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Chapter 1

Introduction

1.1 Thesis structure

This thesis work is conformed by three main sections: the preliminaries, the research work, and
the appendix.

The objective of chapter “Preliminaries” is to provide a glimpse of the pattern formation as a field
of research, to give introduction and intuition of the mathematical framework used on it and to
present the previous work that preceded our research project. The first part is about pattern forma-
tion phenomena: natural appearance, our understanding of the phenomena through dynamical
systems, reaction-diffusion equations and the different types of instabilities; and some experimen-
tal realizations. Then the section focuses in introducing the mathematical methods commonly
used in this area, and also we will show important results that are the backbone of this study (for
example, the amplitude equation for a periodically forced system with a Hopf instability, called
the Forced Complex Ginzburg Landau (FCGL) equation). At the end of the chapter we will show
some of the previous research that was important to frame this research project. As the objective
of this part is not the production of didactic material, but only to present the field in general and
to present the theoretical framework that is used in the research work, I will simply use the same
way to introduce the concepts and topics as some of the references do. The structure of this chap-
ter and also many of the particular examples and the general scope of the topic were mainly based
on the book of Ehud Meron, Nonlinear physics of ecosystems [Mer15].

In the research work chapter, we present the results of our research project, which also have been
recently published [MCY17]. First we talk about some characteristics of the region at the border
of the resonance tongue, and specify the parameter region where the comb-like Turing pattern ap-
pears. Then we explain why this particular Hopf-Turing coexistence is of a different nature than
the 1D case (flip-flop). Amplitude equations near the codimension-2 Hopf-Turing instability, with
Hopf and two perpendicular Turing modes are presented. It is shown how a Hopf front breaks the
symmetry of the perpendicular Turing modes and it is possible to identify their different interac-
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12 Chapter 1. Introduction

tions. At the end we compared the results taken from amplitude equations, in which we obtained
the length domain of the perpendicular mode for different gamma, with respect to the length of
comb-like patterns that appear in the original system.

In the appendix we present the step by step calculations for the weakly non-linear analysis to
obtain the amplitude equations that were a crucial part of the research.

1.2 Research work abstract

Chemical reactions are frequently being used as case models to elucidate generic and rich mech-
anisms of spatiotemporal dynamics, such as the spatial periodic Turing patterns, spiral wave
dynamics, bistability, domain walls, and spot replication [MPC97, KM10, Mur(02, KS98] (and
the references therein) by providing insights into mathematical mechanisms (e.g., linear, nonlin-
ear, absolute, and convective instabilities) that give rise to pattern selection [CH93, BDDW 02,
Pis06]. Among the more popular and exploited reactions are Belousov-Zhabotinsky and chlorite-
iodide-malonic-acid (CIMA) [ES96, BDDW 02]. Besides interests in chemical controls [DKBE90,
BDDW 02, VE08, SCT"12], these reactions are also used as phenomenological models for biolog-
ical and ecological systems, examples of which include morphogenesis, cardiac arrhythmia, and
vegetation in semi-arid regions [CH93, VP09, ES96, Mer15].

An intriguing type of pattern formation phenomenon, demonstrating stationary spatial localiza-
tion embedded in an oscillatory background, has been found experimentally in the CIMA reac-
tion [DKPBE94]. Such localized states have been observed in one- and two-space dimensions (1D
and 2D, respectively) [BJP™95, DBDW 95], and attributed to a Turing core emerging in a oscillat-
ing Hopf background. In 1D the oscillatory background obeyed phase shifts of 77, a behavior that
is typical in the vicinity of a codimension-2 bifurcation [DKPBE9%4, JPM 94, MHM(9], a.k.a. a flip-
flop behavior or “1D-spiral” [PDWD"93, Bha07, DWLDB96]. The 2D localization was attributed to
the phase singularity that forces a vanishing Hopf amplitude and thus in turn emergence of a Tur-
ing state [DKPBE9%4, JPM 794, MHMO09]. In the mathematical context, it was shown that the spatial
localization in the 1D Hopf-Turing bifurcation [TMB*13, JPM"94] bears a similarity to the spa-
tial localization mechanism in systems with a finite wavenumber instability due to the homoclinic
snaking structure [TMB*13].



Chapter 2

Preliminaries

2.1 Pattern formation overview

Natural phenomena

Patterns in nature are visible regularities of form found in the natural world, some examples are
shown in Fig. 2.1. These patterns recur in different contexts and can sometimes be modelled
mathematically. Natural patterns include symmetries, trees, spirals, meanders,explosions, waves,
foams, tessellations, cracks and stripes, among others [Stel5]. Spontaneous pattern formation in
nature is an intriguing phenomenon that has kept the attention in different fields, first to under-
stand their underlying mechanisms of formation and then to obtain better means of control to get
desired state configurations in the evolution of particular systems.

The general idea given by the principle of macroscopic uniformity is that a system made of a
huge number of particles achieves a stationary state when the maximum entropy is reached and,
at this point, homogeneous macroscopic characteristics should appear [Ste08]. But patterns and
structures found everywhere in nature prove that there are obviously mechanisms that lead to
non-homogenity in stationary states. Diverse mechanisms are the cause for each case, but here we
are especially interested in patterns whose particular shapes were not crafted by an external factor
directly, but by its own dynamics behavior or, more precisely, the dynamics of its constituents at
local scale.

Self-organization is a process where some order or some global structure arise due to local inter-
actions that can start even from a disordered initial state. There exist some systems which exhibit
self-organization due to positive feedbacks in its dynamics that lead to the pattern formation that
we are interested in. When a system starts from a macroscopically homogeneous state, which has
translational symmetry, and evolves into a patterned state, it means that the symmetry was bro-
ken at some point, this phenomenon is called a symmetry breaking instability [Mer15]. Although
it can not be really proven that patterns found in nature come from symmetry breaking instabili-
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14 Chapter 2. Preliminaries

Figure 2.1: From left to right. A spotted cheetah and a king cheetah patterns [Bon12], cloud
stripes [Oel14], vegetation patterns [Wik17] and sand ripples [Ball5].

ties, nowadays there are simulations from mathematical models and also experiments that give a
strong confidence in it, and it’s a good aspect of the theory that there is no need of a special initial
configuration for the emergence of the pattern and it can work with random initial conditions.
Certainly, it is thoroughly unlikely to find systems in nature standing in a unstable equilibrium,
but it is much more plausible to witness a system in a stable equilibrium that changes until the
equilibrium becomes unstable and the breaking of symmetry occurs. In the models, the parame-
ters of the system could change the condition of a stable equilibrium into an unstable one; when
there is a parameter A that can make this change it is called the control parameter, when the con-
trol parameter reaches a certain treshold A., then the equililbrium goes from stable to unstable. It
is called a bifurcation when this stability characteristic changes and occurs when A = A, [CH93].

Alan Turing submitted in 1951 an article in which he intended to explain morphogenesis (the bio-
logical process that generates the shape of an organism, from a spherically symmetric blastula to
an embryo) based on the chemical reactions of substances that could occur in the blastula [Tur52].
Obviously, the blastula is spherically symmetric only in a macroscopic point of view, but it has
small fluctuations that make possible an unsymmetrical further evolution. Citing Turing’s paper:
“It was assumed that the deviations form spherical symmetry in the blastula could be ignored be-
cause it makes no particular difference what form of asymmetry there is. It is, however, important
that there are some deviations, for of them, tend to grow. If this happens a new and stable equi-
librium is usually reached, with the symmetry entirely gone. The variety of such new equilibria
will normally not be so great as the variety of irregularities giving rise to them”. Turing presented
simplyfied examples of reaction-diffusion systems in which a small deviation from a equilibrium
accentuates the differences and others where spatial oscillations appear. Turing also showed dif-
ferent possible kinds of solutions: stationary flat, flat but oscillating in time, stationary but with
finite wavelengths and oscillating with a finite wavelength (traveling waves).

Turing presented some characteristics or conditions that a chemical reaction process should have
in order to be plausible the equation systems that he presented as example.

Another feature of the pattern formation is their universality in the following sense: different sys-
tems that present the same type of instability, when the control parameter is near the bifurcation,
also show the same kind of pattern [Mer15].
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Reaction-diffusion equations

In a mathematical framework, pattern formation is studied by modelling the physical system with
a set of partial differential equations which is called the dynamical system.

The quantity u of some characteristic that can be measured in space (charge, mass, concentration,
temperature, biomass,etc..) could be modeled as a density function that specifies a value u(r) € R
for each point r = (x, y, z). The density function u defines the state of the system. If a dynamical
model is desired, then the state function u will depend on time, so the explicit function u(r, t) will
specify the evolution of the state.

If there is a dynamical behaviour, then we can specify a vector field called the flux J(r, t), which is
a vector whose direction points to the velocity of the substance characterised by u, and its magni-
tude is equal to the infinitesimal quantity of the substance that passes through a plane orthogonal
to the velocity direction per unit of time. When the total amount of the quantity is conserved,
i.e.,, when [ u(r, to)dr = [ u(r,t)dr for any ¢, then at each point r the change of the density u(r, f)
should be equal to the negative of the divergence of the flux J(r, ¢):

ou
="V (2.1)

Diffusion occurs when the movement of the quantity u has a tendency to spread out, i. e., a
tendency to not have relative maximum or minimum levels, so the movements of the substance
will go from the regions that have high levels to the regions that have low ones. Specifically, when
the movement of u is only driven by diffusion, then the flux J in each point goes into the oposite
direction of the gradient of u at that point, with a magnitude specified by a coefficient of diffusion
D, ie.,J = —DVu, which is known as Fick’s law. Then, to describe the evolution of u due to
diffusion, eq. (2.1) takes the form:

3—1‘ = DV?u, (2.2)

which naturally is called the diffusion equation.

Let us consider now two variables to be measured in space that interact among them, let’s say u
and v. Each one of them diffuses at different rates: D, and D,. This variables, for instance, could
be chemical concentrations of two substances or biomass of prey and predator species. Now we
are not longer hold the conservation restriction, but will allow creation or anihilation of each of
the variables, due to its own level and the level of the other variable. So, for each variable, we
will add to eq. (2.2) an aditional term as function of u and v. In a chemical context f,(u,v) and
fo(u,v) are called the reaction terms because they indicate the addition or dissapearance of each
substance due to the reactions of both or due to an auto-catalytic process. Then, for two variables,
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the reaction-diffusion equation system has the form:

3—1‘ = fu(u,0) + D,V?u, (2.3a)
% = fv(u,v)—kDUVZv. (2.3b)

The reaction terms f,(u,v) and f,(u, v) are in general non-linear functions of u and v. Except for
very simplified cases, it is not possible to find an analytical solution of (2.3), but a numerical inte-
gration is requiered to trace the evolution from a chosen initial state u((r) and vy(r). In general,
a reaction-diffusion equation system may consist of N variables and also crossed diffusion terms,
which means that a current of some substances is also afected by the gradient of another one, see
eq. (2.27). Although some times we are going to refer about the general case of N variables, most
of the systems and examples in this thesis work will use N = 2.

Stationary and oscillatory instabilities

It is important to define what is considered as an instability within this framework, and we will
use two examples that help us to identify stationary instabilities from oscillatory instabilities.

Steady state or stationary solutions of a reaction-diffusion equation system as (2.3) are states u,(r)
and v,(r) such that %us = %vs = 0, which means that if they are used as initial condition, then
the system at the start is in some sort of equilibrium that generates no change in their subsequent
evolution. In principle, there could be several (even infinite) of these steady state solutions, but
the simplest task to do is to look for flat solutions. i.e., functions us(r) = u and vs(r) = v with a
constant value along the space.

In order to search for this flat solutions it is convenient to restrict the problem in a way that only
allows flat evolution, i.e., in which only flat states are permited: u(r,t) = u(t) and v(r,t) = v(f).
So, the system (2.3) turns into a system of ODE. For a general case with N variables, it will have
the form:

%u = f(u,A), (2.4)
where u = (u, ..., uyn) is the vector of real variables that represent the state and A a parameter and
f=[fi(u,A),..., fn(u, A)] is a vectorial function of the variables. The set of equations represented
by (2.4) is the dynamical system and the space generated by the variables u3,...,uy is the phase
space, thus, each point in phase space represent a particular state u. The evolution u(t) from some
initial condition u(0) = wuy is a curve in phase space that indicates a particular trajectory starting
at the point ug. The vectorial function f represent a vector field in the phase space, i.e., it assigns a
vector for each point of the phase space which, in particular, is tangent to the trajectory that passes
at that point. Here, a steady state solution is a point u in the phase space such that f(u, A) = 0, so
there are not a tangent vector because the whole trajectory only consist in a single point u; steady
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state solutions are also called equiliblrium points.

Right side of eq. (2.4) can be expanded by Taylor’s series around a fixed point u. So in a vicinity
of u the eq. system (2.4) at first order approximation is a linear system with the form:

%(u —u) =Vf(u—nu), (2.5)
where Vf is the Jacobian matrix such that Vf;; = E?TJZ _. This linear system has solutions of

u=u
the form u — u o ¢%! 4 c.c., i.e. the solutions are vectors that point to some direction but with

exponential behaviour in time.! The complex conjugate is to ensure real values in the solutions,
considering that we are dealing with measurable quantities. The values of 0; (i = 1..N), that
satisfy the linear equations system correspond to the N eigenvalues of J, which are, in general,
complex. If there is a 0; such that Re(o;) > 0, then the steady-state u is unstable or we also say
that there is an instability at the equilibrium point u, because a state u(t) = u + éu(t) made of
a small perturbation from u, within the linear regime only will depend on the evolution of the
perturbation which will grow exponentially within the linear regime. If all the eigenvalues fulfill
Re(o;) < 0 then the steady-state is stable and if the eigenvalue with the highest real part is equal
to zero, then the steady-state is called to be marginally stable. The eigenvalues o; are functions of
the parameter A. A bifurcation pointis a critical value A. of the parameter A where the fixed point
u loses or gain stability. When A = A, the system is marginally stable. Let’s assume by convention
thatif A < A, then the system is the stable and with A > A, unstable.

