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Pattern formation in reaction-diffusion systems with piecewise kinetic
modulation: An example study of heterogeneous kinetics
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The study of pattern emergence together with exploration of the exemplar Turing model is enjoying a
renaissance both from theoretical and experimental perspective. Here, we implement a stability analysis of
spatially dependent reaction kinetics by exploring the effect of a jump discontinuity within piecewise constant
kinetic parameters, using various methods to identify and confirm the diffusion-driven instability conditions.
Essentially, the presence of stability or instability in Turing models is a local property for piecewise constant
kinetic parameters and, as such, may be analyzed locally. In particular, a local assessment of whether parameters
are within the Turing space provides a strong indication that for a large enough region with these parameters, an

instability can be induced.
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I. INTRODUCTION

Understanding pattern formation is one of the major issues
not only in developmental biology but across many different
disciplines. A seminal mechanism for self-organization emer-
gence was proposed by Alan Turing in 1952 [1]. He con-
sidered two biochemicals (the so-called morphogens) which
diffuse and interact with each other via reaction terms and
demonstrated that a small fluctuation of their concentrations
around a steady state can be heterogeneously amplified for
suitable reaction kinetics coupled with diffusion. Therefore
spatially nonhomogeneous steady states, that is, patterns can
emerge. Mathematically, this symmetry breaking mechanism
was described as a diffusion-driven instability (DDI) of the
steady state in a reaction-diffusion system (RD system).
Comparing theoretical predictions and real patterns seen in
nature, it has been reported that Turing models may indeed
feature in, for example, the formation of wild cat skin patterns
[2], tumor vascularization [3], hair follicle localization [4,5],
pigmentation of zebrafish [6], rugae formation [7], and digit
patterning [8].

For many decades, one of the biggest issues for the plau-
sibility of a Turing system in biological development was
the lack of identification of morphogens and confirming the
molecular details match those required for patterning, though
recent studies show extensive promise [9-11]. Furthermore,
there is in addition the suggestion that the combination
of Wolpert’s positional information hypothesis [12,13] with
Turing’s mechanism may increase the applicability of both
[14,15].

Many Turing systems have been proposed and analyzed,
both analytically and using numerical experiments. The ma-
jority of these studies consider only two species. The exemplar
models are the Gierer-Meinhardt model [16] describing the
growth of hydra; the Schnakenberg model [17] describing
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a chemical reaction exhibiting limit-cycle behavior or the
Thomas model [18] describing chemical reaction of oxygen
and uric acid in the presence of the enzyme uricase; see
[19] for a review of these models. A standard question is to
find the Turing space, that is the set of parameters for which
Turing’s diffusion-driven instability occurs, whereby the sys-
tem’s steady state is stable to homogeneous perturbations but
unstable to heterogeneous perturbations assuming the domain
size is sufficiently large to support the growth of the unstable
perturbations.

The resulting patterns of the Turing model with constant
coefficients are typically highly periodic and hence fail to
capture key features of many real systems, where the patterns
significantly change in space. The reason is intuitive—the
model is too simplistic. The addition of spatial dependency
in model parameters is a natural way to extend the Turing
model and probably an intuitive way of potentially generating
wavelength variation [20]. The Gierer-Meinhardt model [16],
for example, is originally based on a source with a gradient;
even Turing in his paper [1] 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 manifest, for example, a dis-
tribution of mouse or cat whiskers [21], alternating thin and
thick stripes of Lionfish [22], and emergence of fingers [15].
In these cases heterogeneous pattern modulation is a crucial
feature of the self-organization and, as a result, we would like
to capture this phenomena in a modeling framework for the
emergence of self-organization. Similarly, the heterogeneity
of the environment in landscape ecology [23] or the influence
of geometric confinement of human embryonic stem cells [24]
illustrate important and heterogeneous aspects of patterning
systems. Such ubiquitous examples emphasize the critical
importance of studying the impact of heterogeneity and its
effects on the properties of self-organizing systems.

©2019 American Physical Society
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FIG. 1. Plot of the long-time (close to steady state) activator concentration u(x) from simulations of the system (1) with Schnakenberg
kinetics (4) on the domain [0,100] with zero-flux boundary conditions, and parameters as follows: 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.

However, the standard procedure of stability analysis is not
easily extendable to the case with spatially dependent coeffi-
cients 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 [25-27] but note that this requires the applicability
of the infinite or arbitrarily large diffusion coefficient in one
of the species. Further the case of a spatially dependent
diffusion coefficient was analyzed in [28] with a step function
representing the dependency. Heterogeneity in the reaction
kinetics was analyzed numerically [22] and limited analytical
progress in stability analysis has been established with spatial
dependency in the kinetics. Examples include asymptotically
small, spatially dependent, linear gradients of morphogen
source [29-31], a cosine spatial dependence in a coefficient
of the kinetics [32] and a step function, independent of
morphogen concentration, added to the kinetics [33]. Finally,
very recently a rather general stability analysis with spatial
heterogeneity in reaction kinetics was successfully proposed
including a transition from one pattern into another [34].
Essentially the only situation this approach 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 here.

