figure 3.15b presents a simulation for d = 0.228. Note how the time series plot of the centre
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Figure 3.13: (a) Similar to Figure 3.1 for model (3.49) for § = 0.17, with location of Hopf bifurca-
tions superimposed. (b)-(c) Results of one parameter continuation in d within the snaking and
the spike regions for b =0.31 and b = 0.16, respectively. See text for details.
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Figure 3.14: Direct simulation results of the full system (3.49) depicting the u component of the
spike as function of time for fixed b =0.31, 6 =0.17 and d = 0.092, after the Hopf point for the
breathing Hopf.
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Figure 3.15: Similar to Figure 3.14 but for fixed b = 0.16, § = 0.17 and two different values of
d (a) d =0.02889 after the Hopf point for the breathing Hopf and (b) d = 0.0228 after the Hopf
point for the global Hopf.

point of the spatio-temporal patterns indicate a stable limit cycle in each case. However, the
colourmap plots indicate the that the mode of oscillation is very different between the breathing

and global cases.
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3.7.3 6=0.23; breathing Hopf bifurcation of multi-pulse patterns

Figure 3.16 displays stability results for a slightly larger value of the diffusion ratio, § = 0.23.
Comparing this with Figure 3.13, we observe that the breathing Hopf bifurcation has now moved
significantly further up and to the right in the (b,d)-plane, and now all of the spike region and
almost all of the snaking region is unstable to this instability. The inset to Figure 3.16a suggests
only a tiny portion of the (green) snaking region, beyond the (magenta) breathing Hopf bifurcation
is stable.

Figure 3.16b presents a detailed computation of the snaking bifurcation diagram within this
tiny region, specifically for d = 0.4. Here, we note that, although the primary pattern is stable,
we can find a sequence of breathing Hopf bifurcations (green dots) that is causing instability
in the branches of the snake that correspond to higher-pulse patterns. In particular, the Hopf
bifurcation first appears on the four-pulse branch (as illustrated in the spectral computations
to the right). Moreover, the d-value of the instability of each successive branch is observed to
increase so that a greater proportion of the region of existence of each successive n-pulse is
unstable as n — co. We remark that this type of successive Hopf instability within a homoclinic
snaking region has been reported recently [129] in a model representing an optical parametric
resonator.

For § > 0.24 we find that the entire localised pattern region is unstable to a breathing-mode
Hopf bifurcation. This is in addition to the global Hopf instability also engulfing the whole

localised pattern region for 6 sufficiently large, as indicated in Figure 2.3b.

3.8 Brusselator model

We present the standard Brusselator model as a next example. This model is a well-known
nonlinear model for an autocatalytic reaction. Turing and Hopf instability were shown to occur
for the Brusselator in many studies, see e.g. [97, 132, 177] and the references therein. In [48, 111]
the spatiotemporal dynamics near the codimension-two point where Hopf and Turing combine was
considered. In this model the existence of homoclinic snaking [155] and the localized structures
[93] have been reported. More recent, Tzou et al. [156] studied the stability of the localized spike.

The activator-inhibitor Brusselator model is given by

0 92
(3.55a) a—l::a—(c+1)u+u2v +626—xL2L,
ov o 0%
(3.55b) 5 =cu—-u"v+ axz )

where u and v are the concentration of two chemical species that interact with each other as
activator and inhibitor respectively and § <« 1 is the diffusion ratio between them. The positive
parameter a is feeding parameter for activator and ¢ represent the linear rate of conversion rate

of activator into inhibitor whereas the rate at destruction of activator has been set to unity. The
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Figure 3.16: (a) Similar to Figure 3.1 for (3.49) with parameters b and d varying and § = 0.17.
(b)-(c) Results of one parameter continuation from the snaking and the spike regions for b = 0.4
and b = 0.1 as d varies respectively.
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system (3.55) admits one spatially homogeneous steady state solution given by

(3.56) upg=a, Ug= S.
a

Using the methodology of section (2.2) we find the condition for Turing instability and obtain the
critical value for the wave number %, as follow
252
6“—c+1
(3.57) —a26%-28a+c-1=0, hko=—"o T
262
and a double real root eigenvalue curve (BD transition) can be found at

(3.58) —a?6%+26a+c-1=0.

The codimension-two point where the Turing bifurcation changes to be subcritical is obtained
by weakly nonlinear analysis, see section 2.3 for the details. In order to display all the results,
we show the boundaries of different behaviour in (c,a)-plane; see Figure 3.17. Note how the
behaviour is qualitatively the same as the previous two examples except that as a — 0 istead of
the localised region collapsing to a point in parameter space, here it occupies the whole interval
fromc=0toc=1.

Here once again, we apply the semi-strong interaction asymptotic analysis to achieve an
approximate solution for the spike in the Brusselator model. As the method is applied in the
limit of small value of parameters, we take p =1 in (3.13) and substitute into the (3.55). Taking
into consideration the steady-state problem, we can seek an isolated spike solution. Based in
the assumptions that the spike centre at x = 0 and introducing the coordinate (3.14) the inner
solution for the leading order in ¢ is given by (3.23) where ¢ = 1. For the outer solution, we
consider m = —1 in (3.15) then substituting (3.15) into the steady-state problem and collecting

the leading order terms in §, one finds that

(3.59) do(2)=a, vo()=(x—1)e ¥+ L,
a a

Finally, we need to match the inner and outer solutions to find the unknown value of x. To do
this, we consider a weak form of v-equation over an interval that contains the inner region see

Section 3.2.6 for details. Sample calculation give a quadratic equation for x
(3.60) ~2ax?+2c¢xk-65=0

Hence, the first root which is provided the value of x in higher-u is found to be

c—V-125a+c? 3 9a
K1 = ~0|—+

”» - zg5+0(52).

Whereas the second root that correspond to the value of x in the lower-u is given as

“126a+c% _c 3
e 1T 2 i 25406,
2a a c

K9 =
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Figure 3.17: (a) Similar to Figure 3.1 for (3.55) with parameters ¢ and a varying and 6 = 0.01. (b)-
(c) Results of one parameter continuation from the snaking and the spike regions for a = 16.4211
and a = 2.6 as c varies respectively.

In order to gain the fold in the spike region one requires the discriminant of (3.60) to be zero.

This is given by the condition

(3.61)

~126a+c%=0.

Therefore, equation (3.61) is corresponds to the boundary curve of localized structures in the
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spike region. In the panel in Figure 3.17a we compare between the curve obtained by (3.61) (pink
line) and that obtained from AUTO (black line).
Figure 3.18 depicts a comparison between the approximation solution obtained by the semi-

strong method and the numerical solution for the upper and the lower branch.
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Figure 3.18: Similar to Figure 3.3 but for (3.55) with @ = 0.06, ¢c = 0.1, § = 0.01 and L = 1000. (a)-(b)
Analytical approximations to solution profiles for u(x) and v(x) respectively, for the upper branch
(solid lines) and their numerically obtained counterparts (dashed lines) where x = 0.39237478.
(c)-(d) Solutions for the lower branch plot identically to panels (a)-(b), respectively where x =
1.2742918.

A natural question arises whether there is a Hopf bifurcation of the localised state in the
Brusselator model , which was the case in the Schnakenberg and the glycolysis models. To find
out, numerical computation of the spectrum using the method in section 2.6.3 is applied. The
results are shown in Figure 3.19a, which shows the existence of a Hopf bifurcation. Figure 3.19b
depicts a one-parameter bifurcation diagram where the Hopf bifurcation occurs on the upper

branch before it connects to the lower branch at the fold. To the right, a sample of a stable
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Figure 3.19: A zoom of the numerical two-parameter bifurcation diagram of the Brusselator
model (3.55) for small @ and ¢ with region § = 0.05 in the limit of large [. (a) The dashed (blue)
curve indicates the location of the Hopf bifurcation. (b) Bifurcation diagram of max u versus c
for fixed @ = 0.3 and 6 = 0.05 showing the stable and unstable branches joining at the Hopf point
aj = 0.494. The insets represent solutions and their corresponding linear spectrum either side of

the Hopf bifurcation.
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Figure 3.20: Similar to Figure 3.7 for (3.55) with fixed a = 0.3, § = 0.05 and two different values
of ¢ (a) ¢ = 0.484 before the Hopf point and (b) ¢ = 0.475 after the Hopf point.

and an unstable solution with their spectrum is shown. Figure 3.20 illustrates the results of

the examination of the criticality of the bifurcation by direct numerical simulation. The results

demonstrate that the Hopf bifurcation is subcritical.
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3.9 Sel’kov-Schnakenberg model

We study a generalised Sel’kov-Schnakenbarge as our next example. The model has been anal-
ysed in many research problems. The interested reader can refer to [101, 157] and references
within. The model describes an autocatalytic chemical reaction between two chemical products

X,Y and two chemical sources A,C as follows:
—C, A—Y, 2X+Y—3X.

Applying the law of mass action and after non-dimensienalisation we can obtain a system of

reaction diffusion equation as follows [143]

0 02
(3.62a) 6—3=a—u+dv+u2v+6za—;2t,

v o 0%
(3.62b) a—t=b—dv—u U+@,

(3.62¢)

Here u and v, represent the activator and the inhibitor concentration respectively. § < 1 is the
diffusion ratio, and a, b and d are positive constants that discribe feed rate and linear activation
rates, respectively. It easy to show that the (3.62) has a unique positive homogeneous equilibrium
point given by

b

3.63 —a+b, vo= ——o—.
(3.63) Ho=aTo, V0= v d

Therefore, the Turing bifurcation of (3.62) can be straightforwardly obtained by the linear
stability analysis (see Section (2.2) for details) around the steady state (3.63). Hence, we have the

conditions for Turing instability which are given by

(3.64a) ((@+b2+d)*6%+a2-b2+d =25 ((a+b)2 +d)>,

and the critical value for the wavenumber is define as

((@+b)2+d)’6%-a%+b%—d

(3.64Db) b= —
¢ 2((a+b)? +d) &2
Moreover, the BD curve is given by
2 2.2, 2 ;2 2 3/2
(3.64¢) ((@a+b)y+d) 6 +a”-b"+d =26 ((a+b)*+d)"".

Figure 3.21a depicts these curves and other bifurcation lines in the (b,a)-plane for fixed d = 0.001
and 6 = 0.01. The solid blue circle represents the result of weakly nonlinear analysis to find the
condition for the Turing bifurcation to change from super- to sub-critical (see section 2.3). The

green shaded region shows the localised region, which was computed by AUTO. This region is
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Figure 3.21: (a) Similar to Figure 3.1 but for Sel’kov- Schnakenberg model (3.62) with parameters
b and a varying and fixed d = 0.001 and 6 = 0.01. (b)-(c) Results of one parameter continuation
from the snaking and the spike regions as b varies for a = 2.9 and a = 0.58 respectively.
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divided into two regions by the BD curve given by (3.64c). Note the limit a — 0 leads, like for the
Brusselator to an interval of value of the second parameter for the (green) spike region.

These two regions define the pining (snaking) region where the spatial eigenvalues are
complex conjugates, and the solution has an oscillatory tail. Where the other region is called
the spike region, here, the spatial eigenvalues ar pure real and the localised solutions have
monotonic tails. Figure 3.21b shows the behaviour of homoclinic snaking of (3.62) where branches
of a solution with odd and even number of peaks snake back and forth through saddle node
bifurcation. Each fold of the snake connects two types of a solution; stable and unstable. We
compute the stability of the snaking branches numerically using Matlab. In Figure 3.21b we
present the homoclinic snaking and two examples of stable solution. Figure 3.21c shows the
saddle-node bifurcation from the spike region with two example solutions.

We next compute the analytical approximation for the spike using semi-strong asymptotic
analysis. Choosing n = 2 in (3.13), we Follow the technique apply of section 3.2. As we know
from previous cases the spike for the inner solution is centred at x = 0, and the space coordinate
in the inner solution is (3.14) . Consequently, the solutions for the leading order in § is given
by (3.23) where ¢ = 1. For the outer solution, we start by rescaling (3.15) with m = —1. Under
these rescaling the asymptotic approximation for the localised solutions in the outer region to the

leading order in 6 reads

(3.65a) Uo(z)=a+6p,
2
(3.65b) 50(Z)=(K_L2)e—\/p+(a+5ﬁ) Izl+%‘
o+ (a+op) o+ (a+op)
To match the solutions we follow the technique developed in section 3.2.6. The relevant

quadratic equation is

2b\/(a+b)?+d
(3.66) —2\/(a+b)2+dx>+ x—66=0.

(@a+b)2+d

Figure 3.21a shows a zoom in the spike region. The pink curve corresponds to the zero

discriminant of (3.66) which is given by
(3.67) b2-12 (a® +2ab+b%+d)** 5 =0,

whereas the black curve indicates the outer fold of the localised structures region that was
obtained from AUTO.

To test the accuracy of the approximate solutions, we display in figures 3.22a and 3.22b the
asymptotic approximation with the numerical solution for u(x) and v(x) respectively on the upper
branch. It is clear from the figures that the numerical and the asymptotic solution are essentially
indistinguishable. In Figures 3.22¢ and 3.22d we show solutions for the lower branch, where we

again find a great agreement between the numerical and the asymptotic solution.
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Figure 3.22: Similar to Figure 3.3 but for for Sel’kov- Schnakenberg model (3.62) with a =0.03,
b=0.006,d =0.001, 5 =0.01 and L = 1000. (a)-(b) Analytical approximations to solution profiles
for u(x) and v(x) respectively, for the upper branch (solid lines) and their numerically obtained
counterparts (dashed lines) where x = 0.2615480377. (c)-(d) Solutions for the lower branch plot
identically to panels (a)-(b), respectively where x = 2.37365744.

Finally, we investigate the stability of the spike solution by numerical computation of the
spectrum using a finite difference approach. In Figure 3.23a we show the existence of a Hopf
bifurcation, which was found by the direct simulation of the full system (3.62) to be subcritical;
see Figure 3.24. Whereas in Figure 3.23b the one parameter continuation diagram is shown
which indicates that the Hopf bifurcation occurs before the upper branch connects to the lower

branch.

3.10 The Root hair model

Payne and Grierson [131] proposed a Schnakenberg-like model of the form (3.1) with constant
and linear terms as described in Table 3.1 to describe the process of activation of small G-
proteins known as ROPs which are thought to be the precursor to cell polarity formation and

morphogenesis in plant cells. In applying this to the canonical problem of the formation of hair-
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Figure 3.23: A zoom of the spike region with § =0.01 and d = 0.001 in the limit ! — oo for (3.62).
(a) The blue curve indicates the Hopf. (b) Bifurcation diagram of vector max u versus a for fixed
b =0.01, showing the stable and unstable branches joining at the Hopf point. The insert plots
represent solutions and the corresponding linear spectrum stability.
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Figure 3.24: Similar to Figure 3.7 for for Sel’kov-Schnakenberg model (3.62) with fixed b = 0.09,
0 = 0.045 and two different values of a (a) a = 0.173 before the Hopf point and (b) a = 0.1755 after
the Hopf point.

82



3.10. THE ROOT HAIR MODEL

like protuberances in Arabidopsis root surfaces, they imagined that there is a spatial gradient of
a parameter that multiplies the parameter we call d and the active u2v term in the u-equation of
(3.1), in order to model the flux of the plant hormone auxin. That model was further studied by
Brefia-Medina et al [13, 30, 31] and shown to have good agreement with behaviour observed in
experiments on both wild type and mutant pants. Moreover, in [32] the spatially homogeneous
model is studied, which fits into the framework of the present chapter, see also [102]. Hence, the

equations for a root hair cell is given by

0 92
(3.68a) a—lttzdv—cu+vu2+52ﬁ,

aU 2 62U
(368b) a—t=b—dl} +hu-vu +@.

Clearly, the model (3.68) has a unique homogeneous equilibrium which is given by

b (c—h)cb
c—h’ b2+d(c-h)?%)

(3.69) (us;vs):

Applying the linear stability analysis around (3.69) (see section 2.2 for details), we obtain

that Turing instability occurs when
(3.70) (B2+d(c-h)2) 6% +clc— 2 (d(c—h)2-b%) =26 ((c—h) (b2 +d (c - h)2))*,

where the critical wave number is

(b2 +d(c—h)?)* 62 +c(c—h) (d(c—h)?-b?)

3.71 ko=
®70) (262 +2d(c - h)?)(c—h)? 52

Moreover, the BD transition curve is found to be

(3.72) (B2+d(c—m)2)26%+c(c—h)?(d(c—h)2 —b2) =26 ((c —h) (b2 +d (c - )2))*”.

Recalling weakly nonlinear analysis from section 2.3, we find a codimension-two point where
the Turing curve changes from sub- to super-critical. Figure 3.25a displays the results of the linear
and weakly nonlinear analysis. Also, it represents the localised structures region (snaking and
spike) obtained from AUTO. Figures 3.25b and 3.25¢ show typical behaviours of one-parameter
continuation from within the snaking and the spike regions, respectively (recall section 2.5 for
details).

Next, we summarise the semi-strong interaction asymptotic analysis for (3.68). By introducing

the scale (3.13) with n =1 and p = 0 into (3.68), we have the following steady-state problem

9 262u

(3.73a) dpv—cu+vu”+6"—5 =0,
0x?
o 0%

(3.73b) 6B-06pv+hu—-vu”+— =0.
Ox?
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Figure 3.25: (a) Similar to Figure 3.1 for (3.68) with parameters b and d varying and fixed
6=0.01, c=2 and h = 1. (b)-(c) Results of one parameter continuation from the snaking and the
spike regions for d = 149.899 and d = 6.099 as b varies respectively.

In consideration of the scaling established in section 3.1 which is x = §y and collecting the leading

order terms of §, the inner solution is given by (3.23).

Next we investigate the outer solutions. Applying the change of variables found in (3.15) to
(8.73) with m = —% and taking the leading-order term of §. To obtain a better approximation in

the far field, we again rewrite (3.24) with inclusion of additional terms to match the boundary
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conditions. Consequently, the solutions for the outer region are given by

d?2+d (c—h)? .

74 Al Gl OB
(3.74a) Uo (=12 Vo,
VA=l
(3.74b) bo =[x _e=Mbe e, (ehpfe
b2 +d (c—h)? b2+d (c—h)?

Intending to match the inner solutions with the outer solutions, we adopt the procedure in

section 3.2.6 . The result is a quadratic equation in « to solve which reads

p— 2 - -
Ve-hdx® ,e-mbyeyie-hdx .o -,

NG b2+d(c—h)?

(3.75) -2

Consequently, the curve of folds of the localized spikes can be achieved by setting the discriminant
of (3.75) to zero:

(3.76) A(c—hPb2ed —48\/(c—h)d 5 (b2 +d(c—h)2)* =0.

Figure 3.25a shows the curve given by of (3.76) (pink) compared to the curve obtained from AUTO
(black).
To examining the accuracy of the semi-strong method solution we demonstrate in Figure 3.26

a comparison with the numerical result obtained from AUTO for the upper and the lower branches.

