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Abstract

PredloZené prace se zabyva Turingovym modelem, jednim z mechanismi popisujici samovolné
prostorové usporadani, a jeho robustnosti, tj. mirou zavislosti vyslednych vzoru na malych
zménach vstupnich parametri. Jsou provedeny dvé studie zkoumajici vliv 1) konstatni advekce
a 2) prostorové zavislosti v kinetice. V prvnim piipadé jsou uvazovany dva systémy mimo Tur-
ingtiv rezim doplnéné o nékolik okrajovych podminek; pro analyzu stability je vyuzito Sturm-
Liouvilleovy teorie a podminky pro vznik vzoru prostiednictvim velikosti oblasti pohanéné
nestability jsou odvozeny z explicitniho vypoc¢tu vlastnich ¢isel. V druhém pripadé je analy-
zovan reakéné-difuzni systém s parametrem linedrniho ¢lenu kinetiky ve formé skokové funkce
a podminky pro vznik vhodnych vzoru jsou ziskdny pomoci peclivé kombinace analytickych a
numerickych piistupi. Je ukdzano, Ze i mala advekce miize podstatné zménit chovani systému,
a to v zavislosti na volbé okrajovych podminek; a zZe pritomnost stability nebo nestability v
Turingovych modelech je lokalni vlastnosti pro po ¢astech konstantni parametry kinetik, a tedy
ze mal& prostorové zavislost tohoho tvaru vyznamné neméni vznik Turingovych vzor.

The presented work deals with the Turing model, one of the possible mechanisms describing
the self-organisation, and its robustness, i.e. the amount of a dependence of the resulting
patterns on small changes in input parameters. Two studies examining the effect of 1) constant
advection and 2) spatial dependence in kinetics are performed. In the former case, two systems
outside Turing regime supplemented by various boundary conditions are considered, the Sturm-
Liouville theory is incorporated into stability analysis and the conditions for pattern emergence
via domain-size-driven instability are deduced from explicit calculation of eigenvalues. In the
latter case, the reaction-diffusion system with a step function as a parameter at linear kinetics
term is analysed and conditions for plausible pattern formation are obtained using a careful
combination of analytical and numerical approaches. It is shown that even a small advection
can substantially change a behaviour of the system depending on the choise of the boundary
conditions; and that the presence of stability or instability in Turing models is a local property
for piece-wise constant kinetic parameters and thus, small spatial dependency of such a form
does not significantly change the emergence of Turing patterns.



Notation

N; Ny
L*(Q)

O¢(x); h(x)
T1F — T4
T1R — T4R

real numbers; positive real numbers

natural numbers; natural numbers with zero

the space of all quadratic integrable functions with support inside €2
an open connected bounded subset of R"

the boundary of €2

positive constant representing the scale of the domain
(time) derivative

(spatial) derivative of the first; the second; the k-th order
(spatial) partial derivative with respect to i-th of element
spatial gradient, Laplace operator

linear spatial differential operator operates inside €2
linear spatial differential operator operates on 0(€2)
particular linear differential operator defined on the page 26
real functions representing morphogen concentrations
non-negative constants representing diffusion rates
non-negative constant representing advection rate

Péclet number defined as Pe = [V/d

real functions representing kinetics

matrices

a trace of a matrix B

a determinant of a matrix B

the real part of the complex number A

standard conditions for Turing pattern formation, see section 1.1.1
k-th eigenvalue of the Laplacian with Neumann’s BC
k-th hyperbola, see section 1.1.3

an envelope of Cy for all k € N, see section 1.1.3
prostorové konstantni, stacionarni reseni

point from interval (0, L) representing the point of a step
step functions at the point £ with the step size 1; or s
modified Turing conditions belonging to interval (0, &)
modified Turing conditions belonging to interval (£, L)
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1 Introduction

This thesis deals with an analysis of the Turing system, one of the models describing self-
organizing pattern formation. Examples of such behaviour can be found in the thermal ex-
pansion of Rayleigh-Bénard convection cells [84], chemical reaction network dynamics as with
the Belousov-Zhabotinskii system [99], cell responses to chemotactic gradients [32], mechanical
stimuli of chemical reactions [37, 39, 36] and models of development [64, 101], the field of the
biggest author’s personal interest, therefore many other references of these examples shall be
seen in the text below.

The fundamental model was proposed by Alan Turing in 1952 [101]. Based on his intuition
he considered two substances, which diffuse and interact with themselves (so called morphogens)
and showed that a small fluctuation of their concentration about a steady state (a ground
state) together with diffusion can cause significant differences in the concentrations along the
spatial axis, and hence spatially non-homogenous steady states can emerge, which we will call
patterns. Mathematically, this symmetry breaking mechanism was described as a diffusion-
driven instability (DDI) of the steady state in a reaction-diffusion system (RD system).

For many decades, one of the biggest issues for the plausibility of a Turing system in biolog-
ical development was the lack of identification of morphogens and confirmation the molecular
details matching those required for patterning. However, recent studies show extensive promise,
as observed in experiments with pigmentation of zebrafish 42|, formation of patterns on the
skin of the wild cats [56], digit patterning [79], hair follicle localization [35, 74| or a tumor
vascularization [9]. Furthermore, there is in addition the suggestion that the combination of
Wolpert’s positional information hypothesis [109, 29] with the Turing mechanism may increase
the applicability of both [62, 17].

Many Turing systems have been proposed and analysed, both analytically and using numer-
ical experiments. The majority of these studies consider only two species. Exemplar models are
the Gierer-Meinhardt model [25] describing the growth of the hydra, the Schnakenberg model
[89] describing a chemical reaction exhibiting limit-cycle behaviour or the Thomas model [97]
describing chemical reaction of oxygen and uric acid in the presence of the enzyme uricase.
Although many properties of the Turing system (in which this study is concerned mostly) are
common independently on the choice of reaction kinetics, a particular choice determines the
characteristics of resulting pattern and can influence the evolution behaviour. For a review of
some models, see [64].

Since the Turing model is a very simple one, a more complex version should be taken into
account if real phenomena are wanted to be described. Among possible extensions which can be
incorporated are, for instance, a consideration of more substances, the effect of cross-diffusion,
spatial dependency in parameters or a reformulation of the problem in a stochastic manner.
Note that in many cases, the original idea of Turing patterns must be modified due to the
change of settings. Usually, the correction is made following biological or chemical motivation,
for instance domain-growth-induced patterns used in [40]. A short list of examples of the Turing
model generalizations shall be seen in section 1.2.

In the context of the Turing model, the term "robustness" is associated with a dependency
of resulting pattern on the initial state (mathematically represented by initial conditions). The
robustness represents meeting the basal request from real situations that the qualitative char-
acteristics of the resulting patterns are the same independently on small fluctuations in initial
conditions, diffusion coefficients or kinetics parameters [58]. To illustrate this, the offspring of
a jaguar should have coat with spots and rosettes but not stripes as a tiger; or that the number



of fingers on man’s hand should always be five. Historically, the lack of robustness belonged
among crucial failures of Turing models [2|. This type of robustness is also known as struc-
tural stability with an extreme but interesting example in ODEs being the universal differential
equation — an equation possesing a solution arbitrarily close to any reasonable function [5].

An immediate question is which extensions of the Turing model affect the robustness of
pattern formation. Examples of positive effects that have been studied include considering
Dirichlet boundary conditions [15], growing domains |10, 57] or the addition of time delays [21].
Note that all there phenomena seem to be naturally present in real world, we can hypothesise
that the observed lack of robustness of the Turing model can be linked to the simplicity of the
original model.

On the other hand, there might be (neglected) phenomena which diminish robustness. When
modelling the real world we try to include such processes which affect the described processes
the most. Regardless of the degree of complexity of the events we model, there will always be a
part of them that we neglect. The question then arises as whether these neglected phenomena
do not affect the behaviour of the mathematical model more than would be apparent from the
observations. That is, if the formulated model is sufficiently robust with respect to the choise
of neglected phenomena.

For instance, in a model with more equations than two, we would investigate whether the
results of a model with less number of equations do not differ substantially, and thus if the results
of an analysis of the simpler model is suitable even for the original one. Or, if we consider a
chemical process and the motion of molecules be the same in all directions as opposed to a
situation where a small preference of one direction (represented by advection) is present; it
depends on the analysis of the influence of a small advection, whether the zero preference for
particle motion is realistic or not in the corresponding reaction networks.

The thesis consists of two main topics, one analysing the influence of small advection on
pattern formation (section 2) and one investigating the classical Turing system but with a
small spatial dependency in kinetics in the form of a step function (section 3). Since both
procedures are already published [41, 47|, the main purpose of this text is to be a guide to
these articles. Besides giving an overview of the main results and conclusions, some interesting
features are emphasized and a few technical parts are elucidated in a more detail. Certainly, we
begin with introduction to the Turing system especially for readers who are not familiar with
its concept and a short list of model generalizations is outlined there (section 1). Moreover,
the alternative mechanism to the Turing’s one, the domain-size-driven instability, is introduced
and the relevant features of the Sturm-Liouville theory are presented in the same section; both
suitable for general Turing systems as shown for the case of the system with advection in
section 2.

In section 2 we consider a reaction-diffusion system with advection and we explore the effect
of small advection on pattern formation. Since original Turing’s diffusion-driven instability
is not suitable for this case, an alternative mechanism, the domain-size-driven instability, is
used instead. We will investigate whether patterning may occur for 1) two species with equal
transport (i.e. a diffusion and an advection rate) and 2) one immobile and one mobile species
with equal transport; both systems are supplemented by various boundary conditions and
outside classical Turing regime. The Sturm-Liouville theory is used for stability analysis. The
core of the procedure lies in the computation of eigenpairs of the appropriate systems and in
following evalution of instability conditions; therefore this part is outlined in more detail than
in the original article [41].



The influnce of a small spatial dependency in the form of a step function in the linear
term of kinetics on Turing pattern formation is investigated in section 3. The whole procedure
roughly follows the stability analysis of the classical Turing case, but with solving significant
difficulties. The core of this section lies in the careful assembly of partilucar steps containing
mixture of analytic and numeric approaches into a valid procedure to obtain usable conditions
for formation of plausible patterns. Therefore, the concept of the whole procedure is presented
in slightly different way than in the original article [47], the linear stability analysis is outlined
for the case of spatial dependency in all kinetics terms (necessary for the application to the
non-linear case) and a technical computation of the stationary solution to the linear problem
is added to appendix (although not all possible final forms are explicitely outlined due to their
high vastness).

The final section contains conlusions of obtained results separately for both examined cases,
following by the consequences of obtained results for the robustness of the Turing system. The
thesis is supplemented by already mentioned appendices and by a list of references.

1.1 Brief overview of Turing model

This subsection is designated for readers who are not familiar with the Turing system, since
the thesis often refers to the model’s analysis and its basic features. Such presentation can be
found in many textbooks, theses or as introduction in many articles |64, 46, 111].

Turing’s idea of reactable and diffusible chemicals can be mathematically described by
a system of semi-linear parabolic differential equations (reaction-diffusion system). Let us
consider the smallest system, where the diffusion-driven instability can be described, system
formed by two equations

Ou = dyAu+ f(u,v) in (0,00) x 9, 1)
0w = doAv + g(u, v)
where u,v are morphogen concentrations, €2 is a bounded domain in RY with N € N spatial
dimension, 0, := % denotes time partial derivative, A designates the Laplace operator (a sum
of all N second spatial derivatives), f, g represents the reaction kinetics and d;, dy are positive
constants representing diffusion coefficients. This relation can be illustratively reformulated in
the manner that in every point of the domain a change in the amount of morphogen in very
small time interval (partial time derivative) corresponds to the sum of the amount of mor-
phogens produced (or destroyd) by a reaction (reaction kinetics) and the amount of incoming
or outcoming from the neighbourhood (the Laplace operator).
We asume that kinetics possesses a critical point (u*,v*), i.e. constansts fulfilling

f(u*,v*) =0 and g(u*,;v*) =0, (2)

and thus (u*,v*) is a steady solution (steady state) of system (1) without diffusion (dy,d> = 0).
This solution is an equilibrium, the original (ground) state from which we will initiate our
considerations. If there is more than one solution to (2), only one of them is taken into account.
The equations (1) are supplemented by the boundary conditions (BC), i.e. conditions for

morphogens on the boundary of €, most often by the homogeneous Neumann BC (zero-flux)
du  Ov



and finally with initial conditions (IC) at time 0 describing the initial state of the system from
which the system initiates:
uw(0) =ug, v(0)=wvy in Q.

The most preferred BC are the mentioned one, homogeneous Neumann BC, i.e.

ou_, o
on @ on

when taking a = 0 and b = 0. Not only they are suitable for various mathematical operations,
they also have a very nice physical interpretation — the flow through the boundary is zero,
nothing can leave or enter the domain and therefore such systems are described as independent
of external phenomena.

Other frequently used BC conditions are Dirichlet BC

b on 0f2

u = a, v=="b on 051,

which correspond to a situation when the concentration of substances on the boundary is
prescribed to the specific value a, b. Particularly the choice a,b = 0, homogeneous Dirichlet BC,
describes the setup with a border completely inhospitable to the population and the population
dies out there. However, homogeneous Dirichlet BC are most often used in combination with
a system that already has the steady state shifted to zero, while the physical explanation for
such conditions is a homeostasis, when the system tries to keep the equilibrium (u*,v*) at the
boundary, somehow advantageous for the particular object. For more examples and discussion
of boundary conditions, see section 2.

The initial conditions are an important component of the whole process, since the solution of
the evolution system (1) directly depends on it. However, due to the assumption of robustness
stated in Introduction, the effect on the form of patterns should not be crucial, if the model
will be assembled properly. In the following text, if it is not stated otherwise, the initial
conditions (particularly functions ug, vg) describe small perturbation of concentrations about
the equilibrium state (u*,v*) (meaning a small random noise) and they will not be explicitly
mentioned.

Finally, at least a note about spaces of considered functions should be mentioned. Since we
take many motivations from biological and chemical environment, it is natural to use mostly
the "classical" formulation, i.e. we assume that all functions are smooth enough. The problem
can be formulated even in weak sense (in [46, 52]) and it will be used implicitly using strong
theorems (stability of PDE) or rarely explicitly, only if some special mathematical problem will
be discussed (discussion about orthonormal bases of L? in section 2 or a linearization about a
step function in a weak sense in section 3).

1.1.1 Fundamental conditions of Turing instability

We assume the existence of a stationary, spatially homogenous solution (u*,v*)" representing
the original steady state (ground state, no-pattern), which is stable with respect to reaction
kinetics (i.e. to the system without an effect of diffusion; d; = 0,dy = 0). And as Turing
proposed, if the diffusion is added to the system, its effect will destabilize the homogeneous
steady state and the consequent evolution will pass it to another steady state, mostly a spatially

inhomogeneous one, the pattern. Mathematically, the ground state (u*,v*) is unstable with

Li.e. the solution to system (2) fulfilling selected boundary conditions
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respect to system (1) with diffusion (ie. d; > 0, dy > 0). Alternatively, the whole idea can be
paraphrased that the steady state is stable with respect to spatially homogeneous perturbations,
but unstable with respect to spatially inhomogeneous ones.

Hence, for determination if DDI occurs, it is sufficient to analyse (linear) stability of the
steady state. To proceed, we consider a system describing perturbation about the steady state
obtained from (1) by substitution &« = u—u*, v = v —v* and Taylor expansion of kinetics about
(u*, v*):

Ot = dy At~ byt + by20 + ny(w, 0)

in (0 Q 4
040 = da AU + byl + bog¥ + 1o (U, ) in (0, 00) x £2, (4)

where B = (b;;); j=12 is Jacobian matrix of (f, g) and ny, ny non-linear residues; supplemented
with Neumann boundary conditions. From now on, we analyse stability of steady state [0, 0]
with respect to system (4).

First, stability of the homogenous steady state of system (4) with d; = 0, dy = 0 is required.
Such system can be regarded as a continuum number of couples of ordinary differential equations
ODE, since there is no spatial connection among the couples, therefore the conditions for
(asymptotic) stability follow from standard theorem about linearized stability of ODEs, which
requires that all eigenvalues of the matrix B have negative real parts.

The eigenvalues of the matrix B can be computed as the roots of the equation

det (B — AI) = 0,

which yields

trB + 1/(tr B)2 — 4(det B)
2 7
and requiring negativity of their real parts is equivalent to require both following conditions

Ao =

trB =011 + bag < O, (Tl)

detB = b11b22 - b12b21 > 0. (T2)

To illustrate the meaning of these conditions see the example based on predator-prey model
from [45] (the part of cited text about a limit cycle is not useful for our problem, but it is
showed for completeness of the author’s idea):

The condition bi; + bys < 0 means that at least one of the substances u,v needs to be
self-inhibiting in the sense that its ’diagonal” partial derivative be negative; such a substance
has a stabilizing effect on itself near the equilibrium. This is self-evident in the predator-prey
context.