This article deals with a system with a spatially depen-
dent coefficient in the linear term of the activator kinetics
which introduces very different challenges to the above de-
scribed cases. For analytical convenience, we assume a one-
dimensional space. We consider the following RD system:

du = d\du+ fi(u,v) +h(xu, xe(0,L),
atv zdzaxxv+f2(u’v)’ X € (OvL)3 (1)

with Neumann boundary conditions,

ou

8_ =0, atx=0,L,

" )

— =0, atx=0,L,

on

where h(x) is a step function defined as

0 xel0,8),

h(x) = 3)
s x€l& L]

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 (1) with Schnakenberg kinetics,

f(u, v):a—u+u2v, @
gu,v) =b— uv,

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 d;, d», 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. 1 (blue wavy line), a spatial inhomo-
geneity occurs in each of the solutions. Note (i) the different
amplitudes of the pattern in the two parts of the domain (as al-
ready observed, e.g., in [33]) and (ii) the different periods [see
Fig. 1(c)]. Characterizing such patterning behavior in Fig 1(c),
within the context of emergent Turing self-organization from
a linearized system with spatial heterogeneity in the form of

042220-2



PATTERN FORMATION IN REACTION-DIFFUSION ...

PHYSICAL REVIEW E 100, 042220 (2019)

(@) 7
6
5
4
Y3
2
1
0 200 400 600 800 1000
X
©
6
5
4
Y3
2
1
0 200 400 600 800 1000

X

0 200 400 600 800 1000
X

0 200 400 600 800 1000
X

FIG. 2. Plot of the long-time (close to steady state) activator concentration u(x) from simulations of the system (1) with the same values
as in Fig. 1 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.

a step function premultiplying a linear term, constitutes the
overarching aim of this study.

As mentioned above, not all the inhomogenous solutions
displayed in Fig. 1 correspond to a pattern, however. To rep-
resent genuine self-organization, 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 characterized
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. 2 . By comparison, we can deduce that
Fig. 2(a) is not a pattern as the inhomogeneity is localized 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 as follows: (i) to deter-
mine 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 Figs. 1(a) no pattern, 1(b)
right-sided pattern, 1(c) global pattern, and 1(d) left-sided
patternl.

'Note the discrepancy between plots in Figs. 1(b) and 2(b): The
former case is denoted as a right-sided pattern whereas the latter

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

[t ke 0.8
o(x) = {@R xeE L)

=L
mm={§ x € (0,8)

i xe(g, L) )

where
f@k, vty =0 = g, vb),
FR, R + si® = 0 = g@®, of).

Note that in Turing-like problems the existence of a homo-
geneous steady state is assumed, guaranteeing existence of
the step functions (5). The long-time solution for the variable
u seems to be either approaching ii(x) in the case without
pattern, or oscillating around #(x) in the case of pattern. This
leads us to a hypothesis that the behavior of the long-time
solution could be deduced from attracting properties of the
system around #(x) and therefore the system characterizations
could be similar to the conditions of diffusion driven insta-
bility evaluated for the system (with a constant coefficient)
considered separately on intervals (0, £) and (&, L). In par-
ticular, such prospects will be considered more precisely and
systematically below.

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 the pattern cannot form solely because of the 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.
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In Sec. IT A, we consider system (1) with affine kinetics
f, g and linearize about the steady state. The system behaves
similarly to the original one, but where the propensity to pat-
tern is replaced by the existence of an unbounded solution as
time tends to infinity. Hence, we analyze the growth or decay
of perturbations in the linearized system, with the implicit
assumption that the eventual steady state of the full system
will inherit the same spatial frequency of heterogeneity of
one of the unstable, diffusively driven, growing solutions
exhibited by the linearized system. Such implicit assumptions
are standard in linear stability analysis [19]. Furthermore
when the linear system exhibits no growing solutions, even
for an arbitrarily large domain, the system does not exhibit
a Turing instability. Thus, in summary, we analytically solve
the stationary problem and proceed to analyze the linear
stability of the steady state via a spectral approach with the
results compared to extensive numerical simulations of the
full evolution problem.

We then complement this spectral approach by a boundary
layer analysis which further suggests that conditions for the
one-sided pattern are related to Turing conditions considered
separately on each subinterval. In addition, this boundary
layer analysis indicates that spatial frequency of the 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 x = £ of the step functions.
Finally, the hypothesized local conditions for a Turing insta-
bility are verified by a sweep of numerical solutions to the
evolution problem with Schnakenberg kinetics before drawing
conclusions in Sec. IV.

II. ANALYTICAL APPROACH

A. Spectral theory

Let us consider system (1) with general kinetics. The
behavior of such a system is usually inferred from the be-
havior of the linearized system, which describes the evolution
around the steady state where the influence of linear kinetics
exceeds the influence of nonlinear parts of kinetics. Hence
characterizations via linear systems are generally true at least
for small enough initial perturbations of the steady state.

However, as mentioned in Sec. I, since s is nonzero, we
cannot expect the steady state to be homogeneous. Note
that resolving the steady state requires solving a system of
nonlinear elliptic partial differential equations. Further, if we
consider an expansion of the nonlinear kinetics around this
nonhomogeneous steady state, the resulting coefficients in
the linear terms would be strongly spatially dependent which
may prevent analytical tractability. Hence we focus on the
case of linear kinetics where the step occurs only in a single
linear kinetic term. Then, generalization to linear kinetics with
jumps in every kinetic term is implemented.