In addition, we inspect the stability of solutions. The conclusions of the analysis reveal
the appearance of Hopf bifurcation in the left-hand edge of the spike region; see Figure 3.27a.
This result is consistent with the results obtained from other generalised Schnakenberg models
considered in this chapter. Figure 3.27b shows continuation in d. It is clear that the the fold that
connects between the stable single spike solution and unstable single spike happens after the
Hopf point. To analyse the criticality of Hopf bifurcation, we apply direct simulation of the full
system (3.68). Figure 3.28 illustrates the results of the simulation for two points which are before
and after the Hopf point; see Figure 3.27b. For d = 0.16, which is before the Hopf point which
occurs for b = 0.161, the spike is stable for small perturbation and collapses for large perturbation
as shown in Figure 3.28a. As d is increased to after the Hopf point, we observe that a slight
perturbation causes the spike to oscillate with increasing amplitude until it collapses completely
back to the homogenous steady state; see Figure 3.28b. Consequently, we conclude that the Hopf

bifurcation is subcritical.

3.11 Conclusion

This chapter has demonstrated a certain universality at least in the existence and stability of
localised patterns on a long 1D domain, for a range of different activator-inhibitor models that

have been proposed in the literature as models for widely different physical processes. For each
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Figure 3.26: Similar to Figure 3.3 but for (3.68) with a =0.025, 6 =0.02,¢c=2,h=1,6=0.01 and
L =1000. (a)-(b) Analytical approximations to solution profiles for u(x) and v(x) respectively, for
the upper branch (solid lines) and their numerically obtained counterparts (dashed lines) where
x = 0.28911. (c)-(d) Solutions for the lower branch plot identically to panels (a)-(b), respectively
where x = 1.33383.

of these models we find a limit for the constant and linear reaction parameters in which the
fundamental pattern-formation or Turing instability becomes subcritical. This creates a bubble
in parameter space inside which there are localised patterns that are described by the homoclinic
snaking scenario. Upon crossing the BD transition, this region morphs into one in which there

are isolated spike solutions that can be captured by weakly nonlinear asymptotic analysis.

A Turing bifurcation is often referred to as a ‘diffusion-driven instability’ which occurs due to
the activator diffusing much more slowly that the inhibitor. Interestingly, the parameter scaling
presented in Sec. 3.2.2 shows that neither the presence of the Turing bifurcation nor its transition
to sub-criticality and the onset of homoclinic snaking requires the diffusion ratio 62 to be small.
However, when one considers the temporal stability of these patterns, everything is unstable to
a global Hopf bifurcation unless ¢ is sufficiently small. We have also shown the presence of a
breathing Hopf bifurcation and interactions between these two instabilities within the localised

pattern regime for intermediate values of §.
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Figure 3.27: A zoom of the spike region for the root-hair model (3.68) with § =0.06,c=2and 2 =1
in the limit / = 100. (a) The blue curve indicates the Hopf bifurcation. (b) Bifurcation diagram of
vector maximum u versus d for fixed b = 0.16, showing the stable and unstable branches joining
at the Hopf point d = 0.134. The insert plots represent solutions and the corresponding linear
spectrum stability.
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Figure 3.28: Similar to Figure 3.7 but for the root-hair model (3.68) with fixed b =0.18, § = 0.06
and two different values of d (a) d = 0.16 before the Hopf point and (b) d = 0.165 after the Hopf
point.
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There remains much left to be fully explained. Open questions remain about the seeming
transition from sub- to super-criticality of the breathing Hopf bifurcation as § increases in each
of the models. More generally, more is be explained relating to the global dynamics beyond
the fold and Hopf instabilities of the different kinds of localised patterns. For example, in [4]
there is evidence that both spike replication [56] and spike insertion may occur in the form of
the Schnakenberg model investigated there. There may also be subtle differences between the
qualitative results for each of the models that we have yet to uncover. Then there is the question
of rigorous justification of the results, for example by exploring various limits in which geometric
singular perturbation theory approaches may yield fruitful results (see e.g. [58] and references
therein). Finally, a big unknown is whether and to what extent the results presented here extend
to systems posed in two or three spatial dimensions.

As already mentioned in section 3.1, bifurcation diagrams that appear qualitatively similar
have already been found in other models with more complex nonlinear terms than the simple
form (3.1); models for cell polarisation, crime waves, desertification and predator-prey systems
[7, 103, 165, 166, 180]. The similarity of the results presented here to the Gierer-Meinhardt
system [69] and other model with rational nonlinearity as well as the extension beyond two-
component models will be presented in coming chapters. These observations suggest that there
may be a more general criterion than the simple +u2v-type activator-inhibitor two-component
model that leads to the the kinds of bifurcation structures seen here.

We also mentioned in section 3.1 how the results here do not explain the form of localised
structures that have been observed in the Gray-Scott system [66]. Those results are more akin to
that seen in the Lugiato-Lefever system and related models that arise in nonlinear optics (see
the review by Parra-Rivas et al [128]). The key to the bifurcation structures in those systems is
the presence of a pair of fold bifurcations of the homogenous steady states, connected by a cusp
point in an appropriate parameter plane. The next chapter will consider an explanation of such
structures by looking at a homotopy from models of the form considered here to Gray-Scott-like

models.
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THE GRAY-SCOTT AND GIERER-MEINHARDT CASES

This chapter is based on the publication [3]

4.1 Introduction

In chapter 3, we studied the morphology of localised patterns for a canonical class of activator-
inhibitor reaction-diffusion models on infinite one-dimensional domains. Specifically we consid-
ered systems of partial differential equations (3.1). There we restricted attention to Schnakenberg-

like models that have a unique homogeneous equilibrium, which was guaranteed by setting
4.1) a+b>0, h<ec, d=j.

One notable exclusion from the list of models studied in chapter 3 is the much studied system
due to Gray and Scott [71]. In its most usual form, this model is equivalent to (3.49) with a =0,
c=1,d=0,h=0and j>0. The system was originally proposed as a minimal model of a cubic
autocatalytic process, inspired by the famous Belyousov-Zhabotinsky chemical reaction. The
system is known to display complex spatio-temporal dynamics, see e.g. [56, 123]. Recent results
by Gandhi et al [66] have provided a detailed study of the existence and stability of periodic and
localised patterns when this model is posed on a long interval. The bifurcation diagrams found
there are much more reminiscent of those for the Lugiato-Lefever equation, see e.g. [127-129]. In
particular, there is a bistability region between homogeneous steady states, and both peak-like
and hole-like localised patterns can occur. This bifurcation diagram is very different from that of
that Schnakenberg-like models considered in chapter 3 .

The natural question, which we address here then is: given the subtle differences in the
functional form of the Gray-Scott model to Schnakenberg-like models, how does one bifurcation

diagram morph into the other? The main novelty of the present chapter is to tackle this question

89



CHAPTER 4. THE GRAY-SCOTT AND GIERER-MEINHARDT CASES

head on by studying the sequence of codimension-two bifurcations that occur under such a
homotopy. To point to the possible genericity of such bifurcations, we also consider an analgous
sequence of bifurcations for two different cases of the widely studied Gierer-Meinhardt model,
one with and one without bi-stability between homogeneous steady states.

The rest of the chapter is outlined as follows. Section 4.2 concerns results for a generalisation
of the Gray-Scott system which contains a homotopy parameter r that transforms the Gray-
Scott model (when r = 1) into the simple glycolysis model (when r = 0). Starting from r =0 we
use numerical continuation and spectral computations to produce a detailed set of one- and
two-parameter bifurcation diagrams for homogeneous and localised patterns to describe how
the universal bifurcation diagram morphs into the more complex one for the Gray-Scott model.
Section 4.3 describes the same process for the more complex Gierer Meinhardt model, which has
a rational nonlinearity. Here the case where the feed term is in the active field leads to a single
homogeneous equilibrium and the 2-parameter bifurcation diagram of localised structures is
found to be qualitatively the same as the glycolysis model. In contrast, when the feed term is in the
inhibitor field, there is bistability between homogeneous equilibria and the bifurcation structure
of localised solutions is Gray-Scott like. We again show the process of how these two extremes
morph into each other via a case with feed terms in both activator and inhibitor fields. The results
show many similarities, and some differences with those in section 4.2. Finally section 4.4 draws
conclusions, discusses possible biological implications of the results and suggests avenues for

future work.

4.2 A generalised Gray-Scott system

We study localised patterns arising in the following model written in the form :

(4.2a) Ug =d(1-rv-u+uv +52uxx,

(4.2b) vt:b—dv—u2v+vxx,

where all parameters b, d, r and § are assumed positive. Note this system (4.2) satisfies (4.1)
only when r =0, in which case we recover the glycolysis model. When r = 1 we recover the usual

form of the Gray-Scott model, see e.g. [66]. Therefore, we treat r as a homotopy parameter that

interpolates between the two models.

4.2.1 Preliminaries

We begin by studying homogeneous steady state (HSS) solutions. These are found by setting both

spatial and time derivatives to be zero in (4.2). Consequently, we have

b
Vg = —5——
u+d’
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Figure 4.1: (a) Bifurcation diagram in the (b,r)-plane with d = 5.6 for homogeneous steady
states of (4.3), showing the location of a pair of fold bifurcations connected via a cusp. (b,c)
One-parameter slices along the red lines indicated in (a), for (b) 6 =4.17 and (c) b =4.22. In (¢),
us > uny > uyp refer to the u-values of the top, middle and bottom steady states and f; and f to
the fold points.

where u; satisfies the following cubic equation
(4.3) Z(us,b,d,r)=:ud —bu? +dug +bd(r-1)=0.

If Z is monotonic in ug, then there is a unique solution. In contrast, if there there is pair of
turning points, then there are three distinct HSSs. By looking at the discriminant of (4.3) we
can determine the location of a cusp point at r = g, b =v/d. Moreover for r < g there is a unique

equilibrium and for r > g there are two folds, with u-values at

b+Vvb%-3d
(4.4) Up =g

see Figure. 4.1.

In addition, each steady state can in principle undergo a steady-state pattern-formation
bifurcation, with wavenumber %, which can by found by substituting the ansatz (2.7) into (4.2)
and neglecting nonlinear terms. Consequently, we obtain the dispersion relation (2.9) from which
we seek critical wavenumbers k. under the conditions (2.11). Such conditions are said to lead to
a Turing instability upon variation of a parameter if the underlying HSS against homogeneous
perturbations. Applying the conditions (2.11) to (2.9) gives analytical expressions for Turing

instability and the critical wavenumber, respectively:

(4.52) 6% (u2+d)” +ug (us —2b)+d = —25\/(u§ +d)((u2+d)* - 2u,dbr],
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Figure 4.2: Bifurcation diagram in the (b,d)-plane for (4.2) showing numerically determined

regions of pattern solutions for 6 = 0.225 and (a) r = 0.5, (b) r =0.86, (¢) r =0.91 and (d) r =0.97.

See text for further explanation.
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and

52 u§+d2+u (us—2b)+d
(4.5b) k2= - ( )2 —
262 (uZ+d)

Crucial to the development of localised patterns is also the identification of codimension-two
points where Turing instabilities change from being super- to sub-critical. These points can be
identified using weakly nonlinear analysis [61, 76] using the procedure outlined in 2.3, which we
have implemented using the computer algebra software Maple.

For the rest of this section we shall take a fixed value of § = 0.225 and consider b and d to be

the main bifurcation parameters, with r a homotopy parameter.

4.2.2 (b,d)-bifurcation diagrams

Figure 4.2 shows a summary of the (b,d)-bifurcation diagram for HSS, periodic and localised
structures, for four different values of r. The location of Turing bifurcations and super-to-sub
codimension-two points are indicated; in all cases the sub-critical Turing bifurcation occurs for
smaller b and d values.

Another important transition, depicted by a black dashed line in Figure. 4.2, is a so-called
Belyakov-Devaney transition (BD) which occurs under the same algebraic condition as a Turing
bifurcation but with a pure imaginary critical wavenumber. This corresponds to a double real
eigenvalue in the spatial dynamics. That is, for b-values to the left of the BD line any localised
structure will have monotonically decaying tails in the far field, whereas to the right of the line
the tails will decay in an oscillatory manner. The significance of this line is that it marks the
boundary between a region where there is a multiplicity of localised patterns (with oscillatory
tails) and where we should expect to see isolated spikes (with monotonic tails); see [166] for
details on unfolding this transition.

Note that for the chosen value of §, any temporal Hopf bifurcations are found to occur only
for small values of b and d, and so they do not affect the majority of the dynamics we present
here. A curve of global (i.e. with spatial wavenumber 0) Hopf bifurcations is represented by an
orange curve in Figure4.2. The bifurcation is found to be supercritical with stable periodic motion
existing below this curve.

Let us briefly describe the qualitative transitions to the bifurcation structures with r that are
illustrated in Figure 4.2. Figure 4.2a shows the (b,d)-bifurcation diagram for r = 0.5, which is
typical of all r < %. For these parameter values there is a unique HSS and the two-parameter
diagram is like each of the models studied in chapter 3 (see also [166] for other models that display
the same broad bifurcation diagram). In particular we note the wedged shaped region inside
which localised structures occur, which emanates from the codimension-two Turing bifurcation,
as described by the theory of homoclinic snaking; see [89] for a review. This region is bounded

by fold bifurcations of the localised states, which are indicated in the figure by red curves. The
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Figure 4.3: Bifurcation diagram of homogeneous steady states and their spatial eigenvalue
configuration for fixed d = 5.8, § = 0.225 and four different values of r as b varies. The
ordinate in this an subsequent one-parameter bifurcation diagrams is the usual vector Lo-

norms= \/% fé (u2(x) + u2(x) + v2(x) + v3(x)) dx which is used by AUTO. (a) r = 0.8871, (b) » = 0.89,
() r=0.897 and (d) r =0.915. Here T; and T stand for Turing bifurcation associated with the
top and bottom states, respectively.

legend refers to these folds as bounding the region of so-called localised peak solutions, because
the u-component of these localised structures have positive maxima that are above the value of
the background HSS.

Figure 4.2b for r = 0.86, which is marginly less than g, shows that the bifurcation diagram
remains topologically the same, but the codimension-two Turing bifurcation and consequent
localised-pattern region now extend to higher d-values. The Turing region in which there are

periodic patterns becomes somewhat narrower in the process.

94



4.2. A GENERALISED GRAY-SCOTT SYSTEM

Figure 4.2¢ for r = 0.91, which is marginly greater than g shows a rather different bifurcation
diagram. Now there is a region, bounded by the two green curves in which there is bistability
between two HSSs, we shall refer to these with the subscripts ¢ for top and b for bottom,
corresponding to their u-values. We also find a second codimension-two point Turing bifurcation,
for d-values above which we find a region of localised hole solutions. For yet larger d, we also
find that the region of existence of both peak and hole solutions is very thin and occurs in the
neighbourhood of a certain curve on which there exists a heteroclinic cycle, a stationary pair of
front and back solutions connecting the stable HSSs.

Figure 4.2d, for r = 0.97 shows yet more topological differences. Now there is only one
codimension-two Turing bifurcation, which leads to hole solutions, and the peak solutions are now
being born close to the fold of the lower HSS rather than at a Turing bifurcation. This diagram is

qualitatively the same as for the Gray-Scott case, r = 1, as described in [66].

4.2.3 (b,r)-bifurcation diagrams

Clearly there are a complex sequence of transitions that occur between r ~ 0.86 and 0.97. The
particular projection into the (b, d)-plane though does not ease the understanding of the particular
bifurcations and solution structures involved. Hence we shall now look at some bifurcation
diagrams as b-varies for fixed d. We choose to illustrate the case d =5.8.

A key distinction between Figures 4.2¢ and 4.2d is what has happened to the BD line. For
r =0.91 this extends almost to the origin in the (b,d)-plane, whereas for r = 0.97 it appears to
end along the right-most fold of HSSs, which is f3. To illustrate what is happening to bifurcations
of HSSs, Figure 4.3 presents one-parameter bifurcation diagrams with for four different values of
r €(0.88,0.92). Also shown in each panel are the spatial eigenvalues; that is eigenvalues o = ik
obtained by substitution of the form (2.7) with 1 = 0. Note that a Turing bifurcation corresponds
to double imaginary eigenvalues ¢ = +iw, and a BD transition to a double real pair +¢. Temporal
stability is implied by all four eigenvalues being pure imaginary.

Panel 4.3a shows the monostable regime of HSSs. Here, the spatial eigenvalues are initially
complex conjugate before hitting the first Turing bifurcation T, where they become pure imag-
inary. There is a second Turing at T; when they become complex conjugate again. Panel 4.3b,
shows the familiar S-shaped curve that occurs after transition through the cusp, where the three
steady states — which we refer to as (up,vp), (um, V) and (uy,y;) for bottom, middle and top —
are connected through a pair of folds. One Turing bifurcation is associated with both the bottom
branch and one with the top. Panel 4.3c shows how the bottom Turing bifurcation collides with
the lower fold. This is form of Takens-Bogdanov bifurcation for reversible systems, which we refer
to as a quadruple zero point (labelled QZ). For slightly higher r-values (panel 4.3d) the lower
Turing bifurcation has been destroyed and a BD transition emerges onto the lower branch. The
upper Turing bifurcation is unaffected and we find that this persists at least up until r = 1.

It seems these changes to the local bifurcation structure of the HSSs as r increases have a
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Figure 4.4: (a) Bifurcation diagram in the (b,r)-plane for (4.2) showing numerically determined
regions of pattern solutions for d = 5.8 and 6 = 0.225. The red and blue lines represent the outer
folds of the snaking curves of localised structures of peak and hole type respectively. Cyan and
magenta lines are additional folds in the snaking region; the significance of these and all other
curves are described in the text. (b,c) Zooms in the vicinity of the cusp point showing (b) only
bifurcations involving peak solutions and (c) only those involving hole solutions. See text for
further details.

profound effect on various global bifurcations of the spatial dynamical system. We have illustrated
some of these effects in Figure 4.4, which gives an overview of various codimension-one and -two
bifurcations in the (b,r)-plane for r > 0.88. Even with the two zooms near the cusp point, it is not
clear how to understand the bifurcation diagrams. So, in the next two subsections we discuss in

detail various one-parameter slices for fixed r.

4.2.4 Snaking structures of localised peak solutions

In the main panel of Figure 4.4 there are some additional curves, coloured magenta and and cyan
that are not labelled in the legend. These are additional fold curves of peak-like localised patterns.
To understand the genesis and significance of these additional folds, we present a further zoom
in Figure 4.5, which indicates three separate values of r for which one-parameter bifurcation
diagrams are presented in Figures 4.6-4.8.

Figure 4.6 shows the situation for peak-like solutions that pertains for all r < 0.8885. From the
Turing bifurcation T}, there emerges two curves of localised patterns which snake in a sequence

of folds to form the usual homoclinic snaking structure. Each successive pair of folds on each
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Figure 4.5: Zoom of the localised peak solution bifurcation diagram in the (b, r)-plane for the model
(4.2) displaying numerically determined regions of pattern solutions for d = 5.8 and § = 0.225 of
the peak solution. See Figure 4.4 for definition of each curve type.

branch creates a stable multi-humped pattern with one additional hump. Eventually the localised
structures fill the whole domain. This homoclinic snaking bifurcation structure is similar to that

seen in many other pattern-formation systems such as the Swift-Hohenberg equation [33, 89].