For systems extended in space, i.e., systems whose states are also function of the space (u =
u(r, t; A) when there is a perturbation around an unstable flat stationary solution, commonly the
system evolves going away from the instability and approaching to another steady state but sta-
ble solution, or to a time-periodic solution; those instabilities are called stationary instability and
oscillatory instability, respectively. In the following we will present very simple and typical ex-
amples of these two kind of instabilities to provide a better intuition of what are they about.

Stationary instabilities
Let us consider the next ODE with N = 1:

il—”t‘ = Au —u’. (2.6)
If A > 0 it has three real stationary solutions: 1y = 0, forany A and u+ = ++/A;if A < 0 there exists
only 1y = 0 as stationary solution. Let’s check the stability properties of each solution. The jaco-
bian is only a 1 x 1 matrix with element f’(u;) being also the only eigenvalue. We have f'(0) = A,
so Uy = 0 is stable when A < 0, and unstable when A > 0, being A = 0 the point of bifurcation.
And f'(£V/A) = —2), as the pair of stationary solutions #i+ = 41/A exist only with A > 0, then
they are always stable points. In the fig. 2.2 it is shown a bifurcation diagram, in which are plotted

I Taking into account that the exponential behaviour is only valid mwhile |u — | is small enough to fulfill the first
order approximation.
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the stationary solutions as function of A: continous line represent stable stationary solutions and
dashed lines represent instable solutions.
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O_
ot
=
(en)

A

Figure 2.2: Stationary solutions of u with respect to the parameter control A. Solid/dashed
lines stands for stable /unstable solutions. The bifurcation is located at A = 0.

The linearization around fixed points only describes a exponential behaviour that occurs in a vicin-
ity of the points, but doesn’t show a further trajectory for instabilities points where the state u(t)
goes away from instability. In 1D systems, when the trajectory goes away from an instability,
whether it goes infinitely far or whether fall into a stable fixed point that finds in its way. So, as
the one in the example (2.6), there are instabilities called stationary instabilities in which a small
fluctuation from them carries the state into another stationary but stable solution, thus the state in
time asymptotically gets steady.

For systems extended in space, small fluctuations around a stationary instability (a flat and unsta-
ble stationary solution) are sufficient to take the state into a some steady state, which could have
many different shapes, including spatial oscillatory behaviour.

Oscillatory instabilities
The existence of an oscillatory instability in a ODE system requires N > 1. A common example
that illustrates this behaviour is the following system of non-linear ODE with N = 2:

d

= Auy — wuy — (uf +u3)uy, (2.7a)
L. 2o
T = win + Aup — (uf + u3)uy, (2.7b)

whith a change of variables where 11 = pcos ¢ and u, = psin ¢ the system gets a simpler and
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decoupled form:

d

ap = Ap— p?’, (2.8a)
d
$(p = w. (2.8b)

Equation (2.8b) implies that the variable ¢ advances at a constant rate w with respect to time. As
the equations are decoupled, eq. (2.8a) can be analyzed as eq. (2.6) since has exactly the same form:
with A < 0 the only fixed point is a stable stationary state with p = 0, but with A > 0 the fix point
p = 0 becomes unstable and appear two more stable points at p = v/A and p = —+/A (but in this
particular case p cannot be negative as a polar variable). Then, with A > 0, and due to the dynam-
ics of p and the constant angular velocity w, it can be noticed that near the stationary value p = /A
there are trajectories that converge to the circle u; = v/Acos(wt + ¢g) and uy = VAsin(wt + ¢y)
that is called the limit cycle. An oscillatory instability is an unstable fixed point such that small
fluctuations from it gets a trajectory that converges to a limit cycle. The bifurcation at A = 0 that
turns on the ocillatory instability it is often called Hopf bifurcation.

Patterns classification

Nonequilibrium spatial patterns can be classified by the kind of linear instability that presents
some uniform stationary solution. The instabilities appear when some control parameter R of the
system exceeds a particular threshold. The instabilities can be divided according to the values of
their characteristic wave vector kg or the characteristic frequency wy that reveals at the instability
threshold. Patterns with wave vectors or frequencies centered around this characteristic values
will grow in the linear regime [CH93].

Non-uniform stationary instabilities present periodic behaviour in space and stationary in time.
There is a lot a patterns with this spatial periodic structure. In 1D, if A is at the threshold,
the pattern will be a single wave with wavelength equal to 27t/k, where kg = |ko|. In two
or three dimensions other regular patterns, as rolls, squares, labyrinths, hexagons, cubes,
etc., can be achieved by a superposition of stationary waves with wavevector in different
directions and different amplitude through the space.

Uniform oscillatory instabilities are the ones that induce flat solutions in space but with an os-
cillatory motion in time.

Non-uniform oscillatory instabilities are instabilities in which the evolution present oscillatory
behaviour in time and also in space, so traveling waves appear. In two dimensions can give
rise to spiral waves.

Experimental realization of pattern formation

Chemical reactions

The oscillatory behaviour of chemical systems was an outstanding phenomena, not well received
at the 1930’s by the chemical community when Bray and Liebhafsky published the first exper-
imental results. During the 1950’s, Belousov found cyclic behaviour of the color of a mixture
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of bromate and cerium ions with citric acid in sulfuric acid; later work of Zhabotinksy on those
recipes and characterization of the chemistry led to the recognition among the community un-
til the late 1960’s. Zhabotinksy was the first one to use malonic acid to substitute citric acid. In
the late 1970’s the Bray-Liebhafsky and Belousov-Zhabotinsky (BZ), both accidentally discovered,
and its variants were the only known oscillator reactions that could be replicated in experiments.
Theoretical framework developed previously as Lotka-Volterra model, Brusselator model or Oreg-
onator model gave rise during the 1980’s to the systematic design of chemical oscillators, based
on autocatalytic reactions. In 1990, Kepper and Boissonade presented the chlorite-iodide autocat-
alytic reaction, that exhibits most of the dynamical behavior of BZ reaction: periodic oscillation,
bistability, chemical waves and pattern formation; but simpler than BZ to explain its mechanism
and had nice agreement with numerical simulations. Same year, Castest, Dulos Boissonade and
Kepper reported the first experimental observation of the emergence of Turing pattern in a non-
equilibrium system, using the chlorite-iodide reaction but adding malonic acid. In Epstein and
Showalter [ES96] it is shown an overview of experimental works of the chemical oscillators and
other nonlinear dynamics as patterns and chaos.

Kepper, Perraud, [DKPBE94] found in the chlorite-iodide-malonic acid (CIMA) reaction a quasi-
2D behavior where there is coexistence between Hopf and Turing modes. They reported a dy-
namics driven mostly by plane waves but with the exception of isolated Turing spots in the core
of spirals, see Fig. 3.1. Alghough Turing spot could be difficult to be seen in the tip of spiral, they
show it by making time-averaged image. References [DKPBE94] and [JPM " 94] claim that the 2D
Turing-Hopf spiral is the extended case of the 1D spirals or flip-flop.

2.2 Pattern formation analysis

This section is focused on the linear stability analysis of uniform states in spatial extended sys-
tems, where by spatial extended systems we mean that the state u depends also on some space
coordinates r. With this linear analysis we will show the mechanisms of the emergence of oscilla-
tions with particular characteristic frequency in time or space from an instability and also the role
that diffusion plays.

Instabilities generated by diffusion

Let’s consider a reaction system of two species (N = 2), u and v, with no diffusion, i.e., D, =
D, = 0in (2.3), in a one-dimensional extended space and, for the sake of simplicity, a flat station-
ary solution in u(x) = 0, v(x) = 0. Since (2.3) is a system extended in space, the linear analysis
is made taking into account a small variation around a flat solution: u(x,t) = u + éu(x,t) and
v(x,t) = v+ bv(x,t), where éu(x,t) and sv(x,t) are functions (perturbations) whose values are
infinitesimally small.
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Figure 2.3: Schematic example of small variation around a flat stationary solution as initial
condition: u(x,0) = u + éu(x,0) and v(x,0) = v+ 6v(x,0). Flat yellow lines stand for u
and v, respectively.

These perturbations (if they are smooth), as any smooth function, can be represented as Fourier
integrals, du(x,t) = [on(t)e™dA and Sv(x,t) = [ Ba(t)e?*dA. Within the linear regime it is
enough to calculate separately one of the modes and the evolution of the perturbations du(x, t)
and 6v(x, t) will be the integral of the evolution of all the A-modes.

For example, only analysing the evolution of the k-mode, the perturbations will have the simple
form:
Su(x,t) = a(t)e*™ +cec., (2.9a)
so(x,t) = Be(H)e™ +c.c., (2.9b)

where ay(t) and Bi(t) are complex values that determine the amplitude and phase of the mode,
and c.c. indicates the complex conjugate to restrict perturbations to real quantities.

We had assumed that the perturbations &;u and &v are around the zero solution # = 0, v = 0,
thus, now it is only needed to substitute (2.9) in the original system (2.3), with D,, = D, = 0, to
obtain the linear system around the flat stationary solution. A linear ODE system of the Fourier

coeficients will arise: / o
d(Xk dt a 6112:| |:(Xk t :|
— , 2.10

[dﬁk/dt] [021 axn | | Br(t) (2.10)

where a;; = Vf; ; are the coefficients of the jacobian matrix A, and f = [ fu(u,v,), fo(u, v)} are the
reaction functions. The solution to this system has an exponential form:

o] = L= e
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where 0 = o(k; A) is a complex value that can be function of k and also of the parameters of the
system A = (A, Ay, ...). The vector (c!,c?)T is complex but with constant elements and the only
dependence on time is on the exponential behaviour. Placing (2.11) in (2.10), a eigenvalue problem

is obtained:
o ¢ =A ¢ 2.12
|:C2:| |:C2:| ’ ( . )

which implies that o is an eigenvalue of A and (c!,c?)7 its corresponding eigenvector.

In this case, the coefficients of A do not depend on k therefore, neither does o, which means that
the amplitudes o (t) and B (t) of any mode k will grow or decay at the same rate, indicated by the
greatest real part of the eigenvalues. The eigenvalues are 0y = 3trA & 3/(trA)2 — 4det A, which
implies that the trace of A determines the stability, and the case where detA is negative we have

eigenvalues of different sign.

Let us assume that [1(x) = 0,7(x) = 0] is a stable point, implying that the real part of both eigen-
values of A, 01 and 0, are negative thus:

i)trA <0,

ii) detA > 0.

The case where both a11 and ay, are negative is of no interest on this text, and the case with both
positive does not fulfill the condition i) trA < 0. Thus, a;; and aj; have oposite sign, let’s assign
a;1 > 0and ap < 0 to work with. It means that the reaction functions at first order have a positive
feedback for the u species, and negative for v. Then, conditions i) and ii) imply |a11| < |az2| and
also that a1, and a»; have oposite sign.

Now we are going to add diffusion for both species, with diffusion coefficients D, and D,, recall-
ing eq. (2.3), and with the same reaction functions as in the jacobian matrix A (2.10).

Substituting (2.9) in (2.3):

d(Xk/dt:| |:El11 — l)uk2 ain :| |:(Xk:|

= . 2.13
[dﬁk/dt a1 a2 — Dok?| | Bk (2.13)
D, 0

And now A’ = A + k? [_ } the new coefficient matrix for the system (2.16).

0 —Dy,

The condition that we need to switch the stability property with the inclusion of diffusion is for
the real part of one of the eigenvalues to become positive, and it is obtained when detA’ < 0,
which gives eigenvalues of oposite sign.

detA = ai1a; — kz(Duall + Dvﬂlzz) + k4DuDv — a12471.

The only term that could contribute negatively to detA’ is —k?(Dyaq1 + Dyasy). If the diffusion
coeficients are of equal magnitude, then that term reduces to —k?D,,(trA) which is positive, since
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trA < 0. So, D, has to be sufficiently bigger than D, not only to make D,a11 + D,a2, a posi-
tive quantity, but also to ensure that k?(Dyay1 + Dyanxy) > detA + k*D, D, to fulfill the condition
detA’ > 0.

In summary, if the diffusion of the species that has positive feedback is sufficiently larger than the
diffusion of the other species, then the original stability without diffusion can be broken.

Dispersion relations and growth rate curves.

The coefficient o = o(k; A) of the exponential function (2.11) that determine the evolution of the
amplitudes of the Fourier modes, characterized by different k and a set of parameters A, plays a
protagonist role in pattern formation theory. Only in the linear approximation - in a vicinity of the
flat stationary solution (i, v)- a solution dependent on time from any initial small perturbation
can be seen as a superposition of Fourier’s modes

wet) = [+ L Rk emaec,

where the Fourier amplitudes have only an exponentlal dependence on time:

-

As each Fourier amplitude grows or decays at different rates, the whole shape of the solutions
will change over time. In this example we assumed that we have a single control parameter A.
The exponential function can be factorized as e’k ‘¢!, where ox = Re(c) and o7 = Im(0). The
imaginary part of o gives temporal oscillations with frequency w. = o7, which is called the Hopf
mode. The real part of o is what determines the growth rate. The explicit function or (k) of the
growth rate with respect to the mode k is called dispersion relation, and the plot o against k is
known as growth-rate curve.

By varying the control parameter A, the whole growth-rate curve changes. The stability bifurca-
tion occurs when the control parameter takes a value A. such that there is at least one point that
touches the k-axis at k. with the rest of the curve is below it, thus, when A = A. only the mode k. is
marginally stable and the rest of the modes will decay with time; that is, A is the parameter such
that there exists a k. which fulfills: or (k;; Ac) = 0, o (ke; Ac) = 0 (Where 0% (k; A) is the derivative
of or with respect to k) and d?o /dk> < 0, i.e, or(k; A;) has relative maximum in k. with a
level of zero.

k.