Consider the following RD system with affine kinetics and
the step function /(x) defined above (3),

O = d 0yt + bio + (b1 + h(x))u + byov

x e (0,L),
0,V = dr0yxV + by + boju + byyv,

(6)

with Neumann boundary conditions (2).

The advantage of considering affine kinetics, even though
they are not standard, is that the system then in general
describes the dynamics not only around a trivial solution, but
also around a nontrivial one, as will be apparent below and in
particular in Appendix A 1.

1. Analytic solution to the stationary problem

Our first task is to find a stationary solution to the system
(6) explicitly. The following approach is not novel, moreover
the complexity and length of the steady-state solution is out of
proportion to the usefulness of explicitly stating it and hence
we highlight the important features only.

Since i(x), v(x) defined in (5) and h(x) are step functions
at £, it is easier to consider the system (6) restricted to
the interval (0, &) and (£, L) separately and to use appro-
priate connecting conditions at £&. From now on the upper
index L corresponds to the system on (0, £), while the index
R corresponds to the interval (&, L), respectively. For the
perturbations,

we obtain an equivalent steady system of the form,

0 = d 0y, it" + byyit" + bo 0",
in (0, &),
0 = dardy 0" + byyit" + by d*,
R R <R )
0 =d0xit" + (b1 + )" + bpd",
in(§,L),
0 = drde OF + byt + by o,

with boundary and connecting conditions [C'(0, L) solutions
of the form u = ulh(& — x) + ufh(x — &), v = vVEh(E — x) +
vRh(x — £)],

it bl iR JoR
—0)=—0)=0, —(L)=—()=0,
8x() 8x() Bx() 8x()

L iR ok aoR
g(é) = W(é), g(f) = E(S)’

iR E) —atE)=a" —ak, oRE) - vhE) = ok — o (8)

Tildes will be omitted henceforth.

The simple way to solve such systems is to transform the

matrix B = <b“

b1
subsystems separately, considering the boundary conditions
but not the connecting ones, and completing the calculation
of the steady state by employing the connecting conditions, as
implemented in [33].

An interesting issue is that the resulting form of the so-
lution to each subsystem depends on the sign of (tr> ALR —
4 det ALR), where ALR denote matrices of coefficients readily
written in terms of normalized linear terms for both subsys-
tems, i.e.,

by /dy
AL — (bn
<b21/d2

b ..
b12> into its Jordan normal form on both
22

(b1 +5)/d,

biafdi\ sr
) A —
) ( bay/d>

b1z /d;
by /dy ’

by /dy
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Particularly, the signs of the following two terms are impor-
tant:
(daby1 + d1b22)2 —4d,d, det B,

(dr(b11 + $) + dibyn)* — 4d dr(det B + sby).  (9)

These terms are remarkably similar to these appearing on one
of the conditions for classical Turing diffusion-driven instabil-
ity evaluated on both subsystems separately. This observation
supports our hypothesis at the end of Sec. I about the relation
between diffusion-driven instability in the studied case and
DDI conditions for patterns on (0, £) and (§, L).

2. Linear stability

With the steady state of system (6), we can analyze its
stability. We focus only on the long-time behavior of the sys-
tem, which can be obtained from spectral analysis, assuming
that the transient behavior is not essential as shown for the
classical Turing instability [35].

Let us denote the (nonconstant) steady state as (i, D) and,
with a redefinition of i, ¥ to the time-dependent perturbed so-
lution, & = u — &1, = v — D expand the evolution equations
around the steady state to find

0rit = d0xyit + (b11 + h(x))it + b2 D,

(10)
80 = dr0,x 0 + bo1ii + b D.

Since we consider Neumann boundary conditions, we have
a complete orthogonal basis y,(x), n € Ny of L?(0, L) and
eigenvalues «,, = (nm/L)? for the negative Laplacian (which
satisfy —Ay, = k,y,). Now we rewrite functions # and ¥ in
terms of the series,

i, x) =Y Au(O)ya(x), Bt x) =D Bu(t)ya(x).
n=0 n=0
(11)

Thus system (10) can be rewritten into the form,

> (gigz)w) + D(j,}z)xnyn(x) - J(x)(j,?j)ym) —0,

n=0
(12)
where we have introduced a standard notation,

d 0
D=
0 d

Jiux)  Ji2 by +h(x) b
16 = < D Jzz) B ( by b22>' (13)

Problems of the type (12) can be solved using spectral
methods, i.e., using expansions in eigenfunctions of the neg-
ative Laplacian (see Appendix A 3 for details). However, the
system does not decouple into a straightforward collection of
coupled ordinary differential equations for amplitudes of the
eigenfunctions but rather a truncation has to be employed with
detailed calculations presented in Appendix A 3, with results
summarized in Appendix A 3a. Note that extension to a
general linear case with jumps in every term is straightforward
(see Appendix A 4).

Note that the same qualitative behavior (with the same
long-time behavior) is obtained when studying a perturbation

of the piecewise constant solution (5) in a generalized function
sense (see Appendix A 2), or when instead of linearizing the
whole problem we linearize just the kinetics [see Appendix
A'l; in particular compare Eqgs. (Al) and (A14) and also
compare Eqs. (A4) and (A6), noting Appendix A 4].
Although we show below that the analysis of Eq. (12) does
yields correct results (via comparison to numerical solutions),
this linear analysis does not allow the study of the most
interesting and pertinent phenomena (being also the main
motivation for this study), the influence of heterogeneity on
spatial frequency of a pattern and the one-sided patterns.