Figures 4.7 and 4.8 give more detail on the genesis of the magenta lines in Fig. 4.4, these are

an additional pair of folds within the homoclinic snaking region which occur for higher r-values.

First, Figure 4.7, which is for an r-value 0.03 higher than in Figure 4.6, indicates increased
complexity in the branch of simplest periodic orbits arising from the Turing bifurcation T%. As
indicated, there is a more complex bifurcation sequence including a pair of folds and a reverse
period-doubling bifurcation. We have indicated regions of stable periodic orbits by thick red lines.
Note the different spatial wavelengths of the periodic structures indicated in panels (b) and
(e). It seems that the central core of the localised patterns within the homoclinic snake are the
double-wavelength period orbits (b), which originate from 7', rather than the shorter wavelength
orbits (e) that originate from 7.

We also note that for the r-value depicted in Figure 4.7, that the lowest branches of the
homoclinic snake have developed an extra kink, consisting of a pair of folds. These folds are
represented by the magenta lines in Figure 4.4. The higher meanders of the snake also display
kinks, which appear closer to cusp points. Each is on the verge of creating an additionl pair of
folds for a marginally higher r-value. The localised states beyond each kink (such as in panels

(g) and (1)) are all found to be unstable. It is interesting to note also that the cusp point of HSSs
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Figure 4.6: (a) One-parameter bifurcation diagram showing peak-like localised patterns and the
simplest periodic pattern born at the subcritical Turing bifurcation for » = 0.8885, d = 5.8 and
6 =0.225. In this and subsequent figures stability of localised structures is indicated by a thick
line (and instability by a thin line), with a purple line colour used to indicate states with an even
number of large maxima, and green used to indicate those with an odd number. Some lines are
depicted with increased opacity for ease of illustration. Panels (b)-(g) show solution profiles at the
labelled points.

happens between the two r-values in Figures 4.6 and 4.7, but it is not clear if the additional

complexity of localised structures in Figure 4.7 is associated with the bistability of HSSs or not.

Figure 4.8 is for an r-value that is 0.015 higher than that in Figure 4.7. It shows the genesis of
the additional pair of folds in the localised structures represented by the cyan lines in Figure 4.5.
First, note that the previously observed kink in the snaking bifurcation diagram is now clear
in each meander of the folds. For higher b-values though, there is more complex structure,
whose outer folds are represented by the cyan lines in Figure 4.5. Instead of reaching a simple
right-hand fold, each meander of the snake now collides with another snaking structure, which
represents localised patterns whose core is the shorter-wavelength periodic pattern in panel (e).

Note though that these more complex mixed-mode localised patterns (as in panels (g) and (k))
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Figure 4.8: Similar to Fig. 4.6 but for r = 0.8915.
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Figure 4.9: Two one-parameter bifurcation diagrams of localised structures for d = 5.8 and
0 =0.225 and (a) r =0.942 and (b) r = 0.9552.

are all unstable.

4.2.5 Localised holes and a heteroclinic connection

Figures 4.9 and 4.10 show slices for higher r-values. These r-values are all beyond the value of
the QZ point at f3, and the peak solutions no longer have oscillatory tails. Instead of snaking,
these localised structures lie on S-shaped isolas whose right-hand folds are very close to the BD
point. A similar process of transition of localised structures near a QZ point was described for the
Lugiato-Lefever equation in [127, 128].

Figure 4.9a shows what happens to the hole solutions that are born at 7'; which is typical for
all r-values beyond which the Turing bifurcation becomes subcritical (at r = 0.8922 as depicted
in Figure 4.4(c)). The localised patterns lie on a snaking structure, albeit one that occupies a
narrow window of b-values. For the slightly larger r, as in Figure 4.9b, close to the left-hand fold
on each meander of the snake, the periodic pattern in the core of the snake gets much wider, as it
appears to be approaching the value of the lower HSS. This can be seen by a dramatic drop in the
Lo-norm close to these folds. In terms of its norm-value the hole-solution branch almost seems to
be reaching out to almost touch the peak solution.

Figure 4.10 shows what has happened. Specifically, it is found that for r > 0.9552 there is a
heteroclinic connection between the top and bottom HSSs. Regions of both peak and hole solutions

are bounded by this heteroclinic connection. Thus, following the hole solution branch that is born
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Figure 4.10: Similar to Fig. 4.9 but for r = 0.971.

at T, we find only a single humped solution, whose stable existence region is bounded by a fold
for large b and the heteroclinic connection for small b. In contrast, the zoom in Figure 4.10 shows
that the stable single-hump is actually bounded by a fold for both left and right b-values. This
kind of structure has been referred to as collapsed snaking (see e.g. [128]).

The bifurcation diagram in Figure 4.10 is now qualitatively unchanged as we increase r up
to the Gray-Scott case r = 1. It is clear that the final transition on increasing r then is the one
that occurs at r = 0.9552. This appears to be where a heteroclinic loop is created. We conjecture
that this codimension-two heteroclinic bifurcation can be explained using spatial dynamics,
as being caused by a tangency between the two-dimensional stable manifold of the top HSS
and the two-dimensional unstable manifold of the bottom HSS (and vice versa, due to spatial

reversibility).

4.3 Gierer-Meinhardt model

We shall now study another well-studied activator-inhibitor model due to Gierer and Meinhardt

[69]. This model has a rather different functional form than the Schnakenberg-like models we
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have studied so far. The inhibition in the model comes not from depletion of an autocatalytic field
u, but from the production of v which acts as an inhibitor of a quadratic activation process.
Nevertheless, it has been shown in previous works, e.g. [83, 169, 178], that the Gierer-
Meinhardt model has localised patterns. Here we shall show that the Gierer-Meinhardt model
contains bifurcation structures for localised patterns that qualitatively like either the case r =0
or r =1 in (4.2), depending on whether the constant feed term is in the activator or the inhibitor.
Indeed, interpolating between these two cases we will find leads to a similar set of transitions.

The one-dimensional Gierer-Meinhardt model can be written in the form

ou u? %u
4.6 _ = + — — + 52_
(4.62) ot O, THTO 5x2

ov 0%v
4.6b —=b+ul—dv+—
( ) ot u v axZ ?

where a,b =0 and d,6 > 0 are free parameters. In what follows we shall ignore the singular case
a = b =0 and consider separately in the following two subsections, the cases b =0 and b > 0.
The results are intended to be illustrative rather than comprehensive. We shall assume the
same spatial boundary conditions and use the same methodology to study it as we did for the

generalised Gray-Scott model in Sec. 4.2.

4.3.1 Thecaseb=0

Under the restriction b = 0 with d > 0, so that there is a constant production term only in the
inhibitor field, then there is a unique HSS of (4.6) (u,vs) given by
(a+d)?

us=a+d, Vg = .
d

Performing the usual linear stability analysis around this equilibrium we find that the Turing

instability and the critical wavenumber are given by

dé%(a+d)+a—-d

4.7 b62(a+d)+a—-d=-2Vd (@+d)s, k.=-

(4.7 (a+d)+a (a+d) c 2@t )52
Additionally, the Belyakov-Devaney line occurs for

(4.8) dé%(a+d)+a—d=2Vd (a+d)s.

The curves (4.7) and (4.8) are depicted in Figure 4.11a along with curves of folds of localised
structures. We find a curve in the (a,d) upon which a Turing bifurcation occurs (blue line). This
undergoes a codimension-two super-to-subcritical transition (at the blue spot). From this point
emerges a region (shaded green) of localised structures that is bounded by two fold bifurcation
curves of localised states (black lines). This green region is divided in two by the BD line. The
upper part of this region features homoclinic snaking, that is two intertwined branch of localised

structures with an increasing number of spikes (see Figure 4.11b) Below the BD line there is
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Figure 4.11: (a) The (b,a) plane for (4.6) with fixed 6 = 0.01 and b = 0. The yellow region presents
the Turing instability and the green region expresses the localised structure that is obtained
by AUTO. The circle marks the codimension two point and the red dashed line present the
Belyakov-Devaney transition. (b) Bifurcation digram shows the the snaking ladder structure and
samples of localized solution that are marks in the snaking with fixing a = 39.7170 as b varies.
The continuous (dashed) line indicates stable (unstable) solutions where the blue (red) line is
the odd (even) solution branch. (c) The one parameter continuation a long b in the spike region
with fixing a = 4.08804. The panel to the right show example from the upper and lower branch
indicated by light blue and magenta respectively
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CHAPTER 4. THE GRAY-SCOTT AND GIERER-MEINHARDT CASES

a single isolated stable spike (see Figure 4.11c). The spike regime is bounded on the left by
a fold and on the right by where the background state undergoes the BD transition and the
spike becomes delocalised. (Note that the seemingly large amplitudes of the u and v fields in the
inset solution profiles in Figure 4.11b and 4.11c can be rescaled to be (1) by other choices of
dimensionless parameters).

Note that the bifurcation in Figure 4.11a is qualitatively the same as the universal one found
in chapter 3 for Schnakenberg-like systems (3.1) subject to (3.6) so that they have a unique
HSS. In chapter 3 we showed that the outer fold of the single spike on an infinite domain
can be captured using the semi-strong asymptotic method due to Ward and collaborators (see
e.g. [83, 168]). We shall now show that this analysis also extends to the Gierer-Meinhardt model,
specifically in the limit that §, ¢ and d are small.

Following the method in Chapter 3, we start with the assumption that the parameters a and

d are small and scaled according to
a=68a, d=56p.

Upon substituting the above rescaled parameters into (4.6) and considering only steady solutions,

we have
2 62
(4.9a) sa+t —u+s522% -0, xem,
v 0x2
9 .9 0%
(4.9b) u"—6"pv+—5=0, xelR
Ox

and considering only leading-order terms in §. The inner solution so-obtained is

(4.10a) 0(y) = 0(0) = constant := «x,
3k o (Y
(4.10b) ly) = 5 sech (5)

where x remains to be determined.

An outer solution is defined by introducing new variables given by

and again keeping only leading order terms in §. The outer solution is then given by
(4.11a) U=a+0dp,

(4.11b) b= \ATOP) (a+3p)" o VB2l a+5ﬁ)
p p
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The value of «x is obtained by matching the inner and outer solutions. To do this, we consider

the v equation in the inner region
(4.12) u?—82Pv+ v, =0,

and integrate over a domain that contains the entire inner region. We find

9x2 [ x
2 _ JK° 4(x _ 2
(4.13a) u® = 1 _oosech (2)dy—651<,
and
0* 2
(4.13b) vxxzfi ﬁzzdz:—2ﬁ(x—(a-;d) )

Substituting (4.13) into (4.12), we obtain a quadratic equation for x given by

2(a +d)?
(4.14) 66x2-2Vdx+——" =0.
vd

The roots of (4.14) are

vd (a+d?® 3(a+d)*s

(4153) K1~ % d d5/2 ,

_(a+d)?® 3(a+d)'s
S 7 d5/2

(4.15b) K2

Taking these values of k1 2 and substituting them back into (4.10) and (4.11), we obtain asymptotic
approximations to the large and small-amplitude spike solutions for small §, a and d. The results
are found to match closely the numerical solutions obtained using AUTO.

Moreover, a double root of (4.14) with respect to x as parameter a or d varies would represent
a fold that connects the upper and lower single-spike solutions. Setting the discriminant to zero

gives
(4.16) 5d%2 (—12 d¥2 _94q4d - 12a2) +d3=0.

This analytic approximation is depicted as a magenta line in the inset to Figure 4.11a and is
shown to match well to the AUTO-computed fold in the limit that a and d are small.

In Figure 4.12 we validate our asymptotic solution with the numerical solution that obtain
from AUTO. The comparison is done for a = 0.06, b = 0.005 and 6 = 0.01. It is obvious from the
plots that there is a good agreement between the two solutions.

Numerically we find that the large-amplitude spike emanating from the fold is stable and
the small-amplitude one is unstable. It should be possible to extend this analysis further, for a
finite domain, to show existence of a Hopf bifurcation on the upper branch for sufficiently small §

as was done in [4] for the Schnakenberg model on an infinite domain. We leave such analysis
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Figure 4.12: Plots compare between the approximate solution and the numerical solution for
a =0.006, b =0.0005, 6 =0.01 and L = 1000. (a)-(b) The plots of u(x) and v(x) solution versus x
respectively for the upper branch with x = 0.09407965063. The green and blue continuous line
present the inner and outer where the red and black dashed line indicate the full asymptotic
solution and the numerical respectively. (¢)-(d) Plots show the u(x) and v(x) solutions for the lower
branch respectively with x = 0.6512763417. The colours code are similar to the upper branch
solution.

to future work. Instead we rely exclusively in this chapter on numerical methods to evaluate
stability of localised structures.

As with the Schnakenberg-like models, all the patterns featured in this universal bifurcation
diagram are liable to a Hopf instability upon increasing §. Figure 4.13 shows the location of two
different kinds of Hopf bifurcation for the slightly larger value 6 = 0.05. The solid orange line
shows the location of a global Hopf bifurcation of the HSS, that is a Hopf bifurcation with spatial
wavenumber 0. This instability is found to be supercritical and to be inhereted by the periodic
states in the Turing region. For yet larger &, this solid line encroaches into the localised pattern

region, whereupon the localised patterns become unstable to this global Hopf bifurcation.
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Figure 4.13: A zoom of the spike region with § = 0.05 in the limit [ — co. (a) The blue curve
indicates the Hopf. (b) Bifurcation diagram of vector max u versus a for fixed b = 0.3, showing the
stable, unstable branches and the Hopf point at a; = 0.384. The insert plots represent solutions
and the corresponding linear spectrum stability.
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Figure 4.14: The direct simulation results of the full system (4.6) express by the plot of u
component of the spike at x = 0 as function of time for fixed b =0.32, § = 0.05 and two different
values of a (a) a =0.3775 after the Hopf point and (b) a = 0.372 before the Hopf point.

107



CHAPTER 4. THE GRAY-SCOTT AND GIERER-MEINHARDT CASES

0.2
Loc. peaks b=0 15 Loc. holes a=0
Turing D Iﬁcn npgeaks
Hopf of
0.15|_.____ BBP ofHSS Hopf of HSS
P heteroclinic :J_‘\:
! cod-2 unstable 10 fold of HSS
s 0.1 5 " -
(]
A = cod-2het
/ 5|
0.05| :
0 0 L=
0 0.1 0.2 0.3 0 2 4 6 § 10 12

(a) (b)

Figure 4.15: Two-parameter bifurcation diagrams for the Gierer-Meinhardt system (4.6) for
6 = 0.23. (a) Bifurcation diagram in the (d,a)-plane for b = 0. (b) Bifurcation diagram in the
(d,b)-plane for a = 0. See text for further details.

4.3.2 The case b > 0.

Figure 4.15 shows two contrasting two-parameter bifurcation diagrams for larger § still (chosen
for ease of illustration). Figure 4.15a is for the case of b = 0 we have just considered, (albeit
with the global Hopf bifurcation playing a more prominent role owing to the larger §-value).
Figure 4.15b shows the other extreme, which is for a =0 and b now being the second bifurcation
parameter (which was the case studied for a slightly modified version of the Gierer-Meinhardt
model in [178]). Note how this second case is qualitatively similar to that of the Gray-Scott model,
that is (4.2) for r = 1.

We have carried out further numerical bifurcation studies when both a and b are positive.
We have found that for fixed b > 0 the parameter a plays a similar role as the parameter 1 —r did
for the model in the previous section. Specifically, for a large enough, we find there is a unique
homogeneous equilibrium and the bifurcation diagram is like the case b = 0. As a is decreased
towards zero, then a similar sequence of bifurcations occurs as was found as r is increased
towards 1 in the model (4.2).

The results of a such a two-parameter continuation for fixed b = 6.8 is shown in Figure 4.16. In
particular note the many similarities between Figure 4.16a and Figure 4.4 including the pivotal
role played by the cusp of HSSs, two codimension-two Turing points giving birth to localised
structures, a QZ point and a codimension-two heteroclinic connection. If anything though the
present case is somewhat simpler. In particular we do not find the extra complexity that was

associated with the additional magenta and cyan folds in Figure 4.4.
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Figure 4.16: The bifurcation diagram in (d,a)-plane for the model (4.6) displaying numerically
determined regions of pattern solutions for § = 0.23 and b = 6.8.(b) The peak homoclinic snaking ,
(c) the hole homoclinic snaking (d) the hertroclinic connection.
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4.4 Discussion

A central theme of this chapter and its predecessor chapter 3 has been that of universality of
bifurcation structures in a class of reaction-diffusion models in one spatial dimension. Starting
from the assumption of simple cubic autocatalytic nonlinearity, we seem to have found there
are two broad cases: Schnakenberg-like, where there is a unique homogeneous equilibrium; and
Gray-Scott-like, where there is bistability between competing high- and low- intensity states.
However, it seems that any universality is not just due to the particularly simple functional form.
In fact, the Schnakenberg-like universality was first identified in [166] for a generalisation of
a wave-pinning model of cell polarity [117, 165] and a model for crime-wave hotspots [103]. We
have also found similar structures in models of similar bifurcations of predatory-prey systems [7].
Similar structures have also been observed in models of destertification [180, 181].

This chapter has attempted to illustrate one of the simplest extensions to the kind of models
studied in chapter 3, namely the inclusion of a cusp bifurcation leading to regions of bistability be-
tween branches of homogeneous steady states. At least for the Gray-Scott and Gierer-Meinhardt
models, we found significant additional complexity, involving various codimension-two bifurca-
tions of peak-like and hole-like localised states. Given this complexity, it would seem at best
premature to argue for any kind of universality. A more thorough multi-parameter investigation
of other simple multi-parameter models, such as the modified Gierer-Meinhardt model studied
in [178] might prove fruitful. See also the recent paper [128] for a review of similar bifurcation
structures in the Lugiato-Lefevre equation. It would also be interesting to investigate how much
of these stuctures can be predicted through an appropriate unfolding of a codimension-three
singularity where a quadruple zero and cusp point of homogeneous steady states coincide.

The temporal stability of localised patterns has not been a major focus of the current chapter.
In chapter 3 we highlighted how different kinds of Hopf bifurcation, both sub- and super-critical
can be found in Schnakenberg-like models. There is also a rigorous literature on existence of
Hopf bifurcations in Gierer-Meinhardt-like models, which uses geometric singular perturbation
theory. See for example [57] and references therein for the general theory of Hopf destabilisation
of periodic pattern branches in the long domain limit, albeit in a different singular limit than
that studied here. See also [164] for explicit results for the Gierer-Meinhardt model for the case
a = b =0. There precise conditions are derived for the existence of breathing Hopf bifurcations of
localised patterns, as in Figure 4.14. It would be interesting in future work to seek to understand
the connection between the results presented here and the rigorous theory of so-called Busse

balloons on long finite domains.
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CHAPTER

STATIONARY AND OSCILLATORY LOCALISED PATTERNS IN
RATIO-DEPENDENT PREDATOR-PREY SYSTEMS

This chapter is based on publication [6]

5.1 Introduction

The purpose of this chapter is to show the kinds of localised patterns observed in chapter 3 are
not unique to a particular form of nonlinearity. Also, in this chapter we show more detail of
the spatio-temporal behaviour beyond the Hopf bifurcation of the localised patterns. Finally, we

present some evidence that similar behaviour occurs in two spatial dimensions.