So, from an initial condition containing the k. mode in a Fourier decomposition, the evolution of
the system will hold only the k. mode and, if w, # 0, it will also hold the Hopf mode:

l . .
[zgl’gg] imiccN [E%ZEQ;] elvet oikeX 4 e e, (2.14)
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If A is not equal to A; but slightly greater, then the mode k. and some of the modes in a small
interval around k. will have an exponential growth in the linear regime, the growth of the mode
k. will be bigger than any other. For example, if k. = 0 and w, # 0 then a uniform but oscillatory
behaviour in time will prevail. Then the instability in 1D is defined by k. and w, which are called
characteristic wave number and characteristic frequency, respectively. In a space of more than one
dimension there is a characteristic wave vector k.. In fact, particularly in isotropic systems, there
can be several wave vectors coexisting in a pattern. This can give rise to crystalline patterns as
discussed, for instance, by W. Klein and coauthors [KLO06].

This is the main mechanism of pattern formation. From an arbitrary initial condition (u(x),v(x))
that is near a flat stationary but unstable solution indicated by a control parameter that is placed
very near the bifurcation point, the modes with wave number k € [k. — €1, k. + €3] and frequency
wc in time, will grow while the rest of the modes will decay; where [k. — €1, k. + €] is the inter-
val in which og(k) is positive. That means that, under some conditions, from a random initial
configuration of a system made out of small fluctuations from an instability, even when each ran-
dom initial configuration is very different, in all cases the further evolution will generate a similar
global structure that is carved in a general form by k. and w..

The shape of the growth-curves shows the types of instabilities that a determined system could
present, see Fig. 2.4.

(c) or = k3 - k?)

k k k

Figure 2.4: Different types of growth-rate curves, taking A. = 0. Figure from [Mer15].

From the explicit expresion of the surviving mode in the linear regime, previously expressed
in (2.14) we can easily identify four types of instability, due to their linear exponential response
which is determined by the particular shape of the growth-rate curve:

- Uniform stationary instability (w. = 0, k. = 0). This instability push the evolution into dif-
ferent but stable flat solutions. When there are, for example, two different stable solutions as in
Fig. 2.2, we say that bistability exists and the asymptotic solution in a extended 1D space could be
a combination of both, divided by a transition region that is called a front or domain wall.
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-Non-uniform stationary instability (w. = 0, k. # 0). This is the case when a Turing mode arises
in the bifurcation instability. It evolves into stationary patterns with spatial oscillations.
-Uniform non-stationary instability (w. # 0, k. = 0). The case when a Hopf mode is the principal
in the bifurcation, it evolves as a flat but oscillatory state.

-Non-uniform non-stationary instability (w. # 0, k. # 0). It corresponds to a mixed state which
evolves into traveling waves. It occurs when the maximum wavenumber k is greater than zero
but also w, # 0.

Non-uniform stationary instability

In the rest of the section we are going to use the FitzHugh-Nagumo (FHN) model only as an ex-
ample of a reaction-diffusion equation to show the basic mechanisms of pattern formation from
certain type of instabilities. It is a model that was developed by Richard FitzHugh (published in
1961) when he was trying to simplify the Hodgkin and Huxley’s equations for the flow through
the squid giant axon membrane of sodium and potassium ions. At relatively the same time, Jin-
Ichi Nagumo built a circuit whose behaviour was similar to the simplified equations.

The FHN model has two types of substances or fields in space: u#(r) and v(r), where u generates a
positive feedback (activator) for both substances, while v provides a slower negative feedback; and
the reaction function of the activator # has a nonlinear component which depends negatively in u.
Along the time, FitzHugh-Nagumo model has been widely used by mathematicians, physicists,
biologists and engineers, and is one of the prototypical example to understand instabilities and
pattern formation [IF06].

The specific version of the FHN model that we are going to use is:

ou = u—ud—v+Vu, (2.15a)
v = e(u—av)+ V2o (2.15b)

Looking at the lineal behaviour around the flat stationary solution u(x) = 0 and v(x) = 0, the
substance u acts as an activator that contributes positively to the growth of u and v, while v acts
as an inhibitor. All the coefficients (a, €, §) are positive real values and a < 1.

As the last examples, the linearization is obtained by using a Fourier mode k (2.9) as a perturbation
function from the zero solution u(x) = 0 and v(x) = 0. The resultant linear ODE system is

dog /dt _ 1—k2 -1 o
[dﬁi/df} B [ € —ea—ékZ} [/Sﬂ (2.16)

As in any linear system of ODEs, we will look for exponential solutions with growth rate og. The
dispersion relations of the system are:
1

oi(k;ead)==(1—k*—ea— 5k jzl 1—k2+ea+5k2—4e. (2.17)
2 2
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In this example let us consider the case € > 1/a.

For low values of k the expression inside the square root is negative (taking into account that
a < 1), so the real part of o' is 1 (1 — k? — ea — 5k), when k = 0 we have og(0) = 1/2 —ea/2 < 0
due to the premise on €. As k increases from zero, or (k) decreases, until the expression inside the
square root becomes positive so Re[o (k)] = oy (k).

We are going to take 6 as our control parameter. The next step is to find for which § (in terms of the
other parameters a and €), the growth curve touches the k-axis in just one point k., and to specify
that point k, also in terms of the rest of the parameters. To find 6, and k. we have two non-linear
equations that must hold: o (k.; ;) = 0 and o/, (k.; ;) = 0, where ¢’ stands for the derivative of
sigma with respect to k; and also we have to ensure that the second derivative evaluated in k. is
negative.

With some algebra the non-linear system reduces to this pair of equations:

0 = (1-Kk)(ea+ k) —e, (2.18a)
0 = &(1—K) —2ke(ea+ &:k.). (2.18b)

With the command Solve of the software Wolfram Mathematica 11.0 four analytical solutions of

the system (2.18) were obtained. Among the four solutions we took only the one in which k. and
o, were real and positive. The explicit expression in terms of the parameteres 2 and e are:

ke = y/¥(a), (2.19a)

b = 3ae[9/a—5+3¥(a)|\/¥(a), (2.19b)

Where W({,‘l) =1—- % + 92;8{1‘

To get the complete expression similar to (2.14) of the first mode k. to grow beyond the bifurcation
point &, it is necessary to solve the eigenvector problem of the linear matrix with components
evaluated in k. and d.:

m _ [1 — K2 —éu(kc;éc) o Mg—_l o (ke 5&] [z%] :
1
- [1 _WE—:Q) - jae[9/a —3 +_31‘P(a)}‘l’(a) — 0] E%j '

Once we have the corresponding eigenvector

M x {1 —%J '
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we get the complete expression of the first mode k. that emerges from the instability at the bifur-
cation point é.:

L _ }{’(a)] ek 4cc.. (2.20)

The instability bifurcations that lead to a non-uniform stationary state are called Turing bifurca-

tion and the spatial oscillations for each wave number are called Turing modes. In our example,
the Turing bifurcation is found at &.

Uniform oscillatory instability

We are going to use the same FitzHugh-Nagumo model, but this time with no diffusion for the
substance v, i.e., with 6 = 0:

ou = u—ud—v+Vu, (2.21a)
orv = e(u—av). (2.21b)

Again, the coefficients (a, €) are positive real values and a < 1.

In this case (6 = 0), the dispersion relation is:

or(k; ea)= %(1—]{2—(—:5{) j:%\/(l —k2+ea)2—4e. (2.22)

Now we are going to take € as the control parameter.
There are two possibilities, the square root term is real or imaginary at the bifurcation point €.

Lets assume that the square root is a real value. If this is the case, then, there are two ways in
which we can make o reach a value of zero: either both terms of o(k; €,a) are zero or they cancel
each other. Let’s check if it is possible for the magnitude of both terms to be equal. Comparing the
squares of each term,with € # 0 we have:

(1 —k2+ea)2—4e <
(1-k+ ea)2 —4ea = (1—k*)% —2k*ea — 2ea + €*a®
< (1-K*)*+2Kea—2ea+e*a* = (1—k* — ea)z,

Since (1 —k* + ea)2 —4e < (1—-Kk*— ea)2 for any case where € # 0, then we can not get
Re [oi(kc ; €c, a)] = 0 if the square root term is real, which means that at the bifurcation point
o is complex.
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The real part of 0'is og (k; €,a) = 3 (1 —k? — ea) and its derivative with respect to k, o (k; €,a) = —k
(and the double derivative is negative). Then the maximum value of the growth-rate curve is lo-
cated at k = 0, and the value of e that modifies the curve to get or(0;€.,a) = 0is e, = 1/a.

The characteristic frequency is w. = %\/ de. — (1 — k2 + eca)2 = +/1—a/+/a. Since the character-
istic wave number is k. = 0, the first mode growing in the instability consists of a uniform solution
for u and v that oscillates in time, which is called the Hopf mode:

1 .
[1 —i 1_a] e’ +c.c.. (2.23)
Va

The imaginary value in the second element of the eigenvector indicates the shift in the phase of
the oscillations of v with respect to u.

Codimension-2 Hopf-Turing instability

Let’s revisit the FitzHugh-Nagumo model (2.15) with the positive parameters (4, €, ), and a < 1.
We can adjust both € and 6 in order to make the growth-rate curve touch the k-axis in two points
without exceeding or = 0, having simultaneously two marginal stable points: one with k = 0 and
w. # 0, the other with k. # 0 and w = 0. With this particular selection of parameters €, and &, the
stationary solution u(x) = 0 and v(x) = 0 becomes a Hopf-Turing instability. Codimension-n
refers to the number 1 of parameters that are needed to adjust to get a particular bifurcation point.

Then, the codimension-2 point Hopf-Turing instability of the system (2.15) is reached with

e = 1/a, (2.24)
5. = 1[9/a—5+3¥(a)]\/¥(a), (2.25)

where ¥(a) = 1 — 2 + ¥2-8 The characteristic frequency for the Hopf mode is w. = v1—a/\/a
and the characteristic wavenumber of the Turing mode is k. = /¥(a).

Since almost all the Fourier components of the perturbation will decay within a first order approx-
imation, the evolution of the state around the zero solution will be mainly driven by the Hopf and
Turing modes:

1 . '
[Zg"g] ~ [1 —i\/\l/?] H(x, t)e'v + [1 —}P(a):| T(x, e 4 c.c., (2.26)

where H(x, t) and T(x, t) are the amplitudes of the Hop f mode and the Turing mode, respectively,
which are defined in time and space.
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Figure 2.5: A 1D example of a system with its parameters located near codimension-2 point
Hopf-Turing instability. Purple/yellow colors stands for u(activator)/v(inhibitor), re-
spectively; when x is sufficiently larger than zero only Hopf mode holds, and when x
is sufficiently lower than zero only Turing mode takes place. Around x = 0 is a mixed
mode, which consists in the Hopf-Turing front that divide both regions.

Weak non-linear analysis: Amplitude equations

The analysis of last section was restricted to the linear behaviour of a reaction-diffusion systems
(2.27), from infinitesimal fluctuations around a flat stationary solution, and only gives a descrip-
tion of the mode corresponding to the characteristic wave number k. or the characteristic fre-
quency w, of the system. One step further is to deal with a tiny or weak effect of non-linearity of
the system.

When the control parameter A is slightly above A., not only the mode k. grows exponentially as
well as some continuous range of k around it, this range being that in which the growth-rate curve
is above zero. The approximation of this behaviour does not involve integrating the different sur-
vival modes in this narrow range of k, and instead we consider that as all the modes within the
unstable range are very similar to k., the interference will be considerable only at long distances
with respect to the space wavelength or long times with respect the period of time oscillations
-depending on the type of instability-, so the effect of this slow interference will be expressed only
as changes of the complex amplitude A of the characteristic mode. The amplitude will then be a
function of space and time, A = A(x,t), and the weak non-linear analysis is the deduction of a
differential equation from which A(x, t) can be obtained. If it is a codimension-n instability, then
the analysis will bring a system of n coupled complex amplitude equations. The deduction of the
amplitude equations is based on a perturbation method, using expansion series around a station-
ary flat solution and around the bifurcation point of the control parameter A. Since the amplitudes
change slowly in time and space with respect to the oscillation modes, slow variables scaled by
powers of A are used in this analysis to separate the behaviour of the amplitude and the expo-
nential factor of the mode. At the end, some equations generated from the expansion will give
conditions that have to fulfill the amplitude of the first term of the expansion, which corresponds
to the associated critical mode. In the following it is shown how this analysis method works.

Consider a general reaction-diffusion type system:

d
;1) = f(|u) + DV u), (227)

T

where |u) = (uy,...,un)" are density functions of chemical substances (with N being an inte-
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ger), f(|u)) are functions containing linear and nonlinear terms of the functions u; that corre-
spond to chemical reactions or interactions, and D is a matrix associated with diffusion and cross-
diffusion [VE09].

If the state is in a vicinity of a non-uniform stationary instability, then it can be approximated as:
lu(r, t)) = |i) + |er) A(r, t)e™* + c.c., (2.28)
or if it is in a vicinity of a uniform oscillatory instability:
lu(r, 1)) =~ |i) + leg) A(r, t)e' ! + c.c., (2.29)

where |u) is a stationary and spatially uniform state, and |e;) is the corresponding eigenvector
evaluated at the bifurcation point (withi € {H, T}).