B. Boundary layer analysis

To proceed with the analysis for general kinetics and to fa-
cilitate a boundary layer analysis we regularize the Heaviside
replacing h(x) with

hs(x) = %[1 ~|—g<x _E)}, with g € C®(R),

8
lim g(x) = %1,¢ >0,

where one can think of, for example,

s x—£
hs(x) = §|:1 + tanh <_8 >:|

and consider small values of § > 0. Then the steady state

(assuming it exists), (us, vy), satisfies
0 = d0xxtts + f(us, v5) + hs(x)u,
! ! ? on (0, L). (14)
0= dZaxxUs + g(”ss Us)~

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

U=us+i, v=uvs+7,
with
iy = dyOxxdl + J11 (s, vs)it + J12(us, v5)0 + hs(x)il,
Uy = dp0xx 0 + Jo1 (uy, v5)it + Jop(ug, v5)0,  on (0, L), (15)

where J(u,, vy) is the Jacobian of the kinetics about the steady
solution (uy, 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 (ii-, o) sufficiently to the left
of x = £ and approximately (&%, o) sufficiently to the right,
where

f@*, vty =0=g@", v"),
F@®, o®) 4+ sa® = 0 = g@@®, v®).

Hence for x < &, |x — &| > § we anticipate the approxima-
tion,

i, = dydgit + Jy1 (@", o1+ Jip @k, oF)o,
Uy = dyd D + Iy (@", 0"t + I (@, 0", (16)
and, similarly,
ity = dy gl + J1 (@8, T + T @R, o0 + sit,

b = dadd + Jo (@, 0%t + Jp (", %), (17)
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for x > &, |[x — &| > §. These can be considered as the outer
problems for a leading order boundary layer approximation.

We proceed to consider the prospects of an internal bound-
ary layer near x ~ &. Indeed noting the form of A;s(x), which
drives hetergeneous behavior near x = £, one can rescale the
spatial component via

X = (x — £)/8.

This will lead to the absence of a dominant balance for
an inner expansion with & ~ u;,(X, t) + o(1), which instead
yields d;dxx u;, = 0 atleading order, with an analogous obser-
vation for ¥ ~ v;,,(X, 1) 4+ o(1). The resulting linear solution
behavior is divergent as |X| — oo unless u;, and v;, 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 T = ¢/62. Then, at
leading order,

OrUin = d10xxUin,  OrVin = drOxx Vin,

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
instead instigate diffusion on a very fast time scale, acting
to homogenize across the inner region, whereby for 7 >
1, ie., t > 82, 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~E&.

Hence, considering the impact of § <« 1, with the limit of
zero § corresponding to the Heaviside 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 behavior of the outer
solutions, i.e. Eqs. (16) and (17), 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 unstable 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

J

TIEAT2EATIRATIRA (T3E AT4AN A
TIEAT2EATIRAT2RA (T35 ATAN) A (T3R8 A TAR)
TIEAT2EATIRAT2RA (T35 ATAEY A (T3R8 ATAR)
T1EAT2E ATIR AT2R A (T35 A T4E) A —(T3R A T4R)

and we shall use both the spectral approach of the Appendixes
and numerical solution of the full system to verify these
conditions. The former can be used just for the assessment

is also related locally to the Turing conditions and hence with
the prospect of a change in spatial frequency of patterning
across the domain.

C. Summary and formulation
of DDI conditions

Spectral theory as detailed in the Appendixes yields a
plausible approach to stability analysis but its practical use
seems to be limited as the algebraic complexity even after
truncation 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 result-
ing pattern. The asymptotics, 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 condi-
tions for the latter interval:

T1® := by + 54 by <0,
T2% := (byy + $)byy — bibyy > 0,
T3 := (bu + 5)dy + by > 0,
T4% := (b1 + $)ds + bndy)* — 4dydr((b11 + )b
— biaby1) > 0, (18)

and analogously for the former interval T 1--T 4% (particularly
noting that Ti> = Tif,i € {1, ..., 4} with s = 0). These con-
ditions will be compared with results from a large number of
numerical solutions to the full model. Further, as we discuss
below, we obtain not only a very good approximation for
stability conditions in practice but we also observe a strong
indication that it provides a tool to distinguish among all
the one-sided patterns and both-sided patterns in the case of
nonlinear kinetics, which is clearly beyond the scope of the
spectral analysis in the Appendixes.

In particular assuming T 15 A T2 A T1R A T2R (we de-
note the logical and as A) it could be expected that a pattern on
the left will emerge only if 73" A T4* holds and the pattern
on the right will emerge only if 73% A T4R holds. Therefore
we propose and will subsequently numerically verify the
following conditions:

(T3% A T4R)  pattern on both sides,

pattern on the left side, (19
)

pattern on the right side,

no pattern,

(

of (in)stability while the latter will be employed to check
these conditions for the existence of a one-sided pattern.
Note that a straightforward extension of these conditions

042220-6
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TABLE 1. The table summarizing the results for the regions, i.e., the sets of the parameters satisfying combinations of the conditions (18)
in the explored parameter space. All parameters in each region exhibit the same behavior. 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 (A12).