The rest of this chapter is organised as follows. After a general introduction to predator-prey
modelling in section 5.2, section 5.3 presents a particular system of reaction diffusion equations
that represent a predator-prey model with a modified Holling type-II nonlinearity. That section
also contains linear and weakly-nonlinear analysis in the spirit of sections 2.2 and 2.3. Section
5.4 then contains numerical bifurcation analysis for the system posed on a long 1D domain in
the spirit of chapter 3. Furthermore, section 5.5 studies the same model numerically in two
spatial dimensions, and evidence is found of 2D localised patterns and spatio-temporal chaos for
similar parameter values. Section 5.6 shows that qualitatively similar results can be found in
a generalised Holling type-III ratio-dependent model. Finally, section 5.7 contains concluding

remarks.
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5.2 Predator-prey dynamics

Spatial ecology is a relatively recently introduced term for the study of spatial effects in ecology,
see [64] for an overview. As originally introduced by Tilman and Karieva [153] the term mostly
refers to statistical methodologies for studying the autocorrelation of ecosystems in different
spatial locations, as well as the effect of landscape change and animal movement. However, the
study of spatial effects in ecological models actually goes back much further than that, see for
example the groundbreaking work of Skellam [149] and the independent work by Fisher and by
Kolmogorov, Pitrovski & Piskunov in 1937 that led to the famous Fischer-KPP reaction-diffusion
model that is known to support travelling wave fronts, see e.g. [74] and references therein.
There is now a rich literature within theoretical ecology of models that can give rise to complex
spatio-temporal patterns.

The particular question of interest in this chapter is whether predator-prey interaction can
give rise to stable spatial hotspots. That is, temporally stable localised patterns of high or low
population density within a homogeneous environment. There are comparatively fewer studies
that consider theories for such patterns in ecological systems. Notable exceptions are early
works by Okubu and Leven, see [124]; see also [112] and references therein. There is also recent
theoretical work seeking to explain vegetation patterns in semi-arid zones (e.g. [19, 65, 113] or
rainforest-savanna systems [173]).

The context in which we choose to address this question is that of classical predator-prey
systems, where typically the interaction times are faster than many of the vegetation-pattern
models. In the late 1950s and early 1960s Holling [77, 78] postulated three different types of
functional relationships between predator and prey, from a simple multilinear interaction (type
I), to rational rational Hill-type nonlinearities of power 1 (type II) or higher (type III). See [45] for
a modern rigorous definition of these kinds of nonlinear terms as the limits of random processes.
Actually, type II functional responses were first considered by Rosenzweig and MacArthur [140].
The existence of Hopf bifurcations in this model is ecologically significant, especially because
the bifurcation occurs as the prey carrying capacity is increased. This is known as the paradox
of enrichment [139, 141] for which spatial dispersal has been argued as one solution, at least
on some timescales [73]. In fact, it has been known for almost 30 years that this model, when
spatially extended by diffusion, can exhibit spatio-temporal chaos [130].

We also restrict attention to models that use simple second-order diffusion to model random
dispersal of spatially structured populations, which is at best only an approximation to how
real populations move. See for the example the review by Potts and Lewis [135] for models
that incorporate territoriality, home-range analysis, and other kinds of taxis in pattern-forming
behaviours where demographics (birth and death) can be ignored. Others have considered
slightly longer timescales, and thus included demography alongside more complicated models of
movement than random dispersal, see e.g. [152] and references therein.

Our study was originally inspired by the works [26, 27, 41], which study predator-prey-like
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models that might underlie the onset of spatio-temporal patchiness. Our analysis is also in the
same spirit as recent relevant bifurcation analyses such as in the work of [15, 102, 110, 118, 174].
In particular, in the context of Holling type-II and III predator-prey models we mention the work
of [22, 81]. Also the existence of Turing patterns and the chaos considered in [16, 110] and the

existence of stable limit cycle was shown in [175].

5.3 A ratio-dependent predator-prey model

Consider the ratio-dependent predator-prey reaction-diffusion system of non-linear partial differ-
ential equations (PDEs) studied in [95]:

(5.1a) ut:f(u,v)+6V2u:u(l—u)—M+6V2u,
u+v

(5.1b) vt:g(u,v)+V2v:ﬂ—yv+V2v.
u+v

Here u(z,t) and v(z,t) represent, respectively, dimensionless prey and predator population den-
sities at position z. In what follows we shall consider the problem in one spatial dimension, in
which case z = x, or in 2D, in which case (x, y). We assume that the domain is large and there are
homogeneous Neumann boundary conditions at x = +/ and, if appropriate, y = +/ for some [ > 1.

The parameters in (5.1) can be interpreted as follows: a is a conversion coefficient that
measures the positive effect of the predator’s interaction with the prey; and f is the corresponding
negative effect on the prey; y is ratio of net death rate of the predator to the birth rate of the prey
in the absence of interaction; and § <« 1 is the ratio of diffusion of the relatively static prey to the
much more mobile predators.

In the absence of the diffusion terms in (5.1), a straightforward calculation shows that the

solution (u,v) admits three homogeneous steady state points. These being:
(i) The extinct steady state S1 =(0,0).
(ii)) The predator-free steady state Sg =(1,0).

(iii) The coexistence steady state S3 = (u*,v*) with

— + * —

. o Bmdra L w(-d
a Y

exists under the following conditions @ > f(a —y) and 7> a.

Several authors, e.g. [17, 175], have considered how ratio-dependent predator-prey systems
require some additional rule in order to be well-defined at the origin. In our case, the trivial
steady state S is at the edge of the allowed domain for (z,v) and is unstable in all parameter
regions we investigate. Also, from a biological perspective, we are interested in localised patterns

that have as background the nonzero steady state Ss.
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To develop a basic analytical understanding, we first consider (5.1) in one spatial dimension
62

only. Hence, for the remainder of this section, we will shall assume V2 = FYoR
x

5.3.1 Linear stability analysis

Following the linear stability analysis developed in section 2.2, we find the Jacobian matrix of
the system linearized about the equilibrium S3 to de

(ﬁ—l)a;—ﬁyz _ﬁ_yzr"
(5.3) J = ¢ ¢

(@’ (x|

A straightforward analysis from the condition (2.10), we obtain a Hopf bifurcation occurs at the

critical value of @ = ay given by
(5.4) (B-y-1)ag®+y*(ag-B)=0.

Next, to look for a pattern-formation, or Turing, instability of S3, we follow the standard

approach in section 2.2 by considering the ansatz (2.7). The corresponding dispersion relation is

(5.5) Ak)2 =T, ME)+Djp =0
where
B-G+1-(+1DE%)a®+(a-p)y?
T, = S
a
and
D, - (k2 +7) (6k* - p+1)a® —y? (5k2—2[3+1)a+[3y2(k2—y).

a2

Ty+\/T2-4D
From (5.5), we have A(k) = % The solution is stable whenever R(A) < 0 for all 2 and the
conditions for a Turing instability with critical wave number k. is (2.11). Note that Sg3 is stable
for the spatially homogeneous mode % = 0.

Applying (2.11) to (5.5), we find:

(5.7a) (~6y+p-1)a+7? (a8~ p) =2a /5y (a—7) (B (y—a) +a),

(-6y+p-1)a®+y*(ab-p)

5.7b B2 =
( ) ¢ 2026

Thus (5.7) gives the value & = k. and the parameter condition for Turing instability. Figure 5.1
displays various dispersion curves for R(A) in (5.5) versus & for specific values of the parameters
B, 6 and 6 while varying the bifurcation parameter a. The figure shows different scenarios of

solution stability for (5.1). Specifically: a > a. (solid red curve) represents instability where there
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0.1

Figure 5.1: Dispersion curves (A1) in (5.5) versus k for =2.3, Yy =0.3, § =0.1 and three different
bifurcation values of a: a = 0.4 (solid red line), a = 0.39188 (dotted black line) and a = 0.390
(dashed blue line.

are positive eigenvalues A for a range of k-values; a = a, (dotted black curve) represents the
critical case of a Turing bifurcation where for 2 =%k, A =0 and % =0; and a < a. (blue dashed
curve) which corresponds to instability as A <0 for all k.

Moreover, we obtain the following condition for the existence of double real spatial eigenvalue

(sometimes referred to as a Belyakov-Devaney (BD) transition,

(5.8) (6% +B-1)a®+7? (8%~ p) =-2a 8\ [y (a—7) (B (y-a) +a)

the significance of which is explained in the next section.

5.3.2 Weakly nonlinear analysis

We now seek an analytical expression for the codimension-two point for (5.1) where the Turing
bifurcation changes from a super to sub-critical bifurcation. This is achieved by using normal
form analysis developed in section 2.3. We omit the detail here for brevity. We do this using
code developed in Maple. Figure 5.2a plots the value of L3 as a function of the single variable a
with § = 8(a). The point L3 = 0 is indicated by a yellow circle. This represents a codimension-two
point where the Turing bifurcation changes from being subcritical (red) to a supercritical (blue).
Figure 5.2b presents the location of the codimension-two point in the (9, a)-plane. As explained
in chapter 2, the existence of a subcritical region leads to a bi-stability region between the
homogeneous state and the bifurcating periodic patterned state in which we might expect to find

localized structures.

5.4 Bifurcation analysis and numerical simulation

We now use the local bifurcations in the previous section as the starting point of an investigation

into localised pattern solutions to (5.1). These are solutions that asymptote to the coexistence

115



CHAPTER 5. STATIONARY AND OSCILLATORY LOCALISED PATTERNS IN
RATIO-DEPENDENT PREDATOR-PREY SYSTEMS

200 0.46
supercritical
8
100 0‘50,1-
é(jo
4
o}
£ 0 s 0.45
0.445 0.45
-100 subcritical
0.44
-200 0.4 0.5 0.6 0.7
)
(a) (b)

Figure 5.2: The fixed parameters values of § =2.3 and y = 0.3 are used. (a) A plot of Lg = L3(a)
where the yellow coloured circle indicates the zero of Ls. (b) A plot of 6 vs a along the critical
curve in (5.7) where the co-dimensional two point (d.,a.) = (0.6044768459,0.4537) is indicated
by the yellow coloured circle. In both figures, the coloured yellow circle indicates that there is a
change in Turing bifurcation from being subcritical (red curve) to supercritical (blue curve).

homogeneous state. In what follows, unless otherwise stated, we fix
(5.9) B=2.3, Y=0.3

and treat a and § as bifurcation parameters.

5.4.1 Parameter space investigation in 1D

Figure 5.3 depicts an overall summary of the two-parameter bifurcation diagram. Note that the
qualitative features of the two-parameter bifurcation diagram are just like the Schnakenberg-like
models in chapter 3. The figure indicates the linear stability boundaries and parameter regions
where different kinds of solutions are observed. The particular curves plot consists of several
boundaries: the Hopf bifurcation of S3 (red line) given by (5.4); the Turing bifurcation (blue) (5.7);
the BD transition curve (dashed green) (5.8) and, the boundary of the parameter regime in which
we numerical find localised structures (black lines). It is clear that, the Hopf line divides the
bifurcation diagram into two parts; a > ay where solutions are unstable to a global (spatially
uniform) oscillatory mode, and a < azy where solutions are stable to such perturbations.

Also in the figure are three coloured regions that identify various types of steady-state solution
for (5.1). These regions are classified as: stable homogeneous solution region (white); periodic
spatial pattern region (green); and the ‘pinning region’ (yellow) in which localised structures
occur. Note that the localised structure region is separated into three pieces by the BD transition
curve and the Hopf bifurcation line, whereas the periodic-pattern region is divided into two parts

by the Hopf line. Note the yellow circle which represents the codimension-two point (6, a.) found
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Figure 5.3: (Left): Bifurcation diagram of (5, a) with white, green, yellow coloured regions to
identify the different types of solution (u(x),v(x)) for (5.1). All solution curves are obtained
analytically except thin black lines which are a numerically contained curve of folds of the single-
patch localised structure shown in panel (d). In addition above the Hopf bifurcation line (red
curve) steady state solutions are unstable to an oscillatory instability. (Right):Solution profiles of
typical steady-state at the points labelled (a)-(d) in the left-hand plot.

in Sec. 5.3.2 where the Turing bifurcation changes critically. We see that this is the origin of the
(yellow) localised structure region, which becomes exponentially thin as it approaches this point,
just as predicted by the theory [94].

The right-hand plots in Figure 5.3 illustrates four different types of steady-state solution at
parameter values represented in the left-hand diagram. All points are taken for a < az; where
the solutions are stable to the global Hopf mode.

Point (a), (6, a) =(0.11,0.413) represents the unique attracting homogeneous solution S3 in
the white parameter region.

Point (b) which has (6, a) =(0.01,0.409), represents a typical solution from the green parame-
ter region of large-amplitude spatially (quasi-) periodic patterns. The nature of the pattern here
is that of a multi-scale pattern in which there are repeated patches in which the population u(x)
of prey is significantly reduced. Note that the precise pattern observed on a long domain is a
delicate function of parameters and domain size, as is well known in the theory of Turing pat-
terns (see e.g. [106, 119]). A difference here from the usual case, owing to the sub-critical Turing
bifurcation, is that there is no stable small-amplitude pattern close to the Turing bifurcation.
Instead, fully-formed large-amplitude patterns emerge from a fold bifurcation (close to the outer
black line delineating the yellow pinning region).

Point (c¢), for (6, a) = (0.05,0.408), is an example of a localised structure from within the
yellow parameter region above the BD line. Such solutions, with an arbitrary finite number of
large-amplitude u-oscillations within a background of the homogeneous state S3 coexist with
fully periodic solutions. Note that above the BD curve corresponds to where localised solutions

have oscillatory tails. Typically, such solutions lie on snaking bifurcation diagrams. We also found
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for Schnakenberg-like models in chapter 3.

Finally, point (d), for (§, @) = (0.013,0.39) shows an example of a single isolated peak solution
within the yellow region beneath the BD curve. Here there is a single isolated patch of prey
degradation which has monotonic decay to the homogeneous steady state S3. The mechanism of
transition between such localised structures and single-peak states across the BD curve seems to

occur via exactly the same process that was explained in [166].

5.4.2 Homoclinic snaking and instability of localised patterns

Figure 5.4 shows a one-parameter bifurcation diagram with « of localised structures from the
yellow parameter region of Figure 5.3 above the BD curve. The norm used is vector Ly —norm
of u, v and their first spatial derivatives. Representative solution profiles and their spectra are
depicted in Figure 5.5. Several features can be observed from these two figures, which we now
explain.

The first feature to note is the usual snaking structure that is typically observed within a
Pomeau pinning region that emerges from a sub-critical Turing bifurcation [20, 89, 94, 171].
The inner and outer extent of the pinning region is delineated by the accumulation of the fold
curves on the left and right-hand sides of the snaking diagram. Following one of these folds in
two parameters results in the black lines that delineate the yellow region in Fig. 5.3. At every
successive fold bifurcation each of the branches loses stability, or regains it in a fold bifurcation.

A feature of this snaking bifurcation diagram, is the presence of the Hopf bifurcation of
the background state that cuts the bifurcation diagram in two. A natural question would be to
seek to understand the relation between the Hopf bifurcation of the background state and a
corresponding instability of the localised states. From the figures it is clear that the instability is
indeed inherited by the localised states, but not at the same parameter values (cf. the location of
the green dots in Figure 5.4 and the vertical line a = ap). At each of the green circles we have
found that the complex eigenvector that corresponds to the complex conjugate pair of eigenvalues
that cross the imaginary axis is indeed a global, approximately spatially homogeneous, mode
corresponding to the associated eigenvector of the Hopf bifurcation of the homogeneous state
(result not shown).

Interestingly, the lowest part of the red curve in Figure 5.4, which corresponds to the primary,
single pulsed solution has its Hopf bifurcation at az. Where all other multi-patch solutions on
the snaking curve have their Hopf instability at a-values that are less than a7, which means
that they destabilise while the background state is still stable. What happens beyond the Hopf
instability forms the subject of the next subsection.

Before investigating more complex spatio-temporal behaviour, Figure 5.6 completes the
bifurcation picture for localised solutions, by showing the one-parameter diagram with a of
a single-patch solution, below the BD curve. The depicted curve of solutions lies exclusively

below the Hopf bifurcation line for the parameter values chosen. Here, there is a single fold that
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0.39
0.41

Figure 5.4: Numerical bifurcation diagram showing paths of localised structures for 6 = 0.085 as
a varies. Red/blue lines indicate solutions with an odd/even number of localised patches. Profiles
and spectra of solutions at the points labelled a to f are depicted in Figure 5.5. The vertical
dashed line a = af indicates the Hopf bifurcation of the homogeneous solution S3. Green dots
indicate Hopf bifurcation points causing loss of stability of localised structures. More generally,
stability information is encoded in the line type: continuous lines represent stable branches,
whereas the dashed lines represent branches that are unstable to a real-eigenvalue instability
(through a fold in the homoclinic snake) and dotted lines indicate branches that are unstable to
an oscillatory instability.
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Figure 5.5: Numerical spectral analysis of the localised patterns at the points lableled (a) to (f)
in Fig. 5.4 (Left): solution profiles. (Right): the largest few temporal eigenvalues of the problem
linearised about these profiles; all other eigenvalues have real parts that are more negative.
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Figure 5.6: (Top:) Numerical bifurcation diagram with a of the single-patch state for § =0.01 .
The continuous/dashed line indicates stable/unstable solutions. (Lower plots): Solution profiles at
the colored points with their corresponding eigenvalues with largest real parts.
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5.5. 2D SIMULATION RESULTS

connects a larger-amplitude (stable) solution to a smaller amplitude (unstable) one. Note that the
only instability detected here is the fold, but the analysis of chapter 3 suggests that for very small
values of § there may be a breathing-mode Hopf bifurcation, which corresponds to a localised

eigenvector. We shall not explore that singular limit further here.

5.4.3 Onset of spatiotemporal chaos

Using the snaking diagram in Figure 5.4 we choose six values of a from the odd/even (red/blue)
curve in the vicinity of the Hopf bifurcation to numerically generate Figure 5.7. Here we carefully
choose the parameter values and initial conditions so that a is: on the stable side of the corre-
sponding Hopf bifurcation which are shown in plots (a) and (d); just beyond the Hopf bifurcation
which are displayed in plots (b) and (e), and, a little further beyond the bifurcation point that are
depicted in plots (c) and (f). It should be noted that the a values used in (a)-(c) are from the odd
curve while (d)-(f) are values taken from the even curve. In each case, we plot the results of the
simulation as a heat map (upper part) and as the time series of the u-value at a single point in
the domain.