The derivation of a system of two equations for the real and imaginary part of the amplitude
A(r, t) is called weak nonlinear analysis, because it is valid only when we consider the following
two points:

1. The amplitudes are small enough so that the state is near the instabililty point.

2. The control parameter is near the bifurcation point.

The idea of this approach is to consider that the variations in the space domain and time of the
amplitude A(r, t) are small or “weak”. So, it could be natural to think about different scales, the
scale of the oscillation period of the growing mode and the scales in each direction and time in
which the variation of the amplitude is considerable. For the sake of this method, it is useful
to define slow space and time variables so the amplitude only will be a function of them, while
the oscillation term in (2.28) or (2.29) remains as a function of the space (or time) variable of the
original scale. To exemplify the idea, let us consider a 1D space domain and also assume that
|u) = |0) is a uniform oscillatory instability (in this case, |0) stands for null vector). So

|u) ~ en) A(X, T)e™! + c.c., (2.30)

and only depends on the regular variable t and the slow variables X = A?x and T = A9t, where
p and g are the exponents of A that define the scale of each one of the slow variables. The explicit

function A of the slow variables comes from the original amplitude function A(x, t) from eq. (2.29):
A(X,T) = A(APX, A9T). As there is no harmonic term oscillation in space, the amplitude is the
only factor that varies along the x-axis but at a slow pace, so only a slow space variable X and
not regular variable x appears in the state |u). Due to the use of different scales in the domain

variables, this method is also called multiple-scale analysis.

Let A be the control parameter, and let us set A, = 0 as the point of the Hopf bifurcation. An
approximation of the state |u) near the bifurcation point A = 0 can be made with an expansion of
|u) in powers of A°, that goes beyond than (2.30) with higher order terms:

) = A%[utg) + A% [ug) + A%z} 4+ 231)
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After expansion, the expression (2.31) is needed to be substituted into the original equation system
(2.27) at some order. But the expansion terms |u;), in principle, explicitly depend on normal and
slow variables, which has to to be taken into account in the derivative operators by carefully
applying the chain rule; it will be equivalent to make the following substitution:

d d d

_ _ q___

R (2.32)
d d

_ p___

= = Moo (2.33)

then non linear equations of the variables in |u;) will be obtained for each corresponding order
j=0,1,2,. of the form

where M is a linear operator and |R;) is vector column that depends on lower order (j — 1) con-
tributions of the solution.

What follows is to obtain the explicit form of the different |R;). For j = 0 we have the equation
M]up) = |0), that corresponds with the linearization of the system around the instability. The
growing mode has the characteristic frequency w, so:

o) = |en)B(X, T)e' + c.c., (2.35)

First, with explicit solution |uy) we get |R1), and solving the respective differential equation we
will get |u71) which is needed for explicit expression of |R;), and so on.

For each |R ]-> that we get, we have to ensure that equation (2.34) has solution; it will be needed
that the terms R; fulfill its respective solvability condition, which will be explained in the follow-
ing subsection. At the end, the solvability conditions will provide the amplitude equations that
we are looking for.

Solvability conditions

We got equations of the form M|u;) = |R;) for each order j, and we are interested in states whose
dependence in regular (not slow) variables is periodic and bounded, so they can be expressed in
terms of trigonometric polynomials. But the linear operator M has no inverse, thus it is not clear
that these equations have solution, the two possibilities are: the solutions do not exist or they have
infinite solutions.

In our example (2.35) the only regular variable is t; thus some arbitrary vector |w) with the char-
acteristics desired can be seen as a trigonometric polynomial series: |w) = Y, {Z”} ehwet 4 cc.,
n

where a, and b, are complex functions of the slow variables (X, T).
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When the operator M acts on |w) it give rise to another vector |z) which also can be viewed as a
trigonometric polynomial series:

Mw) = |z) = O[O giwct 4 | C2| p2iewct | | O3 Biewct | o (2.36)
do dy dy d3

As |w) is an arbitrary vector, the right side of (2.36) is the general form of the image of M. For

each term in |w), the operator M does not change the order of "'“<! but only transforms the vector

coefficients corresponding to each order.

A common feature of the linear operators M that comes from reaction-diffusion equations of two
variables (u,v) is that their null space is not trivial but has dimension one and is proportional
to the first order trigonometric term ¢!, which has a particular implication on the image. Then

the image (2.36) has a restriction: the vector [ } can not be any arbitrary vector in C? but only a

€1
di
vector that belongs to a certain subspace of dimension one; let us suppose that the vector |g) € C?
. . . . c .
generate the subspace that defines this part of the image, i.e., { dl] = k|g), where k is some complex
1

coefficient.

It is convenient to use an orthogonal basis of C? related to the image: {|g), |1) }, given some inner
product (-|-), where |g) generates the coefficient vector (c1,d;)T of the image of M and |h) is
orthogonal to |g), i.e., (h|g) = 0. Now we have a way to check if eq. (2.34) has infinite solutions or
not a single one. The key is to look for the terms of |R;):

!Rj> _ [‘ijo] + [%’1} pitvet | [%‘2] pRiwet [%‘3] QSiwet L 4 oeel
S]'() S]'l S]'2 S]'3

qn

and focus on the coefficients of the first order term; the term L
i1

} e’ must be in the image of M,

thus it is required for |rj;) = [ } to be proportional to |g) or orthogonal to |i). As g;; and s;; are

j1
5i1
functions of the amplitudes B(X, T) and its complex conjugate, some conditions can be imposed
on B(X, T) to ensure |7};) to be orthogonal to |/).

The orthogonality is prescribed by the equation:
(hrj1) = 0. (2.37)

The equations (2.37) for i = 0, 1,.. are the so called solvability conditions, and from those condi-
tions, a partial differential equation for the complex amplitude B(X, T) can emerge, with the form
98 — F(B,B), where F(B, B) is some nonlinear function of B, B its complex conjugate and its

spatial derivatives.

Let us recall that B is only the amplitude of |uy) but we are looking for the state |u) which will be
approximated up to the first term of expansion (2.31) and also we want to express it in terms of
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regular variables:

lu) = A*|ug) = |en) A(x, t)e' +c.c., (2.38)

so B(APx, A1t) = A~°A(x,t) and substituting it in the partial equation for B and changing the
differential operators by the chain rule to rescale (X, T) so that we can work now only with the
regular variables x and ¢, obtaining finally the complex amplitude equation with the form:

A _ ra A), (2.39)
P
where F(A, A) = MF(ASA,A5A).

When two modes simultaneously grow from an unstable state, two complex amplitude equations
are needed (or four equations of real functions). For example if we are in a Hopf and Turing
bifurcation, the amplitude equations system will have the form:

oH

= = Fu(HHTT), (2.40a)
%_f — Fr(HH,T,T), (2.40Db)

where H(x, t) is the complex amplitude of Hopf mode and T(x, t) the complex amplitude for the
Turing mode; H and T are the complex conjugates of H and T.

In the appendix we show the deduction of the amplitude equations from a complex Ginzburg-
Landau system in 2D, which takes the Hopf and two perpendicular Turing modes (3.1) thus, we
obtained three complex amplitude equations (3.2).

Amplitude equations for uniform oscillations

The FitzHugh-Nagumo model, with 6 = 0 and a < 1 (2.21) has a uniform oscillating instability
(ke = 0,w. # 0), as we have seen previously, that is reached when € = €. (having found pre-
viously that e, = 1/a), and becomes unstable when € < ¢.. In this example the extended space
will consist of a 2D domain. Our goal is to obtain the amplitude equation, which will be a partial
differential equation having A(x,y,t) as the unknown multivariate function. When € $ €. an
approximation of the state near the zero solutions has the form of (2.29):

1 .
[u] ~ [Ez] Alx, y, t)e! +c.c.. (2.41)

[

It is useful to change the control parameter by u = (e, — €)/e. because u measures the devia-
tion from the Hopf bifurcation point in a dimensionless scale; the bifurcation is located at p = 0
and with p > 0 the system becomes unstable. As we are in a 2D space, instead of a character-
istic wave number, we have a wave vector k = ki + kyj. The growth-rate curve is given by
o(u) = (1 —k*)/2, where k¥* = ki + kj. When p > 0, the range of k that contains the unstable
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modes is the one in which (k) > 0, and that occurs when k € [0, v/2|. The maximum growth
rate is y1/2 located at k = 0. As the region of unstable modes grows proportionally to /i, then the
slow spatial variables will be scaled by /i, i.e., X = /ux and Y = ,/uy. The maximal growth
rate corresponds to the mode k, = 0 and its magnitude scales linearly with p, as this mode does
not contribute with oscillations in space, but only in time at frequency w, the slow variable in
time will scale also in a linear form: T = ut.

Expansion (2.31) (with u instead of A) will be placed in both sides of the FHN system (2.15), so it
will be derived by the operators d/dt and V2. The amplitudes of the approximation will depend
exclusively on the slow variables (X, Y, T) and only the exponential factors will have dependence
on the regular variables. Since there is no e** nor ¢’<¥, the right side of (2.31) won’t depend on
the regular spatial variables, but only on (X, Y,t, T). Thus, when we place expansion (2.31) into
(2.15), we have to take into account the chain rule to replace the derivative operators:

d d d

% o M

d J J J
= \/ﬁﬁ' 3 — \/EW' (2.42)

The smallest order for i in the expansion (2.31) is u°. When the expansion is substituted in the
cubic term u> of eq. (2.21a), the term of minimum order that comes out from it is proportional to
13, and the term of minimum order that comes out from V?u = pLV[ZX K is proportional to pstl

(where V[ZX ] = a§( + 8% ). We need the two terms to be of the same order, thus s = 1/2. Then, the
expansion (2.31) around u(x,y) = 0, v(x,y) = 0 and around p = 0 takes the form:

ul Up Uq 3/2 |U2

=l ol o[

The form of the first term is proposed as the characteristic mode with frequency w, and its ampli-
tude B(X, Y, T) depending only in slow variables:

Uo c! iwct
o | = |2 B(X,Y,T)e'" +c.c., (2.44)
0 C

the term (u1,v1)T will be deduced to get |R,) and it won’t be necessary to deduce (u,,v,)7 since

with |Ry) we'll be able to get the solvability condition that gives rise to the amplitude equation.

Substituting the expansion (2.43) into (2.21) and taking into account the slow variables in the
derivative operators, we get rid of terms of an order greater than 3/2 and three equations are
obtained, corresponding to each different order of p.

For ,/u order:

ou
E)—to = ug— 0y, (2.45a)
9o _ ec(ug — avyp). (2.45b)

ot



2.2. Pattern formation analysis 35

For u order:
0
% = u—0y, (2.46a)
)
% = ec(uy —avy). (2.46b)
For 13/2 order:
8u2 8u0 . 3 821/{0 8200
dvy v
a—tz + 8—7? = ec(up —avy) — ec(ug — avy). (2.47b)
The linear operator corresponding to this example is:
9 _
M = [af 1 3 1 ] . (2.48)

The solution of M [ZO} = [8] fixes the direction of the eigenvector proposed in (2.44), whose
0

components can be selected as e = 1, f = 1 — iw,. The equations (2.45) and (2.46) are identical,
thus they share the same family of solutions. Using this solution as the explicit form of (ug,vg)”

and (u1,v1)7 that can be substituted in (2.47), and gives the explicit form of M {22} = |Ryp):
2

9B 2 9’B | 9’B 3
iz —or —3IBIPB+ 5 + Gv2 " -B
M = et 4 et 4+ ce.. (249)
U2 —(1- iwc)g—¥ —eB+ (1 —iw.)B 0

But there is an important issue to take into account: from subsection 2.2 in the linear analysis,
we knew that the null space of M is not trivial but it has dimension one. Recalling eq. (2.23), is
straightforward that the kernel of M can be spanned by the vector |e)e'®<!,

where |e1) = [1 —1iw ], with w, = /1 —a/\/a.
Cc

Let us take as inner product in C? the canonical hermitian inner product. First we want to find the
image that corresponds only to terms proportional to e/“<f, as the image is of dimension one, it is
only needed a vector |e;) that does not belong to the null space, to get M|e;)e'“! which generates
the image of the order desired. If we select some vector |e;) orthogonal to |e) we ensure that does
not belong to the null space.

-1 —iw,

Selecting |ep) = { 1

} we have (e]e1) = 0.

As |e;) do not belong to the null space, the image that is proportional to ¢/“< will be for sure
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generated by the vector
9 ; jwet
; £ -1 1 —(1+iw)e e
iwet ot e
M|32>€ = |: —e, % + 1] |: plwet :|
=0 {(1 +1iw )] e, withb = (1+a)/a. (2.50)
[

As we can see in (2.50), this term of the image is generated by |g)e'“<" where |g) = [1 +1iw ]
[

Now we can get a vector |) orthogonal to |g):

) = {_1 le iwc} : (2.51)

In eq. (2.49) we can see the trigonometric polynomial expansion of |R;), where the vector coeffi-
cient |rp1) of first order trigonometric term e'“<’ is
2 2
— 98 _3B?B+ 35 + 45
1) = (2.52)
—(1—iw:)9% — B+ (1 —iw)B

To restrict |r21)e'“! to be in the image of M, the solvability condition (h|ry;) = 0 is imposed and
gives the equality

0’°B  9°B

X2 a2

0= 23—? +3(1 +iw.)|B|*B - (1 +iwc)<

> — we(we +1)B. (2.53)

Now, if we combine (2.44) with the expression (2.43) approximated only at first order we have that

up 1 iwt
L}} ~ /1 L B iwc] B(X,Y, T)e'" + c.c.,

and comparing this expression with the original form of the Hopf mode presented in (2.41), we
see that A(x,y,t) = /uB(\/ux, /iy, ut). From the solvability condition (2.53) we obtained an
equation for the complex amplitude .A:

d 1 3 1
a—':l = Euwc(wc +i)A— E(l +iwe )| APA+ E(l +iw:)V2A, (2.54)
which is the desired amplitude equation.