Let us consider a region with an even distribution of two species, a predator and its prey,
in an equilibrium state. If we, for simplicity, consider food to be the only factor affecting the
occurrence of either species, then an equilibrium state means that the number of the prey is just
sufficient to support the predators whose number, on the other hand, is just right to prevent a
growth in the prey numbers. Imagine now that we do not allow for diffusion-like phenomena
(a local increase in concentration in one place at the cost of a decline in its vicinity or vice
versa) due to migration, i.e. we only admit uniform distributions of the species. Then it seems
intuitive that the equilibrium state would be unstable if a slight (homogeneous) increase in the
number of either of the species stimulated further growth. For instance, if the food capacity
of the region for the prey was (hypothetically) infinite, any increase in its number would also
enhance its reproduction; a greater number of the prey could in turn support more predators

11



and this spiral could continue forever, resulting in an ever-growing number of both species.
That is certainly not what stability looks like. Note that nature has taken care of this in
its very principles since an increase (decrease) in the occurrence of predators at an equilibrium
state means more (less) competition, so the predator count will usually (but not always) be self-
inhibiting rather than self-activating in the vicinity of an equilibrium state. But let us ignore
this for a little while longer, for instance assuming that the sudden increase in prey concentration
was large enough to neutralize the effect of competition (for food, at least). One could still be
a little uneasy about the fact that we ignored the cross-dependence: the effect of predation.
It seems reasonable that if the predator reproduced faster than the prey, even an infinite food
capacity would not mean a boundless growth of the prey concentration: the predator-to-prey
ratio would sooner or later increase beyond some threshold value, causing a reduction of the
prey. Insufficient food supplies would then result in a drop in the predator numbers and one
could naively hope that the equilibrium state might be restored. However, this would lead to a
limit cycle rather than stability given that the non-linear terms do admit cyclic behaviour. We
can observe such dynamics even if the predator is indeed self-inhibiting. An example of such
dynamics is provided by the Lotka-Volterra model (see chapter 3.1 in [Murray2007]). Had we
wished to avoid this discussion, instead of a predator-prey model we could have considered a
parasite-host interaction or a chemical reaction, where two self-activating reactants intuitively
seem more inclined to a chain reaction (e.g. nuclear fission) than towards stability. Based on
all these examples, it (hopefully) appears intuitively clear that the self-inhibiting effects need
to prevail for two substances/species to establish a stable equilibrium, in accordance with the
first condition in (T1), (T2).

For exploring linearized stability of system (4) with diffusion, i.e. stability of system

at’l_L == dlAfL + bna + b12’l_)

in (0 Q 5)
00 = do AU + byytl + bog¥ in (0, 00) x £2, ()

we exploit the fact that the Laplace operator —A on a bounded (convex regular) domain
with Neumann BC (even with Dirichlet or Robin BC) is self-adjoint, non-negative and its
eigenvectors form an orthonormal basis of £2(€) (the space of all quadratic integrable functions
with support inside ). Particularly, denoting (k,, ¢,) the eigenpair for n € N, the eigenvalues
can be ordered to infinite (but countable) non-decreasing sequence

0=kKo < K1 < Ky <Kg<

Since system (5) is linear, it is convenient to look for solutions in the separated form
u(z,t) = A(z)B(t).

Then first, for fixed = the function in the form B(t) = e for some \ will solve the system
with respect to ¢, and second, since we have orthonormal basis {cpk}gzof), the function can be
expanded into Fourier series and in summary, we are looking for solution of the form

o0

i(z,t) = M chgpk(w). (6)

k=0

Note that this standard approach disregards any transition effects like transient growth, which
is not governed by spectral properties of the operator corresponding to system (5). The reason

12



for this is that we do not view the whole problem as a single linear operator, which would be
typically non-normal and subsequently transition effects would be frequent. However, it can
be shown that for such behaviour to be significant fine parameter tuning is required [104](e.g.
significant transient growth, which is captured by non-linearities and hence invalidates linear
stability based on the spectrum of the Laplacian). After substitution to system (5) we get

Mg, = By — DEgpy.

Since we are searching for a non-trivial solution of the later equation, we obtain the conditions
for that to occur, the so-called dispersion relation:

det (\I — B + Dky) =0, (7)
which can be rewritten into quadratic equation
0= )\2 -+ (dedl + likdg — b11 — bgg))\ + Hd(lik) (8)

with a denotation
Hy(ki) = (krdy — bi1)(Krda — bag) — biabay 9)

and the resulting root \,? is of the form

A bi1 + bay — (di + do)ky £ \/[511 + bay — (dy + dg)rkp]? — 4Hg(ky)
1,2 — 2 )

(10)

Due to the form (6) of @, there should exists at least one real part of A in order to small
perturbations about ground state to grow fast enough to form a inhomogeneous steady state.?
Evidently, ki (d; 4 dg) is positive and together with condition (T1) yields

bll + bgg — (dl + dg)/ik <0

and therefore )\gk) has negative real part for all k. Consequently, we need at least one k£ € N
fulfilling Re A" > 0, thus from (10) we need validity of

Hd(Hk) = dldg(lﬁk)z — (blldz + bQle)FGk + b11b22 - blgbgl < 0. (11)
From the expression (11) the following necessary condition is clearly obtained
b11d2 + bggdl > 0. (TS)

The fourth Turing condition, and the sufficient condition for (11), arises from the analysis of
H,;. Clearly, this function is convex, therefore we demand that the function at the point of its
minimum reaches below zero. Thus, step by step, we find a minimum:

_ OHq(r)

K

0 = 2kdydy — (bi1d2 + baady),

2\ is for k € Ny an eigenvalue of the operator corresponding to system (5). That can be shown straight-
forwardly using proper formulation in weak sense, for instance outlined in [46]. Both approaches are based on
theory of semigroups, the exponential solution here or the Theorem about stability in linear reaction-diffusion
system there.

30r using Theorem about stability mentioned above, at least one eigenvalue ), should have positive real
part for the steady state be unstable.
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P bi1da + baad
min 2d1d2 .

Note that Ky, > 0 holds. The value of H; at the minimum is

(b11dy + 522d1)2

1d,d, + b11b22 — b12ba;.

Hd("imin) - -

Thus we get the last Turing condition

(by1ds + b22d1)2
4d,dsy

> det B. (T4)

1.1.2 Corollaries of essential Turing conditions

Now we continue with some corollaries. Combining conditions (T1) and (T3) we obtain that
b1 and boy have opposite signs and diffusion coefficients dy, dy are forced to be unequal. In
addition with (T2) we get that biobs; is negative, therefore b1 and by are forced to have
opposite signs. In summary, the matrix B can be (except for relabelling of morphogens) only
one of two following forms

()

In the former case, u is denoted as an activator (its positive values cause an increase of both
morphogens) and v as in inhibitor (its positive values cause their decrease), whereas the latter
case is called positive feedback or substrate depletion. In both cases, from Turing conditions
follows dy < dy. For illustration let us again mention some examples from [45]:

In the predator-prey context, as long as we still consider food to be the decisive element,
the latter scenario with g, > 0 means that u represents prey in a region sufficiently abundant
in vegetation ( f, > 0 ) whereas v stands for a predator competing for food (and/or, quite
commonly, territory; since g, < 0 ). In this case an inhomogeneous steady state thus requires
that the dispersion of the predator be faster than that of the prey. A local (random) increase
in prey density is autocatalytic but also stimulates local growth of predator numbers. Due
to faster dispersion, predators will then spread into neighbouring areas (before the prey does)
where increased predator density will cause a drop in both predator and prey count ( f,, g, <0
) so the pattern we expect should display a correlation between high (and low) densities of both
the predator and its prey. Note that if it were the prey that dispersed faster, no such pattern
would be possible; instead we could expect to see a 'wave’ of increased prey density spreading
from our ’source’ area, stimulating a wave of predator abundance that would (possibly) restore
the equilibrium.

On the other hand, the former case with f, > 0 makes v count the prey while v counts
the predator. We can assume that an increase in the prey numbers results in food shortages
as g, < 0, whereas higher concentration of predators has a positive effect on their hunting
and/or reproductive effectiveness ( f, > 0 ). This time the prey needs to disperse faster for
anything ’interesting’ to happen. Now a locally higher prey density will provoke a local rise
in predator numbers as well ( f, > 0 ), but will eventually drop naturally due to insufficient
food supplies as well as predation ( g,,g, < 0 ). Given that these effects are strong enough
(note that the impact of cross-dependence has to 'prevail’ since |f,g.| > |fugs| by (T1), (T2)),
it will drop well below the equilibrium level, inducing net influx of prey from the vicinity
of the 'outbreak’. If the flow of the prey is fast enough, it will provide the higher number of
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predators with sufficient amount of food so that the latter can persist at their above-equilibrium
concentration. On the contrary, predator count will drop in the neighbouring areas due to the
outflow of prey, which in turn enables the prey to achieve higher density there. The flux of
the prey from this high density areas into low prey/high predator density territories takes care
of the self-inhibiting effect of increased prey numbers (e.g. local food shortages). Hence, we
expect that high predator density should correlate with low prey concentration and vice versa
should a permanent pattern be established. Note that in both cases the self-inhibiting species
had to diffuse faster than the self-activating one. This is one of the well-known features of DDI
and is often referred to as short-range activation, long-range inhibition.

In the biological setting, diffusion could not be experimentally controlled as easily as it is
required in DDI and therefore, such process lacks a direct biological motivation. A following
observation is useful. Consider the domain of the form ) = L)y with positive L representing
a scaling of the initial domain Q. Using substitution £ = z/L in system (1) we obtain

di -
Ou = L—;Au + f(u,v)
in (0, 00) x Q, (12)

where A represents Laplace operator with respect to spatial variable . Hence we can see that
the diffusion coefficients scale as 1/L? and therefore DDI can be interpreted as a self-organisative
process with the pattern emergence driven by the size of the domain.

Thus the analysis of the pattern emergence by diffusion can be expressed as a finding a
critical size of the domain, starting from which the system can exhibit a pattern, while the
steady state remains homogeneous for smaller domains than the critical one. Such explanation
of the DDI can be more familiar to the biological applications, and alternatively, it gives us
a reformualtion not dependent on specified movement of substances and hence, more suitable
for system with additions effect (f.e. with advection). Let us denote this procedure as domain-
size-driven instability, which will be discussed in more detail in section 1.2.2.

1.1.3 Turing space and areas of stability or instability

Now, we are concerned, for which parameters the problem (4) exhibits Turing patterns. The
set of such parameters is called the Turing space. A particular choice of the parameters can
be motivated by an application (for instance biologically motivated coefficients of kinetics, as
a,b in section 3) or by a need for further analysis (diffusion coefficients). Let us describe the
latter case in more detail and describe the set of diffusion coefficients (d;, d3) for which system
(4) fulfils Turing conditions. Notation follows [52, 46].

Following the derivation of Turing conditions involving the diffusion coeflicients it is clear
that the state-changing condition is a sign of Hy(ky) defined in (9). If we denote the set of
diffusion coeflicients vanishing the term Hy(ky) in following way

1 b120
Ck: {[dl,dg} ERE_Z dgz— <$+b22>}

ki \dikr — b

and if we plot the set in a graph with dy,dy on the axes (see fig. 1), we see that C}, are parts
of hyperbolas with asymptotes d; = %1 and dy = f—; It can be shown that all hyperbolas have

K
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Figure 1: An illustration of hyperbolas C} representing a critical diffusion coefficients for which
the steady state (u*,v*) changes a stability with respect to full system (4) with appropriate
tangent lines. Furthemore, R? is divided by the "envelope" Cp into an area of stability (the
right-bottom section) and an area of instability (the left-top section).

one common tangent line [68]

N blleQ + 2\/ —blgbgl det B

2
bll

dg dl .

Further characteristics follow from the properties of eigenvalues of Laplacian (eigenvalues ry
can be ordered into a countable infinite non-decreasing sequence): from the form of Cj, follows
that C} tends to d; = 0 for k — +00. Moreover, if the eigenvalues of Laplacian are simple, i.e.
ki < K41 for every k € Ny (for instance, this applies to Q C R), then C; # Cj, for all unequal
7,k € N. If, on the contrary, the eigenvalue x; has multiplicity jr € N, then following holds

Ck—l 7& Ck = Ck+1 == Ok+jk_l 7é Ck+jk'

The beauty of hyperbolas C} can be summarized into the following proposition: Assume
that conditions put on matrix B (T1), (T2), (T3) hold. Then for every )\gk) ()\gk) has negative
real part) fulfilling (7) holds:

Re )\gk) <0 for (di,ds) € R% lying to the right from Cj,
)\gk) =0 for (di,ds) € R% lying on Cy,
ReA™ >0 for (dy,dy) € R2 lying to the left from Cj.

Finally, if we denote the "envelope" of all hyperbolas as a set
Cp = {[dl,dQ]: dy € Ry, dy = min{z: [dy, 7] € ] ck}}, (13)
keN

then Cg separates the R? into two parts, an area of stability, i.e. the set of (dy,dy) € R% for
which the steady state is stable; and an area of instability, the Turing space if (T1), (T2), (T3)
hold, the set of the pairs of diffusion coefficients for which the steady state is unstable.
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From this point, an investigation which pairs of diffusion coefficients there exists at least
one non-homogeneous stationary solution can start. Even unbounded connected sets of such
point can be found using Global Rabinowitz Theorem [78] or its generalized version [105]. For
instance, the existence of such set was shown in the area of instability for Thomas model [46]
or even generally in the area of stability [53]. Such results, together with appropriate a priori
estimates of steady solutions, are helpful for determining where the steady states of numerical
evolution experiments or the expectations of real applications could be located.

1.2 Generalizations of Turing system

Since the original Turing model is very simple, many investigations of the reaction-diffusion
system with various additional phenomena were made for the sake of achieving an exhibition
of wider class of resulting solutions or due to an increase of robustness of the whole problem.
First in this section, a few such investigations of some generalizations of the Turing system are
listed, with a particular emphasize on the main topics of this thesis — the influence of advection
and spatial dependency.

Secondly, an alternative mechanism to Turing’s one, which we call domain-size-driven in-
stability, is introduced. Such mechanism follows more affable description using domain growth
as a force to change a stability and can be used for some enhanced reaction-diffusion systems.
And finally, to proceed with the stability analysis in some diverse model extensions, the use
of Sturm-Liouville theory can be adopted, therefore we briefly present the relevant features of
Sturm-Liouville theory. This theory will be used to analyse domain-size-driven instability for
the system with advection in section 2.

1.2.1 Examples of generalized Turing systems

The author is aware of his abilities that he is not capable to cover such a topic in a full
comprehensive range. Rather than that, this list could serve as a stepping-stone for a study of
the particular fields.

Growing domains. As was presented in section 1.1.2, the main biological interpretation
of diffusion-driven instability is a transformation of change in diffusion to change in a domain
size, and thus taking a domain size only as a bifurcation parameter |70, 10]. Such formulation
of the domain growth influence on the condition of the Turing instability neglects the system
non-autonomy. In spite of that, it was observed in [10] that exponential growth causes so-
called doubling effect — regular periodic doubling of the number of peaks with high and low
concentrations following the exponential domain growth. Such process decreases dependency
of the resulting pattern on the initial conditions and thus increasing robustness of the model.

The proper description was firstly solved numerically, for instance the growth of teeth [50]
or stripe formation in juvenile fish Pomacanthus [73] using exponential growth, lately it was
analysed explicitly considering domain growth dynamics [11, 57|. The various growth functions
(linear, logistic and exponential) are analysed with diverse effects on conditions on pattern
emergence, in some cases the patterns are called domain-growth-induced, since the growth
alone is the force to create such patters and it is shown that such patterns can be obtained
even for system of type activator-activator. In [40] the investigation of the effect of the domain
growth is more thorough considering the history of the evolution following the growth. Then,
the conditions to pattern formation are weakened even more, although their high complexity
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requires numerical evaluation. Note that on faster growing domains, there is a total breakdown
of the continuum description as modes of arbitrarily high wavenumber modes are excited,
leading to the growth of fluctuations on smaller scales than that of an individual and thus a
loss of self-consistency of the modelling assumptions.

Let us note here the opposite effort. Motivated by a regeneration of flatworm, authors in
[108] sought such an adjustment of the Turing system so that the pattern scales proportionally
to the size of the domain. Similar phenomenon can be seen observing the emergence of exactly
the same number of five fingers independently of their distal growth [17].

Three and more equations. The motivation for utilization of more than two substances
are apparent and was mentioned even in Turing’s original work [101]. In every biological
or chemical process, there is a vast of substances, from which only the most important are
necessary to take account. And certainly, if we consider more than two equations, the results
of the mathematical model will corresponds more to the reality. However, with regards to
analysis procedures, its difficulty increases with higher number of equations n, which coincides
most with the eigenvalue problem of n-dimensional Hurwitz matrix. Necessary and sufficient
conditions for the Turing instability for n equations were derived in [88].

It is clear that requirements on characteristics of substances are relaxed in the presence
of more than two substances. Even for the case of three equations, which is the case often
used in applications nowadays [79], it is not necessary that 1) all diffusion coefficients have to
be non-zero (an immobile substance) [35, 43, 59] or 2) non-equal [60] or 3) steady states are
only solutions (travelling waves [18]). It follows that substances involved in the mechanism are
not only identified as pure activators or pure inhibitors, however still, the substances can be
divided in two logical subsystems interacting like activator or inhibitor, respectively; thoroughly
analysed in [88] or in [60].

With the possibility of interactions of more substances, the system is applicable particularly
to situations where two main substances were not clearly determined as in the development of
cyanobacterial organism |[14] or digit patterning [79].

A particular example of three considered equations is a realistic situatino of two interacting
substances, where one of them has two distinct stages, different in diffusion or reaction rates —
for instance if the substance can bind to a substrate and hence has zero diffusion rate [43, 65].
From the point of view of the robustness issue it follows that not only mobile substances
(ones with nontrivial diffusion) should be taken account, but also the immobile ones since such
additional interaction can crucially change the behaviour of the system [35].

Equations with time delays. A possible biological motivation for introducing a time
delay in reaction diffusion systems is the situation when reaction delays are particularly im-
portant when dealing with the production of crucial proteins as a cascade of time-consuming
biological processes must occur in order for a single protein to be produced [111|. Delayed
equations are difficult to analyse even in the case of ordinary equations, therefore numerical
simulations are mainly performed while being supported by an analysis of a specific system.
In [21, 93] it is illustrated that behaviour of linearized system does not coincide with the full
system, thus linearized stability does not reflect the behaviour of the full model. Numerical
experiments indicate that except for a higher sensitivity to initial conditions, there is not much
to say generally about the behaviour of the full system as the behaviour differs according to
various kinetics. For instance, a prolongation of the evolution time is caused in the case of
Schnakenberg kinetics resulting in solutions without any oscillations [21], whilst in the cases
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of various versions of Gierer-Meinhardt kinetics the delay can cause oscillations or blow-ups,
depending on the exact combinations of kinetics and sub-cellular dynamics [93]. For these two
kinetics cases the conditions for different mechanism of pattern formation are obtained [116]
and the influence of growing domains is studied [21, 91, 92| — the effect of growth is not so
significant in comparison to undelayed models, the lack of robustness with respect to initial
conditions preserves and if, in addition, the growth contains the delay itself, the possibilities of
behaviour seems to be unbounded [92].