From these simulations, we notice that the Hopf bifurcation for both kinds of solution is
supercritical. That is, just beyond the bifurcation point there is a stable limit cycle. Moreover, as
can be seen from the close inspection of the heat map plot, this limit cycle is a kind of "breather"
solution where all points in the domain are subject to amplitude modulation. We find that this
limit cycle only exists for a narrow parameter window and the amplitude of the oscillation changes
rapidly with @ — ag. In each of the branches, we find that a secondary instability occurs in which
outer patches collapse. This leads to what appears to be spatio-temporal chaos that is somehow
reminiscent of weak turbulence. Here the trajectory intermittently visits neighbourhoods of
states with different even numbers of localised patches. For much higher values of a the solution

is observed to become more irregular.

5.5 2D Simulation results

A natural question arises whether analogues of the kind of structures we have observed in one
spatial dimension exists in 2D. To seek a preliminary answer, we have performed numerical
simulations using 2nd-order finite differences on a square domain (x,y) € [0,/] x [0,]], using
Neumann boundary conditions. As with the 1D simulations, we solve the resulting large system
of ODEs in time using Matlab’s ode15s again taking care to choose stepsizes that avoid numerical
instability. The domain size L is chosen to be sufficiently large such that obvious boundary effects
do not apply. Moreover, we retain the parameter values (5.9) from the 1D case while varying
a and 6. Nevertheless the computational results are intended to be illustrative rather than

exhaustive.
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Figure 5.7: Numerical simulation of (5.1) depicted as a heat map of the u component (red/blue are
higher/lower amplitude values) on left and time series of the point ©(8) on right for six different
values of a from branches from Figure 5.4 with odd and even numbers of patches, by fixing
6 =0.085 using: (a) a = 0.41025; (b) @ = 0.4105; (¢) @« =0.4135; (d) @ = 0.4103; (e) @ = 0.41055, and,
(f) ¢ =0.4135.
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5.6. RELATED RESULTS FOR HOLLING TYPE-III MODEL
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Figure 5.8: 2D solution patterns obtained by numerical simulation of (5.1). Figures represent typi-

cal pattern solutions at the following parameter values (a) a single spike for (§, @) = (0.01,0.39), (b)
a localised pattern at (6, a) = (0.05,0.4) and (c) a periodic-Turing pattern with (§,a) = (0.02,0.41).

First, we choose values of 6 and a from below the Hopf bifurcation curve in Figure 5.3, where
the 1D model has attractors that are steady pattern states. Figure 5.8a shows corresponding 2D
solutions from the isolated patch region; Figure 5.8b shows a solution corresponding to a localised
patterned state; and Figure 5.8c shows a spatially periodic solution from inside the Turing region.
In these plots we show the concentration of prey as a coloured map. It can be seen that as we
move from the isolated patch region through to the snake region and then to the Turing region,

there is an increase in the density of depleted-prey patches.

Figure 5.9 in contrast shows the results of similar simulations for parameter values which
correspond in the 1D case to being above the Hopf-bifurcation line but in the localised pattern
region. The upper plots, Figures 5.9a—5.9¢c show three different time-slices of the prey field plot
as a colour map from a particular initial condition which has a single depleted prey patch within
a background close to S3. We have used other initial conditions in this parameter region and
have found no evidence that the simulation reaches any steady state, other than the trivial one
S3 for small enough perturbations from it. For sufficiently large perturbations we find that these
non-repeating dynamics appear to be spatio-temporally chaotic. This chaotic dynamics is further

indicated by the time series of Figure 5.9d, which shows the u-field at a single point in space.

5.6 Related results for Holling type-I1I model

To reinforce that what we have observed is in some way generic to a class of predator-prey models,
we shall briefly indicate results for a further model with a different nonlinearity, namely a Holling
type-III predator-prey model. This model was studied in [167] who found evidence for Turing
instability, traveling waves and stationary patches. Our aim is to show that a similar bifurcation

diagram applies here too.
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Figure 5.9: 2D solution patterns by numerically solving (5.1). Figures represent typical pattern
solutions in the snaking region with parameter values (6, a) = (0.125,0.416) at three different
time steps: (a) t=200; (b) t=1700; (c) t=3500, and, (d) Time evolution of the u-field at a single point
in the domain (x, y) = (15,15).

The model in question is represented by the following system of nonlinear PDEs:

2
(5.10a) wi=u(l—u) -~ 4+ 6V2u, >0,
vitu
2
(5.10b) th%—yv+V2v, t>0,
v u

subject to Neumann boundary conditions. For simplicity, we shall present results only in 1D, for
x € (=1,1), with [ > 1. The positive parameters have similar meaning as they did in 5.1; a denotes
the consumption rate of the prey by the predators, § is the half-saturation constant, y is the
death rate of the predator and § <« 1 is the prey to predator diffusion ratio.

The model has many similar properties to 5.1 and can be analysed similarly. We omit most

of the details. There are again three spatially homogeneous equilibria: S1(0,0), S2(1,0) and

T s P e )
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S3(u*,v*) where




5.7. DISCUSSION

Note that both components are positive if § >y and > ¢, which is a constraint on the parameters
in order for the coexistence state to exist.

Figure 5.10a presents the linear and weakly nonlinear analysis, which is presented in exactly
the same ways as Figure 5.3. We note that the results are qualitatively highly similar to those
of the previous model and the method introduce in chapter 3. Numerical simulation has also
indicated presence of the oscillatory behaviour above the Hopf bifurcation line.

Interestingly, even though the qualitative results are similar, the models cannot be mapped
onto one another by any simple transformation, owing to the different powers in the interaction
terms. Also, note the differences in the values of the parameters in Figures 5.3 and 5.10a. Thus,
the similarity between results points to a certain generality of the bifurcation structures beyond

pure cubic form studied in chapter 3.

5.7 Discussion

The purpose of this chapter has been to systematically investigate the propensity of predator-prey
systems to develop spatially localised dynamics, without the need for any spatial heterogeneity.
Although, previous studies have explored spatio-temporal dynamics of predator-prey models
within the Turing-Hopf region (as outlined in the Introduction) we believe this is the first attempt
at a systematic study showing how spatially localised structures can occur on large domains.

Remarkably, the global bifurcation structure of stationary patterns in two parameters is found
to follow a similar pattern to that observed in Schnakenberg-type reaction diffusion equations,
which do not have a predator-prey structure.

We have deliberately chosen parameter values in which the Hopf bifurcation of the background
state interacts with the region in which the sub-critical Turing bifurcation and localised structures
exist. This led to interesting novel observations on the nature of the Hopf bifurcations occurring
on branches of localised steady states. These were found to all be supercritical, yet to occur for
parameter values that are different from that of the homogeneous Hopf bifurcation. We also found
that the Hopf bifurcation gives a route to localised spatio-temporal chaos within this parameter
region. It would be interesting in future work to consider an unfolding of the codimension-three
point where the super- to sub-critical Turing bifurcation transition occurs simultaneously with
the Hopf bifurcation.

Most of our results were presented in one spatial dimension. Although much remains to be
done to explore these mechanisms in 2D, we nevertheless provided evidence of two-dimensional
analogues of these 1D structures occurring at similar parameter values.

This chapter is not primarily designed to contribute to practical understanding of spatial
ecology. Nevertheless, there is one broad conclusion, namely that the observation of spatially
localised patterns of high or low species concentrations (whether spatial or spatio-temporal)

do not necessarily imply the existence of spatial heterogeneous causes. Specifically, within the
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Figure 5.10: (a) Two-parameter bifurcation diagram of steady solutions to (5.10) in the (5, a)-plane
for fixed y = 0.86 and B = 0.9. The meaning of colours and symbols is as in Figure 5.3, as is the
method of computation. (b) Homoclinic snaking for § = 0.03 as a varies. The continuous (dashed)
line indicates stable (unstable) solution, whereas red (blue) indicates that the number of peaks in
the solution is odd (even). Two stable solutions with different number of peaks marked by the
hexagon and star in the snaking diagram are shown alongside. (¢c) One-parameter continuation
of the single patch solution for § = 0.004, showing a stable large-amplitude state being connected
to an unstable lower-amplitude one via a fold.
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5.7. DISCUSSION

simplest generic predator-prey models there are parameter regimes where the Turing bifurcation
is sub-critical and localised patterns are to be expected. In the models we have studied, the
parameter limit in question requires that the prey is relatively static while the predator diffuses
more rapidly. One particular application of this limit could be the existence of localised vegetation
patches in an arid environment where the prey is associated with the vegetation ecosystem which

the predator is associated with the wider environment of the region; see e.g. [26, 27, 41].
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CHAPTER

INTRACELLULAR PARTITIONING MODELS FOR CELL POLARITY

6.1 Introduction

This chapter provides a detailed study of the cell polarity models including the effect of the source
and loss terms. The motivation for including the extra source and loses terms comes from the
works of Payne and Grierson [131] and Verschueren and Champneys [165] in order to consider
sligtly longer time scales in which inactive species are created by cell nucleons and active species
are used in the promotion of microtubule controlled growth processes . In particular, the related
works proposed by [32, 165] in studying the formation of localised patterns with plants cells has
been a prime motivation for this work. The fundamental difference between those models and
the models for cell polarity reviewed in section 1.3.2 is the number of state variables. Here, we
consider a more realistic model with four components which can represent two different ROPs (A
and B) which can occur in active and inactive forms. In what follows, we shall consider (1.1) with

the source and loss terms. Hence we have

(6.1a) 6?; =Dy 6;?2* +F(A*,A,B*,B)—¢ctA",
(6.1b) (Z—? =DA?;7‘3—F(A*,A,B*,B)+€6,
(6.1c) 003;* =Dp- 6;52* +G(A*,A,B*,B)—¢éB”,
(6.1d) % :DB?:TLZ;—G(A*,A,B*,B)+69,

where ¢ represent the strength of a constant source of inactive form; 6 is the linear loss of active
form and € expresses the importance of the source of inactive form and the loss in the active form.

Different possible functional forms for F and G where are given in (1.3)-(1.6) in section 1.3.2.
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Without loss of generality the calculations that follow shall use the modified Abley et al model
(1.4) by default. Recall that for this model we have

(6.2a) F=nA*2+p)A—(aB* +u)A*
(6.2b) G=nB*?+p)B-(aA* +pu)B*.

We shall briefly consider the other three forms of F' and G introduced in section 1.3.2 at the end
of this chapter.

6.2 Linear stability analysis

In this section, we perform the linear stability analysis of full system (6.1) to be able to determine
under which conditions spatial instability occurs for some values of the given parameters. We
also seek to demonstrate important information on Turing type behaviour for the specific model
being used. Hence, our initial point is to find the homogeneous equilibrium points of (6.1), given

this is achieved by letting
* _ _ * _ _ A2 * _ A2 _ A2 * _ A2 _
0;A" =0;A=0;B" =0;B=0;, A" =0,, A=0,,B =0,,B=0,

in (6.1) and then solving a system of nonlinear algebraic equations. Consequently, the homoge-

neous steady state solution is found to be unique and given by

0 (e&2+af + pé)
no%+¢2p

0
(6.3) Aj=Bj=7, Ao=Bo=

To investigate the spatial instability of the full nonlinear system (6.1), we follow Section 2.2.

Hence, we introduce the new variable (2.4) and we write (6.1) in the following form

(6.4) (U1,u2,u3,u4)? =(J + D) (u1,uz,us,ug)’ +NL.

Here o/ is given by

a b - 0

d -b ¢ 0
(6.5) J= )

—-c 0 a b

c 0 d -b




6.2. LINEAR STABILITY ANALYSIS

where

(762 ~¢20) (c82 + a0+ )

(n62+¢2p)¢ ’

n0%+&%p
b=

ab
c=—,

¢
de —an@®-né (2€€+y)92 +alp0+uép

(n62+¢2p)¢ ’

D is the diffusion matrix which is given by

S = O

(6.6) D=

S O O O
S O O O
= o O O

0

and NL contains the nonlinear terms. By substituting the ansatz (2.7) into the linear part of
(6.4), we obtain the classical eigenvalue problem (2.8). Accordingly, spatial instability will appear
when any modes of the dispersion relation (2.9) cross zero; that is when R(A(%k)) = 0 for one of the
branches of the eigenvalues A(k). Taking the maximal R(1) and demanding that A(%) first touches
zero, we gain the spatial instability curve given by the conditions (2.11). Using standard calculus
techniques, we find the spatial instability curve and the critical value for the wave number % to

be given by the solution to the pair of simultaneous equation

(6.7a) 82k +S1k3 +Sok? +Ssk.+84=0,
(6.7b) 46%k3 +3S1k% + 289k +S3=0,
where

S1=26(5b-a),

b
Sy =b26%-4b (a+ §d)6+a2 —c?,
S3=2b(a+d)(-bd +a),
Sy=b%(a+d)>.

The system (6.1) has six parameters and it is difficult to examine the effect of every possible
combination. Hence, we investigate (6.1) by considering the auto-activation rate n and the mem-
brane activator diffusion constants 6 as a bifurcation parameters. We fix the other parameters as
follows

a=0.005, ¢=0.01, pu=0.05 p=0.06, (=27, p=0.06, 6=0.5.
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Figure 6.1: (a) Dispersion relation of (6.1) for three parameters choices for n with fixed 6 = 0.005.
(b) Turing instability curve as function of the parameters n and 6 where the blue (red) curve
present the first (second) mode of instability.

The values of parameters a, u and p come from the experimental work in [1], and the parameters
€, 0 and ¥ were selected by us but are commensurate with the values used in [165]. Figure
6.1a shows the real part of the dispersion relation as a function of the wave number % for three
different values of . We detect that as 1 decreases, the largest R(A(k)) instability mode decreases
also. The instability disappears all together for n sufficiently small. It is worth noting that the
dispersion relation in this case consists of two distinct curves, because of the 4th-order equation
(6.7). Hence, we gain two distinct modes of spatial instability with different wave numbers.
Because of this, in Figure 6.1b we obtain two critical curves for instability in the (n —6)-plane.
These curves corresponds to different modes of instability. The blue curve represents the first
mode of instability of the dispersion relation upon increasing n and the red curve gives the
second mode. Note in the parameter region investigated we have not found any temporal Hopf
bifurcation.

To differentiate between these two modes of instability, we plot the critical spatial eigenmodes
for each mode. Figure 6.2a exhibits the spatial eigenmode from the first mode of instability,
which shows that the spatial eigenvalues for A* and B* are perfectly out of phase (see Figure
6.2b). Hence, we will call the first mode of instability an interleaved pattern. In comparison, in
the second mode of instability, the spatial eigenmodes are perfectly in phase. Hence, we call the

second mode of instability an overlaid patten.

6.2.1 Weakly nonlinear analysis

After achieving the conditions for spatial instability, a weakly nonlinear analysis of the Turing
bifurcation can be calculated using the normal form theory in Section 2.3. We now present the

results at each order, omitting the detail which we carried out in Maple.
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Figure 6.2: The A* and B* components spatial eigenmodes for the instability for (a) interleaved
case and (b) the overlaid case with 6 =0.015 and n =2.8.

Order 1
At this order, (6.4) is equivalent to the linear problem. Since the linear operator at this order
is singular, the solution of W can be written as follows:

(6.8) WD = y(Aet** +c.c),

where we choose to scale the eigenvector ¥ so that

_ bck?
17’/1_ P >
_ be(-6k%+a+d)
W2—_ P )
b((-6k%+a+d)b+E%(-0k%+a))
Y3=- ;
P
Ya=1,
where
P(k)=06%k5 + (b6% -2a6) k* + (- 2a+d)5b+a® - c*)k* +ab(a +d).
Order 2

At this order, (6.4) becomes

(6.10) FRoAWD 4 c.c = (J + Do) WP + mgg A2+ c.c) + mog(AZe?h* 4 ¢ c),
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where

myo = My =AonY} +2nA5W1vs — Ay 13,

2 _ 2 _ 1
Mgy = Mgy =—Myy,

myy = m3y =Bonys — a1y + 20Bi sy,

4 _ 4 _ 3
Mgy =Moo =~ Myy-

Since no secular terms are observed, we can then assume that f? = 0 and substitute the ansatz
(2.21) into (6.10). Therefore, the uncoupled linear system is obtained which is given by (2.22). By
solving (2.22), the solution for the first correction in the change of variable (6.4) is achieved.
Order 3
At this order, we have the following

(6.12) F30AWD 1 c.c =(J+ Do )W + ma1(| A2 | Ae?** + c.c.) + msg(A3e3* 1 c.c),

where

mb =21 40(2Q1, + QL)) + 245 nN(2waQL) + W2Q3s + 201Q % + ¥1Q5,)

+ a2y3Q30 + Y3Q32 + 21Q5) + ¥1Q5,) + 3y Ty,

2 _ 1
Mgy =—Mmgy,

mgl :2‘#’330(2ng + ng) + 23377(21/’4ng + ‘//4ng + 2W3Q%0 + W3Q§12)
+a(2y3Q30 + W3Q3s + 2y1Q3) + W1Q3,) + 3Ny,

4 _ 3
Mgy =—Mmgy,

m3s =2nAoW1Q3, + 2AN(W2Q% + V1Q3,) + a(W3Q3, + W1Q5.) + nyiys,
m3s =~ mas,

m3g =BoysQ3, + a(Y3Q3y + V1Q39) + 2Bin(v4Q3, + W3Q%) + MY/3

33 =D0Y3Wag V3o + Y199 oM Y459 + W3R 99) + N3 Y4,
m§3:‘m§3-

As a consequence of having a secular term at this order, we need to ensure the solvability of (6.12).
To do so, the orthogonality between the right-hand side of (6.12) and the kernel of the adjoint

needs to be met. Thus, we require the adjoint of the linear operator which is found to be
(6.14) (J +Ddy)* =(JT +Doyy),

and the kernel of the adjoint is

(6.15) W* =y +c.c.).
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Here

. (B2+b)((-6k%+a+d)b+k*(-6k+a))

Y1= bek? ’
., (-6k?+a+d)b+kE?(-6F%+a)

1//2 = Ckz ’
. EZ+b

17U3 - b ’

yy=1

After simple calculations, the expression for the solvability condition is obtained as follows
(6.17) F3p, ™)+ (—mg1,w")APA =0.

Solving (6.17) for f3, we have

_ (m31,y™)
(w,y*)

By applying the condition (6.18) and substituting the ansatz (2.34) into (6.12), we obtain the

(6.18) F3 |AI2A = Ls|A?A.

uncoupled solvable linear system given by (2.35) which provides the solution up to third order.
After achieving the analytic expression for Ly we can now investigate where this might
change sign. That would be a point at which the Turing instability changes from being subcritical
to supercritical. As we present in Figure 6.1b, the system (6.1) has two spatial instability curves,
which we shall call Turing 1 and Turing 2. Hence, we will examine the criticality for each curve.
For the Turing 1 curve (the interleaved mode), we find the curve changes from subcritical to
supercritical at (n.,6.) =(3.302771,0.020334). Similarly, we detect that the Turing 2 curve (the
overlaid mode) changes criticality at (n.,5.) =(3.072274,0.020149). As we show in chapter 2 and
3, a subcritical bifurcation is a crucial element for the birth of localised structures in the reaction

diffusion systems.