Equation (2.54) has the following general form that can be adjusted by three parameters («, 3, 1)
and is known as the Complex Ginzburg-Landau equation:

W A (LB APA+ (14 i) VA (2.55)

This equation describes the behaviour of the amplitude of the characteristic mode w, near the bi-
furcation of any Hopf instability.
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Frequency locking

Nonlinear systems with a Hopf instability have, naturally, a self-sustained oscillator near the in-
stability bifurcation. If an external periodic force is applied it could, under certain conditions,
synchronise its frequency, changing its original frequency wy into another different but similar
frequency driven by the forcing. This phenomenon is a nonlinear resonance mechanism known
as frequency locking. The synchronization occurs when the amplitude y of the forcing is strong
enough and when a rational scalar of the forcing frequency wy is near the original frequency wy,
i. e, when (m/n)w F A W, with integers m and n. When the locking occurs, the system deviates
from its original frequency wp and instead takes a frequency equal to (m/n)wy determined by
the external forcing, and is called the 1 : m resonance [PR07, Knu99]. The difference between the
original frequency and the synchronised one is called the detuning: v = wo — (m/n)wy. As |v| is
set bigger, a stronger forcing is needed to lock the oscillations of the system; the region in the v — ¢
parameter space where the frequency locking takes place is called the Arnold resonance tongue.

Let us assume that system (2.27) goes through a primary oscillatory Hopf instability and is also
externally forced at a certain frequency [LHMS04]. Near the onset and depending on the forcing
amplitude and frequency, the medium will exhibit either unlocked or locked oscillations which
will obey the forced complex Ginzburg-Landau (FCGL) equation [Gam85, EIT87, CE92, EHM99]:

0A ) , . T

= = (u+iv)A— (1 +iB)|APA+ (1 +ix) VA +yA" T, (2.56)
where A is a complex amplitude of the primary Hopf mode weakly varying in space and time, A
complex conjugate, 1 is an integer associated with the n : 1 resonance, u is the distance from the
Hopf onset, v is the difference between natural and the forcing frequencies, and y is the forcing
amplitude. In this context, frequency locking corresponds to asymptotically stationary solutions
to (2.56).

Equation (2.56) can be derived by symmetry considerations [Mer15]. The n : 1 resonance takes
place when an original system (2.27) has a Hopf instability with characteristic frequency wy and
is subjected to periodic forcing with frequency wy ~ nwy. In the vicinity of the Hopf bifurcation,
the state has the form:

lu) ~ ley)Ae ™ +cc. = |ey)Ae e fcc. = ]eH>Aei(“’f/”)t+c.c.. (2.57)

The new variable A = Ae™ is introduced, where v = wy — w f /n. The solutions such that A is
stationary, correspond to resonant or frequency locked oscillations, which implies that the oscil-
lations get restrained to the frequency wy/n.

The amplitude equation for A can be obtained by subtituting A = Ae~"* in CGL equation (2.55)
and by adding another term that will be proportional to the forcing amplitude. The periodic
forcing breaks the continuous time translation symmetry that the system (2.55) had, but leaves a
discrete time translation symmetry: the equation should be invariant under translations that are
multiple of the forcing period 7y = 271/wy. Applying the translation t — t + ¢ to the state (2.57),
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the amplitude takes the form Ae!(@/M+7) = Apilws/miei(2n/mt thys, the amplitude equation
should be invariant under the transformation A — Ae/(?7/"! Eq. (2.55) is already unaffected
by this transformation, but if we want to add a term proportional to the forcing amplitude, this
term has to be of the form A"~ 1 in order to be invariant under the transformation. In summary,
substitution of A = Ae ™! in CGL equation (2.55) will give an equation for the amplitude A of
resonant oscillations, the time derivative will display the term ivA and the addition of the forcing
term needs to be a yA"~!. This way eq. (2.56) is obtained.

Since the Hopf-Turing bifurcation in (2.56) arises only for n = 2, the study of Hopf-Turing spatially
localized states applies to only in 2:1 frequency locking. In the 2:1 resonance case, Eq. 2.56 admits
two uniform non-trivial (7 shifted) solutions that exist for [CE92, YHM 02, YEHMO04b]

[V — uB|

Y >V \/1_7[32 (2.58)
This bistability region is commonly called the classical (Arnold) 2:1 resonance tongue even in the
context of the spatially extended media, see region I in Figs. 3.1(b,c). Moreover, bistability of uni-
form 7 shifted states, can also lead to formation of inhomogeneous solutions [CL90, GCOSM90,
YEHMO04b, BYKO08], such as labyrinthine patterns, spiral waves, and spatially localized (a.k.a. os-
cillons). However, it has been shown that nonuniform 2:1 resonant patterns may in fact exist also
outside the 2:1 resonance [YHM02], vy < v,, i.e., in a region where stationary non-trivial uniform
solutions are absent. The resonant condition is obtained through stripe (Turing state) nucleation
due to the propagation of a Hopf-Turing front, i.e., an interface that bi-asymptotically connects
Hopf and Turing states, as shown in Fig. 3.1(a).

1D localized patterns and homoclinic snaking

When there is bistability (coexistence) of two modes in a 1D domain system, front solutions can ex-
ist. A single front regularly moves in time towards some direction, until one of the modes invades
completely the other. The direction of the moving front is regulated by the control parameter A.
The velocity of the front is zero for some A = A,,, which is called Maxwell point. Having a solu-
tion with two fronts, these fronts separate the domain making one of the modes to be localized or
pinned in a region. For some systems, such that one of the modes is non-uniform, this region is
stationary not only in the Maxwell point, but in a range around it, A; < A, < Ap.

Having two modes in 1D domain, there is a lot of possible localized pattern solutions, simply by
changing the pinning domain or the phase of wavelength. The aim is to find the stable localized
pattern solutions.

Let us first take two stationary modes: uniform stationary mode and Turing mode (non-uniform
stationary). A way to analyze the possible stable localized solutions, is to solve the time-independent
version of eq. 2.27 selecting a parameter near Maxwell point A,,. There are several numerical meth-
ods to solve non-linear ODE. The solution will be a stationary profile |u,(x)) that fulfils certain
conditions selected; it can be stable or unstable. Then we change slightly the parameter A and see
how it changes the previous solution; as we move A back when reaches a bifurcation, the new
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solutions will present hysteresis. Usually for some A near A, there are multiple stationary states.
To make a schematic way to present the solutions, their stability and bifurcations it is convenient
to obtain a scalar from the solution state |u,(x)). A particular election could be the L2-norm:
llua(x)]|? = (ua(x)|ua(x)). Then the bifurcation diagram can be made by plotting ||u,|| vs A; the
curve near the Maxwell point commonly has a snaking behaviour, see Fig. 2.6.

In the book [Mer15], Meron uses the modified Swift-Hohenberg equation: oju = Au + au? — u® —

(V2 + k?)?u as example. There is a range in the parameter space where uniform stationary solu-
tion and stationary periodic pattern coexist. In the example, the pinned or localized mode will be
the uniform one, and the periodic pattern around it. In the bifurcation diagram Fig. 2.6 different
stable localized solutions are presented in the region A; < A < Aj.

—
—

0.0

05 AAdm A 02 01 00

>

Figure 2.6: Bifurcation diagram of stationary solutions of the modified SH equation.The ver-
tical axis ||u|| represents de L2 norm of u(x). At the left of the plot are represented u(x)
stationary profiles, each with different size of the localized mode, and each represented
by a dot in the bifurcation diagram. Solid /dashed lines stands for stable/unstable solu-
tions. The vertical line is at the Maxwell point A = A,,. Figure and caption from [Mer15].

“The complete bifurcation diagram of solutions is more involved and contains more periodic-
pattern branches and many more hybrid states involving mixtures of uniform and periodic pattern
domains of different sizes. Since this localized solutions are homoclinic orbits in some appropi-
ately defines phase space, this behaviour si called homoclinic snaking; where a homoclinic orbit
in this context is a trajectory in phase space that emanates from a saddle point at x — —oo and
returns to it at x — +00” [Mer15].

When one of the modes is a Hopf mode, then there are no stationary solutions, but we can still
have a stable pinning behaviour. Thus, the procedure to obtain the bifurcation diagram, although
is very similar than the one just described above, but it has to take into account also time integra-
tion over the the Hopf period [TMB*13].
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2.3 Previous research in the field

Coexistence of periodic stationary and temporal patterns: Hopf-Turing bifurcation

In a vicinity of the codimension-2 Hopf-Turing instability, the solution |u(x,t)) can be approxi-
mated by:

lu) = |@) + |en) H(Vex, et)e' + |er) T(V/ex, et)e™* + c.c.,

where |u) is a spatially uniform state that goes through an instability, c.c. is complex conjugate,
H and T are slowly varying Hopf and Turing amplitudes in space and time, |ey;) and |er) are
eigenvectors of the critical Hopf frequency (w.) and Turing wavenumber (k.) at a codimension-2
onset, respectively. Multiple-scale analysis using the above ansatz, leads to a generic set of Hopf
and Turing (HT) amplitude equations [Kee76, Kid80, JBB*01, DW99]:

OH ) ) 2H

g = mlH—m2|H] H—m3|T] H+m4a—x2, (259a)
T ) ) 92T

g = TllT—Tl2|T’ T—l’l3|H’ T+H4W’ (259b)

where 11934 € Cand 1134 € R, with the explicit functions H(x, t) = H(+y/ex, et) and T(x,t) =
T(\/ex, et). Notably, system (2.59) is a reduction of (2.27) and reproduces well the flip-flop be-
havior [DKPBEY4, JPM ™94, Bha07, DWLDB96, DBDW 95], i.e., a spatially localized Turing state
embedded in 7r shifted Hopf oscillations.

Frequency locking outside the resonant region

The intriguing and rich dynamics of the Hopf-Turing bifurcation have been demonstrated not
only in the CIMA reaction [DKPBE94, DKBE90] but also have been found to be fundamental in
broadening the 2:1 frequency locking behavior in the periodically forced Belousov-Zhabotinsky
chemical reaction [YHM102]. Consequently, we focus here on the framework of frequency lock-
ing in spatially extended oscillatory media to study both the 2D Hopf-Turing localization and its
relation to further increase of the 2:1 resonance region, in general.

Particularly in this research project we work on the FCGL equation (2.56) with n = 2 (the 2:1
frequency locking), let us present it in terms of the real and imaginary part of the amplitude,
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u = Re(A) and v = Im(A):

du- w+yu —vo+Viu—aVo (2.60a)
ot

+(—u + Bo)(u® + %),
% = vu+ (u—7y)o+aViu+ Vo (2.60b)

+(—Bu —v)(u* + 0%),

which have the form of a reaction-diffusion equation(2.27) with linear and non-linear terms of
the reaction functions of u and v, and also diffusion and cross-diffusion terms. In a linear regime
around the zero solution, with a forcing amplitude y bigger than p, u acts as an activator and v as
an inhibitor.

The codimension-2 Hopf-Turing bifurcation is an instability of the trivial uniform state A = 0 at
A = 0and y = vy, [YEHMO04b], with w, = va/p, k? = va/p?, vc = v/pand p = v/1 + a2. Notably,
the Hopf-Turing bifurcation occurs outside the resonance region as y. < y;. Multiple time scale
analysis resulted with coefficients [YEHMO04b] for the Hopf-Turing amplitude equations (2.59):

_ 2
mp = A—ir—Ye my = 4+ip2P 1 (2.61a)
@ ap
. 2ap(a+p)+3p+a ,
m3 = 8p(a + p) +iq 4B . —4(a+p)p, myg=1+ip, (2.61b)
= A+ pl e, 1uz6ma+m<1—é>, (2.61¢)
04 04
ny =4 (2 — 3§> , ng = 2p°. (2.61d)

Specifically, stability analysis of pure Hopf and Turing modes showed that for 8 = 8, < 5«/9
these two uniform states coexist and thus it is possible to form a heteroclinic connection between
them [YEHMO4b], i.e., a front solution. The Hopf-Turing front is stationary (Fig. 2.10(b)) at

3
yN:yc—l—%[\/Z(Z(x—BB)(a—B) — af, (2.62)
and propagates otherwise [OGB98], with ¥ > y the Turing state invades the Hopf state (Fig. 2.10(a))
and vice-verse (Fig. 2.10(c)). Moreover, the presence of the stationary front serves as an organiz-
ing center for the homoclinic snaking phenomena [TMB*13] that would be discussed in the next
subsection.

The dominance of the asymptotically stationary Turing mode in region II, yy < y < 3, ex-
tends thus, the classical frequency locking domain (region I) once spatially extended patterns
are formed [YHM 102, YEHMO04a]. Notably, Turing type solutions are in fact standing-waves
in the context of the original system (2.27). Figures 3.1(b,c) show the classical resonance region
for a single oscillator (region I) and the extended frequency locked region due to the dominance
of a spatially extended Turing mode (region II). Our interest is thus, in the unlocked region III
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(yr < v < yn in Figures 3.1(b,c)) where, despite the Hopf mode dominance (i.e., Hopf state is
favorable over the Turing state), 2D resonant localized comb-like states may still form (see Fig-
ure 3.1(a)), with

Yr=7ve - 4—‘;((x +3R), (2.63)

which is the stability onset of the Turing mode [YEHMO04b]. For y < yr only Hopf oscillations
persist, i.e., region IV.

In what follows, we use y as a control parameter while keeping all other parameters constant. No-
tably, we limit the scope to the coexistence region between the Hopf and Turing modes [YEHMO04b],
with (B < 5a/9) and yr < vy < min{yy, vy}, where vy = v + u(a — 3B)/p, see Figure 2.11. As
such the localized 2D solutions in region III are resonant states and thus extend further the fre-
quency locking boundary, as portrayed in Figure 3.1.
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Flip-flop dynamics, depinning and homoclinic snaking

The behaviour known as “flip-flop” occurs when a small 1D stripe structure made of few wave-
lengths is surrounded on both sides by Hopf oscillations, each side oscillates with a phase jump
of 71, see Fig. 2.7. The amplitude of the oscillations reaches zero in the core of the Turing struc-
ture [J[PM*94]. This behaviour has been observed in experiments with chemical reactions [DKPBE94]
and also in numerical simulations [PDWD'93].