Cross-diffusion. Non-triviality of non-diagonal diffusion coefficients D, models a de-
pendence of a movement of the first substance on a concentration of the second one. This
phenomenon can be seen as a bacterial chemotaxis [100], development of vegetation patterns
[94], in plasma physics [13] or predator-prey models [103]. The analysis of Turing patterns
was carried out for constant Dy first [1, 44, 103], then for more relevant diffusion coefficients
satisfying

Djp(u) =0 as uy—0, k#j

since there can be no flux of species k if concentration of such species falls to zero (i.e. ux = 0)
[51]. The resulting solutions of the Turing instability are not only stationary solutions (]98] for
more general diffusion coeflicients), but even travelling fronts |23, 22].

Stochasticity. Original (deterministic) model assumes continuity of species concentration
(rather than a number of species), which decently approximate real situation with high number
of species representatives (e.g. molecules). But that is not the case in all real systems, some
populations have numbers in dozens, for instance the number of the lac repressor in Escherichia
coli, which is involved in the regulation of gene expression, is only in 10-30 [30, 113]. In such
a situation, the incorporation of stochastic processes is necessary. According to [113, 102| two
different types of biological noise can be considered (and a proposed model should follow it) 1)
intrinsic, emanating from random fluctuations in the population interactions, and 2) extrinsic
(environmental), describing noise with source from outside. A great progress was achieved in the
latter case using approximations or simulations of appropriate stochastic differential equations
(see [24] for a review). As presented in [102], standard approach in the former case begins
with a transcription of the problem into a chemical master-equation formalism and follows by
a derivation of a Fokker-Planck equation, which is then analysed. Stochastic Turing patterns,
which is a designation of steady solutions of appropriate stochastic system and induced by
diffusion or noise, are studied e.g. in [6, 115, 4].

Stochasticity is such a result-changing phenomenon that large focus lies on its effect on
the generalized system presented above. Therefore we can find studies of interaction between
stochasticity and growing domains [112, 110], cross-diffusion [19], delays [114] or more equations
[14]. For clear and summarizing comparison of stochastic and deterministic Turing system, see
[90, 7].

An advection flux is readily motivated in eco-hydrological systems, such as river based
ecological systems [31, 96]. Additional examples include the impact of a bias in the random
motility underlying diffusion, which is relevant for systems where the species are at larger
scale than molecular; a further example at the cellular scale concerns the Turing systems in
synthetic biology, with interacting cells and signalling molecules together with a background
chemotactic field [16]. One can also consider the introduction of background flows to chemical
Turing systems, such as the CIMA-starch reaction [69, 8], or even chemical systems that may
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not exhibit a Turing instability given the weaker self-organisation constraints. As a further
prospective biological example, we mention the proposed Turing instability hypothesised for
the interaction of tumour growth factors [9], which would also be subject to a weak advective
flux due to interstitial flows.

As a final example, if we subject Fick’s law of diffusion to scrutiny, specifically if we derive
the evolution equations for reacting mixtures using the framework of non-equilibrium ther-
modynamics [34, 54, 38|, we observe that advection can appear as a consequence of chemical
reactions among constituents. Particularly, from a careful formulation of mixture theory of
fluids it follows that chemical kinetics need not only be driven by chemical affinity — as would
be the case with Fick’s or Maxwell-Stefan law — but can also be driven by diffusive flux |75].
This not only entails that it is consistent for diffusion to drive chemical reactions but that the
converse also applies and chemical reactions alone can consistently induce diffusion flux, with
gradients of chemical reactions thus inducing advective terms. Hence introducing and studying
a new concept of self-orchestrated pattern formation in the presence of flows, induced by gra-
dients of chemical reactions, is thermodynamically consistent and thus not unreasonable with
analogous remarks also applying for thermal gradients in chemical systems.

The idea of considering advection as a generalisation of the Turing instability dates back to
the work of Rovinsky and Menzinger who, inspired by the Belousov-Zhabotinsky reaction, pro-
posed the so-called differential-flow-induced chemical instability (DIFICI) for self-organisation
|81, 82]. Here, advection is added to the Turing reaction diffusion system in the same manner
as in section 2; with DIFICI, there is a resulting non-steady chemical instability outside the
Turing regime, characterised by periodic travelling waves [83, 88, 86]. This mechanism was also
generalised by Satnoianu et. al. [88] to systems possessing both differential flow and diffusive
transport, analogously to the need for differential diffusion in the Turing instability, which led
to the prospect of the so-called flow-and-diffusion structures. Other studies on the stability of
reaction-diffusion and advection systems have also been conducted by Nekhamkina, Sheintuch
and Smagina [66, 67, 95].

Results in these previous studies are typically based on results for infinite domains. However,
Reddy and Trefethen [80] have pointed out that spectral analysis on the real line may be of
limited value in the reaction-diffusion-advection problem since the similarity of the spectrum
on infinite and finite domains, and thus the similarity in stability behaviour, is dependent on
the magnitude of the Péclet number, Pe = LV/d, which we shall explicitly explore. Hence for
large domains there is not a continuous transition of spectral properties from infinite domains
and thus we cannot rely on insight from the previous studies on infinite domains, especially
given our interest in diverse choices of boundary conditions, as further confirmed by studies of
Davies [12].

An addition of Spatial dependency into parameters of the Turing system could break
a high degree of periodicity of the resulting patterns and such system could be capable to
capture key features of many real systems, where the patterns significantly change in space as
illustratively shown in [20]. The Gierer-Meinhardt model [25], for example, is originally based
on a source with a gradient; even Turing in his paper [101] discussed that “Most of an organism,
most of the time, is developing from one pattern into another, rather than from homogeneity
into a pattern”, suggesting significant spatial dependency may be initially present before the
impact of the Turing instability.

There are many examples of spatial irregularity in patterns where wavelength variation is
manifested and such heterogeneous pattern modulation has a crucial impact on both the real
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product and self-organization process. For instance a distribution of mouse or cat whiskers [74],
alternating thin and thick stripes of Lionfish 72|, emergence of fingers [17] or the heterogeneity
of the environment in landscape ecology [77]. Such ubiquitous examples emphasize the critical
importance of studying the impact of heterogeneity and its effects on the properties of self-
organizing systems.

However, the standard procedure of stability analysis is not easily extendable to the case
with spatially dependent coefficients as, for example, a homogeneous steady state does not
exist in general given spatially dependent kinetics. Probably the most well understood effect of
heterogeneity comes from the shadow limit in Gierer-Meinhardt kinetics using spike solutions
[33, 107, 106] but note that this requires the applicability of the infinite or arbitrarily large
diffusion coefficient in one of the species. Further the case of spatially dependent diffusion
coefficient was analysed in [3] with a step function representing the dependency. Heterogeneity
in the reaction kinetics was analysed numerically [72] and limited analytical progress in sta-
bility analysis has been established with spatial dependency in the kinetics. Examples include
asymptotically small, spatially dependent, linear gradients of morphogen source |26, 28, 27|, a
cosine spatial dependence in a coefficient of the kinetics [61] and a step function, independent
of morphogen concentration, added to the kinetics [71]. Finally, very recently a rather gen-
eral stability analysis with spatial heterogeneity in reaction kinetics was successfully proposed
including a transition from one pattern into another [49]. Essentially the only situation this ap-
proach using WKBJ asymptotics does not cover is when the spatial oscillations are rapid, which
is a fundamental feature induced by the jump discontinuity in the kinetics that we consider in
section 3.

1.2.2 Domain-size-driven instability

At the end of section 1.1.2 it was shown that the assessment of critical diffusion coefficients,
with which system (1) exhibits Turing patterns, can be reformulated into a finding of critical
domain sizes. Thus, instead of the principle based on a change of diffusion rates, the cause of
pattern formation can be described as a domain growth. This idea is discussed in more detail
in this section with the goal of a statement of an alternative mechanism to Turing’s one, which
can be moreover used in more general settings.

Note that the Turing instability is typically highly constrained with demanding constraints
for its presence, as documented by Murray [64], and hence there are often only small regions
of parameter space where an instability may occur. As one example, for the standard model
based on diffusive transport, the system must be stable in the absence of diffusion, otherwise
the homogeneous steady state is destabilised by homogeneous perturbations on a small domain.
Given the common choice of zero diffusive flux conditions, which do not preclude spatially
homogeneous perturbations, this becomes a stringent constraint on the kinetics.

However, consider a model generalisation, even a weak one, which entails that a homoge-
neous perturbation cannot be supported, for example due to incompatibility with the boundary
conditions. Then homogeneous perturbations are prevented from growing on small domains by
the boundary conditions without appeal to a stability constraint and hence there is stability on
small domains without the usual restrictions on the kinetics of the standard Turing instability.
In turn, the extent of the constraints on the model kinetics and transport that are required
for self-organisation can be substantially less stringent and yet the mechanism can still exhibit
domain size control, with a bifurcation to instability if the domain size becomes too large.

One example of such a model generalisation from a standard Turing model with zero diffusive
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flux boundary conditions is the imposition of a Dirichlet boundary condition that is consistent
with the homogeneous steady state. In turn, this suggests that a simple change in the boundary
conditions may substantially weaken the constraints required for domain size controlled self-
organisation to occur. As a second example, consider the presence of advection, where the flux
of a species u is —dVu + Vu, and d is the diffusion coefficient, with V the advective velocity
field. The flux condition consistent with a homogeneous steady state value of u* is given by

n-(—dVu+Vu) =n-Vu*

and this does not support a homogeneous perturbation away from the steady state. Hence even
weak advection may substantively alter the conditions for system self-organisation.

Final constraint is that the most unstable mode(s) are of bounded wavenumber, so that
there is a well-defined spatial lengthscale of the patterns induced by the instability; if this is
violated then patterning occurs on arbitrarily small lengthscales, which results in the breakdown
of the continuum approximation [35].

Thus in summary, we propose that domain-size-driven instability can be characterised
by: one, the existence of a critical size below which the system is stable to small perturbations
and above which instability generally occurs (which particularly means that the stability of
homogeneous steady state with respect to homogeneous pertubrations is required if such per-
turbations can be supported); two, the existence of only a finite number of unstable modes as
otherwise the continuum description would break down (and no structure in spatial organisation
would appear except salt-and-pepper pattern).

As was already discussed, such mechanism shows to be identical with Turing’s idea in the
classical case with Neumann BC, but 1) in the case of Dirichlet BC they differ, particularly the
former mechanism gives an enlargement of the Turing space; and 2) the proposed mechanism
can be suitable even for some generalizations of classical case where these two concept diverge,
for example with a presence of small advection, as presented in section 2.

1.2.3 Sturm-Liouville theory

Let us consider the following problem that is a generalisation of a reaction diffusion system
considered by Turing for morphogenesis. For simplicity we restrict the analysis to a 1D domain
2 =10, L] and consider

8 (r) ) = (B £ i (1000,
ot \r(z) v dy L(v) g(u,v)
where r(x) is a non-zero function, Lu := a% (p(x)a%u) is a linear operator with dy,ds two
positive diffusion constants and u, v represent the concentrations of two morphogens.
First, note that stability analysis of a stationary solution that is spatially dependent is
beyond the scope of this paper. Hence, we restrict ourselves to the standard case when the

existence of a homogeneous stationary solution u*, v* is required. Thus

o= (),

With y representing uw or v, and y* the homogeneous steady state value, we consider the
above equations subject to inhomogeneous Robin boundary conditions,

a1y(0) + awy'(0) = awy™, Biy(L) + Boy' (L) = By,
a; €R, B € R, [ay| + |az| >0, |Bi] + [B2| > 0.
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The spatial operator £ = % (p(x)a%) with the homogeneous analogues of these boundary con-

ditions is a fully self-adjoint Sturm-Liouville operator. Hence, for the function space L*([0, L])
its set of its eigenfunctions form a complete basis set of orthonormal square-integrable functions.
To proceed in our consideration of Sturm Liouville theory, let ~, solve

(©)5) = 5 () gorn(2) ) = Aurle) (o)

where n labels the eigenpair (A, v,(z)) of the operator. With the expansion

() =)+ () (5) = Xwm wa=(03)

we take advantage of the fact that the set of v, form an othonormal basis of L?([0, L]). Lin-
earising about (u*,v*)T, and therefore assuming |a| < 1, |3] < 1, yields

Zr(x)yn(x) (Wn + <d2>\nw2> — an) =0,

n
n

where J = <Jij)z‘,je{1,2} denotes the Jacobian of the reaction kinetics evaluated at the homoge-

neous steady state, (u*,v*), with the dot () denoting a time derivative. As the eigenfunctions
v, form an orthonormal basis, we have that

. di 0
wn——(An(O d2>—J)Wn

and hence the dispersion relation is given by

dy 0 B
(st (8 0) -3 o

where its roots o, correspond to eigenvalues of the linearised system. These consequently
determine the linear stability of the homogeneous steady state. Potential difficulties in dealing
with this additional generality compared to textbook analyses [64] are, of course, subsumed in
the eigenvalue problem of the Sturm-Liouville operator L.

To illustrate the above ideas in a concrete setting, we consider an example with heteroge-
neous transport, with p(z) = e~ and r(x) = 1, as would be relevant for an effective theory of
interacting chemical species in a porous medium with an exponential spatial dependence in the
porosity. Then, in particular, we have

() = (i) + (2

with g%u = ?;%v =0 at z € {0,L}. The corresponding eigenfunctions of the spatial operator
=3 e‘m%) with the zero-flux boundary conditions are

'VTL(J:) = 633/2 |:Y<O, 2\/ )\n)J(l, 2 )\nem/2) - J(O, 2 />\n>Y<17 2 )\nem/Q)} 7

where J and Y denote Bessel functions of the first and second kind and its spectrum is equal
to the pure point spectrum, with the eigenvalue A\, denoting the n-th root of the term in the
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square brackets. Algebraic conditions for the linear stability of the homogeneous steady state,
whether in the context of a Turing instability, or more generally a domain-size-driven instability,
directly follow from the general treatment above.

In this way, the use of Sturm-Liouville theory enables the analysis of problems that go
beyond the textbook theory of the Turing instability and these techniques could also be used
to study the impact of spatial variation in other contexts. One example is the impact of extra-
cellular matrix heterogeneity on the Turing instability given Lengyel and Epstein’s effective
theory [55, 43]. A second example would be to examine the impact of a background, spatially
heterogeneous, chemotactic field ¢ influencing a cell density n via the model

0

U= dV*u — xVeVu + f(u),

with V denoting the spatial gradient. However, instead, below we will exploit this framework to
analyse different boundary conditions and reaction-diffusion-advection problems, in particular
to assess whether there is a prospect of a domain-size-driven instability without the constraining
necessity of a stable homogeneous steady state.
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2 RD system with advection

2.1 Statement of the problem

We shall consider the more general concept of a domain-size-driven instability in the presence of
constant advection and other boundary conditions, to assess for instance whether this can relax
the requirement of short-range activation and long-range inhibition characterising the Turing
instability. As such, we focus on systems that are not associated with the Turing instability, to
see whether they nonetheless exhibit a domain-size-driven instability.

Thus two particular cases for the bulk behaviour of a two-species reaction-diffusion-advection
system will be considered in a one-dimensional domain 2 = [0, L], one case with equally
transporting species and the other case with an immobile species. Both systems are outside the
regime of a classical Turing mechanism in that if advection is neglected, and Neumann boundary
conditions enforced, the system still does not exhibit a Turing instability [64]. Furthermore,
the above Sturm-Liouville theory can be applied with r(z) = p(z) = e *"/? for a constant
advection V, and also d = d; = dy when both species are mobile and d = d;, dy = 0 when one
of the species is immobile.

Four types of boundary conditions are considered that are relevant for reaction-diffusion-
advection problems. Noting (u*,v*) defines the homogeneous steady state about which linear
stability is of interest, we explore the following conditions for V' > 0:

Dirichlet BC u(z) = u* at z € {0, L},

Fixed flux BC —d; Zu(z) + Vu(z) = Vu* at x € {0, L},

Danckwert’s BC —d; 2u(0) + Vu(0) = —di2u* + Vu* = Vu* and Zu(L) =0,
Periodic BC u(0) = u(L) and 2u(0) = Zu(L),

which are all consistent with the homogeneous steady state. The same boundary condition is
also imposed on both species if the v species is mobile.

The physical meaning of the first three boundary conditions is clear. The Danckwert’s
boundary condition is commonly used in plug flow reactors. The boundary condition at the
inlet, which is at x = 0 for V' > 0, follows from the balance of mass at the boundary where the
influx is considered to be well-controlled and with a defined composition at the homogeneous
steady state, u*. Hence diffusion in the inlet tube is considered to be negligible as there is
no spatial variation of concentration in the inlet tube. In the bulk of the reactor, mixing and
reactions of the chemicals takes place, with the possibility of pattern formation. Finally, the
second boundary condition assumes that the concentration is effectively constant at the point
where the flow leaves the plug flow reactor, x = L, with mass balance automatically satisfied.
For more details we refer the reader to citation |76] for example. Please note here that as the
boundary conditions are asymmetric one has to specify the inlet and outlet unambiguously
by fixing the sign of V' > 0, corresponding to transport along the x axis in our notation.
Considering V' < 0 requires a swap in the boundary conditions and hence recalculating the
spectrum.

2.2 Stability analysis without BC specified

In this subsection, we present steps of the procedure, which are common for all BCs, that
means: a statement of the problem and stability analysis for both, with and without differential
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transport; the first steps of computing eigenvalues \,. For ilustration of the presentation, we
use fixed-flux BC.