6.3 Homoclinic snaking and localised spikes

In this section, we provide detailed results on the creation of localised structures away from the
vicinity of each codimension-two Turing bifurcation. As shown in chapter 2, spatial dynamics is an
essential element for understanding the existence of different kinds of localised patterns. Hence,
we rewrite the steady-state model of the full system (6.1) as an eight-dimensional dynamical
system with the spatial coordinate playing the role of time. Linearising the spatial system about
the homogenous steady state, we obtain nine possible eigenvalues configurations (see Figure
6.3). As explained in chapter 2, a temporal Turing instability corresponds to a Hamiltonian-Hopf
bifurcation in which there are imaginary double pair of spatial eigenvalues. It can be noted from
the spatial configuration in Figure 6.3 that there are two spatial instabilities that occur in (6.1).

The first instability appears on the blue curve (Turing 1 for interleaved pattern) and the second
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Figure 6.3: The bifurcation digram for (n,6) fixing the other parameter values: a =0.005, €=
0.01, p=0.05, p=0.06, (=27, p=0.06, 6O =0.5.The blue (red) curve represents the
interleaved (overlaid) Turing instability curve. The yellow (magenta) curve shows the pinning
region for the interleaved (overlaid) case. The blue and red dashed curves correspond to BD
transition for the interleaved and overlaid cases, respectively. The sketches in the figure show
the organization of the spatial eigenvalues.

instability is in the red curve (Turing 2 for overlaid pattern). Furthermore, we also know from
chapter 2 that the BD transition gives the boundary between the homoclinic snaking and the
isolated spikes. Specifically, this transition is where two double real spatial eigenvalues are found.
Hence, we observe two BD transitions as depicted in Figure 6.3.

Figure 6.3 also displays the location of both codimension two points computed in the previous
section. The figure also exhibits the extent of the two regions of the localised patterns obtained
by following the outer fold of the localised patterns using AUTO in a similar manner to chapter 2.
These regions give different kinds of localised patterns: interleaved (yellow curve) and overlaid
(magenta curve). Let us now describe details on the types of patterns in each region, as well as,
their stability.

6.3.1 Homoclinic snaking for the interleaved case

Figure 6.4a depicts the overall bifurcation diagram in (1, 6)-plane for the interleaved case. In-

terestingly, the bifurcation diagram is analogous to the Schnakenberg-like cases in chapter 2.
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In particular, we encounter a curve for spatial instability, which undergoes a codimension-two
sub-to -supercritical transition. From this point, the localised patterns region for interleaved
type solution is born. This region is separated by the BD curve into two sub-regions: snaking
and isolated spike. The snaking region produces the homoclinic snaking, which is two twisted
branches of localised patterns with an increasing number of spikes (see Figure 6.4b ). What is
observed for these patterns is qualitatively just the same as we saw for the Schnakenberg-like
models in chapter 3, but with no Hopf instability form in this parameter regimes. The snaking
diagram is born from a Turing bifurcation at small amplitude, then gains stability after the first
fold on the left-hand side of the snaking diagram. This then becomes unstable after the first fold
on the right-hand side of the snake but gains a pair of peaks on either side of the central peak.
Subsequently, as we move up the snaking diagram, each successive fold on the right-hand side
leads to loos of stability and the addition of a pair of peaks to the central core. In contrast, the
folds on the left-hand side of the snaking diagram lead to regaining stability.

The spike region is on the left-hand side of the BD curve in Figure 6.4a, where a single fold
that connects two solutions: stable(unstable) with large (small) amplitude (see Figure 6.4c ).

In the case of smaller §-values, we compute the one-parameter bifurcation diagram with n
and find that there are a lot of extra branches, causing the bifurcation to become complicated.
Studying reasons for the appearance of these extra branches within the homoclinic snaking
is beyond the scope of this thesis. Figure 6.5 represents the complex snaking bifurcation with
examples of solution localised patterns that are associated with these extra branches. Note these

solutions are generally unstable.

6.3.2 Homoclinic snaking for the overlaid case

Figure 6.6a displays the corresponding bifurcation diagram in the (1, 6)-plane for overlaid localised
patterns. It is easy to note that both bifurcation diagrams for the interleaved and the overlaid
are qualitatively equivalent. However, the spectrum computation for the snaking branches and
the fold of the isolated spike reveals that all the solutions on the overlaid branches are unstable
see Figure 6.6b and 6.6¢ for details.

In Figure 6.7, we illustrate examples of unstable solutions, the leading eigenvalues and the
critical eigenfunctions. Here, parts of the branches that would otherwise have been stable in
the previous case are found to have n additional unstable modes where n is the number of the
large amplitude humps in the localised patterns. Thus, for the solution shown in 6.7a which
is the 1-hump solution on the odd branch we see a single localised unstable eigenmode which
corresponds to the A* and B* components separation. Whereas Figure 6.7b is for the 2-hump
solution we see two such localised eigenmodes which correspond to the combination of A*- B*
separation and humps moving apart.

Now, we explore the dynamics of model (6.1) through numerical integration of the complete

PDE system using the explicit second-order finite difference method with zero flux boundary
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Figure 6.4: The (n,6) bifurcation diagram for the interleaved case. Parameter values as in
Figure 6.3. (b)-(c) Results of one parameter continuation from the snaking and the spike regions
for 6 =0.01748 and 6 = 0.0025 respectively. Note the solid lines represent stable branches and
the dashed line unstable branches.
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Figure 6.5: The homoclinic snaking bifurcation for § = 0.0165 which is less than § in figure 6.4b.
Note the solid lines do not necessary indicate stability which has not computed in this case.

conditions (see Section 2.6). We consider the even solution in Figure 6.7b as an initial condition
with small spatial perturbation to the A* and A components. Hence, the initial condition is
(A*(x,0),A(x,0),B*(x,0),B(x,0)) = A*(x) + w, A(x) + ,B* (x), B(x), where (A*(x),A(x), B*(x),B(x)
are the station localised solution with two overlaid peaks .

Figure 6.8 illustrates the result of the direct numerical integration. The result reveals that
the overlaid solution quickly evolves into a bound state of two interleaved localised solutions

which then appears to propagate stably.

6.4 Related results for another model

To confirm that what we have shown for the modified Abley model is in some sense universal to a
four component wave pinning model, we shall briefly display the results of a further model with
different nonlinearity, namely the juicy model (1.5). Models (1.5) and (1.4) have many analogous
properties, therefore, one can analyse them in the same manner. Consequently, we omit most
of the details. A straightforward calculation expose that system (1.5) has a single homogeneous

steady state which is given by

. e 0 o 0((HPeata)E+260%c,) (€& +p)
(©19) Ao=Bo=7% AO_BO_(,5(/~t20a+a)£2+ca62(nau2+2ﬁ))f‘

f >
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Figure 6.6: The (n,d) bifurcation diagram for the overlaid case. Parameter values as in Figure 6.3.

(b)-(c) Results of one parameter continuation from the snaking and the spike regions for 6 = 0.0145
and 6 = 0.0025 respectively.
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Figure 6.7: (a) Example solutions from the odd branch, the corresponding linear spectrum
and the leading eigenmode. Panel (b): solution from the even branch, the corresponding linear
spectrum and the leading eigenmode; note the zoom in the middle panel shows that extreme
right eigenvalue is actually two nearby real eigenvalues.
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Figure 6.8: A direct numerical simulation of model (6.1) conducted using two spikes of the overlaid
patterns as initial conditions with § =0.011, n = 2.24. Other parameter values: as in Figure 6.3
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Having determined the homogenous steady state, we implement the linear stability analysis
followed by the weakly nonlinear analysis outlined in Sections 2.2 and 2.3, respectively. The
bifurcation diagram in Figure 6.9 displays the fruit of the linear and weakly nonlinear analysis
for fixed @ = 80,6 =0.12,¢, =20, =0.01,u=0.5,{ =1,p =0.2,6 = 0.2, shown precisely in the
same form as Figure 6.3. We note that Figure 6.9 demonstrates qualitatively highly similar
results to Figure 6.3. Fascinatingly, although the qualitative results are equivalent, any simple
translation can not transform the models onto one another because of the difference in nonlinear
terms. Therefore, the similarity between results suggests a particular generality of the bifurcation

structures revealed.

6.5 The limit of conservation of mass

As the mass conservation limit approaches, the obvious question that arises is what is going to
happen to the region of localised patterns as we approach the limit. As a response to this question,
we will closely follow the work of Verschueren and Champneys [165]. Also, we will consider the
choice of interleaved patterns since they provide a stable solution, and we are interested in stable

solutions.

The first step one needs to do in order to understand the case when ¢ — 0 is to examine the
bifurcation diagram 6.4 and understand the behaviour defined by both the Turing bifurcation
and BD transition curves. Using an analytical expression for these curves (6.7), we can examine
them to see how they change as € approaches zero. In Figure 6.10a we can see how the bifurcation
diagram 6.4 for different values of € can appear. With ¢ — 0, we can easily deduce that both
conditions for the Turing bifurcation and the BD curve become identical. Consequently, we will
only have a pure real spatial eigenvalue. Thus in the limit of € — 0, we will only be able to have
localised spikes solutions and the snaking region will become vanishingly small.

The next step in the process is to compute the localised structure region for each e value
selected in Figure 6.10a. For finite € this can be achieved by following folds in the branch of the
localised patterns, just as it was in chapters 3 to 5 for the two-component model. Figure 6.10b
illustrates a variety of localised patterns region for each € value. According to the figure, the
size of the localised patterns region increases substantially as the value of ¢ approaches zero.
Since we now know that € is closing in on zero, the only remaining solution would be to have
localised spikes, as we discussed earlier. The consequent question that needs to be asked is,
how do localised spikes broaden to become pair of two front as € tends toward zero? This result
was addressed asymptomatic in [165] using singular perturbation theory for the case of two
component model. There it was found that the spike-like structures transform as ¢ — 0 into
‘mesa state comprising two equal and opposite front (and back) solution. These fronts which are
now described by the heterocinic rather then homoclinic solutions in the spatial dynamics, turn

out precisely the steady states that are described by wave-pinning in the mass-conserved limit,
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Figure 6.9: (a) Similar to Figure 6.3 for model (1.5). (b)-(c) Results of one parameter continuation
in § within the snaking and the spike regions for n = 0.31 and n = 0.16, respectively for the
interleaved case. (d)-(e) Results of one parameter continuation in 6 within the snaking and the
spike regions for 7 =0.31 and 71 = 0.16, respectively for the overlaid case. See Text for details.
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Figure 6.10: (a) A (n,6)-plane bifurcation curve for different values of e¢. Solid coloured curves
indicate Turing bifurcation (spatial instability) and dashed coloured curves indicate BD tran-
sition.(b) Comparing the different localisation regions of various ¢ values. The red point is
(n,6)=(0,01,16,8), which lies within the region for all epsilon values displayed. [Right]: Spike

solution over a half domain [0,/] at this point, plotted for different ¢ values. Other parameter
values: as in Figure 6.3 .

see [80, 86, 116]. An asymptotic analysis as in [165] is beyond the scope of this thesis. Note the
mass-conserved model in this case leads to a fourth order spatial dynamics model which is not
amenable to phase plane analysis like the mass-conserved model was in [165]. Instead here we
merely illustrate what happens numerically. A complete story of the mass-conserved case (¢ = 0)
will form the subject of the next chapter. The right-hand panels in Figure 6.10b illustrate how the
spike solution is converted as the value of ¢ is decreased for fixed values of 6 and 7. Consequently,
the § and 1 values are chosen from the localized patterns of different e-values in the vicinity of
where they intersect. Also, the centre of the spike solution is taken to be the middle of the domain.
Hence, we compute the numerical continuation on the half-domain. According to these profiled
in the right hand-side of Figure 6.10b , as ¢ decreases, we can observe that the solutions for all
components A, Ax*, B and Bx* start to develop an elongated section which eventually will be front
and back over the whole domain. Note we do not understand how the wedge shaped region does

not appear to fill the whole of the section of the parameter space where the front solution exist;
see Figure 6.11.
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Figure 6.11: A (n,6)-plane bifurcation curve for two different values of epsilon. The gray coloured
region indicates the homoclinic solution for ¢ = 1 x 107%, while the peach coloured region indicates
the heteroclinic solution for € = 0. Other parameter values: as in Figure 6.3.

6.6 Conclusion

In this chapter, we have investigated in detail the bifurcation diagrams and stability of localised
patterns in cell polarity models of the form (6.1). The linear stability analysis for (6.1) demon-
strates two possible modes of spatial (Turing) instability. These modes are called interleaved and
overlaid because the two different ROP species are either interdigitated (out of phase) or are

completely in phase.

The normal form analysis shows that each of these Turing instabilities undergo a sub-
supercritical bifurcation transition at a codimension-two point. From this point, an envelope in
the parameter space of each instabilty (i.e. the interleaved instabilty and the overlaid instabilty)
is created inside which localised patterns occur. Each localised structures region, is just as shown
in earlier chapters, and is separated by the BD transition curve into two subregions. These
subregions are the snaking region and the single isolated spike region. Since there are two region

of localised structures, we have investigated each region separately.

For the interleaved case, we obtain the usual homoclinic snaking bifurcation observed in
Section 2.5.3 which contains two branches with odd and even number of peaks. Also, we have
found a single fold that connects a stable and an unstable spike solution. Further, we have noticed
that the homoclinic snaking structure breaks as we move down in the snaking region; including
extra branches, which are unstable. The main reason for the appearance of these branches is

unknown, which we leave as an open question for future research. Contrarily, for the overlaid
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case, we show that localised pattern solutions from the snaking and the single spike regions are
all unstable. The instability here is due to eigenmodes that cause a separation of the overlaid
humps resulting in interleaved humps. Furthermore, to illustrate how our results are general for
any models of the form (6.1), we present another example using different nonlinear terms. The
findings reveal that the second example has qualitatively similar results to the first.

Finally, we also considered the limit as ¢ — 0. But in the next chapter we will investigate the
actual case € = 0 in more detail where all spikes are replaced by fronts. Specifically, we would
like to understand the structure of different front solutions at € = 0, because as in [165] for single
ROP-species case, a detailed analysis of those fronts are first step to unfolding what happens as

€ — 0 . This will be the goal for the next chapter.
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CHAPTER

CELL POLARITY MODELS IN THE MASS-CONSERVATION LIMIT

This chapter has been written up as a preprint with co-authors Alan Champneys and Mike
Jeffrey

7.1 Introduction

Chapter 6 analysed the cell polarity system (1.1) when the total masses (integral over the
whole domain) of (A* + A) and (B + B*) are not conserved. In this chapter, we are interested in
understanding the scenario when the total masses are conserved, which was the setting for the
original models analysed by [1, 72, 80] . Mathematically, it is fascinating to ask how the localised
patterns observed in the previous chapter convert to the kind of front and back structures observed
in the mass conservation case. Specifically, these structures represent heteroclinic solutions in
one-dimensional domain and are the essential ingredients to cell polarisation. Therefore, we seek
here to investigate the conserved mass system and its connection to the non-conserved system.
Recall that the dynamics of this intracellular partitioning based on the auto-activation and
cross-inhibition without sources and losses terms is mathematically expressed by the following

system of reaction-diffusion equation the inactive forms (A, B) and the active forms (A*,B*)

(7.1a) 62:* ~Da a;f; +F(A",A,B"B),
(7.1b) % =DA‘;27‘3 _F(A",A,B",B),
(7.10) OZ " Dy 6;;* +G(A*,A,B",B),
(7.1d) % =DB?;7§ _G(A*,A,B",B),
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where functions F' and G describe the activation and inhabition dynamics of two ROP species A
and B; see equations (1.3)-(1.6) in chapter 1 for different forms of F' and G . In what follows we
suppose D a~,Dp- < D 4,Dp specifically that D4« = Dpg+- =6 and D4 = Dp = 1. Since the active
and inactive components cannot leave or enter the cell, we enforce Neumann boundary conditions
in one spatial dimension which we think as slice along the cell’s diameter. Here it shall also be
important that we pose the system (7.1) on a finite domain x € (-/,1).

We suppose for each ROP species there is the inter-conversion between active and inactive
forms, yet each ROP is neither created nor destroyed. Therefore, the total ROP concentration
within the cell must satisfy conservation laws. Adding (7.1a) and (7.1b) and then integrating
whole domain we have

I q . l
(7.2) f EAdx:f [DA*A;,C"'DAAxx]dx'
-1 -l

where A = A* + A. From the boundary condition, this leads to
d ~ ~
(7.3) afA:OzfAzconstant:zAT,

and similarly for B. In [165], Verschueren et al. have applied the theory so-called Maxwell equal
energy condition point on a system of a single ROP-species model to produce conditions for front
solutions. Their results show that a system of two second-order differential equations can be
reduced to a single second-order differential equation to predict when the system can present
a heteroclinic solution in the parameter space. This can explain the so-called wave pinning
phenomenon when the PDE steady state is such a front solution pinned to some portion of the
domain. Here, we shall attempt to adopt the same theory but extend it to a two ROP species

model. Consequently, we look for steady-state solutions by introducing new variables as follows

(7.4a) Sx)=6A%(x)+A, ulx)=0A%x)—A

(7.4b) E(x)=6B*(x)+B, v(x)=6B"(x)—B.

Then substituting (7.4) into the time-independent version of (7.1), we obtain the following spatial

system:
%S
(7.52) =2 =0.
02
(7.5b) 55 = ~2F(w,S,v,E),
X
O°E
(7.50) =3 =0,
62
(7.5d) 5 = ~2G(,S,0,B).
X

Due to the boundary conditions, the solutions of (7.5a) and (7.5¢) are constant such that S and

E become independent parameters. Therefore, the system (7.5) is reduced to two second-order
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Figure 7.1: Bifurcation diagram of the reduce system of (7.6). Parameter values n =2, 4 =0.05,
0 =0.06, « =0.005 and 6 = 0.08. For the detailed explanation see section 7.2 and section 7.3.

equations in variables u and v. This reduction allow a simpler explanation of the wave pinning
phenomena as we will see later.

In general we will consider each of the specific forms of the function F and G listed in chapter
1; which are given by equations (1.4)-(1.6). However, for the development of the theory in this
chapter we shell exclusively study the the modified Abley et al model as our worked example.
Recall that for this model

(7.6) F:(nA*2+p)A—(aB*+u)A*
(7.6b) G:(nB*2+p)B—(aA*+u)B*,

where the parameters a, 1, g and p have the same definition as in (1.3). Related results for other
models are briefly mentioned in Section 7.5.

The rest of this chapter is outlined as follows. Section 7.2 will describe the set of homoge-
neous equilibria to (7.5) and how they change as either the parameters E and S or the system
parameters vary. Then in section 7.3, we will consider possible heteroclinic connections between
these steady states. Then section 7.4 will consider how the mass conservation properties of
(7.2) affect the choice of polarised solution as a function of initial conditions. Section 7.5 will
briefly summarise related overall results for other models, while section 7.6 will present brief

conclusions.