In Fig. 2.8(a) we show the evolution in time of the field u = Re(A); while in Fig. 2.8(b) we show
the profile of the Hopf and Turing amplitudes corresponding to flip-flop.

t=104.2 - u t =105.2 - u t =106.2 - u

—50

—25 0 25 50 —50 —25 0 25 50 —50 —25 0 25

Figure 2.7: 1D space domain x in horizontal axis. Direct numerical integration of (2.60) in 1D,

50

-50

ug
VH
= Ry ] ] ] ]
L — Ry -5 0 15 30

showing the flip-flop and the depinning dynamics; purple/yellow colors stands for u /v,
respectively; ¥ = 2.01 while other parameters u = 0.5, v=2.2, 3 =0, « = 0.5.

() (b)

1
50 100 150 ¢ x

Figure 2.8: Two different pictures are shown, FCGL and HT amplitude equations:

(a) Time in horizontal axis and position x in vertical axis. Direct numerical integration of (2.60)
in 1D, showing the flip-flop and the depinning dynamics; light/dark colors indicate max/min
value of the u = Re(A) field, respectively. y = 2.01.

(b) Position in horizontal axis and amplitudes in vertical axis. A snapshot (with the time fixed
in t=217.2) from numerical integration of Hopf-Turing amplitude equations (2.59) corresponding
to FCGL, i.e. with parameters m; and n; taken from (2.61), y = 2.02. Continous gray lines
correspond to Hopf ammplitudes uy = Re(H), vy = Im(H) and dashed line to Ry = |H|. Blue
line correspond to the absolute value of Turing amplitude mode, R = [Tj||. Startingint = 0
with a Hopf-front, the Turing spot (blue line) in the middle of the front emerges and becomes

stable while the Hopf amplitude remains constant outside the Turing domain.y = 2.01.

* The notation T} is used to emphasize that the Turing mode direction is parallel to the direction of the Hopf front. In 1D
has no relevance, but it is important to specify it in a 2D domain.

The other parameters are u = 0.5, v = 2.2, 3 = 0, « = 0.5 for both insets.

50
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Hopf-Turing spatial localization, pinning, and depinning in 1D have been studied in detail with
the Brusselator model by Tzou et al. (2013), who have shown the relation to the homoclinic snaking
phenomenon [TMB*13].

The Brusselator model used by Tzou was

o = DO2u+E— (B+1)u+ou?,
v = 920+ Bu—ovu’.

Specifically, two snaking behaviours were outlined, see Fig. 2.9:

(i) Standard (vertical) snaking: if the Turing mode is embedded in Hopf background that is oscil-
lating in phase;

(ii) Collapsed snaking: if the Turing mode is embedded in Hopf background that oscillates with a
phase shift of 7r. This case corresponds to the “flip-flop” behaviour.

(a) (b)

2.9r
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2.87
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0.26 0.27 . . . w
D
Figure 2.9:

(a) Complete bifurcation diagram of stationary solutions of the Brusselator model, with

D as control parameter. In this case the norm is Lys = \/ Ik Y [02(t) + 02(t)]dt, where

fi is the amplitude of the kth mode of the Fourier transform. Surrounded by blue circle
is the vertical snaking branches, Bpy and Bp,. And in some way conected with this
branches are two different branches Br; and Bc; which present the collapsed snaking
behaviour.

(b) Is shown a zoom to see more detail of the branches B¢ and Bc; in the collapsed
snaking region. The solutions in this region correspond to the flip-flop behaviour.
Figures from [TMB*13].

Both cases form in the vicinity of a stationary front (Maxwell-type heteroclinic connection) be-
tween the Hopf (oscillatory) and the Turing (periodic) states, i.e., around y = yy in the context of
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FCGL [see Eq. 2.62]. The width of the snaking regime is, however, rather narrow and depinning
effects become dominant at small deviations from yy. Indeed, numerical integrations of (2.56)
confirm this result also in the context of FCGL (see Fig. 2.10): for ¥ > yn (¥ < ¥n) the Tur-
ing (Hopf) state invades the Hopf (Turing) state [YEHMO04b], and thus the localized Turing state
(centered at x = 0) expands (collapses), respectively.

=

(b)

T T
1O T H\H

(c)

a1

| |
2500 5000

t

Figure 2.10: Direct numerical integration of (2.60) in 1D, showing the flip-flop and the de-
pinning dynamics; light/dark colors indicate max/min value of the u = Re(A) field,
respectively (@) y = 2.015 > yy ~ 2.01 (region Il in Fig. 3.1), (b) v = yn ~ 2.01, (¢)

= 2.002 < yn =~ 2.01 (region IIl in Fig. 3.1), while other parameters u = 0.5, v = 2.2,
[3 =0,a=0.5.
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Figure 2.11: Schematic diagram that shows the stability regions of Hopf and Turing modes

with y as the control parameter. Also shows in a descriptive way the tiny region around
vn, where flip-flop exists.
The reader should be careful with this diagram because is not an accurate plot, in fact,
for the sake of simplicity, we omit to show v;, the boundary of the resonance tongue.
In this diagram is assumed that y;, > yg. But if v, were lesser than yy, then y;, would
be the upper limit of the stable Hopf mode, instead of yp.



Chapter 3

Research work

This chapter is meant to present the important aspects and results of the research project that
we made with the collaboration and guidance of Dr. Arik Yochelis from Ben-Gurion Univer-
sity of the Negev. This section contains the main aspects that were published recently on April
2017 [MCY17]. The patterns of interest are the comb-like Turing patterns and the spiral waves
with a Turing core, illustrated in Fig. 3.1(a). We use the Forced Complex Ginzburg-Landau (FCGL)
equation (2.56). In previous studies, spiral waves with Turing core were related as a 2D extension
of the flip-flop behaviour [DKPBE9%4, JPM"94]. In this work we show that the comb-like Turing
pattern which is embedded in Hopf oscillations is generated by a different mechanism than flip-
flop: the emergence of a Turing mode with a wave vector perpendicular to the Hopf front is the
key of this comb-like pattern. In addition, we claim that the the Turing core inside the Hopf spiral
waves is formed by the same mechanism, which is consistent with the region of the parameter y
(forcing amplitude) where it appears, and also with the change of the size of the core with respect
to this parameter. The physical relevance of this comb-like pattern is that it represents a structure
where resonance 2:1 takes place (although only in a localized 2D domain) and this resonant be-
haviour occurs in a parameter region that is outside the hitherto known locking region.

This chapter is organized as follows: first we show how the parameter space is divided by differ-
ent regions according to the resonant behaviour and the stability of the Hopf and Turing modes.
In the previous section was shown the narrow parameter interval where 1D flip-flop is stable; now
we introduce the comb-like Turing pattern embedded in a Hopf front within a 2D domain, and
show numerically that these planar 2D comb-like localized states exist in a wide parameter range
where flip-flop behavior is not present. Then, we present the corresponding amplitude equations
obtained by a multiple scaling analysis, which takes into account three modes: Hopf mode, and
two perpendicular Turing modes. Linear stability analysis is performed and also numerical inte-
gration of the amplitude equations. Then, in section 3.3, we exploit these insights to explain the
comb-like spiral core; at the end, we show the results of the numerical integration of amplitude
equations (with special attention on the amplitude corresponding to the Turing mode perpendicu-
lar to the front) are compared with the size of localized Turing patterns embedded in a Hopf front
or spiral waves. Finally, we conclude in section 3.4.

47
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3.1 Comb-like patterns and its parameter region

In this study, we focus on spatially localized comb-like structures in 2D, see for example Fig. 3.1(a).
We show that these localized states emerge via an alternative pinning mechanism over a much
wider range of parameters and specifically, in a region where 1D homoclinic snaking is absent.
We exploit the context of frequency locking and show that the Hopf-Turing localization in 2D
further extends the resonant behaviour outside of the resonance tongue [YHM 702, YEHMO04b].

(a) (b)

Figure 3.1: (a) Direct numerical integration of (2.56) in 2D, showing snapshots of comb-like
localizations inside a spiral wave (top panel) and in between 7 shifted planar Hopf os-
cillations (bottom panel); light/dark colors indicate max/min value of the Re(A) field,
respectively. Neumann boundary conditions with no-flux were used on spatial domains
of x € [0,50], y € [0,50] (top panel) and x € [0,30], y € [0,75] (bottom panel). (b)
Applied forcing parameter plane (v-y) showing four distinct regions (see text for details
and definitions): Region I, which is the classical 2:1 frequency locking region, y > v,;
Region 1II, in which frequency locking is extended due to dominance of Turing states,
YN < ¥ < v, Region 111, in which Hopf states are dominant but localized comb-like
Turing states can emerge (solutions such as presented in (a), with location indicated by
(#) symbol), yr < y < yn; Region IV that supports only unlocked oscillations, y < yr.
(c) Parameter plane (3-y) showing the limit (3, = 5«/9) of region III that corresponds to
presence of pure Turing and Hopf modes (see text for details) while other symbols as in
(b). Parameters: © = 0.5, «a = 0.5and for (a) y =2, v=22,3=0.
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3.2 Comb-like localized states

In this section, we show that localized comb-like states are formed due to pinning of a Turing
mode that is perpendicular to the 7 phase shifted Hopf oscillations. Namely, we look for planar
localized states, as shown in Figs. 3.2(d,e). At first, we derive the respective amplitude equations,
then we obtain uniform solutions along with their stability properties, and finally confirm the re-
sults by direct numerical integrations. The numerical integration along this work was made with
a finite differences method at first order approximation.

The robustness of comb-like structures (e.g., Fig. 3.1(a)) as compared to the narrow existence in
the parameter space of the flip-flop, suggests that the emergence mechanism is distinct. Indeed,
direct numerical simulations in 2D show that comb-like localized patterns emerge in a parameter
range in which flip-flop ceases to exist yr < y < yn, where Yy < Yy is considered to be the
left limit of the depinning region and computed here numerically, see Fig. 2.10. Notably, since the
snaking region is very narrow as compared to the rest of the domain, we define in what follows
region III to lie within y7 < v < yN. Moreover, the width (I') of the localized comb-like region
increases with y, as shown in Fig. 3.2. To quantify I', we employed a discrete Fourier transform
(DFT) for every grid point. The dark shading marks the frequency with the highest contribution,
as shown in the furthermost right panels in Fig. 3.2. These results indeed confirm that comb-like
states (see Fig. 3.1) are related to a distinct 2D pinning mechanism and not just a spatial extension
of flip-flop dynamics [PDWD™93, Bha07, DWLDB96, JPM 94, MHMO09].
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Figure 3.2: Direct numerical integration of (2.56) in 2D using (a) and (b) as initial conditions
(att = 0) for (d) ¥ = 1.94 and (e) ¥ = 2, respectively, as also indicated in top panel (c) by
(#) symbols, respectively. The Re(A) field is presented where light/dark colors indicate
max/min values, respectively. The far right column, also with x and y axis, represents
the frequencies with the highest amplitude obtained by discrete Fourier transform for
the case (see text for details), respectively. Here, the gray color corresponds to 4/(TAt),
where T = 40 is the number of elements in the evaluated time series and At = 0.633
corresponds to time steps within the interval, thus, the time window length which was
taken corresponds to T(At) = 25.32. The width of the comb-like state is then approx-
imated by I' which corresponds to the black color of vanishing amplitude value. The
calculations were conducted on a spatial domain x € [0,75], y € [0, 31.5], with no-flux
boundary conditions in x and periodic in y. Parameters: © = 0.5. v = 2.2, 3 = 0,
a = 0.5. See moving frames at https://youtu.be/Uf0fq__9bVk.
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Weakly nonlinear analysis

Derivation of amplitude equations in 2D follows, in fact the same steps as for the 1D case but with
two Turing complex amplitudes (both varying slowly in space and time)

[fﬂi((ﬁ))} ~ [(11“)/{)}}? (Vex, ey, et) et

+ [(‘X —1i_ p)} T| (vVex, ey, et) e (3.1)

| OT O T (Ve ey en) v
+-c.c.,

The two Turing modes T\I and T, are explicit function of the slow variables and are defined as
parallel and perpendicular to the considered 7 phase shifted Hopf oscillations (hereafter, Hopf
front), respectively. Following the multiple time scale method (see [YEHMO04b] for details), we
obtain (after some algebra that is shown in the Appendix)

oH
W = mH— WIz|H’2H — m3 <|TJ_|2 + |TH’2) H
—|—m4V2H, (3.2a)
aTH 5 2 2
— = mTj—n (!T\|| +2|T, | )TH —n3|H|"T|
2
Ty 3.2
2, (3.2b)
oT
a_; = mT, —ny <2]T‘||2 + ’TLIZ) T, —n3|H|*T,
9°T,
i, ‘ (3.20)
dy?