2.2.1 The absence of differential transport

We consider a system of two interacting species u, v where both species are diffusing and
advecting with the same transport rates, so that d = d; = dy with the same advection for both

species. Hence,
()= GE V) () .
<o (2) + (S0
~igya () (0) (e

L

where the functions f, g describe the reaction kinetics and a linear operator with constant coef-
ficients Lgy = d;—; — Va% has been introduced for simplicity, whilst a connection to previously
discussed Sturm-Liouville theory is stated in the last equation with p(z) = r(x) = exp(—zV/d).

The bulk equations (14) are accompanied by the appropriate boundary conditions, f.e. use
fixed-flux boundary conditions, for both species u, v, that is £u := Vu(z) — d2u(z) = Vu*
and L% = Vo* for x € {0,L}. Thus an initial condition with a small perturbation of the
homogeneous steady state, of the form

u(t =0,2) =u" +up(x), vt =0,2) = 0"+ vo(x),
with |ug| < u*, |vg| < v*, requires the zero flux homogeneous boundary condition

0
Vug(z) — d%uo(x) =0

at each boundary for compatibility with the initial conditions, and similarly for species v.
Linearisation about the homogeneous steady state, (u*,v*), with (@,7) = (u,v) — (u*,v")

yields the bulk equations
0 (u u u
i (5) - (5) =2 () ®

where the matrix of linearised kinetics, J, is evaluated at the homogeneous steady state (u*, v*)
and small perturbations have been assumed, thus allowing the neglect of higher order terms,
with a view to linear stability analysis below. The initial conditions are u(t = 0,x) = uo(z),
0(t =0,2) = vo(x) and are assumed to be compatible with the zero-flux boundary conditions.

With v, and ), respectively denoting the n'* eigenmode and eigenvalue, note that the
eigenvalue problem —Lgv7y, = A\,Vn, is the same as —dLy, = r(z)\,7,. Furthermore, when
supplemented with the homogeneous boundary conditions £, = 0, the latter is a fully self-
adjoint Sturm Liouville problem and thus possesses an orthonormal basis of eigenmodes in the
function space L?([0, L]), albeit with a weighting function of r(z) in the inner product and thus
the norm as well. Hence, we also have a orthonormal basis of eigenmodes of —Lgy on (0, L) for
an appropriate choice of inner product.
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Note that for the case of periodic boundary conditions, Sturm-Liouville theory does not ap-
ply, since the operator lacks full self-adjointness due to the fact p(z) is not periodic. However for
the examples considered below, explicit calculation of the eigenfunctions for periodic boundary
conditions reveals that they are Fourier mode harmonics (see section 2.3.1) and hence consti-
tute a complete orthonormal basis of square integrable functions. Nonetheless the associated
eigenvalues are not required to be real as Sturm Liouville theory does not apply.

Hence, the stability of the homogeneous steady state, (u*, v*), can be assessed from whether
there is growth or decay for the amplitudes of these eigenmodes on substituting the expansion

i= Y wktm(@), 5= wht)n(e)

into equation (15). With this substitution we thus have

[(5) - ()]0

n

and the homogeneous steady state is stable if all roots o4 of the dispersion relation
det (—oI—(N\I-J)) =0 (16)

have negative real parts; conversely it is unstable if at least one of the roots has a positive real
part.

Except for parameter fine-tuning, which would be hard to justify due to the requirement of
robustness, we have there exists an invertible matrix U such that matrix J can be characterised

by its eigenvalues p
g=u' (" Nu
0 p-

and hence the dispersion relation (16) can be rewritten as

-1 ( _ M+_>\n 0 _
det{U (ai1+< ; u_—An)>U]_O’

with roots o+ = u+ — A\,. Under such circumstances, we may conclude that the homogeneous
steady state (u*,v*) is linearly stable if and only if

Re(ox) = Re(pusr — Ap) > 0, (17)

where )\, are eigenvalues of the spatial operator —Ly, subject to the boundary conditions
Lby, =0at x € {0,L} and p. are two eigenvalues of the linearised kinetics Jacobian matrix J.
Furthermore it can be easily shown that the conclusion also holds when J is not diagonalisable
via the use of Jordan normal forms. On the other hand, if the matrix J is diagonalisable, by
rotation of u, v into eigenvectors of J one arrives at two uncoupled one species problem with
the same boundary conditions and linear kinetics with coefficients equal to the eigenvalues fi.
Therefore all the results below for pattern formation without differential transport hold for
a single species system provided J is diagonalisable (almost always is in the sense of natural
measure on 2D matrices) further strengthening the significance of these results.

To conclude the stability analysis it suffices to identify eigenvalues of the spatial operator
—Lgy and thus solve the eigenvalue problem,

0? 0

_ S i v — 1
»CdV'Vn ( 61‘2 Vax) Tn )\n’yn ( 8)

subject to particular boundary conditions.
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2.2.2 Differential transport

In this subsection we once more consider a system of two interacting species u, v but now with
one species transporting via diffusion and advection, while the other species is bound to a fixed
substrate. Hence we have

0 (u dZu—VLiy f(u,v)

_ — Ox? Ox ’ 19

ot (v> ( 0 otu0)) (19)
where functions f, g describe the reaction kinetics. Hence, the appropriate boundary conditions

(fixex flux BC in our case) apply just for species u, with £u = Vu* and a small perturbation
of the homogeneous steady state is considered as an initial condition, that is

u(lt=0,2) =u" +up(z), |ugl Ku"

The compatibility constraints for the consistency of the boundary and initial conditions of
species u are the same as in the previous case.
Using u = u — u*, v = v — v*, we once more linearise the equations to find

20)-e () ()

with @ satisfying homogeneous boundary conditions.

Before proceeding, we demonstrate that apart from a degenerate case requiring mathemat-
ical precision in the reaction rate constants, the bulk equations and boundary conditions of
the linearised problem guarantee that even the perturbation v can be spanned by the Sturm-
Liouville eigenfunctions. In particular, working in the L? function space, albeit inheriting the
inner product and corresponding norm associated with Sturm-Liouville eigenfunctions, we de-
compose U = U, +v., 1, where v, is in the sub-space of L?([0, L]) spanned by the Sturm-Liouville
eigenfunctions, and v, is perpendicular to this subspace. Then with the expansions

0= Y wttnle), o= 3wl (),

equation eq. (20) becomes

w% )\n 0 wz —levyL .
S1GE) + (5 0) =) )]s (o2 ) -

We neglect the degenerate case when the upper off-diagonal Jacobian coefficient at the
homogeneous steady state Ji5 is zero, since this requires mathematical precision and we focus
on systems that are robust to small parameter variations. Hence, we have v,; = 0 as this
is, by construction, orthogonal to the span of the Sturm-Liouville eigenfunctions and thus
cannot be balanced by Sturm-Liouville functions in the upper row of the above equation, giving
Lb5o., = 0. Note that although species v is not directly transported, spatial variations will
develop as a consequence of the interactions with species a mediated by kinetics J.

Insisting on continuous solutions also requires consistency between the initial and boundary
conditions, such that

Lt = 0)|or = L*(t = 0)]or + L = V™,
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after which the species concentration v satisfies the same identity for all later times from the
dynamics of the system enforcing the constraint

£b06|07[] - O

Henceforth, we proceed with

)+ (Cr 9)-2) ()]~

n

and thus

Consequently, linear stability is guaranteed if the matrix
A O
(5 0)-7)
trd — A\, det J — Jog A\,
=—|1+4/1 " 4——F—— 21
ox 2 ( \/ (trd — \,)2 ) (21)

with negative real parts Vn € {1,2,3...}, where the eigenvalues of —L;, denoted \,, are
inherited from the previous example.

has eigenvalues o4

2.2.3 Computing of the eigenvalues

Both previous subsections ended with the requirement of computing the eigenpairs (\,, ;) of
the problem (18), i.e. of the linear diffusion-advection operator

0 0?

with various boundary conditions mentioned in the introduction of section 2. In this subsection
we outline the common beginning of the computation. The following procedure is straightfor-
ward, although not technically trivial.

Since we will operate in one dimensional space, we rewrite system (22) in the standard
notation for that case. Thus we solve a system of equations

— Lavyn = —dv, + V7, = A, (23)

where [A,,7,] denotes an eigenpair for each n € Ny to the problem (22) with boundary con-
ditions, since we know that spectra of operators belonging to all the considered boundary
conditions are countable.

First, a standard substitution ~, = e%zwn, n € Ny, is used to transform the equations (23)

to the normal form
V2 \
—d " — -
¢7’7, <4d Tl) wn
A

and using designation v, := 5 — % we obtain the following equivalent problem

d
- 1%; = Unn (24)

with boundary conditions
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Dirichlet BC ¢, (z) =0 at « € {0, L},

Fixed flux BC ¢/, (z) = ¢,(z) = 0 at z € {0, L},
Danckwert’s BC ,(0) = 5;¢,,(0) and ¢/,(L) = — 53¢, (L),
Periodic BC 4\ (0) = e2aly{ (L) for k € {0,1}.

In the first three cases the eigensystem is real, thus the solutions of the following form will
be assumed

Up =0: Yp(x) = Az + B,
vp > 0: () = Asiny/vx + Bcos /v,
Up <01 y(2) = AeV™"" + Be V7"

with A, B € R; whereas the eigenvalues of the system with periodic (the last mentioned)
boundary conditions are generally complex, therefore we will be looking for the solutions in the
form

¢n(x) :Aei an_'_Be—i\/ﬁac (25)

with A, B € C.
The procedure will continue separately for each boundary condition in following subsection.

2.3 Results for particular BC
2.3.1 Fixed flux BC

Let start with the case of zero flux BC.

v, = 0: The first case leads only to a trivial solution, since system

0=—dA+ %(AL + B),

O:—dAJr%B

has only (A, B) = (0,0) as a solution.

vy, > 0 : The substitution yields a system

0=—dAVv + B%,

Vv Vv
0= <A5 + dBﬁ) sin /v L + ( — dAVV + B§> cos\/vL.
Inserting latter equation into the former we get an equation

Vo 243 .
(5 + 7Vn> Asin/vL =0

and since d,V, v, are strictly positive real numbers, the only solution arises from the
second term of the equation and it is of the form v, = (%)2 for n € N.
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v, < 0: The last case yields one more solution. After substitution we obtain a system

0= (g —d\/—_y>A+ (d\/—_erg)B,
0= (% — d\/—_y> AeV 7L | <d\/—_1/+ %)BeﬁL.

Adding —e~V~L-multiple of the second equation to the first equation we get an equation
Vv
(5 - d\/—_y)A<62ﬁL — 1)e*ﬁL —0,

which holds only if v, = —(%)2.

In summary, in the case of the fixed-flux boundary conditions the eigensystem consists of

d 2, 1o
Ao =0, )\n:ﬁ<(mr) +ZP6)’
Y e T 2
Yo(z) = e, Tn(T) = el (sin <n7r%) + g Ccos (mr%)) .
The domain-size-driven instability requires
%ir% Re(oy) < 0 while 3L* >0, Re(o(L*)) >0 (26)
—

but as Ay = 0 does not scale with the domain size L, lim;_,oRe(os) = Re(us), we observe
that stability of the kinetics is required as in the classical Turing instability although not being
linked to a homogeneous perturbation. Further no instability can appear as

R =R - Ay .
e(oy) e(ps)
<0 <0

Hence, the domain-size-driven instability is equivalent to a Turing instability with or without
the presence of advection in a two species system with equal transport and fixed flux boundary
conditions. In particular, no self-emergent pattern can be expected despite the fact that homo-
geneous perturbation is not permitted by the boundary conditions in a system with advection.

In the case with differential transport, we may conclude that for a prospective Turing
instability, where stability of the homogeneous steady state is required so that trJ < 0,detJ >
0, the subsequently required linear instability with respect to inhomogeneous perturbations
requires

(—JQQ/\n + det J) < 0.

As A\, > 0 and increases with n, instability firstly requires Jos > 0. However, once this holds,
the number of unstable modes is unbounded, with the concomitant prediction of salt and pepper
patterning, and ultimately a breakdown of the continuum approximation, rather than a Turing
instability, in accordance with our previous findings about large wave-number behaviour [35].
Hence a Turing instability cannot be supported by this system. Further note that using calculus
one can show that unless Jio.Jo; = 0 the dependence of o (),) is monotonous once Joo < 0 as
required by the finite number of unstable modes.

As the fixed-flux boundary condition allows for a zero eigenvalue (although not correspond-
ing to a constant homogeneous steady state solution), inspection of (21) reveals that again
the stability of the zero eigenvalue state is required and thus the DSDI coincides with the
TT, and hence there is no prospect of self-emergent pattern formation neither for Turing nor
domain-size-driven instability.
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2.3.2 Dirichlet BC

The case of Dirichlet BC is truly straightforward, the conclusions are obtained immediately
after substitutions.

v, = 0: From obtained system B =0 and AL + B = 0 is clear that there is no solution for
this case.

v, >0: From B =0 and 0 = Asin /v, L a solution v,, = (%)2 arises for all n € N.

v, < 0: There is no non-trivial solution for this case, since system A+ B = 0 and AeV "L +
Be V=L = ( has solution if and only if equation e2V~"% = 1 has solution.

Using backward substitution we obtain the resulting eigenpairs with n € N

nm\2 1V? d o 1,

V. . nm Pex xr
V() = e2a” sin T t)=ertsin(nry).

Note that the eigenvalues of the Dirichlet case are the same as those for Neumann boundary
conditions but with the crucial exception of the zero eigenvalue. As a result, the stability of the
homogeneous steady state is no longer required and thus the conditions for a domain-size-driven
instability are much less restrictive and when such an instability occurs, it is accompanied by
an exponential modulation of the eigenmodes when the advection is non-zero.

Particularly, for a sufficiently small domain, one always has

Re(oy) = Re(ps) — An(L) <0

as limy_,0 A, (L) = 400 and the system is always stable. As the domain increases, A, drops. If
v is not too large and the kinetics are inherently unstable, that is Re(uy) > 0, one can have a
bifurcation to instability with larger domains, inducing self-organisation, but not via a Turing
instability which requires Re(psy) < 0. We numerically verify this finding in fig. 2.

For differential transport as considered above, again the stability of the homogeneous steady
state is not required, as in the example with equal transport or explicitly by the inspection of
(21). Then, if Jys < 0, there is only a finite number of unstable modes that can manifest as
An > 0, with A, growing with increasing n and subsequently Re(oy) < 0 for large enough
n. The prospect for instability of the first few modes follows from the possibility of satisfying
trd — A, > 0 or detJ — Jy A\, < 0 and this applies for arbitrarily small advection V for the
same reasons as above in the case without differential transport.

In summary, the standard Turing mechanism requires both species are motile, with differen-
tial transport. However, this is not the case for a domain driven instability, with the emergence
of self-organisation for sufficiently large domains, and patterning can occur even with a bound,
immobile species or in a two species system with equal transport when the Dirichlet boundary
condition is appropriate (and which for diagonalisable J reduces to a single RDA problem).
Note that this is in line with the observation that a bifurcation from the steady state can occur
for a single reacting diffusing species with Dirichlet boundary conditions [64], and the intro-
duction of DSDI puts this result in a more general context. In particular, only an instability of
the homogeneous steady state is required, which is much simpler and less constraining than the
demands of the Turing instability with its concomitant requirement of short-range activation
and long-range inhibition.
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Figure 2:  Tllustration of the domain-size-driven instability for a single species reaction-
diffusion-advection system, with linear unstable kinetics f(u) = w and Dirichlet boundary

conditions. A typical example was considered with: d = 1,V = 0.2. The analysis predicts that
the critical domain length is L. = m+/d/(p — V2/(4d)) = 3.16, above which instability should
appear. An initial condition has been chosen such that it is a random perturbation with peak
amplitude 0.01 and stretched to the changing domain size L. Figure A) plots the L? norm with
the weighting function r(x) = e~*¥/4 of the solution at time ¢ = 10 as a function of domain
size L while the red dashed line denotes the weighted L? norm of the initial condition; B) A
plot of the analytical values for Re(o,) versus domain size, highlighting the critical domain
size L... The slight mismatch between the analytical prediction and numerical solution, figs.
A) and B), is likely because L., is determined from a condition where only the first eigenmode
does not decay but all the others do; hence when starting from a random initial condition, the
remaining eigenmodes have to decay and therefore reduce the norm.

2.3.3 Danckwert’s BC

v, = 0: We clearly obtain a system

v
A=—-(AL+ B),

v
A= —B.
2d

After summing both equations we get 0 = A(%% + 1), which cannot be fulfilled if all
parameters are positive, thus there is no permissible solution.

v, < 0: We get a system

AV 52) = B(Vt o).

Expressing B from the former equation and inserting into the latter we obtain an equation

,
oV VL (V= — ﬁ):*ML.

(V= + 1P
Using a notation of Péclet number Pe = LV/d and a designation \/Co = /=L we get
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Up

another form of the previous equation

. 2
: 2¢, — P
o = [Hn=Te) (27)
2C, + Pe
Since (, is strictly positive, the left-hand side of the equation is greater than 1 and the
argument of the quadratic function is strictly less than 1, therefore there is no positive

root of the equation (27) and thus there is no additional solution to the equation (24) in
this case.

> (0: We get a system

v
— A B—
0 NI 57"

<A% - Bﬁ) sin (v7nL) = ( AV — 32—‘;) cos (v/7L).

After substituting the former equation to the latter we get
Vo2
(ﬁ - 7’”"') sin (\/7nL) = —21/ cos (\/unL).

The case V? = 4d*v, leads to the equation cos ;L = 0 from which it follows that

2d
notation of Péclet number and a designation +/(,, = /v, L, the equation passes to the
form

2
Uy = <K) is a solution if (55 L+ 1) is an integer. In the case V? # 4d’v,, using a

tan /G, = Vo

Sn _ Pe’
Pe 4

Since (,, are not explicitly expressible, this algebraic equation is used to at least estimate
the eigenvalues.