TIEATIRAT2EAT2R

T3 AT3R —T3EAT3R T3E A =T3R =73 A=T3R
T48 A T4 U+ U, +) U,+) 0.-)
—T45 NT4F U, +) U,+) 0,-) 0,-)
T45 A =T4% U,+) 0,-) U.+) 0,-)
—T4F A =T4F 0,-) 0,-) 0,-) 0,-)

—(T1E ATIR A T2E A T2R)
U,+)

to the general case also be implemented, as discussed in
Appendix A 4.

III. NUMERICAL APPROACH. VERIFICATION OF
ESTIMATED DDI CONDITIONS

We shall first focus on the verification of the proposed DDI
conditions (18) in the linear case, where the only plausible
prediction and verification is whether a small perturbation
exponentially increases or decays in time. Then we proceed
to test the more detailed conditions (19) in the nonlinear case
where, in addition, we verify the prediction of a one-sided
pattern.

A. Linear case

We have eight conditions (18) and hence 256 combinations
to be analyzed. Since we are interested in a phenomenon
similar to Turing’s self-organization, 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 [36]. Therefore, in our case we
assume that 715 A T2E A T1R A T2R 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 I). For all parameters in each
region we want to know if a pattern can emerge or not. 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 will use two tools: (i)
calculating the largest real part of eigenvalues of the truncated
matrix in the Appendixes, Eq. (A12), using MATLAB and (ii)
solving the evolution problem (6) using MATHEMATICA (for
more details on computational approaches see Appendix A 5).

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, not shown). Further, to

reduce the seven (not considering L) dimensional parameter
space we fix diffusion coefficients with a sufficiently large ra-
tiod; = 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
two-dimensional slices of this parameter space and the slices
with varying by, bi» have been presented in Fig. 3.

Before we present the relation between conditions (18)
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 behaviors, 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 I. Particularly, if two
regions express an opposite behavior, the change is located
exactly on the border of the regions (with negligible imperfec-
tion due to numerical imprecision). Hence, these observations
entail a justification of the chosen conditions (18).

The results are outlined in Table I and Fig. 3 which can be
summarized as follows: A Turing pattern will emerge for large
enough min(&, L — &) with unstable eigenmodes that satisfy
the boundary conditions if and only if

(T1EAT2E ATIR AT2RY A (T35 A T4AE) v (T 3R A T4RY)
(20)
holds.

In short, the hypothetical conditions (18) have been ev-
idenced as well characterizing whether the system exhibits
a pattern or not. Even though we have implemented a de-
tailed numerical verification using two different approaches—
computing a spectrum of the truncated matrix (A12) and
solving the evolution problem (6)—and these conditions seem
to have an intuitive explanation, we are not able to validate
them nor relate them using a rigorous analytical approach,
as we indicated above. However, one should bear in mind
that the analysis outlined in the Appendixes via a spectral
analysis is lacking rigor “only” in the limit N — oo where
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FIG. 3. An illustration of the match between the identified Turing instability conditions for affine kinetics, Eq. (20), and the results from
the evolution of system (6) with byg = 1, byg = 3, byy = =3, b = -2, L =100,& =30,d; = 1,d, = 100 and (a) s = 0.25, (b) s = —0.25.
The remaining two parameters, by, bj», are considered as parameters for exploring stability properties and are on the x and y axes. In the
background the conditions (20) 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 T 1% A T2 A T1R A T2R
does not hold (the darkest gray). 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).

N is the number of terms in the spectral expansion, while the
continuum approximation motivates a finite N cutoff.

B. Nonlinear case

Additionally, from (19) we have the prospect of (i) a tool to
distinguish a one-sided pattern from a both-sided pattern, (ii)
an indicative criterion for self-organization even for nonlinear
kinetics, that is how to find conditions determining pattern
emergence, and (iii) how to detect which type of the pattern it
should be. We proceed to test this, considering Schnakenberg
kinetics,

fu,v)=a—u+u*v, gu,v)=>b—u’v, 1)
and Gierer-Meinhardt kinetics,
w2
fu,v)=a—bu+ —, g(u,v):uz—v, (22)
v

with a, b positive constants as two exemplars for reaction
kinetics in Turing models.

Numerical experiments have been implemented using Wol-
fram MATHEMATICA as in the linear case (see Appendix A 5).
The terminal time is T = 10°. This choice was sufficient to
distinguish the nonexistence 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 #(x), v(x). For
both choices of kinetics we take L = 400, & = 120, d; = 1,
d, = 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 behavior sufficiently to
illustrate the legitimacy of the instability conditions (19).

In particular, the types of pattern resulting from simulations
agree well with the predictions given by conditions (19) as
depicted in Fig. 4. 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 rigor.

IV. CONCLUSIONS

In this paper we considered a reaction-diffusion system
with a spatial dependence via a linear kinetic term with a co-
efficient in the form of a spatial step function and we analyzed
the resulting impact on conditions for pattern formation. First
we defined a pattern as a steady solution with an inhomogene-
ity 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, Eq. (18). For the case of nonlinear kinetics
we took conditions inherited from a suitable linearization,
generalizing the previous conditions to those stated in (19),
with a verification for two choices of kinetics and a range of
parameter values. Further, note that conditions (19) 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
function behaviors in the kinetics.