149



CHAPTER 7. CELL POLARITY MODELS IN THE MASS-CONSERVATION LIMIT

7.2 Steady states and their heteroclinic connection

To characterise the heteroclinic solutions of (7.1) and (7.6), it is useful to look first at the steady
states that they connect. Up to nine steady states can exist in the modified Abley model. In this
section we find their stability and the region of parameter space where they exist, to determine
which are connected by the heterclinic orbits. Note this direct computation of conditions for
equilibria can be formalised using catastrophe theory. See Appendix A for how to write generic
conditions for bifurcations of different codimension between these equilibria.

The time independent system (7.5) can be written as

u'=-2F
=2p(u - S)+(2—+W( 2 s2)+—(v+E))(u+S)
v’ =-2G
2u 9, Q@
(7.7) =2p(v — E)+( +W(v E)+6—2(u+S))(u+E).

Letting u =x— %S andv=y- gE eliminates the u? and v? terms to give the simpler expression

x”:@f, f=xb+kxy+ax+ry+b,
(7.8) y//zgﬁgﬂ =y +kxy+cy+sx+d,
where
2a 4aS 4aE
k = , r=—_—, ’
n 3n
E -
a=— {a nS +5(u+5p)}
n
S -nE?
(7.9) c=2 {“ U +5(u+5p)}
n 3
8S
b= { —(a E——nS )+0(u— 2p6)}
31
8E
d= { (S——nE2)+6(,u 2p5)}
3n 3

The x and y symmetry of the system (7.9) suggest changing to new set of variables. Let
(7.10) X=x+y, Y=x-y,
then (X",Y") = ;5 (F,G), where

. 1 1
F=-XX?+3Y%+ 5k(XZ—Y2)+ E(a+c+r+s)X

| =

1
+§(a—c—r+s)Y+b+d,
G=ZY(3X +Y )+§(a—c+r—s)X+§(a+c—r—s)Y

(7.11) +b-d.
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0.1

0.05

-0.05

-0.1
-0.1 -0.05 0 0.05 0.1

Figure 7.2: The nine equilibria lie at the intersections of the nullclines ¥ = 0 (purple) and G =0
(red). The heteroclinic solution (cyan) connects the ‘1+’ and ‘1-’ equilibria. The spatial eigenvalues
of each equilibrium are shown (these will be derived in section 7.2.3. Shown for n =2, u=0.05,
p=0.06, a =0.005 and 6 =0.08, and S = E =0.0878.

To write this as a first order 4-dimensional system let (X',Y"') = %(Z ,W), giving
'y wh= (7 w6
(7.12) X2.Y W)= (552, F, 555W. 6.
We will show in the following two subsections that this has up to nine equilibria, and we can

label these as follows. There are three equilibria that we label
(7.13) Xr,YD, XY, XYoo,

and when S = E these lie on an invariant subsystem of (7.12) where Y =Y’ = 0. The remaining

six equilibria lie on an invariant ellipse when S = E, and we label these as three pairs of points

Examples of these are illustrated in Figure 7.2 for E = S, and in Figure 7.3 for E # S. The
equilibria lie on the nullclines X” = 0 (purple curves) and Y” = 0 (red curves), and we find
expressions for these in section 7.2.1. Also shown is the stability of the equilibria, which we
will find in section 7.2.3. The system is symmetric about Y =0 when S = E, and in Figure 7.2
a heteroclinic solution (cyan) is shown connected the ‘1+’ and ‘1-’ equilibria. This symmetry is
broken when S # E, and in Figure 7.2 a heteroclinic solution (cyan) is shown connected the ‘1+’

and ‘I’ equilibria.
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Figure 7.3: A perturbation of Figure 7.2 to n =2, u=0.05, p =0.06, @ = 0.005 and § = 0.08,
E =0.0881606 and S = 0.0872160 , showing the 9 equilibria slightly perturbed from the case
in Figure 7.2. The heteroclinic solutions now connects the ‘1+’ and ‘I’ equilibria. (Note the
heteroclinic solution does not pass through the 2+’ equilibrium in the full 4-dimensional space of
(X,X',Y,Y'). Curve are as in Figure 7.2.

7.2.1 Locating the equilibria
To identify the equilibria of this system it is useful to begin with the simplification that occurs
when S = E. From (7.9) this gives a = ¢, r = s, b = d, and substituting these into (7.11) gives
.1 1
F= ZX(X2 +3Y?)+ 5k(X2 ~YH)+(a+rX +2b,
A 1 2 2
(7.15) G=Y Z(SX +Y)+(@-r);.
Like the general system this has up to nine equilibria, but here they decouple into two invariant

subsystems with equilibria given by (7.13) and (7.14).

The system (7.15) has one invariant set on Y' =Y = 0 where

X’:;?Z, Y'=Y' =0,

1 1
(7.16) A ZX3+§kX2+(a+r)X+2b.

This subsystem itself has three equilibria, which we denote by (7.13), so Y; =0 fori=1,11,111,
and X7, X7,X111, are the real roots of

1 5 1
(7.17) ZX§+§kX?+(a+r)Xi +2b=0, i=IIIIII.
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7.2. STEADY STATES AND THEIR HETEROCLINIC CONNECTION

For S # E the surface Y =0 ceases to be invariant, but we use this same labeling by continuation
away from S =E.

On the elliptical surface 3X?2 +Y?2 = 4(r — a) we obtain another subsystem where, from (7.15),

X'="Lz z'=-0, 3X2+Y2=4(r-a),
262
1
(7.18) EZ’:—X3+k(X2+(a—r))+(2r—a)X+b.

This has 6 equilibria, which we denote by (7.14). They satisfy X l+ =X, :=X;, where X; are the

roots of
(7.19) X3+ kX2 +(@-mM+@r-a)X;+b=0, i=123.

and Y;—' =+{4(r-a)-3X i2}' When S # E the ellipse also ceases to be invariant, but we use this
same labeling for the equilibria by continuation away from S = E (note X L+ # X, for S#ZE).

These equilibria are shown in Figure 7.2 for S = E. We see the three equilibria (X1,Y7),
(X32,Y3), (X2,Y3), lying on the line Y =0, while the six equilibria (X7,Y;"), (X7,,Y[)), X7, Y7,
lie on the ellipse 3X2 +Y2 = 4(r —a), as described by the subsystems in (7.16) and (7.18), respec-
tively. In Figure 7.3 the system no longer decouple exactly into these subsystems, but we see the
persistence of the equilibria.

Figure 7.4(b) shows the equilibria, for a range of different parameters as indicated in Fig-
ure 7.4(a). Panels A,B,C,D, are taken with parameters S = E, panels E,F, are taken with S #ZE.

7.2.2 Bifurcations

The bifurcation diagram in Figure 7.4(a) shows several black curves on which fold bifurcations
occur, that is, pairwise annihilations among the equilibria. Looking at Figure 7.4(b) it is easy
to see how these might occur, as the nullclines deform to bring together pairs of equilibrium
points (where the nullclines intersect). Panels E and F show a heteroclinic solution that exists at
parameters where one of the equilibria that the solution connects is being destroyed in a fold,
and as such, as seen in Figure 7.4(a), the line of heteroclinic solutions terminates at £ and F'.

There are a number of mechanisms by which these bifurcations occur. In the symmetric
system with S = E, we are able to derive these events explicitly.

The subsystem in (7.16) has 3 equilibria when
(7.20) E2>3(a+r) and (27b+2k2—9k(a+1r)? <4(k?-3(a+1))?,

and only one equilibrium otherwise, with folds occurring at (27b+2k%—9k(a+r))? = 4(k2—3(a+r))®
and a cusp at b = k%/27, a + r = k?/3. At these parameters, with S = E, the system therefore
undergoes fold and cusp bifurcations. For S # E the folds continue outward into parameter space

to form some of the fold curves as seen in Figure 7.4(a).

153



CHAPTER 7. CELL POLARITY MODELS IN THE MASS-CONSERVATION LIMIT
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Figure 7.4: (a) Bifurcation diagram for (7.7). (b) The phase plane for (X,Y) in (7.11) with fixed
n=2, u=0.05, p=0.06, @ =0.005 and 6 = 0.08, showing the nullclines F=0(red) and G =0
(purple); the 9 equilibria lie at their intersections. The heteroclinic solution that exists in each
case is shown.
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7.2. STEADY STATES AND THEIR HETEROCLINIC CONNECTION

The subsystem in (7.18) has 6 equilibria when
(7.21) k?>>3a—-6r and 4(k%+6r-3a)® > (54b +2k3 +18ak —9rk)?,

and only two equilibria otherwise, with folds occurring at 4(k2+6r—3a)3 = (54b+2k3+18ak—9rk)?
and a cusp at 1085 = —27ak — k3, 3a — 6r = k2. At these parameters, with S = E, the system
therefore undergoes simultaneous fold and cusp bifurcations at symmetric values of Y. Again, for
S # E the folds continue outward into parameter space to form some of the fold curves as seen in
Figure 7.4(a).

These two families of bifurcations occur where there are bifurcations in the roots X7 j7 771 of
(7.17), and in the roots X 2 3 of (7.19). There is a further family of bifurcations where equilibria
of the two subsystems annihilate with each other, and these turn out to be of most interest as
they terminate the lines of heteroclinic solutions, as at the points £ and F' in Figure 7.4(a).

These addtinal bifurcations occur when a pair of equilibria on the ellipse 3X2 +Y? = 4(r —a)
(belonging to the subsystem (7.18)) coalesce at Y = 0. When this occurs they also happen to
coincide with an equilibrium from the Y = 0 invariant subsystem of (7.16). In this manner, 3

equilibria collide to create a cusp bifurcation at

(7.22) b= % ka-r)F %(2r+a)\/r—a ,

4
X2:§(r—a), Y =0.

One such cusp point lies at C in Figure 7.4(a). It can also happen that four equilibria from the

ellipse subsystem collide with one from the Y = 0 subsystem, to create a butterfly bifurcation at

(9r 4k2+2k\/4k2+9r)
(k(gr 18a —2k% % 2(k2+6r—3a)3/2)),

\/6r3aY0

IHSIN

(7.23) b=

wl?&‘l\')
I+

Note these are each found only for the symmetric system with S = E, for which a = ¢ and
b=d.

7.2.3 Local stability

Only some of the nine equilibria can be involved in generic heteroclinic orbits, namely those with
at least a two-dimensional stable or unstable manifold. Let us determine which of the equilibria

found in Section7.2.1 this applies to.
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The Jacobian of the system (7.15) in (X,X',Y,Y’) space is

0 1 0 0
%+¥+kX+a+r 0 3XY _ry 0
(7.24) J =
0 0 1
3XY 0 E+ﬁ+a—r 0

2 4 4

For the invariant subsystem on Y = 0 given by (7.16) this simplifies to

0 1 0 0
8 kX +a+r 0 0 0

(7.25) J= ,
0 0 0 1
0 0 Xia—r 0

with eigenvalues
1
/11 = —/12 = 5 V 3X2+4a-4r

and

1 Y
A3 =—Ag= 5\/3X2+4kX+4a+4r .

For the invariant subsystem on the ellipse given by (7.18) the Jacobian simplifies to

0 1 0 0
Y irX+2r 0 YOX2B

(7.26) J = ,
0 0 0 1
3XY 0 y? 0

with eigenvalues

1 2
M=-Ag==\|M+2(/(9Y2+k2)X2—6k|Y2—Zr|X +4r2
2 3

and

1 2
Ag=—-Ayg = §\IM—2\/(9Y2+k2)X2—6k(Y2—gf‘)X+47‘2 5

where M =3X2+2kX +3Y2 +4a.

Each of these eigenvalue expressions must then be evaluated at the respective equilibria of
the two subsystems. The resulting eigenvalues are shown as insets in Figure 7.2 and Figure 7.3
for each of the nine equilibria. These show that the ‘II’ equilibrium cannot from heteroclinics
because it is a center, while 2’ and ‘3’ are saddle-centers with only 1-dimensional stable and
unstable manifolds, so they do not generically form heteroclinic orbits.

So the equilibria ‘I’, ‘II1I’, and ‘1’, as saddle-nodes, each having 2-dimensional stable and
unstable manifolds, are the only possible source of the heteroclinics. In Figure 7.2 we see that the

heteroclinic observed on the green curve in S, E, space connects the ‘1+’ and ‘1-’ equilibria.
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7.2.4 Computation of heteroclinic orbits

Using the direct numerical method, we are able to solve (7.1) and obtain the heteroclinic solution.
In the following step we will transfer the solution into the (u,E,v,S) coordinate by using formula
(7.4). We then continue the heteroclinic solutions as parameters vary using AUTO. Specifically,
we implement asymptotic boundary conditions based on the linearisation at each of the two
distinct equilibria, as in the auto demo she.

Figure 7.5 shows in more detail how the heteroclinic solutions relate to these different
equilibria and their bifurcations. On the symmetry line S = E, a heteroclinic solution connects
the equilibria we labelled (X i,YlJ—'), shown for a typical parameter value by A. At B a global
bifurcation occurs in which this heteroclinic solution connects (X i,YlJ—') both to (X7,Y7). At this
point this curve of heteroclinic solutions intersects two other curves, on which we take the points
E and F as typical examples, on which lie heteroclinic solutions connecting (X;,Y7) to either
X +,Y1Jr ) (as at F) or (X,Y7) (as at E). These curves of heteroclinic solutions terminate at folds
curves at C and D, at which the heteroclinic orbit connects (X J“,YIJr ) to (X7,Y7) as it undergoes a
fold with (X5 ,Y,) (at C), or the heteroclinic orbit connects (X{,Y;) to (X7,Y7) as it undergoes a
fold with (XJ,Y;") (at D).

—4
5 210 0.03
0.09786
I .
A
B
»n B & ~ 0
0.09781 g :}—
D
{x
Y
0.09777 I -5 -0.03

0.0978  0.09784 0 10 20 0.014 0.018 0.022
E T x1073 X

Figure 7.5: Bifurcation diagram for (7.8) with n =2, u=0.05, p =0.06, @ = 0.005 and § = 0.10995.
The heteroclinic orbits are plotted as graphs inset, and in the right two figures these are plotted
in the original state space of (x,x’), and the transformed state space (X,Y).

A so-called butterfly singularity can be shown to be the codimension three singularity (i.e.
on a curve in the four-dimension E, S, n and § space) that destroys pairs of symmetric cusps in

this system. Note that this bifurcation that would ordinarily be of codimension four is actually of
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Figure 7.6: The bifurcation diagram for both butterflies in (n,6)-plane. The remaining parameter
values are as in Figure 7.7.

codimension three if the cusps occur along the line E = S. There are thus two butterfly singularies,
destroying each of the two pairs of cusps (see Figure 7.7 below). The values of § against 7 for

which butterfly singularity occur is plotted in Figure 7.6.

7.3 Transition of the heteroclinic solutions and the steady state

solutions

In this section, let us discuss the transition of the number of the steady-state solutions from the
diagram in Figure 7.1 to the situation that occurs as d-increases (as in Figure 7.5) to the upper
portion of the Figure 7.6 in which there is a single steady state and no longer any heteroclinic
connections. Figure 7.7 shows a series of snapshots of the steady-state and the heteroclinic
bifurcation diagram in (E,S)-plane, for increasing set values of 9, for fixed 1. We find that a
similar sequence of transition can be found to occur for any value of n — 0 as we increase §
towards and beyond the the red curve on which the butterfly singularity occurs in (1, 6)-plane in
Figure 7.6.

We shall start from Figure 7.7(a), which is identical to Figure 7.1. For these parameter values
in Figure 7.7(a), we can have nine separate steady-state solutions. Also, we can obtain five
different kinds of heteroclinic solutions, which lie on the different colour lines in the diagram.
Profiles of each kind of heteroclinic solution was given in Figure 7.1. Also notice the two special

points that are labelled with an asterisk. Here is where the codimension heteroclinic orbit exist
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Figure 7.7: Bifurcation diagram of (7.7) showing the transition of homogeneous steady states as
we vary the three parameter E, S and 9, with fixed n =2, u=0.05, p =0.06, a = 0.005.

between a pair of steady states, resulting in ’front and back’ type cycles. Increasing § from 0.08
beyond 0.1 results on change of topology of the fold and cusp curves, leading to there being
a maximum of five steady states (see Figure 7.7 (b)-(d)). Through these changes though, the
number of heteroclinic solutions that occur does not change. Further increasing the 6§ value
destroys two heteroclinic solution branches through the first butterfly catastrophe (see Figure
7.7 (d) and (e)), as explained in section 7.2.4. Figure 7.7(f) shows the situation after the second
butterfly catastrophe takes place; it is clear that two further heteroclinic branches have been
destroyed. Finally we are left with a thin region bonded by pair of fold curves that meet at cusps
and contain a single heteroclinic connection Figure 7.7(f). We find that for § = 0.1122 these two

cusps annihilate each-other and there are no heteroclinic solutions at all for higher §-values.
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7.4 Polarity formation: solution to the initial-value problem

Note that E and S are not invariant of the PDE system, instead they can be consider as constant
that parametrise different families of the steady-state and the heteroclinic solutions. However,
for a given domain size [, each different value of £ and S along a family of solutions will
typically have different value of A7 and Br, which are invariants of the full time-dependent
PDEs. However, on a finite domain, translation of the heteroclinic in space will typically leads to
different values of A7 and Br. Thus we can ask the question for a given value of A7 and B, is
there a unique steady state that the solution evolves to, or is the final obtained state sensitive
function of the initial data. Remarkably, we have found no evidence for multistability. That is for
each choice of values of A7 and By, for given set of the system parameters then there appears
to be unique final steady state that is reached by the initial-value problem, irrespective of what
initial data we take. We shall now describe the result of our numerical finding for the parameter
values used in Figure 7.1.

Accordingly, we simulate the full PDE system (7.1) at these parameter values. For all param-
eter values in the system, we find the dynamics always settles to steady state. Note that the
S and E values of the final steady state are emergent properties that are found to be always a
unique function of the values of A7 and By, for every initial run tried. Figure 7.8 summarises
the results for the same parameter values in Figure 7.1. In each coloured region we run multiple
simulation from pseudo random initial conditions containing Heaviside-style jumps. In each case
the simulations revealed qualitatively the same behaviour in each coloured region. We obtain
the boundaries between the coloured regions by choosing the values of E and S to lie on the
appropriate coloured curves in Figure 7.1 to represent the particular heteroclinic connection in
equation(7.6). Then we shift the solution phase, that is the location in x of the heteroclinic jump,
from the rightmost (x =) to the leftmost (x = —/) point in the domain. Here we consider / = 100.

The simulation results for the parameter set in Figure 7.1 reveal eight distinct regions, see
Figure 7.8a. The white regions represent the unpolarised area in which homogenous steady states
are obtained (see the solution profiles H). The yellow and cyan regions are associated with the
heteroclinic connection that with large differences between the polarised and depolarised A* and
more negligible differences between the polarised and depolarised B*. The two regions differ in
their overall concentration of B*. In the yellow region, B* is always in large excess of inactive B
and close to the polarised amount of A*. Whereas in the cyan region, the overall concentration
of B* is much lower and commensurate with the depolarised amount of A* (see the solution
profiles A and C in Figure 7.8b). In contrast, the green and the orange regions show heteroclinic
orbit that with larger difference between the polarised and depolarised B* and smaller different
between the polarised and depolarised A*. In the green region, the values of A* is nearby the
polarised amount of the B* and far from the inactive A. Contrastingly, in the orange region A*
is closer to the depolarised amount of B* (see the solution profiles B and D in Figure 7.8b). The

pink region corresponds to an intermediate polarity solution where A* and B* have the same
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height but different directions (see the solution profile E in Figure 7.8b). Finally, the brown and
the grey regions are related to a particular polarity state that joins the dominant polarity state
to the intermediate state. The difference between the two regions is that for the solution in the
brown region the intermediate state has high concentration, whereas in the grey region the
intermediate state has low concentration (see the solution profiles B and D in Figure 7.8b).