From Sturm-Liouville theory we have that the eigenvalues A = d{ + Z—; of the operator
— L4y are real for Danckwert’s boundary conditions; this is therefore inherited by the
roots (. The above algebraic equation can be rewritten in a more compact form

K

tan(xkPe) = ———
(rPe) k2 —1/4

with x := Pe™'\/C. Hence we can restrict ourselves to the cases where x is either real or

pure imaginary, focusing on the latter first so that we introduce & = /—(d/V = ir, with

¢ < 0. Then the above algebraic relation transforms into

—K

tanh(/%Pe) = m

which does not posses a solution as Pe = LV/d > 0 and the hyperbolic tangent functions
is positive for positive &, while the fraction on the right-hand side is always negative in
this range with the exception of & = 0, as covered elsewhere in the real case.

34



We now consider the case with ( > 0. Clearly there is a solution with ( = 0 = & but it is
not associated with a non-zero eigenfunction and hence it is not an eigenvalue. Further,
for large positive (, we may approximate

K 1

tan(HPe) = m ~ E

Therefore |xPe — nw| < 1 and

1
tan(kPe) ~ (kPe — nm) ~ —.
K
Taking just the larger root, which is consistent with the requirement of large x, we have

that
nw

Pe
and one can confirm this is an excellent approximation for the 5th and higher roots. In
turn, as A\, = (d(n + iVTQ), we find

KR ~

+O(1/n)

2 1V?

Ay~ d (T> vl
L 4 d

Hence, beyond the first few modes, the eigenvalues essentially coincide with those for

fixed-flux boundary conditions in the presence of advection, and analogous comments

apply to the eigenmodes.

(28)

It is crucial to understand the spectrum for sufficiently small domains, and hence small
Pe. Hence, we need to estimate the lowest root x; of the eigenvalue problem

K

tan(/iPe) = m

as Pe — 0. From the signs of both sides we can see that k; > 1/2 while 0 < k1 < 7/(2Pe)
as otherwise the Péclet number would have to be large. For sufficiently small Pe, the first
root for small Péclet number can be approximated via

K1 1

k1Pe ~ tan(k,Pe) = o1/ ~
1 1

yielding
K1 ~ Pe /2

and hence the spectrum has the following lower bound

V2 1 d V2
)\n Z )\1 ~ 7 (Pe_1/2 + Z) ~ EP63/2 = 7P6_1/2.

In summary, Danckwert’s BC yields with n € N

Ap = % (Cn + %lPeQ) ,
Yn(x) = T T (Sin <\/C_n%> + é Cn COS <\/§_n%>) ,
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with (,, being the roots of /T
Gn
tan(v/G:) = Pe1(, — Pejd’
and where the index n is used to denote the discrete nature of spectrum, and labels the above
roots. Note that (,, > 0 as ¢ = 0 does not correspond to an eigenvalue, since this would require
~v = 0. Crucially we showed that for a sufficiently small domain, so that Pe < 1, one has the
following bound on eigenvalues

2

|4 1 d 1
)\n 2 )\1 ~ 7 (Pe_1/2 + Z) = ﬁ (Pe_1/2 + Z) P62 (29)

and one additional eigenpair

d ) e, Pe . /Pe
A\ = ﬁPe , v(z) = e2L (cos (Em) + sin (EI)> ;

if Pe/(2m) — 1/2 is an integer. Since its existence requires mathematical precision in the pa-
rameter values and thus it is not biologically relevant, we will neglect this eigenpair.

By inspection of estimate (29) we can observe that for a sufficiently small domain size, the
eigenvalues tend to infinity guaranteeing stability for a small enough domain. At the same
time, for a fixed, small, Péclet number one has

Re(oy) = Re(ps) — A1 >0

and the system is linearly unstable if reaction kinetics is unstable and the domain is sufficiently
large; we thus have a domain-size-driven instability.

In summary, the spectrum of —Lgy is such that it is separated from zero, in that A\ = 0
is not an eigenvalue, and hence stability of the homogeneous steady state is not required.
In particular we have a lower bound A\, = d(, + %LVFQ > VFQPe_l/2 = A;. Stability follows
then from Re(oy) = Re(us) — A < Re(pa) — Ay where po are eigenvalues characterising the
kinetics. However, instability can manifest at larger domain sizes and hence a domain-size-
driven instability can occur.

For differential transport one again requires Jos < 0 to have finite number of unstable
modes (stability for large enough n) and the prospect of instability appears via satisfying either
trJ — A\, > 0 or det J — Jao\, < 0 for the first few eigenvalues, see equation (21). The fact
that instability appears always only through the first few eigenmodes (following from the noted
monotonicity of o on \,) entails that the system is stable for a small enough domain (owing
to the asymptotic expression for A\; < A, when Péclet number is small enough). Similarly, for
a sufficiently large domain size either trJ — A\; > 0 or det J — JosA\; < 0 can be satisfied and
hence the instability and the prospect to pattern would appear.

Hence there is a fundamental difference in the pattern forming and stability properties of
reaction diffusion systems with even very small advection if Danckwert’s boundary conditions
are the physically relevant ones, on noting that Danckwert’s boundary conditions are an ap-
proximation to zero-flux boundary conditions as V' — 0. In particular, this is regardless of
the fact that beyond the first few eigenmodes the modes are essentially the same as those as-
sociated with fixed flux and Dirichlet boundary conditions, as can be observed from eq. (28),
and crucially the stability of homogeneous steady state is not required. This also implies that
there is at most a finite number of unstable modes so that salt and pepper patterning, with its
ensuing breakdown of the continuum approximation, does not occur.
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2.3.4 Periodic BC

Substituting the expected form of the solution (25) into the transformed periodic boundary
conditions we obtain a system

A+ B = e%L (AeimL + Be_i\/ZT"L>, (30)
A— B = el (Aei‘/ﬁL - Be_i\mL) (31)

Summing both equations we obtain an equation
A = AezaleiVinL,

Assume first that A # 0. Then applying Euler’s identity €™ + 1 = 0 in the previous equation
we get

2nm Vv
= —— + 11— 32
Vin = g (32)
and thus the solution is of the form
4An2r? naV V2

S R TV )
Substituting (32) back into the equation (30) we obtain B = 0 and thus final form of the
solution.

Assume A = 0 for the second case. Inserting that into equation (30) we get

\%4 .
o5 L—i\/vn L
1 =e2 e

whose solution is

This form is up to the sign equal to (32) and since arguments of the functions in (25) differ
from each other in the sign, the form of the resulting eigenfunction will be same as in the case
A#0.

In summary, in the case of periodic boundary conditions the eigensystem consists of pairs
of the form

A = % ((2nm)? + i2n7Pe)

i2nmL
xT

f)/n(x) =¢e
for n € Z.

In the case of periodic boundary conditions, all the eigenvalues are complex, A, € C\ R,
except for the trivial eigenvalue Ay = 0 that corresponds to a constant eigenfunction. As the
homogeneous steady state is also an eigenfunction, both the conditions for the Turing instability
and the domain size controlled instability overlap and thus we are only considering differences
in the details of the instability conditions.

In the case without differential transport, the system is always stable, as is the case with
the Turing mechanism. When considering the differential transport situation where one species
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Ji1 dﬁ,Z

Figure 3: A qualitative illustration of the effect of constant advection for the stability of
the reaction-diffusion-advection system with periodic boundary conditions when one species
is diffusing and advecting while the other is fixed to a substrate. The region of instability, with
an asymptote at dn® = d (2”7“)2 = Ji1, is presented in grey. For sufficiently small advection,
there is negligible impact on the presence of an instability and the existence of a critical domain
size below which stability of the system is always guaranteed, as follows from equation (33) and
the explanation thereafter. Similarly, the cut-off for high wavenumbers is demonstrated in the

figure, resulting in at most a finite number of unstable modes.

is immobile, the real part of o responsible for stability is, in the case of complex \,,, given by
the following

1
Re(os) = 1 2(trJ — dn*) £ \/5\/6 + VAR2(Jag — Ji1 + dn?)2V2 + 2|

2nm

as can be deduced from Eq (21), with 72 := =" and
c = —4detJ + d*n* + 2dn*(Joy — J11) + (tr J)* — 2*V2.

Again, the requirement of a finite number of unstable modes or alternatively the requirement
that there is a critical domain length below which a system is always stable yields Joy < 0,
with the equivalence of these two distinct requirements in this case arising from the fact that
n appears always via the fraction n/L.

For sufficiently small advection we have

(—dn? +trJ £ Ve +n2V2), c+n*V2>0

33
(—dn? + trJ), otherwise (33)

1

Re(ai) ~ {?

2

Hence, these conditions for an instability with reaction-diffusion-advection systems are contin-
uously transformed into instability conditions for reaction diffusion systems as v tends to zero.

One can identify a critical instability from the condition Re(c_) < Re(oy) = 0 and observe
that there exists a critical velocity V., that has to be surpassed in order for an instability to
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appear. Further such a threshold exists only for a small enough wave number, namely n < %.

Above this threshold there is a cut-off and advection no longer contributes to the instability,
as clearly depicted in fig. 3 for a qualitative picture of the role of advection on instability for
the differential transport scenario. Similar results, but perhaps with less detail, can be also be
found in Rovinsky and Menziger [81].

2.3.5 Summary

Let us conclude this section with a brief summary of the obtained results. First we outline the
computed eigenpairs for all considered BCs. Then, the summary of conclusions for particular
BC can be found in table 1 where the comparison of the domain-size-driven instability with
the Turing instability is provided for clarity together with the influence of advection on the
systems behaviour.

Homogeneous Dirichlet : y(z = 0) = 0 = y(z = L) yields eigenpairs with n € N
nm\2 1V? d 1
)\n:d(—) o4 24 Zpe?)
) t1a LQ((nw)+4e
9= b () 5 )
Yn(w) = e2atsin () = ez sin (nr ).
Zero flux : —Vv(z) + d2v(z)|s=0,. = 0 yields eigenpairs with n € N

d 2, 1o
Ao =0, An:ﬁ<(nﬂ)+ZPe),

Yo(z) = ™1, A, (z) = et | sin <n7r£> + 2nm cos (mr£> :
’ L Pe L

Periodic : 7(0) = (L), £7(0) = £~(L) yields eigenpairs with n € Z

Ap = % ((2nm)? + i2n7Pe)

i2nmL
x .

’Vn(x> =€

Danckwert’s : —V~(0) + d:2~(0) = 0, 2~(L) = 0 yields eigenpairs with n € N

d 1
n = 7o n _P2
A L2(C—|—4e),

Tn(x) = et (sin <\/§_n%> + é (, CcOS <\/§%)) :

with ¢, being the roots of

B e
tan(V/G,) = Pe'(, — Po/4’

and where the index n is used to denote the discrete nature of spectrum, and labels the
above roots. Note that ¢, > 0 as ¢ = 0 does not correspond to an eigenvalue, since this
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would require v = 0. Crucially we showed that for a sufficiently small domain, so that
Pe < 1, one has the following bound on eigenvalues

2 1 d 1
A, >N\~ % <Pe—1/2 + 1) =3 (Pe—l/2 + Z) Pe?

and one additional eigenpair

d 2 Pe . Pe . Pe
A= ﬁPe : v(x) = ezt (COS <ﬁx> + sin <ﬁx>) :

if Pe/(2m) — 1/2 is an integer. Since its existence requires mathematical precision in the
parameter values and thus it is not biologically relevant, we will neglect this eigenpair.
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3 RD system with spatial dependency in kinetics

3.1 Statement of the problem

This section consists of the outline of the original author’s article [47] examining an impact of
a piecewise kinetic modulation on a pattern formation in a Turing system.
We consider the following RD-system

O = d10zzu + f1(u,v) + h(z)u,

€ (0,L 34
8151) = d2axxv + f2(u7 U)7 ! ( ) ( )
with Neumann boundary conditions
O _ o atr=01
o (35)
— =0, atzxz=0,L,
on

where h(z) is a step function defined as

)0 =z €]0,8),
he) = {S z e[ L] (36)

First for reasons that shall become evident, we need to assess what will be denoted as a
pattern since the standard definition is not sufficient because inhomogeneity is always present
due to the forced jump s at location £&. We illustrate the effect of the step function via numerical
simulations, considering system (34) with Schnakenberg kinetics

(37)

where a, b are positive parameters. Let the step, with a size s = 0.5, be located in the
middle of the domain £ = L/2 and consider the remaining parameters dy, ds, a, b to be outside
(b € {0.01,0.25}) or inside (b € {1,2}) the Turing space for s = 0.

As we can see in fig. 4 (blue wavy line), a spatial inhomogeneity occurs in each of the
solutions. Note i) the different amplitudes of the pattern in the two parts of the domain (as
already observed, e.g., in [71]) and ii) the different periods (see fig. 4C). Characterising such
patterning behaviour in fig. 4C, within the context of emergent Turing self-organisation from
a linearised system with spatial heterogeneity in the form of a step function premultiplying a
linear term, constitutes the overarching aim of this study.

As mentioned above, not all the inhomogeneous solutions displayed in fig. 4 correspond to
a pattern however. To represent genuine self-organisation, rather than being passively slave to
the step function, such stationary solutions should have spatial oscillations extending to the
domain edge on at least one side of the step even as the domain size is increased, for sufficiently
large domain sizes. This requirement follows from an observation that a Turing pattern is
characterised by a finite number of frequencies that appear in the pattern. Thus an increase
in the domain size should result in pattern repetition over the whole domain once a critical
domain size is surpassed. Therefore we plot stationary solutions to the system with the same
parameters except a larger domain size, L = 1000, in fig. 5. By comparison, we can deduce
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Figure 4: Plot of the long-time (close to steady state) activator concentration u(z) from
simulations of system (34) with Schnakenberg kinetics (37), on the domain [0, 100] with zero-
flux boundary conditions, and parameters: d; = 1, d, = 100, s = 0.5, a = 0.1 and A) b = 0.01,
B) b = 0.25 (both outside the Turing space for s = 0), C) b = 1, D) b = 2 (both inside the
Turing space for s = 0). These have been solved by Mathematica (for more details see below).
Note the different vertical scales in the above plots.
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Figure 5:  Plot of the long-time (close to steady state) activator concentration u(z) from
simulations of system (34) with the same values as in fig. 4 apart from L = 1000. The vertical
axis is chosen equal for all plots. This figure illustrates the effect of larger L which is key for
discussion of what a “pattern” should mean in systems with heterogeneous kinetics.

that the case A is not a pattern as the inhomogeneity is localised only around the point of the
step & while being of the order of the step s. Hence we disregard such cases in the context of
pattern. On the contrary, in the other examples the inhomogeneity perseveres on the whole
domain; thus such cases are denoted as a pattern.

Hence our detailed objectives are: (i) to determine if a pattern emerges or not; (ii) to
undertake a more specific pattern classification examining the parameter spaces for when the
system will exhibit each prototype of a stationary solution represented by the plots in fig. 4 —
A) no-pattern, B) right-sided pattern, C) global pattern, D) left-sided pattern®.

Let us further make the following interesting observation. We consider step functions
u(z),v(x) defined as

o Jat ze(0¢) oyt 2 e(0,€)
) = {uR e (6L o) = {vR v (6L) (38)
where
f(ﬂL’ UL) =0= g(aLv @L)’
f@®, of) + sa®* = 0 = g(at, v?)

“Note the discrepancy between plots in fig. 4B and fig. 5B: the former case is denoted as a right-sided
pattern whereas the latter patterns globally. The only change is in the value of parameter L and it seems,
roughly speaking, L should be large enough and cases where pattern cannot form solely because of domain
are generally classified as patterning systems nonetheless. Please note that this is analogous to the classical
Turing approach where a pattern appears only once a certain minimal domain size is reached so that the first
eigenmode fits within the domain and can be excited.

44



Note that in Turing-like problems the existence of a homogeneous steady state is assumed,
guaranteeing existence of the step functions (38). The long-time solution for the variable, u,
seems to be either approaching @(z) in the case without pattern, or oscillating around @(x) in
the case of pattern. This leads us to a hypothesis that the behaviour of the long-time solution
could be deduced from attracting properties of the system around u(x) and therefore the system
characterisations could be similar to the conditions of diffusion-driven instability evaluated for
the system (with a constant coefficient) considered separately on intervals (0,&) and (£, L). In
particular, such prospects will be considered more precisely and systematically below.

The procedure is outlined in the following section. After that, the spectral part of the fol-
lowing approach is complemented by a boundary layer analysis which further suggests that
conditions for one-sided pattern are related to Turing conditions considered separately on
each subinterval. In addition, this boundary layer analysis indicates that spatial frequency
of emerging pattern is determined independently in the two subintervals while the boundary
layer highlights how the patterns match in the interval around the step at z = £ of the step
functions.

3.2 Brief summary of procedure

Let us follow the classical approach for a Turing model, which was reminded in section 1.1.1,
and summarize it in the following paragraph with highlighted essential steps, which will coincide
with the structure of this section.

Let us consider nonlinear RD system (1), we find 1) a ground (homogeneous) steady-state,
the existence of which we assume due to the essence of the problem. Consider 2) a system with
linear kinetics having the same qualitative behaviour to the non-linear one, which results from
Taylor expansion about the ground steady-state. We perform 3) a stability analysis of that
steady state with respect to the linear system and then we obtain 4) conditions for diffusion-
driven instability for the linear system. At the end, as a summary of the procedure, we obtain
5) an approximate knowledge of the behaviour of a system with non-linear kinetics.

3.2.1 Steady state

As has been noted above, since the kinetics contains a non-trivial spatial dependency, a constant
function cannot be a solution to system (34). Instead of the homogenous steady state, we take a
heterogeneous steady state of the no-pattern type as a ground steady state. Nevertheless, such
solution is difficult to find since this problem is governed by a system of two elliptic equations.
Moreover, even if we managed to express the ground state, for instance in the case of very
particular choice of kinetics, the coefficient of linearization about this steady state would be
strongly spatially dependent, and thus such linear system would be practically analytically
unusable.

Nevertheless, similarly to the classical Turing assumptions, we suppose the existence of
the ground steady state of the no-pattern type and we will estimate a tool to recognize the
conditions under which the Turing effect occurs.