If we compare our results with the previously studied
system with an additive spatial step function independent of
the morphogen concentrations [33], 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 characterized 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 (19) are
well defined for any value of s, a restriction arises from our
definition of a pattern in Sec. I. We need the eventual pattern
to be more significant in comparison to the inhomogeneity

042220-8



PATTERN FORMATION IN REACTION-DIFFUSION ...

PHYSICAL REVIEW E 100, 042220 (2019)

(a) 4
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0.0 0.5 1.0 1.5 2.0
a

FIG. 4. An illustration of the match between the identified Turing instability conditions, Eq. (19), and the results from the evolution of
system (1) with Schnakenberg kinetics (a) s = 0.25, (b) s = 0.75, (c) s = —0.25; and Gierer-Meinhardt kinetics (d) s = 0.5. In the background
the conditions (19) 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 T 1% A T2E A T 1% A T2R does not hold (the darkest gray). 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).

localized around &, which is expected to be true for suf-
ficiently small s, by appeal to continuity with respect to
parameters. For larger s the localized inhomogeneity will also
be larger, which can be easily seen even in the linear case due
to the larger gap between i(x) [respectively, v(x)] at the point
& and thus has every potential to invalidate our findings for
sufficiently large s.

The conditions (19) are necessary diffusion driven insta-
bility (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 a 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 Figs. 1(b) and 2(b) 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. 1(b). 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.

This article is concerned with a special case of hetero-
geneity in the kinetics though this can be easily generalized
to a certain extent. First, 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 nonlinear
kinetics. Further, the same approach as well as the results, will
be valid for a step function A(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 localized
inhomogeneity due to the step does not exceed the emerging
pattern in magnitude and amplitude. Further, the discreteness
of eigenmodes results in a lower bound on the size of the
supporting intervals of each step.
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The question of a generalization to a spatial dependency
is expected for slowly varying function h(x). In such a case
we can take an approximation of i(x) 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 [37] even shallow gradients coupled to nonlinear
kinetics may lead to an unexpected and complex behavior 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 generalization.

We could also consider a higher-dimensional space. The
presented approach is easily extendable 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.

Finally, let us finish with a summary of the identified hypo-
thetical DDI conditions: (In)stability in the Turing model ana-
lyzed here appears to be a local property and can be analyzed
as such, with the local assessment of whether parameters
are within Turing space providing a strong indication for an
unstable eigenmode excitation, at least on a sufficiently large
domain with concomitant spatial frequency heterogeneity.
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APPENDIX: FURTHER DETAILS OF
STABILITY ANALYSIS

In the main text, Sec. I A2, we follow a rather standard
approach to linear stability analysis and simply adopt it for
a system with a jump in reaction kinetics. Here, for the sake
of completeness, we pursue other possible approaches and,
as we shall show, all entail the same qualitative behavior.
Namely, we expand the jump in a generalized function sense
(see Appendix A 2), and linearize just the kinetics instead of
linearization of the whole problem (see Appendix A 1).

These approaches lead to the problem of the type in
Eq. (12) which can be further analyzed using spectral meth-
ods, i.e., using expansions in eigenfunctions of negative
Laplacian (see Appendix A 3 for details). However, the system
does not decouple into a straightforward collection of coupled
ordinary differential equations for amplitudes of the eigen-
functions but rather a truncation has to be employed. Finally,
an extension to a general linear case with jumps in every term
is straightforward as noted in Appendix A 4. Note that all

computational results shown in this work were obtained via
two approaches which are described in Appendix A 5.

1. Alternative I. Linearization of kinetics only

An alternative approach is to linearize only the kinetics
around the piecewise constant naive steady state.

Assume the existence of a solution (&z", v%) and (@R, o)
satisfying

fa@", vty =0 = g@*, vh),
F@®, o®) + sa® = 0 = g@®, v®),

and take approximations of reaction kinetics as Taylor expan-
sions evaluated separately on both intervals (i = u — #):

L: f(u,v) = f@, ") +Jha+J50+ ...
g(u, v) = g@@", ") + Jaii + v + ...,

R: f(u,v)+su= f@, o) +sa® +IRa+J80+ ...
g(u, v):g(zZR, DR)—I-JSIZ—}—J;;T)—%...,

where Jll; (respectively, Jf;) denote the elements of the Ja-

cobian matrix of the map (f,g) at (it", v") [respectively,
(f + su, g) at (R, v*)]. Using the following notation,

JiLj xe©,8 il xe(0,8)
Jif(x)z{]{} xeE L) ”(x)_{zzR xe (L)
[P xe0,8)

”(x)_{aR xe (L)

we can write down an affine system describing evolution
around #(x), v(x) while approximating the original system
with nonlinear kinetics as

O = d 0yt + J11 (Ou + J12(X)v + ¢1(x),

on (0, L),
0V = d 05 + Jo1 (X)u + 2 (X)v + ¢2(x),
(AD)

with the step functions,

c1(x) = =Ji1(x0)i(x) — J2(x)v(x),
2 (x) = =1 (0)i(x) — Jop(x)v(x).

The analysis of such a system in the current framework is
discussed in Appendix A 4.

2. Alternative II. Linearization about a piecewise constant
steady state

The second option could be to linearize around step func-
tions (i, 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 nontrivial step in (iz, D).
Therefore, we are not able to obtain the linearized system
following the standard approach above.