Besides the standard Hopf-Turing solutions [YEHMO04b], uniform solutions to (3.2) that involve

non-vanishing T contributions, are obtained through the amplitudes (|H|, |T)|, |T1|) := (Ru, R, R1)

(KH,KH,IEL)Z

(i) Pure Turing modes (stripes),

= Jpatply=v) 5 s
RL—ﬂpwp)(a—ﬁ)' R =8y =0 &)

(ii) Unstable mixed Turing mode (stationary squares),

S s | patoe(y—v) 5
RL_RV‘¢BMw+mm—BY R =0 oD
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(iii) Unstable mixed Hopf-Turing mode (oscillating squares),

R - 1 [(188 —2x)u+16p(y — )
H = 2 14a — 308 ’
S~ s [(@=3B)u—ply—7e)
Ri=Ry = \/p(oc+P)(1406—30/3)' (3-3)

Stability and Hopf fronts

After obtaining uniform solutions, we proceed to the selection mechanism by focusing on the
spatial symmetry breaking that is induced by the Hopf front. Consequently, we associate (3.2) with
only one spatial dependence (here we use x), which corresponds to the direction of a Hopf front. In
addition, for convenience we use polar form H = Ry exp (i®) and consider only the amplitudes
of Turing fields (spatial dependence H cannot be decoupled as for T) ;). Hence, system (3.2)
becomes

aR
a—tH - HRH—4R~;;—8p(oc+p)(Rﬁ+Ri>RH
[y, Fe] 000k,
ox oz | *H dx dx '
2Ry
0D i Y — Ve 2 2 2
B ID\? R0 L2 oD IRy
P\ ox 9x2 | " Ry ox ox
p 9*Ry
9R _
I p(y —vc) BY o2
=5 = {LH—TC} R|—4<2—3&>RHR
B 2 2
—6p(a+p) (1 - &> (RH +2Rl> R,
+29282RH (3.6¢)
ax2’
a% — {u%—ip(y_%)}RL—4<2—3E>R%{RL
04 04
—6p(a + p) (1 — g) (2Rﬁ+Ri) R, (3.6d)

where v; = 2B(2p? +1)/(ap), and vo = 4B[2ap(a + p) + 3p + /o — 4(a + p). Notably, the
spatial symmetry breaking is reflected in (3.6d) through the absence of a diffusive term.
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Figure 3.3: Direct numerical integration of (3.2) showing snapshots of the amplitudes
(Ru, Ry, R1) at (@) y = 1.94 and (b) ¥ = 2 (as also indicated in Fig. 3.2(c)). The cal-
culations were conducted on a 1D spatial domain x € [0,75], under no-flux boundary
conditions, and parameters: u = 0.5. v = 2.2, 8 = 0, « = 0.5. See moving frames at
https://youtu.be/pEYVGSI9ZM.

The fixed point analysis (linear stability to spatially uniform perturbations) of (3.6) is identical
to the standard Hopf-Turing analysis [YEHMO04b], and thus, the pure Hopf and pure Turing co-
existence regime remains the same, 3 < 5xa/9. However, to gain insights into the emergence
of the T, mode at the Hopf front region, we examine the linear stability of the trivial solution
(ﬁ H, KH' R 1)7=(0,0,0)T to non-uniform perturbations, for which the Hopf amplitude and phase
can be decoupled:

Ry =1 Ry | x et cc, (3.7)
Ry EJ_

which mean that the absolute value of the difference between the state (Ry, RH' R L)T and the sta-

tionary solution (Ry, ﬁ\l' R, )T will be a vector that grow or decay exponentially and oscillates in
space with the k-mode; where o is the growth rate that correspond to the wavenumber k. Substi-
tution of (3.7) in (3.6) and solving to a leading order, yields three dispersion relations:

0 = n+pl (39)
o = u+ p% 2022, (3.10)

As expected, the three growth rates show instability for k = 0, where the vector flow is rather
isotropic (Fig. 3.4). For completeness, we have computed the trajectories after linearizing (3.6)
about all the fixed points with Ry = 0, and show them on the (R|, R ) plane. The results are con-
sistent with the stability of pure Turing modes (3.3) and the saddle for a mixed Turing mode (3.4).
As k is increased, we observe a symmetry breaking between oy and oy, which occurs for o = 0 or
equivalently for

pHo+vp—v

2 __
kf'_ 202

(3.11)
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Figure 3.4: Streamline of linearized vector flow for (3.6) about four fixed points at (a) y = 1.94
and (b) y = 2, plotted on the (RH' R ) plane, and calculated for four distinct wavenum-
bers, as shown from left to right: k — 0, k < kg, k pe k¢, and k > kg, where k¢ is given

in (3.11). The axis units are \@EH, 1 according to (3.3), and parameters: p = 0.5, v =2.2,
B=0,a=0.5.

Figure 3.4 shows that the perturbations about (R, R.) = (0,0) favor the attractor (R, Ry) =

(0, R 1 ). The increasing value of the wavenumber is also consistent with the basin of attraction
which corresponds to a rather narrow spatial region due to the Hopf front location, i.e., already
for k = 1 the flow indicates ultimate preference toward (R, R ) = (0, R ).

Numerical results

Next, we check the above obtained results vs. direct numerical integrations of (3.2). We set a sharp
Hopf front by using the Hopf amplitude as an initial condition: Rg(x = 0...+ L) = TRy and
Ry =Ry =0. Dueto diffusion in the Hopf field, at first a front solution is indeed formed and
after additional transient, an asymptotic localized T, Turing state emerges inside the Hopf front
region, as shown in Fig. 3.3. The results are in accord with the linear stability analysis of the trivial
state, showing that perturbations at the mid front location x = 0, are in the basin of attraction of
the fix point (Rp, R, R 1) = (0,0, R 1) which corresponds to the comb-like structure in Fig. 3.2.
The width of the T| Turing localized state increases with y, which agrees well with numerical
integration of (2.56), as shown in Fig. 3.5. This could be an important feature that explains the
different size of Turing core embedded in spiral waves. We note that in the narrow vicinity of
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Figure 3.5: Width (I') of the comb-like state as obtained from direct numerical integrations
of (2.56) in two space dimensions, and a localized T, Turing state using (3.2). Parameters:
p =05 v=228=0 a= 0.5 Notably, although p is about order 1 from the co-
dimension 2 onset (1 = 0), the width of T, obtained from integration of (3.2) is well
within the range of comb-like solutions to (2.56).

¥~ both Turing modes, T| and T), coexist and can emerge depending on the initial perturbations
within the Hopf front.

The Turing mode that is parallel to the Hopf front (T)) is being described by a partial differential
equation (3.6¢) and thus in the absence of a pinning mechanism such as, homoclinic snaking, is
being directly subjected to diffusive fluxes, which are overtaken by the oscillatory Hopf mode. On
the other hand, the perpendicular Turing mode (T, ) obeys only a local dynamics via an ordinary
differential equation (3.6d). The spatial decoupling in (3.6d) allows thus, under certain initial
conditions, pinning of the Hopf amplitude (local selection of the (R, R, R 1) = (0,0, R 1) fixed
point), which in turn results effectively in a 77 phase shifted front. This, however, is sensitive to
domain size or initial conditions due to the secondary zig-zag and Eckhaus instabilities [CH93,
Mer15]. For example, the length of y dimension should be an integer of the typical wavenumber
which is close to k. and within the Eckhaus stable regime; details of the Busse balloon for this
problem are given in [YEHMO4b]. If this condition is not fulfilled, the nonlinear terms become
dominant and the comb-like structures are destroyed and instead a spiral wave with a comb-like
core is formed, see Fig. 3.6.
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t=79.78 t=86.74 t=96.24 t=111.44

Figure 3.6: Direct numerical integration of (2.56) in 2D, showing snapshots of the Re(A) field
for y = 1.94 < yy; light/dark colors indicate max/min values, respectively. Initial
condition was the same illustrated in Fig. 3.2(a). The calculations were conducted on a
spatial domain x € [0,75], y € [0, 30] with no-flux boundary conditions. Other parame-
ters: u=05.v=22,=0,a=0.5.

3.3 Spiral waves with comb-like core

To capture the emergence of the Turing core embedded inside a Hopf spiral, we start with a pure
Hopf spiral wave obtained for y = 1.9, as an initial condition. As for the planar front case (Fig. 3.2),
direct numerical integration of (2.56) for yr < y < yn shows formation of a Turing spot inside
the core due to the vanishing amplitude of the Hopf amplitude within that region, see Fig. 3.7. As
expected, also here, the Turing core size increases with .

To quantify the size of the Turing core, we use again DFT for each grid point within a window
of 128 time steps, where each time step is made out of 100 discrete time iterations. Consequently,
each grid point corresponds to a 128-dimensional vector with the amplitude calculated from DFT,
where only the elements with the highest amplitude value are selected, as shown in the bottom
panel of Fig. 3.7. The frequency contrast allows us to define a criterion for the width (') of the
Turing spot. The spiral core width is found to agree with results obtained via the planar front
initial condition, as shown Fig. 3.5. In the depinning region above the stationary Hopf-Turing
front condition yn < ¥ < V3, the spiral core expands by invasion into the Hopf oscillations due
to the dominance of the Turing mode and the domain is filled with a periodic pattern [YHM02]
(not shown here).

3.4 Conclusions

In summary, we have presented a distinct pinning mechanism for 2D spatial localization that is
associated with the emergence of comb-like structures embedded in a temporally oscillatory back-
ground. These spatially localized states emerge in a planar form inside 7r phase shift oscillations
(Fig. 3.2) or as a spiral wave core (Fig. 3.7). The mechanism requires coexistence of periodic stripes
in both x and y directions and uniform oscillations, a behavior that is typical in the vicinity of
a codimension-2 Hopf-Turing bifurcation. Unlike the homoclinic snaking mechanism that gives
rise to localized states over a narrow range of parameters about a stationary Hopf-Turing front in
1D (a.k.a. flip-flop dynamics) [TMB*13], the comb-like states are robust (i.e., do not require any
Maxwell type construction) and exist over the entire coexistence range even though the Hopf state
is dominant over the Turing (y7 < v < yn), as shown in Figs. 3.1 and 3.5.
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Figure 3.7: Direct numerical integration of (2.56) in 2D, showing snapshots of the Re(A) field
for various values of y as indicated for each frame in the middle panel and also indicated
in top panel by () symbols, respectively; light/dark colors indicate max/min values,
respectively. Bottom panel represents the frequencies with highest amplitude obtained
by discrete Fourier transform for the case in the middle panel (see text and Fig. 3.2 for
details), respectively. The calculations were conducted on a spatial domain x € [0,50],
y € [0,50] with no-flux boundary conditions. Parameters: p = 0.5. v = 2.2, 3 = 0,
a = 0.5. See moving frames at https://youtu.be/DsuJLuP9B4k.

In the context of 2:1 frequency locking, the comb-like states correspond to spatially localized res-
onances that further extend the frequency locking regime outside the resonance tongue. Notably,
localized comb-like states have been also observed in vibrating granular media and referred to
as “decorated fronts” [BACT00]. However, in these experiments they seem to form near reso-
nant domain patterns and thus, their formation mechanisms may be unrelated to the Hopf-Turing
bifurcation.

To this end, using the generic amplitude equation framework, we have presented a selection
mechanism that allows us to understand and robustly design spatially localized reaction-diffusion
patterns in two dimensional geometries [VE08, DBDW 195, BJP"95]. Specifically, these results
indicate the origin of intriguing spiral waves with stationary cores that have been observed in
CIMA chemical reaction [DKPBE9%4, JPM"94] and suggest the formation of localized resonant
patterns outside the classical 2:1 frequency locking region, as such in the case of periodically
driven Belousov-Zhabotinski chemical reaction [YHM02]. A detailed analysis/comparison with
reaction-diffusion models for chemical reactions is however, beyond the scope of this work and
should be addressed in future studies.


https://youtu.be/DsuJLwP9B4k




Chapter 4

Appendix

.1 Multiple scales and weakly non-linear analysis

The codimension-2 Hopf-Turing instability bifurcation is located at © = 0 and y = y,; to fa-
cilitate calculations we will use the auxiliary parameter d = d/u, where d = (y — y,) Near de
codimension-2 point bifurcation, the solution at first approximation takes into account only a sin-
gle frequency w, in time and a wavenumber k. for oscillations in space; but we will consider
exclusively two perpendicular Turing modes, in x and y direction:

Uo| _ |C€ iw,t n ikcx n ikey
L’O] = [J Bye'* + [J Bxe'* + [J Bye'™Y +c.c., @)

where the amplitudes By, Bx and By are not constant, but depend on slow variables T = ut,
X = \/uxand Y = ,/uy, which describes just weak modulations of the periodic pattern.

FCGL solution can be expanded:

H _ ﬁm “‘m Y M . @)

% 00 1 (%]

Placing (2) in eq.(2.60), where u = Re(A) and v = Im(A), we obtain three differential equations
corresponding to /i, u and 13/2 order. For each equation we have to impose the solvability
conditions in order to avoid resonant terms; this imposition leads to equations of the amplitudes
Bu(T,X,Y), Bx(X,Y,T), By(X,Y, T). Finally, the equations are rescaled back to the fast time and
space variables, to obtain the amplitude equations desired.

After expansion (2) is needed to substite it into FCGL equation (2.56) for real and imaginary part.
But the expansion terms u; and v; (for i = 0, 1, 2) explicitly depend on normal and slow variables,
which has to to be taken into account in the derivative operators by carefully applying the chain
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rule; or, equivalently, to make the following substitution in the equation:

]
of ot Mot

0 0 0 0 0 0

ax ax VRIS ay oy T VHRaY ®

then will be obtain three non linear equation of [u;, v;] for each order i = 0, 1, 2, of the form:

M2l = IRo), (4)
Ml = IRy, ©)
M2 = IR, (6)

where M is a linear operator and |R;) is a two-dimensional vector column that depends on lower
order contributions of the solution. In this case the operator is:

Ye+ V2 —0; —v—aV?
M =

v+aV? =y +VZ-0
And the equations up to the 3/2 order get the following form.

For /u order:

M[Zﬂ . [g]zym. @)
For u order:
Ml = o[ = 1R, ®

1 —«
where £1 = 2(dxdy + 9y9y) { ] )

For u3/2 order:

M {Zﬂ = —L {zj — Lo Bg} + No {53} = [Ra), €]
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14+d+ V[ZX,Y] — 0 —DCV[ZX’H 1 -8
where Ly = , and Ny = (u% + v%) i
2 7 2
vy 1—d+ Vi y 0 B 1
whith V%X,Y] = ng + B%.