3.2.2 Linear system

From the previous subsection follows that linearization using Taylor expansion of the kinetics
about the ground state is not usable for analysis, thus a clear method to obtain a representative
linear system is missing. We deal with this by adding an intermediate step, a system with similar
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behaviour as the non-linear one, but with approximated kinetics more suitable for analytical
methods of stability analysis. According to the reason that our task is to capture the behaviour
of the system around the no-pattern, we also want to approximate the kinetics with simpler
functions in such way that they exhibit the same behaviour as the nonlinear system around the
no-pattern as narrowly as possible. Due to the designation of the term no-pattern we assume
that this neighbourhood overlaps the neighbourhood of the step function u,v defined in (38),
and therefore we will approximate the kinetics with respect to the latter neighbourhood.

In conclusion, take approximations of reaction kinetics as Taylor expansions evaluated sep-
arately on both intervals (o = u — u):

L: fu,v) = f@*, o) + Jha+ Jho+ ... g(u,v) = g(a", v") + Jha + Jayd + . ..
R: f(u,v)+su= f@®o") +suf + Jha+ JEo+... glu,v) = g(@® o)+ Jha+ JEo+ ..

where J (vesp. J) denote the elements of Jacobian matrix of the map (f, g) at (a*, ") (resp.
(f + su,g) at (', v%)). Using notation (38) together with

Jola) = {Jij z € (0,8)

sy = JI— Jk
o I we (& 1L),

17

we can write down the intermediate system, an affine system describing evolution near (a(x), v(z))
while approximating the original system with non-linear kinetics, as

8tu = dlamu + JH(Q])U + Jlg(x)l) +c1 (ZE)

0,L 39
B0 = d2Drav + Jor () + Jaa ()0 + ca(z) (0,L) (39)

with the step functions
c(x) = —Ju(v)u(z) — Jio(x)o(x), ca(x) = —Jo(z)u(z) — Jo(z)v(x)

and with Neumann boundary conditions (35).

The advantage of system with affine kinetics (39) lies in the fact that the steady state
is explicitly calculable, let us denote it as (u,?). Its calculation can be seen in appendix
A.2, where a process familiarly called "diagonalization" is used (this approach is presented in
appendix A.1) on behalf of [71]. Since the final explicit form of the analytic solution is quite
complicated and the knowledge of its explicit form is not beneficial for us, it is sufficient to note
an interesting issue that the resulting form of the solution to each subsystem depends on the sign
of two particular conditions remarkably similar to those for the classical Turing diffusion-driven
instability evaluated on both subsystems separately. This observation supports our hypothesis
at the end of section 3.1 about the relation between diffusion-driven instability in the studied
case and DDI conditions for patterns on (0,¢) and (&, L).

Note that the same qualitative behaviour (with the same long-time behaviour) is obtained
when studying a perturbation of the piece-wise constant solution (38) in a generalised function
sense, see appendix A.3.

Now, the linear system can be obtained from the one with affine kinetics straightforwardly
using classical approach.

46



3.2.3 Linear stability

With the steady state (4, 0) of system (39), we can analyse its stability. We focus only on
the long-time behaviour of the system, which can be obtained from spectral analysis, assuming
that the transient behaviour is not essential as shown for the classical Turing instability [104].
With a redefinition of @, v to the time dependent perturbed solution, & = u — 4, v = v — 0
let us expand the evolution equations about the steady state to find
6,571 = dlﬁmgﬁ + Jll(.ilf)ﬁ + J12(.T)17
8t6 = d28$$1~) + ng(x)& + JQQ(CL’)@
Since we consider Neumann boundary conditions, we have a complete orthogonal basis y, (),

n € Ny of L*(0,L) and eigenvalues r, = (nw/L)? for the negative Laplacian (which satisfy
— Ay, = KnYn). Now we rewrite functions @ and © in terms of the series

r) =) Aut)yalz), 0(t,x) =) Bu(t)ya(2): (41)

Thus system (40) can be rewritten into the form

g (2;2;) ya(2) + D (g:) () — 3(2) (g") () =0, (42)

n

(40)

where we have introduced the standard notation
d1 0 JH(I> Jlg(x)
(0 d2> ( ) (JQl (ZE) JQQ(JI) ( )
The difference from the standard Turing system analysis for a homogeneous system emerges
from the spatial dependence of J(z) preventing the decoupling of individual eigenmodes and
hence preventing a straightforward solution. However, we can take the advantage of the fact that

J(z) contains only constants and step functions, all satisfying Neumann boundary conditions
and hence within the span of the eigenfunctions {yy}

o (k) (k)
J<w>=Z<J“> J”)w(w)- (44)

k k
AR AL
J (k)

The system can be rewritten as

> | /9,4, A, N (I KA

n=0

—:Ch.n
The eigenfunctions of the negative Laplacian on a one-dimensional interval are of the well-known
form y,,(z) = cos (nmx/L) and hence we have
1 k —k 1 k —k
Yi(@)yn(z) = 5 <Cos (n +L )z + cos (n 7 )mc) = (cos w + cos W) =

_ Ytk (2) + Y (2)
2 Y

2

(46)
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which are again functions from the orthogonal basis. To obtain the dispersion relation we need
to reorder the second sum to be able to factor out the function y,(z) and then invoke orthog-
onality of the orthogonal basis to transform the problem into an infinite system of ordinary
differential equations. Denoting the coefficients in the internal sum by Cy,, € R? we obtain the
following form of the system:

i (gﬁz) Ym(x) + D (g’”) i () =

m

SEPO PICHRSD SLIAPHENE) 3) ot Sn el
m=0 \n=0 n=m m=1 n=0
The coupled evolution equations for the eigenmodes are then of the form:
O A, A 1 — 1w 1
= — = — = — = >
oon:0 n=0 (48)
[0 Ag Ao 1 1
0= (@Bo) +D(BQ Ko—énzzocnm—é(jo’o.
In our case, the elements of matrices J*®) can be computed as:
Jl(Jk) = <$Z]6£($>’ yl;(x)> = z / Sij COS @X = —QS—U sin @,
Tyea) L Je L kr L (19)
JO _ (Jij (@), yo(x)) _ gLy sij(L — &)
Y [lyo ()2 Y L

While in the case of spatial homogeneity, the spectrum and dispersion relation for the system
rate of growth in terms of wavenumber is given by the solvability condition for the eigenmodes,
the analogous information is not analytically accessible in this framework for spatially hetero-
geneous functions.

Nevertheless, system (48) is linear and hence the solution can be written in terms of an
exponential of a linear operator. Since we are not able to calculate the spectrum of the infinite
matrix (for more illustrative form see appendix A.3 in [47], the case of only one parameter
Ji1(z) as a step function)

© 0 S0 5
(0) (0) T3 T3
(1) 1) (0) J 0 , J
Ji1 Jiz Ji + = _(2>d1’fl Ji (42') 12
1 1 0 J. 0 J.
J2(1) JQ(Q) J2(1()1)+ _(32%1 Jz(z) +(1_)222 o daky
(2) (2) Jir +0 Jig 45 50
JS) Jg) J§1)+J2(1) J2(2)+J2(2)
J@2 @ J@2 W
J(3) J(3) 11t 12 tJio
" 12 (2)2 (4) (2)2 (4)
J2(i}) Jg(g) Jo1 ;]21 J32 ;FJ22
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we will use MATLAB to estimate it by calculating spectrum of its truncated principal submatrix
M,, € C?>™2" First let us explore some properties of the infinite matrix. It can be rewritten
via the following synoptic sum of two matrices

J J2 J®3) J@

0 Bl P 2 A

2 2 2 2

1 J2) JOL 3B g2 3@ 3B) L 36)

J 4
(1)2 (3) (24) (1)2 (5) (2)2 (6)

2) J J J J J J J 00 0 0
e o S s WeiRETl BNPC. N (L YOS/ R W
J(g) J2)13@ 314 36) J(6) JO 1 30 (0) (0) d

2 2 2 2 =0 Jo1 Jyg — dakiy,

4) JG® 136y  g@_3y6) 31 L3 J® -

J( ) + + + J
2 2 2 2

where ® stands for the Kronecker product and @ denotes a direct sum.

Since Ji(f) denotes a Fourier coefficient and its norm vanishes for k& — oo, the first matrix
is bounded, compact and has a high degree of symmetry and therefore can be intuitively
understood as a small perturbation of the second matrix which is unbounded since k; grows
to infinity as £ — oco. We will not be able to show that the spectrum of the infinite matrix is
a limit of the spectrum of the truncated matrices but we shall show that the stability of the
truncated linear system is determined by spectrum of a matrix of a relatively small dimension.
Further we may justify truncating the matrix due to the continuum approximation, which is
behind the formulation of the model itself.

At the end of this subsection, we shall show that with ¢(My,1) denoting the spectrum of
the truncated matrix My

0 J J(2) JN)
=5 =5 - 5
J(l) J©2) J1) 4 3B3) JIN-1) 4 J(N+1)
=5 — ce.
J(Q) JA) 1 3B3) J@) J(N=2) 4 J(N+2) N J(O) di ke J(o)
2 2 Tt 2 11— Wihg 12
3 RGO, (CY JOI36) Jv=-3igwv+s) | + @ J(O) J(O) d
2 2 2 k=0 21 22 — Q2Fk
J(N) J(N—1)+J(N+l) J(N—2)+J(N+2) J(QN)
5 3 . ——

it holds that 0(Mp41) = c(My) U {—dikny + O(1), —daekn + O(1)} as N — 0.
In particular, we shall show that with N large enough, two eigenvalues are of the order xy
(which grows to infinity as N — o00). With A = pry, p = O(1) as N — oo we have that

det(Myy; — M) = Fﬁv{ [det(MN — ) ( (JO 4+ JEN j9y — gy — u) + O(KN)”V—l}

1
RN

N N N
N R W e alo [k  ralo P
2/{]\[ 4I€N

J(ZN) J(ZN)
where we note that the det(My) is a polynomial of 2N-th order. Therefore two eigenvalues
are indeed of the order ky, in particular \; = —djxky + O(1) and Ay = —dsky + O(1), while
the remaining 2N eigenvalues are (in the leading order) the eigenvalues of My. Hence the
information about the stability associated with an arbitrarily large truncated matrix can be
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deduced from a smaller matrix My (in practice the choice of N = 50 seems to be good enough).
In addition, we anticipate that this characteristic of the spectrum will translate even into case
with the arbitrarily large N and which seems to be confirmed by the numerical calculations.

3.2.4 Formulation and numerical verification of DDI conditions for linear case

Spectral theory as detailed in the previous subsection yields a plausible approach to stability
analysis but its practical use seems to be limited as the algebraic complexity even after trunca-
tion requires a numerical approach and provides neither information about one-sided patterns
nor the effect of spatial heterogeneity on the spatial frequency variation in the resulting pat-
tern. The asymptotes, on the other hand, can be used to estimate conditions for Turing pattern
emergence and its classification.

As a summary of all the above partial results suggests that the conjectured conditions are
of the form of conditions for Turing’s diffusively driven instability evaluated for the system
with constant coefficients considered separately on intervals (0,) and (£, L). Therefore, let us
denote the following conditions for the latter interval:

T1% .= JlL1 + 811+ JQLQ + S99 < 0,
T2% .= (JH + s11)(J& + 529) — (J& + s12)(J& + 591) > 0,
T3% .= (J5 + s11)dy + (J& + s92)d1 > 0, (52)
TAR = ((J§ + s11)dy + (J& + s92)d1)* — 4dydy((J1; + 511)(Jay + 522)—
— (JE + 519)(JH + 521)) > 0,

and analogously for the former interval T15-T4% (particularly noting that Tit = Tif i €
{1,...,4} with all s;; =0).

Now, we have eight conditions (52) and hence 256 combinations to be analysed. Such
number is too large to be analysed one by one, therefore we deduce some additional assumptions.
Since we are interested in a phenomenon similar to Turing’s self-organisation, we disregard the
case when the kinetics themselves induce instability. In classical Turing patterning two of the
DDI conditions are equivalent to a requirement of a stable homogeneous steady state in the
absence of diffusion [41]. Therefore, in our case we assume that T1% A T2 A T15 A T2 holds
(corresponding to a stable homogeneous steady state on both parts of (0, L)) and we focus on
the remaining 16 combinations.

The sets corresponding to each combination are denoted by distinct regions, see table 2.
For all parameters in each region we want to know if a pattern can emerge or not (that means
particularly in the case of linear kinetics: whether a small perturbation exponentially increases
or decays in time). This crucially includes an assessment of whether one can assign this property
of pattern existence to every point in each region, independent of further details. As it was
noted in the previous analysis of linear system stability, we use two tools: (i) calculating the
largest real part of eigenvalues of the truncated matrix (50), using MATLAB and (ii) solving
the evolution problem (39) using Mathematica (for more details on computational approaches
see appendix A.4).

In both approaches we take large sets of parameter values sampling each region. Other
parameters are fixed for every numerical experiment if it is not stated otherwise. The step
location is at & = 120, with L = 400, where the latter has been chosen to be sufficiently large
so as not to prevent a possible pattern due to insufficient room in the domain (as checked by
confirming the results are unchanged with £ = 300, L = 1000 and & = 30, L = 100 for example,
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T1EAT1EAT2E ANT2R
T3V ANT3E | =T38 AT3R | T3E A =T38 | =T35 N —T3%
T4l N TaR (U,+) (U,+) (U,+) (0,-)
—T4L N T4R (U, +) (U, +) (0,-) (0,-)
T4L A =T4R (U, +) (0.-) (U, +) (0.-)
—T4 N =T4"% (0,-) (0,-) (0,-) (0,-)
=(T1E AT A T2V ANT2R)
(U,5)

Table 2: The table summarising the results for the regions, i.e. the sets of the parameters
satisfying combinations of the conditions (52) in the explored parameter space. All parameters
in each region exhibit the same behaviour. We impose the following designation: U and 0
denote unbounded and zero long-time solutions of the evolution problem, + and — denote
signs of the largest real part of eigenvalues of the matrix (50).

not shown). Further, to reduce the seven (not considering L) dimensional parameter space we
fix diffusion coefficients with a sufficiently large ratio d; = 1,d, = 100 and also fix s € (—1,1).
The remaining parametric space was discretized and the comparison between the identified
conditions and computations was examined in 2D slices of this parameter space and the slices
with varying JE, Jk have been presented in fig. 6.

Before we present the relation between conditions (52) and pattern formation, we compare
the numerical and spectral approaches based on computational results. First, the results from
the spectral approach concur with those from solving the evolution problem. In particular,
with the possible exception of the very near vicinity of the parameter space boundaries between
differing stability behaviours, the largest real part of eigenvalues is negative if and only if the
supremum norm of the solution to the evolution problem is smaller than the initial norm. Due
to the conformity of the results from both methods while being very different conceptually the
conclusions from either approximation are inferred to be generally accurate.

Second, the character of pattern emergence is indeed the same within each region from
table 2. Particularly, if two regions express an opposite behaviour, the change is located exactly
on the border of the regions (with negligible imperfection due to numerical imprecision). Hence,
these observations entail a justification of the chosen conditions (52).

The results are outlined in table 2 and fig. 6 which can be summarised as: a Turing pattern
will emerge for a large enough min(&, L —¢) with unstable eigenmodes that satisfy the boundary
conditions if and only if

(T15 AT2" AT1F AT25) A ((TBL AT4") v (T35 A T4R)> (53)
holds.

3.2.5 Specification and numerical verification of DDI conditions for nonlinear case

From the spectral analysis and numerical verification we obtained condition (53) for determining
whether the non-linear system exhibits Turing pattern or not. Nevertheless, it does not give
us a direct answer to our second task to distinguish among all the one-sided pattern and both-
sided pattern in the case of non-linear kinetics, which is clearly beyond the scope of the spectral
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Figure 6: An illustration of the match between the identified Turing instability conditions for
affine kinetics, Eqn. (53), and the results from the evolution of system (40) with ¢, (z) = 1,
CQ(I’) = 3, JQl(l') = —3, JQQ(I‘) = —27 S12 = O, L= 100, f = 30, d1 = 1, d2 =100 and: A) S11 =
0.25, B) s1; = —0.25. The remaining two parameters, J5, JL, are considered as parameters for
exploring stability properties and are on the z and y axes. In the background the conditions
(53) are plotted in the grayscale, which, in increasing grayscale intensity, highlight regions with
an unbounded solution indicating the existence of pattern (white), decaying solution indicating
no-pattern and the region where T1% AT2L AT1E A T2 does not hold (the darkest grey). The
spots denote the resulting pattern type based on numerical solution to the evolution problem:
an unbounded solution indicating a pattern (a red disk) and decaying solutions corresponding
to no-pattern (a blue cross).
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analysis in the previous section. However, from the current approach we can observe a strong
indication for the hypothesis, in what form such tool should be composed from conditions (52).

In particular assuming T1°AT2X AT1REAT2%R it could be expected that a pattern on the left
will emerge only if 737 A T'4" holds and the pattern on the right will emerge only if T3% A T4F
holds. Therefore we propose and will subsequently numerically verify the following conditions:

TIEAT2EANTIEAT2REAN (T35 AT4%) A (T3% AT4R) pattern on both sides,
TIEAT2EANTIREANT2REAN  (T3Y AT4AR) A =(T3% AT4AR)  pattern on the left side,
T1EAT2E ANTIRAT2E A (T35 ATAR) A (T35 AT4%)  pattern on the right side,
T1EAT2R ATTREAT2R A (T35 AT4R) A —~(T3% AT4)  no-pattern.

and we shall use both the spectral approach and numerical solution of the full system to verify
these conditions. The former can be used just for the assessment of (in)stability while the latter
will be employed to check these conditions for the existence of one-sided pattern.

black!25 We proceed to test this, considering Schnakenberg kinetics

flu,v) =a—u+uv?v, g(u,v)=>b—u’0, (55)

and Gierer-Meinhardt kinetics

2
f(u,v):a—bujt%7 g(u,v) = u* — v, (56)
with a,b positive constants as two exemplars for reaction kinetics in Turing models.