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

Linearization of the system (1) around step functions
(1(x), v(x)) [defined in (5)] is well defined in the distribu-
tional sense and is of the form,

0rit = dyOxxil + by1il + D12V + sudua/(-x - é:)

in (0, L),
8117 - duaxxi} + bZlﬁ + b2217 + SvdUS/(x - S)a
(A2)
where (s,, s,) denotes the sizes of the step of (&(x), v(x)) at
&, §(x) denotes Dirac delta function and u(x) = ii(x) — i(x),
v(x) = v(x) — v(x).
Since Neumann boundary conditions are considered,
we expand (i, ¥) using orthonormal basis {y,}ueio1,.) =

Yot () (5 2] ()

where «, = (%)2 and the matrix of linearized kinetics J(x)
is evaluated at the piecewise constant function (&(x), v(x)).
As the §'(x — &) contribution translates only into a (constant)
forcing, it does not affect the (in)stability result. Then the gen-
eralized function approach yields exactly the same problem as
previously derived in Eq. (12).

3. Detailed analysis of the dispersion relation

The difference from the standard Turing system anal-
ysis for a homogeneous system emerges from the spatial

J

Z (8 )yn(x>+D< )xm(x)—z
—0 l n

_ E in @ dusu O Al’l _0
L° L 0 dys,J\B.)| 7

{1, #cos (“Xx)}"" | as the series,
o0 oo
= ZAHYm b= ZB”y”’ (A3)
n=0 n=0

and rewrite system (A2) in the form of a system of equations
for each eigenmode. The Dirac delta function can be ex-
panded in terms of any eigenfunctions of the Laplacian on any
interval. Hence we use the following expansion of Dirac delta
function on (0, L):

S(x — &) = %isin (#) sin ("”Tx)

n=1

Therefore the linearized problem has the following eigenmode
expansion:

(A4)

forcing

(

dependence of J(x) preventing the decoupling of individual
eigenmodes and hence preventing a straightforward solution.
However, we can take the advantage of the fact that J(x)
contains only constants and a step function, all satisfying
Neumann boundary conditions and hence within the span of
the eigenfunctions {y},

= (o
Jix) = Z < * (k)) yk(x). (AS5)
im0 21~ I
J®
The system can be rewritten as
(k) (k)
3 (Jl(llc) jl(i)) (An> Ye(@X)ya(x) | =0. (A6)
k=0 J21 Jzz Bn

=:C.n

The eigenfunctions of the negative Laplacian on a one-dimensional interval are of the well-known form y,(x) = cos (nwx/L)
and hence we have

(n+k)mx Ytk (X) + Vi (x)

1 (n+k)mx n (n—k)mx _ 1 n |n — k|mx _ _
> cos 2 cos 2 =3 cos I cos 2 = 5 ,

Vie(x)yn(x) = (AT)

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,(x) and then invoke orthogonality of the orthogonal basis to transform the problem into
an infinite system of ordinary differential equations. Denoting the coefficients in the internal sum by C;, € R? we obtain the
following form of the system:

) (32 )ym<x)+D<A )xmym<x) >

m=0 m 0

(A8)

(Z Cl‘ﬂ —n il+ZCn mn>ym(x)+ chn+1n nym(x)

m=1 n=0
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The coupled evolution equations for the eigenmodes are then of the form,

_ (A Ay, R l o 1
O = <ath> + D<Bm)Km - 5 ;C\mfn\,n - 5 ;Cern,n - ECO.m’ fOI'm 2 ls

_ (o A 1y !
0= (aBO) - D(B0>K0 -5 Xz(;c — 5Coo. (A9)

In our case, the elements of matrices J®' can be computed as
%0 k>1
0 0 -

J(k) J(k)
J(k) — ( 11 12 — (AlO)
(k) (k)
by Iy <ZO b21> k=0,
by bxn
where the spatial heterogeneity is represented by a step function and where
Zr = —(h(x),yk(x)) = g /Lscos ]ﬂdx = —ﬁ sin _krré
oo T L L kw L
(h(x) + bi1, yo(x)) 1 s(L—§)
Zy = =by + —(h(x), 1) = by + ———. (All)
o)1 L L

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

Nevertheless, the system (A9) 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,

Zy — dyko b 4 0 2 0
by by — dokg 0 0 0 0
Z, 0 Zy + % —diky by @ 0
0 0 b21 b22 — dzlq 0 0
7> 0 # 0 Zy + % —diKky b1y e, (A12)
0 0 0 0 by by — date
Zs 0 &tz 0 azs 0
0 0 0 0 0 0

we will use MATLAB to estimate it by calculating spectrum of its truncated principal submatrix M,, € C?"?", First let us explore
some properties of the infinite matrix. It can be rewritten via the following synoptic sum of two matrices,

Z Z Z Z
0o 3 7 7 7
7 Zy VARRA) Zr+Zy Z3+7Zs
1 2 2 2 2
Zi+7Z3 Zy Z\+Zs Zr+Zs
Z2 2 2 2 2 1 0 pad Zo—dll(,' blz
7. Ltls  L+Zs L LitZ ® + @ , (A13)
3 2 2 2 2 e 0 0 — by by — dak;
7 23475 Z+7Z¢ Zi+7; Zs =
4 2 2 2 2