231

[uo} is solution of eq. (7) and it is needed to specify |R1). In the same manner [U
1

] is solution of
0o
Up

the following order equation (8) and, along with explicit form of L}
0

} , it is needed to specify |Ry).

To solve equation (7) we can take as guess two solutions, the former consists in Hopf-mode (os-

T u cl ; - . e
cilations in time): L}O} = [1] ¢! and the latter is in Turing-mode (oscilations in space whose
t

n
1

specify the direction of the solution vector.

direction is specified by ¢): [zo] = [ } elkc(cospxsiney) ywhere ¢ and 1 are constant that will
0

Because of linearity of equation (4), any linear combination is also a solution. So as general solu-
tion we have:

[uo} _ B, [(1 +i0¢)/0] picvet (10)

0o 1

B; and B, are undetermined coefficents. The complex conjugate (c.c.) is added to give only real
solutions and integral takes into account all the posible direction of Turing modes.

But in the present work we are going to be only concern on two perpendicular Turing modes
(p =0and ¢ = 71/2):

Up| _ |C iwt n ikex n ikey
L}O]_M By +M Bye +M Byey 4 c.c.. 1)

Let us remind the value of some important quantities in terms of the parameters of the FCGL
equation (2.56):

we = va/p, Ye=V/p, n=a+np,

K = va/p?, c=(1+ix)/p, p=V1+aZ

In the Appendix .3 some useful equations and identities are presented.
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What follows is to obtain the explicit form of |R;) and |R;). First, with explicit solution [zo] we
0

get |R1), and solving differential equation (5) we will get [Zl} which is needed for explicit expres-
1

sion of |Ry).

For each |R;) that we get, we have to ensure that |R;) fulfills its respective solvability condition,
that will be explained in the following. At the end, solvability conditions corresponding to |Rj)
will give the amplitude equations that we are looking for.

Equations (4-6) can be written as

Mluj) = |R;), (12)

where |u;) = [Z]}, forj=0,1,2.
]

Since we take into account the coexistence of only three modes, an arbitrary periodic and bounded
vector |w) will be a series of trigonometrical polynomials of the form:

w-rrrfm

] eniwctez‘kc(mx—&-py)'
nom p nmp

The null space of M has dimension three, and it is generated by the following vectors, see (11):
Cl iwet n\ ikex n\ iky
e [ [

It is easy to find coefficient vectors that are orthogonal for the null space of each mode: [ L *] , [—171}

and [—171} , respectively.

Let us get the vectors |f;), |fx) and |f,) that generate the image for each mode:

e = ] “
1] ik 2v| 1 ik.x

x = 2 X, 14

M[—n}e o latp) (19

Then we have: |g;) = {Cl } 18x) = 18y) = L‘ i p] , and the first order polynomial trigonometric

terms of the image are generated by:

g€, Igx)e™,  |gy)e™t, (15)
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and it can be verified that the following vectors are orthogonal to each of the vectors |g;), |gx) and
|gy), respectively:

—c* 1 R e 124
|he) = [ 1 ], |he) = |hy) = [oc—p} , with¢* = >
0) = , SO there 1s no need to impose a solvability condition.
Ro) = |o|, 50 there d to imp Ivability conditi
Now let’s get explicit form of |R1). Then we can solve eq. (5).
Substituting (11) in (8) we have:
. . p
IRy) = —2ik, [(aXBX)elkfx - (ayBy)elkfy] +c.c.
an+1

(16)

. . 0 1 .
It is easily seen that [(xn n 1] =p [(x N p] = p|gx) = p|gy), thus |Ry) already belongs to the image
of M.

Now that we have |R1), we can solve the equation (5). As both elements of [R;) are not explicitly
dependent on ¢, only on ¢*<* and e’*¥ (and its respective complex conjugate), then the guess solu-
tion will only have dependence on those exponential.

As particular solution of the equation (5) is proposed the following:

ur| _ lar] . ikex . |b1] ¢ ikey
[Ul]p = [az] (ikc0xBx)e™ ™ + [bz} (ikcdyBy)e™Y + c.c.

Testing it in the left side of equation (5) we get infinite solutions for the coeficients a1, a5, b; and

by, with two conditions where we can pick arbitrarily any a; and b; to specify some a, and b,; the
208

easiest electionis ay = by = 0,s0a; = by = =

The complete solution of eq. (5) is the sum of an homogenous and a particular solution. But
homogenous solution can be multiplied by an atribtrary constant, that for simplicity we select to
be zero.

u . 0 i cX i c
L}j =tk {203/v] {(aXBX)ek + (dyBy)e™¥ | +cc. (17)

Now with [”0] and [ul
00 U1
One we have |R;) we can impose the solvability conditions and from them we will get equations

} we have all the information needed to get an explicit expression of |Ry).
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of the amplitudes By, Bx and By.

Recalling (9) and (6), we have:

1 —af [y
|Rp) = —2(dx9x+ ayay) (18)
[24 1 01
14+d+ fo,y] — 0 _“fo,y] ro]
(Xv[ley] 1-— d~+ V%X,Y] - 8t ()

+(uf +vf)

1 —[3 Uup
B 1 Vo
t, eiikcx, eiik

<¥}. Because of the terms (u3 + v3)up and
+ib
e .

ug and vy are linear combinations of {eii“’f
(u3 + v3)vy, elements of |R,) are going to be linear combinations of triple products {e*" -
et} where a, b and c takes all the posible values within the set {w.t, k.x, k.y}, that is, linear
combination of all cubic terms (pure and cross-terms).

As we are interested solely in the solvability condition which corresponds to |R;), we do not need
to obtain the complete expression of |R;), but only the first order trigonometric polynomial terms,
which are proportional to ¢/, e?k<* and e’*e¥. Tt is not trivial that these terms of |R,) belong to the
image of M, since the image is spanned by the vectors presented in (15), so we need to impose
that condition.

Thus, let’s now only present the ¢/, e and e’V terms:

<u% -+ v%) Ug = [q)tu] eiCUct + [q)xu] eikcx + [q)yu] eikcy
+ [(D?ku] efiwct + [(D;u]efikcx + [(D;u]efikcy
+ the other cubic terms, (19)
and
<u3+v%> vy = [‘Dtv] piwet [d)xv}eikcx + [(Dyv}eikcy
_|_[ TV] e—iwct + [ ;V]e—ikcx + [d);v]e—ikcy
+ the other cubic terms, (20)
where
Oy = (4c+2/p)|Bul*Bu + 4n(nc +1)Bu(|Bx|* + |By[*) + 2¢(n* + 1)Bu(|Bx|* + |By|AR1)

O,y = 4(2n+1/p)|Bul*Bx + 3n(n*+1)|Bx|*Bx + 6n(n*+1)|By|*Bx, (22)
O,y = 4(20+1/p)|Bul’By + 3n(n®+1)[By|’By + 6n(n*+1)[Bx[*By. (23)
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Oy = (4+2¢/p)|Bul*By + 4(nc+1)By(|Bx|* + [By[*) + 2(n* + 1)Bu(|Bx|* + |By|*)24)
O,y = 4(n/p+2)|Bul*Bx + 3(n*+1)|Bx|*Bx + 6(n*+1)|By|*Bx, (25)
O,y = 4(n/p+2)|Bul’By + 3(n"+1)|By[’By + 6(n*+1)|Bx|*By. (26)

.2 Solvability conditions

Let’s show explicit expression of each term of |Ry,), in left side of (9 ). In particular, we want to get
a expression with the form:

Ra) = [Wp)el@e +[Wy)el + [ yeky 4+ cc

+  the rest of pure and cross-cubic terms. (27)

Once we get the explicit expressions of [¥;), |[W,) and [¥,), we have to apply the solvability con-
ditions:

(he|¥r) = 0, (28a)
(he|¥2x) = 0, (28b)
<hy |lyy> = 0, (28¢)

to make sure that the get the terms [V} )e“<!, W )e’** and [V, )e’¥ belong to the image of M. From
the three conditions (28) we will be obtain the amplitude equations for By(X,Y, T), Bx(X,Y, T)
and By(X,Y, T).

We can continue to develop each term of right side of eq. (18), until we get |R,) as a polynomial
trigonometric series :

5] — )
L4 = 4dap(9%Bx) gtkex
01 1

+ 4ap(9yBy) ey 4 cc.

[u0]
_[:0 =
Vo —(1—d)By +0rBy — (occ—&-l)V[ZX,Y]BH

[ —n(1+d)Bx + ndrBx — PV[ZX,Y]BX ] ‘
+ ezkfx

_C(l-‘r(j)BH-‘rcaTBH—(C—(X)V[zxry]BH :| "
el

—(1—d)Bx +9rBx — (an+ I)V[ZX,Y]BX
—n(1+d)By +ndrBy — PV[ZX,Y]BY

2 eke¥ 4 c.c.
—(1—d)By + 1By — (an+ 1)VfX/Y]BY




66 Chapter 4. Appendix

U (ud + v3)uo — B(u + v3)vo
No =

Vo B(u3 + v3)ug + (13 + v3)vo

Let’s present each element separately. Reminding the outcome of (13 + v3)up and (u + v3)vp in
(19,20):

(u3 + v3)ug — B(us + v3)vy [O; — BDwy] et + Oy — BDyy]eh™ + [,y — ﬂ(DyV]eikfy + cc. + other cubic terms.

B3 +v3)ug + (g +v3)ve = [BOwy + sy €4 + [Bdy + Oy + [BO,u + CDyV]eikfy + cc. + other cubic terms.

Now that we have explicit expressions of the vectors |¥;), [Vx) and [¥,) we can apply the solv-
ability conditions (28) each of which will provide us an equation for the amplitudes By, Bx and
By, respectively.

Calculating inner product in eq. (28a), gives:

_es !t —c(1+J)BH+caTBH—(C_‘X)V[ZX,Y]BH
0= (|¥y) =

1 —(1—d)By +9rBy — (ac +1)V?2, ,.By

(X,Y]
—c*] ! Ftu - ﬁq)tv]
1 BOwy + Oy
0 = (*=1)By+(c®+1)dBy — (2 —1)arBy + (c* — 2ac — 1)V?By

+ {—c[4(c—B)+ %(1 —Bc)] + [4(Bc+1) + %(fﬂc)] }|By|*By

+  {4me+1)[(Bn+1) —c(n— B)] +4on[(Be +1) — c(c = B)] } Bu (|Bx|* + [By[?),

+

simplifying and using algebra results in (41), (42) and (44), with a1 and a; defined in (35), finally we obtain the first
amplitude equation:

drBy = (1— d)BH+(1+z'p>VZBH—(4+ia1)|BH\ZBH—(Spn+iaz)BH(\Bx\2+|By\2). (29)

R~
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Continuing with eq. (28b):

1 t o
0= (he|W¥y) = 40cp(8§(BX)|: ] [
P

JrBx

[ 1 ] T —n(1+d)Bx +ndrBx — Pv[ley]BX
+
a—p —(1—d)Bx + drBx — (0‘77+1)V%X,Y]BX
1 11 B+ @y
+ 7
a—p| B+ Dyy
= —4ap?(9%Bx) — 2(ac+ pd)Bx +207Bx + [~ p— (a — p)(an +1)] Vy y Bx

+ {4[2(n—B)+ (1—/3TI)]+4(06—P)[2(/3n+1)+%(/3+T1)]}\3H|ZBX

+ 3[(n—B)+ (a—p)(Bn +1)](n* +1) (Bx|* +2|By|?) Bx,

taking into account some algebra identities (36, 40, 46, 45), we have

2p2(a§BX)+(1+ d)BX 4(2 35 )|BH\ZBX 6pn(1—é) (IBx|*+2[By|?)Bx.  (30)

The condition that comes from (h,[¥,) = 0, eq. (28b), is simlialr that the previous one obtained
for (hy|Wy) = 0. Due to the symmetry, it can be deduced the third amplitude equation for the
evolution of By; this third equation will preserve the form of eq. (30) but exchanging B, by B,,.

But we wish to have equations that do not depend in slow variables but only in terms of the
regular ones, and we have to rescale. If A(x, y, t) were the rescaled amplitude, it means that:

A(x,y,t) = 1*B(v/ux, /iy, pt). (31)

After rescaling the three equations: eq. (29) for Hopf amplitude H, (30) for x Turing amplitude T
and the corresponding eq. for y Turing amplitude T, the amplitude equations are obtained;

9H
of

ot
T,

ot

where

(u - éd)H + (1+ip)V*H — (4 +iay)|HI*H — (8pn + iap) (| T[> + |T . |*)H, (32)

<u+ d)T|+2p aa I (2 32 )|H|2T|—6pn<1——)(|T||2+2TL )Ty, (33)

02T
<u+§d)n+2p2 ayZL (2 35 )|H|2TL—6pn<1—é>(2T||2 +[T )Ty, (34)

2 4
a = “—[;(sz—i—l), a, = ;[5[20(9(04"‘9) +39+‘X] —4n. (35)
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.3 Useful identities and some algebra simplifications

7 +1 = 2(an+1) = 2pn (36)
1/c = ¢, — |cf=cc*=1. (37)
2ai
2
cc—1 = —c¢, 38
) (38)
1 [
21 = —ﬂcz (39)
—p—(a—p)lan+1) = 0 (40)
P, i
1—iter = —-. 41
i e " (41)

(Leti) {elatc—p)+ 20— pe)) = [4(ec+1) +2(6+0)] |
= —(4+ia). (42)

2(2n+3p+2apn+pn®) = 4[a+3p—+2ap(a+p)].
(43)

Result (43) is useful to do the following simplification:
—2-c'i{a(ne+1)[(Bn+1) — c(n - B)] +4pn[(Be+1) —c(c — B)]}
= —(8pn+iaz). (44)
201~ B)+ (1 fn) + (o= p)[2(Bn +1) + (B + )]

1
o)
— da—6p. (45)

m=B)+(x—p)(Bn+1) = 2(a—p). (46)
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