Numerical experiments have been implemented using Wolfram Mathematica as in the linear
case (see appendix A.4). The terminal time is 7 = 103. This choice was sufficient to distinguish
the non-existence of pattern from its presence, where in the latter case the convergence of a
norm was clearly observed suggesting a convergence of the long-time solutions to stationary
patterns. The initial condition was set to be small random noise around the stationary solution
(u(z),v(x)). For both choices of kinetics we take L = 400, £ = 120, d; = 1, do = 100; this
parameter selection follows the reasoning from the linear case. Large sets of the remaining
parameters a, b, s are considered to capture the rich behaviour sufficiently to illustrate the
legitimacy of the instability conditions (54).

In particular, the types of pattern resulting from simulations agree well with the predictions
given by conditions (54) as depicted in fig. 7. The degree of correspondence seems to be very
high at least in the tested scenarios (kinetics and parameters selection) giving merit to the
approach and the resulting conditions, despite the absence of rigour.

3.3 Boundary layer analysis

To proceed with the analysis for general kinetics and to facilitate a boundary layer analysis we
regularise the Heaviside replacing h(z) with

hs(z) = % {1 +g <x g g)} , with g € C*(R), lim g(x) =+1, ¢’ >0

S
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where one can think of, for example,

h(g(ZL‘) =
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Figure 7: An illustration of the match between the identified Turing instability conditions,
Eqn. (54), and the results from the evolution of system (34) with Schnakenberg kinetics: A)
s = 025, B) s = 0.75, C) s = —0.25; and Gierer-Meinhardt kinetics: D) s = 0.5. In the
background the conditions (54) are plotted in the grayscale, which, in increasing grayscale
intensity, highlight regions with a both-sided pattern (white), a right-sided pattern, left-sided
pattern, no-pattern and the region where T1% A T2F A T1% A T2 does not hold (the darkest
grey). The spots denote the resulting pattern type based on numerical solution to the evolution
problem: a both-sided pattern (a red disk), a left-sided pattern (a green square), a right-sided
pattern (an orange circle) and no-pattern (a blue cross).
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and consider small values of § > 0. Then the steady state (assuming it exists), (us, vs), satisfies

0 = d10ppus + f(us, vs) + hs(z)us

0,L). 57
0 = do0ppvs + g(us, vs) on (0, L) (57)

Expanding about the steady state that is not designated to be a pattern, as described earlier,
we have

with
Uy = d1032U + J11(us, vs)U + J1o(us, v5)0 + hs(z)d

0,L 58
Uy = anzx'ﬁ + Jo (us, Us)ﬂ + J22(us7 Us>@ on ( ) )7 ( )

where J(us, vs) is the Jacobian of the kinetics about the steady solution (usg, vy).

We proceed with a boundary layer analysis. Based on the continuity of solution on data
we argue that for small enough jump s the steady state solution that does not correspond to
a pattern will be approximately (ul,v%) sufficiently to the left of x = ¢ and approximately
(u't, v) sufficiently to the right, where

f(@?,o%) + su® =
Hence for x < &, |x — £| > ¢ we anticipate the approximation
Uy = dy Oyl + Jyy (@2, 01) 0 + Jio(al, 05)0, 0 = dyOpe® + Jor(@h, 050 + Jpo(al, 55) 0 (59)
and similarly

iy = dy gl + J11 (@, 07)0 + Jio (@, 070 4 st, Uy = doOpe® + Jor (@, 070 + Jpo(a”, 07)0
(60)
for z > & |v — & > 6. These can be considered as the outer problems for a leading order
boundary layer approximation.
We proceed to consider the prospects of an internal boundary layer near z ~ £. Indeed
noting the form of hg(z), which drives hetergeneous behaviour near x = £, one can rescale the
spatial component via

X =(z—-¢)/o.

This will lead to the absence of a dominant balance for an inner expansion with @ ~ w;, (X, )+
o(1), which instead yields d;0xxu;, = 0 at leading order, with an analogous observation for
0 ~ v;(X,t) + o(1). The resulting linear solution behaviour is divergent as |X| — oo unless
u;, and vy, are constant, indicating no boundary layer, but instead a matching of the left and
right outer solutions, via a nominal but constant inner layer solution. Given the kinetics are
assumed to be order unity as ¢ is decreased, a dominant balance at leading order, and thus
more complex dynamics, is only conceivable with the concomitant temporal rescaling, 7' = t/§2.
Then, at leading order

aTUm = dlaXXUim aTUm = dZaXXUz‘na

with the kinetics subdued by a factor of 2. The resulting dynamics is very fast and, more
importantly, pure diffusion. Thus it will not drive patterning within the inner region but
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instead instigate diffusion on a very fast timescale, acting to homogenise across the inner region,
whereby for T > 1, i.e. t > 62, one will expect an inner solution which is approximately
constant after transients have relaxed even if the initial conditions are highly varying in the
vicinity of x ~ &.

Hence, considering the impact of § < 1, with the limit of zero  corresponding to the Heav-
iside function of interest in the kinetics, the evidence is that the inner solution of a boundary
layer analysis does not induce patterning but has a rather trivial dynamics. Instead, the be-
haviour of the outer solutions, i.e. Eqns. (59), (60), is indicated as governing the propensity of
system patterning. Proceeding, this allows one to infer that if both outer solutions are unstable,
then instability on both sides of x = £ is expected. In contrast, if one outer solution is unsta-
ble and the other stable, we expect an instability on one side of x = £. Analogous reasoning
suggests stability if the outer solution dynamics either side of x = £ is stable. Finally, due to
this local nature of the result we expect that the spatial frequency of the emerging patterns is
also related locally to the Turing conditions and hence with the prospect of a change in spatial
frequency of patterning across the domain.
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4 Conclusion

This thesis dealt with the robustness of the Turing system, one of the possible mechanism of
pattern formation. At first, this mechanism with its stability analysis was reminded and some
difficulties of such simple model were mentioned. Then, in section 1.2 it was indicated by the list
of possible generalizations of the original Turing system that this mechanism is widely used for
a description of large amount of phenomena in various fields. The main focus of this work was
the investigation of two such generalizations — to explore the Turing’s pattern formation in the
system with small advection in section 2 and the system with a small spatial dependency in the
linear term of kinetics in section 3. In both cases, slightly modified mechanisms of the Turing’s
original one were employed and the influence of small added phenomena was emphasised to
obtain conclusions on the question, whether these added phenomena change the behaviour of
the appropriate system decisively and hence, if the Turing system is robust with respect to
them. The discussion of these results follows separately for both cases with the final conclusion
about the robustness of the Turing system at the end of this section.

RD system with advection In section 2 we have explored alternative mechanisms for
domain-size-driven instabilities, considering the presence of advection and a number of asso-
ciated boundary conditions. In particular, the need for stability of the homogeneous steady
state is generally relaxed, resulting in less stringent constraints for domain-size-driven self-
organisation. Additionally, Sturm-Liouville theory has been utilised in section 1.2.3 to provide
a general theoretical framework that is applicable to systems on bounded domains and has
allowed a more extensive study than previously presented, as illustrated for example with the
further details on stability conditions for systems with differential transport and periodic bound-
ary conditions. Furthermore, the differences in spectral analysis on finite and infinite domains
[80] are anticipated to be responsible for differences in the presented results here and those asso-
ciated with classical stability studies of reaction diffusion advection systems on infinite domains
[81, 82, 83, 87, 88, 86, 66, 67, 95]. Finally note that a recent study about a domain-dependent
driven instability [85] also generalises the idea of instability occurrence outside of the Turing
mechanism.

A summary of the presented results can be found in table 1, details can be found in the
corresponding subsections of section 2.3. In particular, we have found that domain-size-driven
instabilities, distinct from the Turing mechanism and without the requirements of stability to
homogeneous perturbations, can exist (i) in reaction diffusion systems with Dirichlet boundary
conditions and (ii) in the presence of advection with Dirichlet, periodica and Danckwert’s with
no mass externally added for any of the species.

Patterning resulting from domain-size-driven instabilities in these cases has been shown to
occur for both equal transport coefficients and when one species is immobile. Provided the ma-
trix of linearised kinetics J is diagonalisable, the former case of equal transport coefficients can
be rewritten into a single reaction-diffusion-advection problem and hence reveals the prospect
of self-organisation due to domain size even for a single species. In addition, with equal trans-
port of the species, no further constraints are required to ensure the absence of salt-and-pepper
patterning, that is self-organisation at arbitrarily small wavelengths, which in turn induces a
breakdown of the continuum approximation. In presence of one immobile species there is, in
contrast, an additional requirement on the kinetics, summarised by Joo < 0, so that the immo-
bile species is required to inhibit its own production. However this simple constraint is sufficient
to entail that the observed Edar receptor dynamics in hair follicle formation is also inconsistent
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with the instability mechanisms presented here [63, 35]. Note that the above analysis reveals
that in both cases only the first few eigenmodes are unstable and that the first eigenmode has
the largest real part of eigenvalue, and hence is the fastest growing mode. Further for large
Péclet number, Pe > 2nm from eq. (61), the first few eigenvalues are similar in size and hence
the emergent pattern can be expected to depend on initial data.

We have also shown that with Danckwert’s boundary conditions, the system’s stability
is dependent on domain size, demonstrating a singular dependence on advection whenever
Danckwert’s boundary conditions are physically appropriate. This is due to the behaviour
of the first mode, \;, and thus applies despite the fact that beyond the first few modes the
Danckwert’s modes are essentially the same as those due to fixed flux boundary conditions for
instance. These observations emphasise the physical importance of the boundary conditions
in self-organisation and highlight the prospect that extreme sensitivity to even weak advection
can exist for reaction-diffusion-advection patterning dynamics.

A second objective has also been to consider the possibility of a distinguishing signature
of domain-size-driven instabilities. This is enabled by the identification of explicit forms for
eigenfunctions of the spatial transport operator — L4, when there is a domain driven instability,
that is for Dirichlet, Danckwert’s, periodic and fixed flux boundary conditions. In particular
these eigenmodes are not simply harmonics in the presence of advection, which entails that one
possible signature is the spatial modulation of pattern amplitude across the domain without
the need for complex feedbacks. This is even more likely in the case of spatially varying
advection, though we have not considered examples of the latter in detail. However with
Dirichlet boundary conditions in the absence of advection, which also exhibits a domain-size-
driven instability, there is in contrast no clear distinction of the pattern from that of a standard
Turing mechanism, emphasising that the observation of patterning is not sufficient in isolation
to conclude that a Turing mechanism is present.

In summary, the proposed domain-size-driven instabilities induced by advection or bound-
ary conditions introduce an alternative, less constrained, mechanism for self-organisation that
still induces patterning as a domain size increases beyond a critical value. Such a patterning
mechanism is not slave to the concept of short-range activation and long-range inhibition intrin-
sic in the Turing instability and, in the case of advection, there is a ready distinction from the
Turing instability via a spatial modulation of the pattern without complex feedback. Finally,
the fact domain-size-driven instability is contingent on the boundary conditions emphasises the
need to consider edge effects very carefully in relating modelling to experiment and additionally
highlights how the local regulation on domain boundaries can have a fundamental influence over
a very long-range.

RD system with spatial dependency in kinetics In section 3 we considered a reaction
diffusion system with a spatial dependence via a linear kinetic term with a coefficient in the
form of a spatial step function and we analysed the resulting impact on conditions for pattern
formation. First we defined a pattern as a steady solution with an inhomogeneity persevering
throughout a large enough domain. Using an analytical-numerical approach we examined a
case of affine kinetics and deduced conditions for pattern emergence in a very simple form,
Eqn. (52). For the case of non-linear kinetics we took conditions inherited from a suitable
linearisation, generalising the previous conditions to those stated in (54), with a verification
for two choices of kinetics and a range of parameter values. Further note that conditions (54)
and their agreement with numerics also match the intuition of at least some experimentalists
in the field, e.g. [20], and suggests further analytical progress may be feasible at least for step
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function behaviours in the kinetics.

If we compare our results with the previously studied system with an additive spatial step
function independent of the morphogen concentrations [71], the patterns in our case have not
only different amplitudes on the two sides of the step but also different frequencies. This
highlights that patterning with sharp changes in spatial frequency may be a signature of kinetic
heterogeneity characterised by rapid transitions in kinetics.

One interesting point is whether there is any restriction on the size of the step s. Although
the final conditions (54) are well defined for any value of s, a restriction arises from our defini-
tion of a pattern in section 3.1. We need that the eventual pattern should be more significant
in comparison to the inhomogeneity localised around &, which is expected to be true for suffi-
ciently small s, by appeal to continuity with respect to parameters. For larger s the localised
inhomogeneity will also be larger, which can be easily seen even in the linear case due to the
larger gap between @(z) (resp. v(z)) at the point & and thus has every potential to invalidate
our findings for sufficiently large s.

The conditions (54) are necessary diffusion-driven instability (DDI) conditions and depend
directly on the diffusion coefficients, kinetics and the size of the step. As well as in the classical
Turing system, if DDI conditions hold, a large enough domain is necessary for pattern to
emerge; thus the intervals (0,¢) and (£, L) are also required to be sufficiently large. Moreover,
sufficiently large intervals are necessary for a pattern to be correctly identifiable, as seen in the
comparison of fig. 4B and fig. 5B where both systems are predicted to exhibit patterning on the
left of the step, but only the latter does, since the subdomain [0, §) is smaller than the emergent
pattern period in fig. 4B. Finally, note that differences in spatial frequencies are observed to be
independent of both interval lengths and hence independent of both £ and L. However, as the
boundary layer analysis suggests, the spatial frequency can be different in the two parts of the
domain as it is evaluated independently on the two subintervals.

Section 3 is concerned with a special case of heterogeneity in the kinetics though this can
be easily generalised to a certain extent. Firstly, it is easy to see that the particular choice of
a spatially dependent linear term in the kinetics is not important for the analysis even in the
case of non-linear kinetics. Further, the same approach as well as the results, will be valid for a
step function hA(x) with finitely many steps. A limitation arises, however, due to the note from
the previous paragraphs — the sizes of the steps should be small enough in comparison to the
surrounding intervals so that the localised inhomogeneity due to the step does not exceed the
emerging pattern in magnitude/amplitude. Further, the discreteness of eigenmodes results in
a lower bound on the size of the supporting intervals of each step.

The question of a generalisation to a spatial dependency is expected for slowly varying
function h(z). In such a case we can take an approximation of h(z) using a simple function
and take the advantage of conclusions of this approximative system. In the case of a more
general dependency it may be difficult to show similar conclusions. Actually, as a recent study
shows [48] even shallow gradients coupled to non-linear kinetics may lead to an unexpected and
complex behaviour but finding a clear cut distinction between these cases is beyond the scope
of this paper. Furthermore, how and where the present intuitive analysis fails also remains to
be explored as do higher dimensional domains and curved geometries, which may allow ready
generalisation.

We could also consider a higher-dimensional space. The presented approach is easily ex-
tendable to domains in the form of higher-dimensional rectangles. For example, one might
readily find conditions yielding the emergence of a pattern with spots on one part and stripes
on the other part of a higher dimensional domain.
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Finally, let us finish with a summary of the identified hypothetical DDI conditions: (in)stability
in the Turing model analysed here appears to be a local property and can be analysed as such,
with the local assessment of whether parameters are within the Turing space providing a strong
indication for an unstable eigenmode excitation, at least on a sufficiently large domain with
concomitant spatial frequency heterogeneity.

Contribution to the robustness problem The robustness of the pattern formation is
connected to an influence of an arbitrarily small advection, or spatial dependency respectively,
to the original Turing system, i.e. system without the effect of these phenomena. These
conclusions can be already obtained from the results of main parts of this thesis.

In the case of the system with advection, let us recapitulate the results summarized in sec-
tion 2.3.5 comparing the systems with zero advection and with arbitrarily small, characterized
by Pe < 1.

The zero flux Robin boundary conditions for small advection 0 < Pe < 1 become Neumann
for V"= 0. The eigenvalues are

1
=0, \=— ((mr)2 + ZPe2> , neN (61)

with the corresponding eigefunctions

Yo = €%, ~,=c¢(V,L,d, n)e%% (;—eﬁ sin (%x) + cos (%x)) :
Therefore we may conclude that the spectrum for V' = 0 is close to that of 0 < Pe < 1, whilst
the eigenfunctions are continuously transformed into the eigenfunctions of a reaction diffusion
system as the Péclet number vanishes.

Similarly for Dirichlet boundary condition, which are independent of Pe, one has that the
distance between the spectra is proportional to Pe? while the difference in the eigenfunctions is
also on the scale of Pe. For the periodic boundary condition (being again identical in both cases)
the spectra consist of a countable set of points located on a line parallel to real axis, with its
distance to the spectrum of the associated reaction diffusion problem proportional to i2nmPe.
As the distance depends on the wavenumber, n, the spectra are always different with significant
differences appearing for large wavenumbers not affecting the stability properties of the system
due to the above mentioned cut-off. Finally, Danckwert’s boundary conditions, which collapse
to a zero-flux reaction diffusion system for V' = 0, have a very different spectrum as it is
always separated from zero. For 0 < Pe < 1, the first few eigenvalues determine the system’s
behaviour as A\ ~ %Pe?’/ 2 which can be arbitrarily large for sufficiently small L. In contrast for
V' = 0 one always has stability, as follows from standard Turing analysis [64, 35, 104]. To have
similar spectra one would have to require Pe < 1 but still the effects on stability properties for
arbitrarily small but non-zero Péclet number are profound.