In Figure 7.9, we zoom in on the cyan region in Figure 7.8a to show that there is a distinct
polarised solution with different phase shifts representing different values of £ and S along the
red curve labelled C in Figure 7.1. Specifically, the profiles solution Wi, Wo and W3 shown in
Figure 7.9 represent solutions for varying values of E and S along the red curve in Figure 7.1,
while the profile of the solution Wy, Wy, and W5 exhibit solutions for the similar values of E and
S but with various phase shifts. In Figure 7.10, we zoom in on the brown region of Figure 7.8a to
demonstrate that the behaviours we obtain in Figure 7.9 are representative of all the regions
presented in Figure 7.8a. The solutions in the brown region have the same value of E and S
represented by an asterisk in Figure 7.1. Now to shift to a different solution within this region,
we can vary two distinct phase shifts representing the two heteroclinic connections making up

the profile at this special point in the (E,S)-plane.

7.5 Other Models

So far we have only consider the modified Abley et at. model (7.6). Let us now briefly consider the
overall bifurcation diagram for each of the other forms of F and G that have been proposed in

triturates. Let us now recall these other function forms, which were given in chapter 1
* Model I: a modification of the model in [1]:
(7.27a) F:(nA*2+p)A—(aB*+u)A*
(7.27b) G:(nB*2+p)B—(aA*+y)B*,

¢ Model II: intracellular partitioning model for juicy fruit by Grieneisen et al [72]:

-1
(7.28a) F:(ﬁ+nap2A(u2+A*2+B*2+ﬁ) )A—pA*,
Ca
-1
(7.28Db) G=(ﬁ+nau23 ,u2+A*2+B*2+£) )B—pB*.
Ca

* Model III: mutual inhibition introduced by Holmes et al [80]

(7.292) F=(b+—m)A-dA”,
(7.29b) G =(b+1—)B-dB"
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Figure 7.8: (a) (A7,Br) parameter space where the shaded region represent a map of different
polarity behaviour can be obtain by solving the initial-value problem for in (1.4) at the parameter
values as in Figure 7.1. (b) Example of the stable polarized steady state from each different region
as a function of the initial value of A7 and Br.
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Figure 7.11a exhibits the bifurcation diagram for the Abely model (7.27). The black curve
shows the pairwise annihilation among the steady states, and the green curve denotes the
symmetric line of the system with E = S. This system has only one type of heteroclinic solution
which is on the symmetry line where E = S. This is the intermediate polarised state as in

Figure 7.8 E. Furthermore, these heteroclinic solution is destroyed at a single cusp bifurcation.

Figure 7.11b displays the bifurcation diagram for mutual inhibition model (1.6). In gen-
eral, the bifurcation diagram is similar to the Abely model Figure 7.11a, accept that here the

heteroclinic solution is terminated at two cusp bifurcation.

Figure 7.11c expresses the bifurcation diagram for a Juicy model (1.5). The bifurcation

diagrams is qualitatively analogous to Figure 7.1.

To conclude this section, we provide another numerical example to support the observations
that for each value of E and S in Figure 7.11, there is a distinct polarised solution with different
phase shifts. We consider the mutual inhibition model (1.6) as a second example. Figure 7.12
displays the polarity region for all values of E and S in Figure 7.11b. Also, the figure shows
examples of polarised solutions which are selected from different parts of the polarity region. It

is worth noting that these results agree with those presented by Holmes el. al [80].
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Figure 7.11: The bifurcation diagram in (£, S)-plane of the models (1.3) , (1.6) and (1.5), respec-
tively. (a) Parameter values: a = 0.005, 6 =0.03, n=0.119, u=0.05 and p = 0.06. (b) Parameter
values: @ =0.66, 5 =0.1,d =1 and § = 0.5. (c) Parameter values: « = 80, § =0.12, ¢, =20, 6§ = 0.08,
n=1,pu=05and p=0.2
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behaviour can be obtain in (1.6) throughout the parameter space.The parameter values a = 0.66,
b=01,d=1and 6=0.5

7.6 Conclusion

There are three essential observations that have been reported on cell shape diversity [183]. The
first observation is that the cells show a limited and separate set of morphologies. The second
observation is that the different types of cells can produce identical morphologies. Finally, the
same kind of cells can also exhibit various cell shapes. This chapter provides a framework for
how the cell morphologies may arise from different sets of GTPase proteins in a very simple
two-species activator-inhibitor model. Consequently, the chapter gives some answers to the
physical processes underlying these observations. We use the singularity theory to characterise
the collection of the homogenous steady states in (7.1). Then we show the heteroclinic connections
between these steady states. To help investigate the dynamics of (7.1), we numerically explore
the parameter space to identify the regions of different polarities. The results we have obtained
confirm the experimental results in [1, 72] and some of the numerical results in [80, 183].
There is much more to be explored for these models. For example, we have only here focused
on one-dimensional space where the distribution of the GTPase on two and three dimensional
space may give a better explanation of the morphologies of the cells. Therefore, extending the
work to a more dimensional space is worthwhile to consider. Also, the connection between the

non-conserved case (¢ > 0) considered in the previous chapter and conserved cases (¢ = 0) is worth
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investigating. A key open equation is to understand why only one of the large families of the
heteroclinic solutions seem to be selected to form a stable homoclinic for € > 0.

To wrap up, we have set the foundation to explore and understand the dynamics of the cell
morphologies through the singularity theory reaction-diffusion systems and the organisation
of the heteroclinic structures. Our observations suggest that the results of these studies will
contribute a great deal to explaining the numerical results found in previous works [1, 72, 79, 80,
116].
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While this thesis has not been focused on a particular biological application, we claim that under-
standing the generic morphology of bistability and localised structures can be of considerable use
to modellers in future when deriving, analysing and stress-testing models that can aid biological
understanding. Perhaps, rather than worrying about specific parameter values and forms of the
reaction nonlinearity, it is more helpful when working in real biological problems to ask more
generic questions. For example, is there a difference in inherent diffusion rates of activator and
inhibitor? Is there bistability of homogeneous steady states? Is there a natural small parameter
limit that would lead to semi-strong interaction regime? Are there underlying features that would
suggest localised patterns (with multi-humps) or single isolated patches, or stationary fronts? Is
there a distinguished spatial co-ordinate leading to a (quasi-1D) long domain? These questions

have been addressed in this thesis following a generic way of thinking.

A particular case study for application of this method of enquiry can be found in the series of
papers by Breia et al who studied the processes of formation of hairs in the cells on the surface of
arabidopsis roots [13, 30, 31]. Here the plant hormone auxin provides spatial inhomogeneity that
causes a single isolated patch of active G-protein to form at the hair-initiation site at a certain
distance (observed in wild type) from the apical end of the long, thin cell. The model, which in its
simplest form is the root hair model analysed in chapter 3 relies on realistic assumptions rather
than detailed measurements of biological processes for which measurement is not currently
possible. The model was previously shown by Payne and Grierson [131] to be able to capture the
multi-patches observed in mutants, and also the slow-fast dynamics of rapid patch formation and

gradual drift.

Another motivation is the dynamical jigsaw instability of the plant leaf cells. These the kinds

of models studied in chapter 6 and 7 have been used to describe the formation of lobes and indents
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single cells [1, 72]. Moreover, the generic behaviour of small GTPases in controlling cell polarity

has been the strong motivation for much of this work.

8.1 Summary of the key results

A key contribution has been to document, in chapter 2 a suite of tools that combines linear and
nonlinear analysis with numerical continuation and simulation. We are not aware of all these
method being collected in one place before. These tools are then applied in the rest of this thesis
to obtain qualitative bifurcation structures for different reaction-diffusion models.

The purpose of chapter 3 was to show a certain generality of bifurcation structures for a
range of activator-inhibitor models that have been widely studied in the literatures. We show a
connection between the semi-stronge asymptotic analysis and the theory of homoclinic snaking
in systems of reaction-diffusion equations (see also [137, 148] for earlier results in this direction).
The former can be used to find analytic expressions for the structure and stability of spike
solutions in a rather specific asymptotic limit. The latter, applies in the large but, apart from in
a neighbourhood of a degenerate Turing bifurcation, cannot provide asymptotic estimates. The
nature of the localised structures found by the two different theories are radically different too.
The former finds isolated spike solutions where one field is much more localised. The latter finds
solutions a plethora of localised solutions that many peaks. The results in this chapter go some
way to demonstrating how the very different structures captured by the different theories can be
connected in an appropriate multi-parameter bifurcation diagram.

The key to the results presented there, compared with other works to use the semi-strong
asymptotic theory, has been to pose the problem on the infinite domain. Then we can find a fold
as an appropriate parameter is varied. We find numerically that this fold forms the outer extent
of the localised pattern region, which extends far away from the asymptotic limit and into the
snaking region. Moreover, we have shown how the exponentially localised solutions found by
taking an infinite domain, naturally transition to the solutions that are delocalised in the v-field
via a quadratic tail, which is the solution type found on the standard finite-domain analysis.

An additional feature we found is the presence of a breathing Hopf bifurcation in the limit
that parameters (including ) are sufficiently small. We have also shown the existence of a global
Hopf bifurcation and interactions between these two instabilities within the localised pattern
regime for intermediate values of §. Further, through numerical investigation, we show that
the breathing Hopf bifurcation changes from sub- to super-critical as 6 increases in each model.
Finally, we illustrate that under an appropriate scaling, neither the existence of the Turing
bifurcation nor its transition to sub-criticality and the onset of homoclinic snaking requires
the diffusion ratio 62 to be small. However, when analysing these patterns’ temporal stability,
everything is unstable to a global Hopf bifurcation unless § is sufficiently small.

Chapter 4 aims to study the morphing of one bifurcation diagram into the other for a different

168



8.1. SUMMARY OF THE KEY RESULTS

class of system that has bistability between steady states, by studying a sequence of codimension-
two bifurcation under a homotopy. We present in detail the transformation of the glycolysis
model into the Gray-Scott. Using the methods from chapter 2, we produce a comprehensive set of
two-parameter bifurcation diagrams for the homogenous steady-state and the localised patterns
to trace how the universal diagram, displayed in chapter 3, morphs into a more complex one for
Gray-Scott. we also have demonstrated that the classical Gierer-Meinhardt model, which has a
vary different nonlinearity than the Schnakenberg-like models, can have a similar transformation.
It should be noted that Schnakenberg-like models exhibit universal behaviour, such as Turing
instability with a BD transition. There is also a codimension-two bifurcation point giving rise
to a homoclinic snaking bifurcation of localised patterns. Additionally, these models exhibit a
breathing Hopf bifurcation in the left corner of the two parameter space when the diffusion
coefficient is small, which moves to the right when the diffusion coefficient increases and intersects

a global Hopf bifurcation curve.

The aim of chapter 5 is to uncover the specific behaviour of models of ecological systems, par-
ticularly the wide class of predator-prey models which again have different types of nonlinearity
to Schnakenberg-like models. Also, rather than exhaustive numerical studies, we have sought to
explain a general morphology of the bifurcation diagram of such systems. In particular, we have
shown that as we approach the singular limit where the ratio of diffusion constants between prey
and predator tends to zero, the fundamental Turing bifurcation of the coexistence equilibrium
again becomes subcritical just as it did for the models in chapter 3. Broadly speaking, we find
exactly the same global bifurcation pattern of localised patterns in these models as we did in
chapter 3. Also, we demonstrated through spectral computations and numerical simulations some
complex dynamics of the localised patterns beyond their Hopf bifurcation leading to temporally
periodic and chaotic localised patterns. Simulation results in 2D support the onset of complex

spatio-temporal patterns within the corresponding parameter regions.

In chapters 6 and 7, we consider models for cell polarities that show the interaction between
two generic ROPs within the cell these share some features of the models in chapter 3-5 but have
four components rather then two. Chapter 6 analyses these models by breaking the conservation
of the total masses by adding generic source and loss terms inspired by the work of [165] for a
single species ROP model. Like the two component models, we have a single steady-state solution
that loses stability. But now we have two distinct branches of Turing instability. It has been
shown that both branches undergo a subcritical Turing bifurcation which gives two regions of
localised patterns an interleaved pattern region and an overlaid patten region (c.f Figure 6.3). We
show through spectral analysis that the localised patterns within the overlaid region are unstable,
whereas the localised patterns within the interleaved region are stable. Numerical simulations
suggest that overlaid patterns evolve into interleaved ones as result of their instability. We also

carefully consider the limit that of the strength source and loss terms tend to zero.

Chapter 7 focuses on the mass-conserved case of the models studied in chapter 6. We start
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the study by introducing new coordinates (S, E). Consequently, the spatial dynamics is reduced
to a pair of second-order differential equations in space. Then we show that up to nine equilibria
can occur and how these are destroyed. We present the conditions under which the steady states
can have a heteroclinic connection, using the singularity theory. A key extra result is to show
how different heteroclinic connections lead to different forms of polarity-formation as solutions to
initial-value problem. These different forms can nicely be represented in two-parameter diagram.

Here the two parameters represent the total concentration of each of the ROP species.

8.2 Future Research

Clearly, there is much left to be done to extend the work in this thesis. Our results are either
purely numerical or are based on asymptotic expansions. Rigorous justification of some of our
conjectures, perhaps using generic spatial dynamics argument, as in [20], or geometric singular
perturbation theory, as in [56, 59, 148] is pressing.

We still have unresolved questions regarding how the breathing Hopf bifurcation appears
to become supercritical with an increasing § in each of the models described in chapter 3. As
well, there remains a need to further explain the global dynamics of patterns beyond the fold and
the Hopf instability of the different types of localised patterns. As an example, there is evidence
in [4] that spike replication and in [56] that spike insertion may occur on finite domain beyond
instability of the Schnakenberg model investigated there.

Then there is the restriction to one spatial dimension. There is much evidence in the literature
to suggest that the models we have studied also give rise to complex spatio-temporal dynamics in
two or more spatial dimensions, see e.g. [39, 123]. The analysis of localised patterns in multiple
spatial dimensions is not only a challenging proposition, but also only a little is rigorously known
about it (see e.g. [28, 104]). Also it seems the array of possible patterns and behaviours is so wide,
that rather than taking a canonical approach as we have done here, it might be more fruitful to
look at specific models that attempt to provide insight to particular biological systems.

In chapters 6 and 7 of this thesis, we have discussed polarity models. Chapter 6 discussed the
transition between the spike and the front solutions and explained how it works. Although this is
an initial step in understanding this transition, we have not entirely resolved this problem yet. As
shown in chapter 7, there are seven different heteroclinic solutions when ¢ = 0, and there is one
homoclinic solution when € does not equal zero. Therefore, one of the seven becomes a homoclinic
solution whenever € is not equal to zero. The future work should include a detailed explanation of
why a specific solution has been chosen from the seven possible ones. There also remain a lot
more to be done from the bioecological standpoint. It would be interesting to apply these insights
to models containing cell growth or cell shape morphology as in [133] which presumably happen
downstream of the ROP-patterning. Here, it would be useful to pose the phenomena in realistic

geometries such as for the root hair [131] or parament cell [1, 72].
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APPENDIX

CONDITIONS FOR BUTTERFLY CATASTROPHE

This Appendix contains some preliminary results due to Mike Jeffrey [85] that propose generic
conditions for the existence of different generic singularities in systems of the form (7.1). In
section 7.2 we see that the existence of heteroclinic connections is bounded by the existence of
the equilibria they connect, and this is determined by certain bifurcations that destroy those

equilibria.

Unfortunately, there do not appear to be general criteria for n > 1 dimensional systems, to
locate such bifurcations in general, beyond the fold or cusp. In particular there do not appear
to be explicit criteria that can be evaluated by continuation software. Theoretical treatments
appear to require performing a centre manifold reduction to reduce the system to n = 1. In [10]
the bifurcations of interest are classified as “one zero eigenvalue and a p-fold degneracy in the
nonlinear terms”, class A1, with principal families of the form % = FHt2 4 P, 11(x,e) where

P71 is an order u polynomial in x with coefficients €;.

We there need a set of conditions to locate such bifurcations in a system x = F(x; u), where
xeR"”, peR™, and in our particular systems of interest n =4 with x =(X,Z,Y,W) and F is the
right hand-side of (7.12) and (u1, u2) = (a,d).

We propose the following (the motivation behind these conditions can be found in [85]). Let
x=X,Z,Y,W)and F = (F,F9,F3,F4), and define functions

0(F1,F9,F3,Fy) 0(F1,F9,F3,F4,Q1)
_ det |2 172,73, 74) 01 = det
Qi=det\ 5= W) |’ N Xz Yy W |
O(Fy,Fs,F O(Fy,Fy,F
ngdet‘ (F1,F2,F3,Q1) ’ 02=det‘ (F1,F2,F3,Q1,Q2) ’
0X,Z,Y,W) 0X,Z,Y,W,u1,uz)
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and so on, expressible more generally for r =1,2,... as

6(F1,~--7Fn—r+1,Q17--nQr—l)
0(x1, .05 %)

0F1,. s 'y, Q1,...,Qr)

6(x1,...,xn,p1,...,pr)

»=det

ki

(A1) O,= det’

In these expressions, the strings F'i,...,F,_,+1 can actually consist of any n —r + 1 components of
the vector F = (F'4,...,F},). We then propose that the follow conditions define the stated catastro-
phes:

0O=F [equilibrium]
0=F=Q,#0; [fold]
0=F=Q1=Q2#0: [cusp]
0=F=Q1=Q2=Q3#03 [swallowtail]
(A.2a) 0=F=Q1=Q2=Q3=Q4#04 [butterfly]

and so on for higher codimension bifurcations. To our knowledge these conditions have not been
given previously.

Take the modified Abley example. As we saw in section 7.2 the bifurcation of of interest occur
on the set E =S where by (7.9) we have

(A.3) x=y, r=s, a=c, b=d, S=E.
With these we can solve the butterfly conditions
(A.4) 0=x'=y'=f=8=Q1=Q2=Q3=Q4 #O4,

and we find

x:y:$(2k—v4k2+9r)

2
(A.5) a=c= E(Qr —4k% + 2k 4E2 +97)
1
b=d=—(-8k3%-297rk + 4(k% + 36r)V4k2 +9r)

729

Combining (7.9) with (A.5) we have solutions for S,E,§, in terms of the other parameters. E.g. if
we take n =2, u=0.05, p =0.06, a = 0.005, we find numerically

S =E=0.0972536... 0=0.110666...
& S =E =0.0983051... 0=0.112176...
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