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

Since Z; denotes a Fourier coefficient and its norm vanishes for i — 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 i — 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.
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a. Spectra of truncated matrices

We shall show that with o (M) denoting the spectrum of the truncated matrix My,

Zo — dll(o b12 % 0 . ZTN 0
b21 bzz — dzl(o 0 0 e 0 0
Zl 0 Zo—f‘%—dlkl b12 M 0
0 0 b21 b22 - d2K1 N 0 O

Z 0 atn 0 . ZE 0 ,
0 0 0 0 0 0
Zyn 0 W 0 Z()~|-Z%—d]KN by»

0 0 0 0 . b21 b22 — dZKN

it holds that c My +1) =~ o My) U {—diky + O(1), —drky + O(1)} as N — oo.
In particular, we shall show that with N large enough, two eigenvalues are of the order x (which grows to infinity as N — 00).

With A = uky, u = O(1) as N — oo we have that

1
det(My-1 —AI) = "1%1{ [det(MN - M)<K—(Zo +Zw/2) —di — M) + 0(KN)2N1:| (K— —dy) —
N

b b
2y ) + 20w |
KN

N

2

Z
= det(My — AI)(byy — iy (dy + M))(Zo + 20 en(di + u)) + Oy )N+,

where we note that the det(My) is a polynomial of 2Nth
order. Therefore two eigenvalues are indeed of the order ky, in
particular Ay = —djky + O(1) and A = —drky + O(1), while
the remaining 2N eigenvalues are (in the leading order) the
eigenvalues of M. Hence the information about the stability
associated with an arbitrarily large truncated matrix can be
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
the arbitrarily large N case and which seems to be confirmed
by the numerical calculations in the main text.

4. Spatial dependence in other kinetics coefficients

We now consider the linear system (6) but with spatial
dependence in every kinetic coefficient. This dependence is in
the form of a step function with various step sizes but located
at the same point &. Thus consider

O = di0gut + b1o(x) + b1 (X)u + bi2(x)v, in (0, L),
0V = dy0xy v + bao(x) + by (X)u + byp(x)v, in (0, L),
(A14)
with
bij xe[0,8)
biix)=1" i e{1,2},j€{0,1,2},
(X) {bij+sij el L] ief{l,2},je{ }

and we assert that the procedure and conclusion are the same
as in the above. Indeed, let us briefly repeat the procedure.
The system (A14) has constant coefficients if considered sep-
arately on intervals (0, £) and (&, L), therefore the steady state
can be expressed at least in principle. The stability analysis
proceeds in the same way, only the Fourier coefficients J®,

Eq. (A10), are of the form,

o (h@), &) 2 F kx 2si; . kmwé
Jl.j = =Z s,-jcos—L dx= o -
[y GOl £ b

JO _ (bij(x), yo(x)) — b+ sij(L—§)
i = o o,  —bijT—————,
Y llyo ()% L
and the stability matrix,
1) ) 3) )
o I il 1 i
2 2 2 2
J(l) J® J(l)+J(3) J(2)+J(4) J(3)+J(5)
2 2 2 2
J(z) J(1)+J(3) J(4) J(l)+J(5) J(2)+J(6)
2 2 2 2
@) @ 1) J6) ©) W) J
J(3) JO+) JUO+T J° JU+T
2 2 2 2
(CIR (O] )4 1(6) (NN (V)] ®)
J& 104 J?4) JO+4J %
2 2 2 2
00 0) 0)
J — d1K' J
11 i 12
+ P ( R | (A15)
i=0 21 22 T @2Ki

does not have zero elements in general (J® denotes 2 x 2
matrices), although analogous qualitative properties still hold.
The appropriate conditions are constructed following the same
idea:
TR .= b1 + 511+ by + 50 <0,
T2% := (byy + s1)(b2 + 522) — (bia + s12)(b21 + 521) > 0,
T3% .= (byy + s11)d> + (b + s20)d; > 0,
T4R = ((b11 + s1)do + (baa + s22)d1 )

— 4d1dy((b11 + s11)(b22 + 522)

— (b12 + 512)(b21 + 521)) > O, (A16)
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with T1L-T4% of exactly the same form (ie., T1R-T4R
with s;; = 0). The hypothesized conditions for pattern for-
mation are of the same form as in Eq. (20) and, as in
the former case, were verified using both numerical studies
of the model equations and by analyzing the eigenvalues
of truncated matrices from the spectral theory (results not
shown).

5. Computational approaches

The spectrum of the truncated matrix (A12) 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 N > 50 the
value of the largest real part of the eigenvalues does not
significantly change; larger matrices contribute to the spec-
trum by eigenvalues with larger negative part as we discussed
above. We choose N = 1000. With constant M represent-
ing the truncation in eigenmode expansion of A(x), i.e., we

approximate

M
h(x) ~ ZZkyk(x), where|ZF| = %
k=0

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

The solutions of the evolution system (6) are computed by
Wolfram MATHEMATICA 10 using NDSolve (via the method of
lines for the temporal discretization and finite differences for
space) up to time 7 = 10% or until the supremum norm of the
solution exceeds 10”. 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 approximation (truncation of
the matrix versus numerical discretization when computing
the evolution problem).
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