Finally note that for constant advection we may denote by 7 the time required for a species to
be advected from one boundary to the other. Then Pe = LV/d = 7L?*/d, while in developmental
and cell biology applications one typically considers d ~ 10~m?s~! with L ~ 10~%m, which
suggests in this situation that Pe < 1 requires V < 10~%m s=!. Hence the Péclet number may
have a significant effect on systems behaviour as discussed above, even for the small scales of
advective velocity in cellular physiology.
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For the case of spatial dependency, the conclusions follow directly from obtained results.
From its form (52) folows that the conditions (54) are contionuous in s for s around zero and
therefore the emergence of Turing patterns occurs for s = 0 and s < 1 in the same cases.
Moreover, this continuity of the system behaviour with respect to s preserves in the whole
problem — the homogeneous steady state is smoothly transformed into steady state of the
type no-pattern; from numerical experiments we can deduced that the period in patterns (in
the sence of section 3) changes according to changes in s; and finally the whole procedure of
stability analysis outlined in section 3.2 become standard if we suppose special choice s = 0.
As a summary of these observations, we can conclude that the standard the Turing system, if
its main idea is expanded in same way as it is presented in section 3.1, is robust with respect
to small effects of such spatial dependency in kinetics.
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A Appendix

A.1 Diagonalization

This section outlines a method, which we call diagonalization, to easily compute an analytical
solution of the system composed of two elliptic equations with linear kinetics. This procedure
will be used in appendix A.2 to compute analytic solution to system (39), i.e. the system with
affine kinetics and step functions as coefficients. This procedure follows |71].

We consider a linear elliptic system with the trivial solution

—Au = a;u + apv, (62)
— AV = ag1U + a9V

on some interval. The boundary conditions are not specified, yet. Our purpose is to obtain a
particular solution via a diagonalization principle.
Adding the first equation to the r-th multiple of the second one and supposing r # —aq1 /a9
gives
a2 +ra
—(Au + rAv) = (a1 + rag) (u + uv) :

a1 + ras

To obtain an equation only in the variable w = u + rv, it suffices to hold

Gt r0n _ . (63)
a1 + ras
The roots of the quadratic equation are of the form
— +vD
T2 = = gn \/_, D =tr* A —4det A. (64)
21

Several possibilities can occur governed by the sign of the discriminant D:

Positive discriminant
Since D is positive, there exists a pair of distinct real roots. Using designation \; = a1 +
rias1, system (62) can be rewritten into a system containing two independent equations:

Moreover, it is an easy computation that for ¢ = 1,2 the number ); is an eigenvalue of the
matrix A and (—r3_;,1)" is the corresponding eigenvector. The solution to system (65) are of

the form
Ww; = Cj1 COS (\/Xx) + ¢jo 8in (\/)\_@x), (66)

where C € R**? will be determined by boundary conditions, and hence we have the original
variables

- 1091 €08 (VAax) + 71c90 810 (VA) — 7ac11 cos (VA1T) — Tacia sin (VA7)
- T — T2
Y c11 cos (VA1) + crasin (VA1) — ¢91 cos (v Agr) — oo sin (v Ag1)

rL—7re

Y

(67)
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Negative discriminant

In the case of negative D, the roots r; o are complex conjugate, the diagonalized system is
again of the form (65), however \; and w; are also complex. Thus we take real and complex
parts of the equations, we denote the real parts by the lower index R and the complex parts
by the lower index C' and from the obtained four equations we get a system consisting of two

independent equations:
—Awgr = A\gwgr — Acwe,
R RWR — AcWc (68)
—Awe = A\cwpr + Agwe.
The system is not in a diagonalized form, however it is easilly solvable if the system is rewritten
into a system of four linear differential equation of the first order. Then the solutions to the

problem are of the form

wWr = coe™* cos Myx — c1eM¥ sinnox — cqe” M cosnex + cze” M sin oy, (69)

we = 1™ cos o + coe™T sin o + cge” T cosnox + cqe” M sin o,

where ¢; are real constants and 7;, 7y denote the real and the complex part of the square root
of —=Agr + i), i.e.

, —Ar+ V(Ar)?+ (Ac)?
7]1:|Re\/_/\R+Z/\C|:\/ i (2R) (C)u

- Ar+ vV (AR)?2 + (Ac)?
7]2:|%\/—)\R+2)\C|:\/ R (1;) (C) .

Note that the following holds
A =%+, A =n5—17, Ac=2mip,

thus (69) can be expressed only by x, n; and ¢;. The solution in the original variables is of the
form

.r1+7ra ain — Ar ai — 77% + 77%
U= Wr —1 Wo = WR + ———Wo = WR + —————— W,
T — T2 Ac 2112 (70)
21 asy Q21
V= W = ~—We = we
T — T2 Ac 2112

and finally

€1a21 €2a21 €3a21 €4021

a11—n2+n2 a11—n2+n2 a1l —n2+n2 a11—n2+n2
(u> _ <C2 4 1127771);72 Us ¢ — + 11 =17 T15 Cy —Cy4 4 11—N7 115 c3 C3 + 11—N7 113
2m1m2 2min2 2n11m2 20112

c
2mn: 2mn; 2y 4) FS, (71)
v
where F'S denotes fundamental system in the vector form, ie.
me MmT o3 -—mx —MT o3 T
FS = (em*cosmpr, eMTsinngx, e COSMaT, C4€ sinnpx
Y ) Y

Trivial discriminant

Since D = 0 we have only one real solution r = (ags — a11)/2as; and thus we cannot expect
a diagonalised system. However, we can take the obtained equation in the variable w = u + rv
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and add one equation from the original system (62). Then we obtain a system

a1 + aga
—Aw = —w,
2
a1 + Qg2
—Av = T’U + asw,

which is easily solvable:

/e11ta22 _/etazs
w = cye 2 + coe 2

v=|¢ — Mw e\/@m + | cs + —\/5(12102 T e’\/@x, )
Vai + a2 Va1 + aga

even in the original variables:

Q29 — Q11 Q22 — Q11 y/8ditazs
u:<cl— c3 + cqrleV 2 T4

2a9; ’ 2(a11 + a)

Qo2 — Q11 Qg2 — Q11 _,/autaz
+ <02 — ¢ — ——————=Cy1 | € 2 ¢ (73)

2a21 ! 2((111 + 0/22)

\/5@2101 /a11+ag9 \/§a2102 _ . /a11ta29
v=|c3— —————x|e¢ 2 e+ ————x e 2 v
Va1 + aoo Va1 + Qoo

where ¢; are constants.

It remains to discuss the case r = —ay1/ag; =: 1. Since r; is one of the roots of equation
(63), from the above we know that there has to be the second distinct real root 5. Adding the
first equation of system (62) to the r;-multiple of the second equation for i = 1,2 we obtain a

system
a a
—(Au— —Av) = (Cllg — i) v,
a21 a21

(74)

_(Au + 7°2Af0) = (all —+ r2a21) <u + wv) .

ay1 + T2021
To rewrite it into an easily solvable system we need 0 # a15 + raase to hold. If it would not be
true, then the quadratic equation for these roots 1 and 7, would have to be of the form

a a a11Q

2 11 12 1112

0= (r—r)(r—ry) =1r"+ (——f——)7“+—7
21 22 A210A22

which contradicts to the form of the quadratic equation (63). Thus taking wy = u + ryv and
Ao = a1 + a9 we get the following reformulation of system (74)

a1 a1
—(Awy— | — 4+ | Av | = a2 — — | v,
( ’ (azl 2> > ( b @21) (75)
—AU)Q = )\2'11)2
and solution to this problem in the original variables is of the form

)\2 — T2021 o v /212921211 _ /29217011
U= ——>>-— (cle A2 + che ’\23”) — I'aC3€ A2 — rocye Vv A2 ,

A

a21 _ ‘7’12‘1217“1127 _ ‘7’12‘1217“112?
V= — (cleM” + coe VA?Z) +c3eV T R +cge VR )

=%

(76)
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A.2 Analytic solution to the stationary problem

The task of this section is to find a stationary solution to system (39), i.e. the system with
affine kinetics and step functions as coefficients. We will use the method called diagonalization
outlined in appendix A.1. For clarity of the presentation, we will consider a step function only
in one coefficient of the affine kinetics.

We consider a following reaction-diffusion system with affine kinetics and with step function
h(x) defined above (36)

0 = d10ypu + big + (b11 + h(x))u + bigv

on (0, L), 77
0= dgamv + bQO + b21U + bQQ’U ( ) ( )

with Neumann boundary conditions (35). Our task is to find a stationary solution to the system
explicitly. Let [ug(x),vo(z)]" be a solution to the equation
bio + (b1 + h(x))u + b12v = 0 = bog + bau + bogv.

Since h(x) is a step function in &, it is easier to consider system (77) contracted to the inter-
val (0,€) and (&, L) separately and to use an appropriate connecting conditions in . From now,
the upper index L will denote correspondence to system contracted to (0,¢), R to (£, L) respec-

tively. Thus system (77) can be rewritten using ul = ul — ul, o = oF —of, aft = u® — uf},
o = v® — vl (the tilde will be omitted) into the form
0 = d1Opau” + bryu” + bisv”, .
L L L in (0,9),
0= dgaxm?) + b21U + bQQU s (78)
0= dlf)muR + (bn + S)UR + blng, .
R R R n (57 L)7
0= d28II/U + bglu + bQQU s
with the following boundary and connecting conditions
ou” ol ou®? ovlt
0) = 0)=0 —(L)=——(L) =0
o= m=0  Zm=S-m=0
our ou® ovk ovlt 79
©) = 50, &=, )
on on on on
u(€) —u(€) = ug —ug,  v(€) —v"(€) = vy — vy

Now we can solve the system via applying transformation into the diagonalized system on both
subsystems separately, as it was presented in appendix A.1, and finish calculation by employing
the connecting conditions.

Let us briefly present the outcome of appendix A.1. The solutions of a linear reaction
diffusion system with constant coefficient

0 = Opptt + a1 + a9v,
11 12 (80)

0 = Opz¥ + a21u + a0,

with Neumann boundary condition in 0 (if condition is required in L, substitution x +— L —
x is sufficient) and meantime with unspecified second boundary condition (regarding to the
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connection condition) are of the form

_ Tricpcos (VXax) — racy cos (VA1)
- T —Te ’
y — €108 (VA1) — ¢z cos (v Aar)

rn —T2

(81)

if tr2 A —4det A > 0 and

crayy + 2comng + Cl(ng - 77%)(

e 4+ M) cos o
2mne

-9 2 _ 2
+ CoQ11 61771772 + 02<772 771) (67]11‘ . e—’r]la:) Sin 772[E, (82)

2112
cia G20
V= 2 (€M7 4 e M) cos pt + o (eMT — M) sin
21 2mmne

iftr’ A —4det A < 0.

Applying on our two systems (78), we see that the form of the solutions depends on the
sign of D on each sides defined in (64), i.e. on signs of the following two expressions
DL = (dgbll + d1b22)2 — 4d1d2 det B,

83
D™ := (dy(br1 + s) + dibag)”® — 4dydy(det B + sbys). )

Thus several options can occur — for illustration, two of them are presented below; others
are ommitted due to the straightforwardness of the computing and the largeness of the resulting
forms.

Both discriminants are positive

For this case we obtain the system

0 = Ope(u® + rlv®) + XE(u + rF0%)  in (0,6), (84)
0 = Ope(u 4+ rFo™) + AE(u® 4 rFo®) in (¢, L)
for i = 1,2, where
! 2d1b21 dl d2 (85)
R dg(bll + 3) — dlbgg + v DE )\R _ (bll +s + R%)
r = i = T :
¢ 2d1b21 ’ dl d2
The solution to system (84) is easily computable:
u* +rivt = clcosy/A\x + Esiny /A Fx,
(86)

)

u® 4 rFof = cFcos /AL — x) + éFsin y/ (AF(L — )
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with c¥, & real constants. Since the solution (86) satisfies Neumann boundary conditions at
the outer points 0 and L, the constants ¢¥ have to be zero. After this simplification we express

the solution in the original variables

rkel cos \/)\Lilf) 7“1 ek cos (\/ Ak )

- z € (0,¢]
u(z) = Tgcﬁcosu/xg& 2)) —rfieft cos (/AR (L—)) ’
P : v € (L)
ek cos ( \//\_Lx) cicos( Alz) = (O 5]
v(x) = Ty 7
c /\R L—z))—c S >\R L—x)
i cos (/AT T)g)ir%“’ (V2 ze (& L)

with c¥ real constants determined by the connecting conditions at point &, which means

that ¢} have to be the solution to the following linear system

—r¥ cos ( \/ALS) —rf cos (\/ M (L-¢)) T cos(\/)\R(L )

W ry —rf ry =yt =y’
cos<\/7f5> —cos(@@ —cos<\/A_R<L £) cos (y/A(L—€))
rl—rk rl—rk rf_rl ri_rlt
\/)\_Lsm \/)\_Lg) —ry \/Fsm \/)\_L£ \/)\_Rsm AR(L—€))  —rf \/)\—Rsm \/)\—R L-¢))
rk—rk rl—rk rf_rl rf—rl
\/)\_Lsm \/)\_Lé) f\/gsm( AL€) \/Esm(\//\_R(L £) f\/)\_Rsm(\/E(Lf{))
rk—rk rE—rk rf—rl rf—rl

Both discriminants are negative

We will again use the results of appendix A.1, so we deal with the system

0 = Ope(u® + rhkol) + As(ul 4+ rEv®) — Na(réo™)

L L L/ L L(.L in (0,¢),
0 = Ope(rev™) + Ao (u +7“Rv )+)\ (rcv )
0= (‘?M(uR + er ) + )\R(u + Tng) )\g(rng) n (€.1)
0 = B (rB0™) + AB(uf 4 rBuR) 4 AE(rRyR) S

51

co®

(87)

where the upper index designates correspondence to the system on the left or on the right part
of the interval [0, L], the lower index designates the real or the complex part of variables u, v

and symbols defined (85). According to (71) we designate following

- me
p- L o+ oo

and hence the solution is of the form

\/)\R + 1/ (AR)2 + (\E)?

ut = plLenle sinnia + pfe"f‘” cosngw + pée’"lLI sinnkx + pfe‘”1ng cos nx,
vl = pée"f”C sinnla + pge”f‘” cosngw + p?e‘"lLI sinnix + pée‘”1ng cosnix,
uf = pfe"{% sin nix 4 pfe"{%x cos nytw + pfe‘"{% sinn¥a 4 pfe_"{% cos i
vt = p?e"{% sin nfx 4 pge"{%x cos nytw + p?e‘”{% sin n¥a + p?e_"{% cos i
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Figure 8: Plot of the stationary solution to the activator concentration u(x) (blue) and semi-
solution (orange), of system (77) on the domain (0, 1) with Neumann boundary conditions, and
parameters: dy = 1, dy =1, s = 3, £ = 0.25, byg = 1, byo = 20, byg = 3, by = —3, by = —2
and A) bj; = =5, B) b;; = 10. Case A) corresponds to decay of initial perturbations, and B)
to exponential growth of perturbations suggesting the possibility of pattern formation.

where the functions pz are rational in 7y, 79, linear in constants C‘Z and depend even on by,
b and s. Half of the constants ¢/ can be obtained from homogenous Neumann boundary
conditions at 0 and L, the second half is determined by the conditions at £. The explicit

formula is too cumbersome, we will illustrate the solutions in figures, only. See fig. 8.

A.3 Linearisation about a piecewise constant steady state

This is an alternative approach to analyze a stability of the RD system (39) — to linearise
around step functions (@, v). If we try to proceed, we will obtain a linear system, but with
terms containing a derivative of the Dirac delta function, which results from the non-trivial
step in (@, v). Therefore, we are not able to obtain the linearised system following the standard
approach above.

However, it is instructive to proceed further as an expansion (in generalised functions) of
the delta function in the eigenfunctions {y;} is available and hence we can rewrite the linearised
system yet again in terms of a system of equations for particular modes.

Linearisation of system (34) around step functions (a(x),v(x)) (defined in (38)) is well
defined in the distributional sense and is of the form

Oyit. = dy Dyl + biy@l + iz + 51010 ( — €)

in (0,L), 88
8t1~) = anxaﬂN} + bgla + b221~) + Sgdgél(l' — 5) - ( ) ( )

where (s1, s9) denotes the sizes of the step of (u(x),v(x)) at &, §(x) denotes Dirac delta function
and u(x) = u(x) — u(x), v(z) = 0(x) — v(x).
Since Neumann boundary conditions are considered, we expand (@, ) using orthonormal

nm

basis {Yn fnefo1,.} = {%, % cos ( I m)}f;l as the series

U= i Anyn, 0= i Boy, (89)
n=0 n=0

and rewrite system (88) in the form of a system of equations for each eigenmode. The Dirac
delta function can be expanded in terms of any eigenfunctions of the Laplacian on any interval.
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Hence we use the following expansion of Dirac delta function on (0, L)

iz —¢) = % 3 sin (nTWf) sin (?) :
-1

Therefore the linearised problem has the following eigenmode expansion

= A, d; O A, nmt . (nmé dis; 0 A,
St (o) (0 ) o] () - T () (50 ) (32) =0

forcing
(90)
where K, = (”—L“)2 and the matrix of linearised kinetics J(z) is evaluated at the piece-wise

constant function (u(x),v(z)). As the ¢'(x — &) contribution translates only into a (constant)
forcing, it does not affect the (in)stability result. Thence the generalised function approach
yields exactly the same problem as previously derived in eqn. (42).

A.4 Computational approaches

The spectrum of the truncated matrix (50) is computed using the Matlab inbuilt function
eig(). When denoting N as a constant representing the size of matrix ((2N+2) x (2N +2)) our
numerical results show that for V> 50 the value of the largest real part of the eigenvalues does
not significantly change; larger matrices contribute to the spectrum by eigenvalues with larger
negative part as we discussed above. We choose N = 1000. With constant M representing the
truncation in eigenmode expansion of h(z), i.e. we approximate

M
h(z) ~ ZZkyk(a:), where| Z"| < i
k=0

=l

However, the length of numerical calculation does not significantly increase with larger M, so
we set M = N.

The solutions of the evolution system (40) are computed by Wolfram Mathematica 10 using
NDSolve() (via the method of lines for the temporal discretisation and finite differences for
space) up to time 7 = 10% or until the supremum norm of the solution exceeds 107. The initial
condition is random noise, uniformly distributed between (1072, 10%).

Both approaches to assess stability should yield the same result as they describe the same
process. However, both methods are approximate and hence small differences might occur
especially close to the border of the parameter regions due to different accuracy of the approxi-
mation (truncation of the matrix versus numerical discretisation when computing the evolution
problem).
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