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Abstract

A new type of instability in coupled reaction-diffusion-advection systems is analysed in a one-dimensional domain. This
instability, arising due to the combined action of flow and diffusion, creates spatially periodic stationary waves termed flow
and diffusion-distributed structures (FDS). Here we show, via linear stability analysis, that FDS are predicted in a considerably
wider domain and are more robust (in the parameter domain) than the classical Turing instability patterns. FDS also represent a
natural extension of the recently discovered flow-distributed oscillations (FDO). Nonlinear bifurcation analysis and numerical
simulations in one-dimensional spatial domains show that FDS also have much richer solution behaviour than Turing structures.
Inthe framework presented here Turing structures can be viewed as a particular instance of FDS. We conclude that FDS should
be more easily obtainable in chemical systems than Turing (and FDO) structures and that they may play a potentially important
role in biological pattern formation. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The spontaneous formation of mesoscopic patterns in far-from-equilibrium systems has in recent decades been
studied intensively in reaction/diffusion (RD) systems with fast inhibitor diffusion [1,4,5,7,25]. Turing’s diffusion-
driven instability [1], which gives rise to stationary structures by symmetry breaking of the homogeneous reference
state, is arguably the most influential model of this kind. Turing developed the theory in an attempt to explain
morphogenesis, the development of shapes and forms in biology from undifferentiated tissue. Although to date no
chemical has been conclusively identified as a morphogen, there do exist a number of candidates (see the books by
Harrison [2] and Goodwin [3]).

Reaction-diffusion models exhibit a great variety of spatial patterns (see, for example [7,25] for a review).
However, their relevance to biological systems has been criticised due to their extreme sensitivity to parameter
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values. Murray [8] illustrated this by linear stability analysis and showed that the parameter regime in which a
number of reaction-diffusion models gave rise to diffusion-driven instability is really very small.

On the other hand, the role of flow on pattern formation has been studied only recently. A differential-flow, that
is flow of activator and inhibitor species at different rates, was shown [9] to have a similar destabilising effect on
the homogeneous steady state of a reaction-diffusion-advection (RDA) system as differential diffusion has in the
Turing case [10]. The result of the differential-flow instability (DIFI) are periodic travelling waves.

More recently, Andresen et al. [11] (see also [12]), carried out a linear stability analysis of the RDA equations
which describe the open flow of oscillating medium with fixed boundary conditions at the inflow. Their analysis
predicted stationary waves even though all transport coefficients were equal. This seemed paradoxical since at th
time only the Turing and Turing-like mechanisms involving fast inhibitor diffusion gave rise to stationary structures.
Kaern and Menzinger [13] realised that the physical mechanisasentially kinematiand they experimentally
confirmed the predicted wave patterns. In the kinematic limit of sufficiently high flow rate the flow distributes the
temporal oscillation, whose phase is fixed in space at the inflow boundary. Therefore, they refer to these stationary
structures aflow-distributed oscillationsr FDO. A necessary requirement for FDO is that the uniform reference
state lies in the oscillatory (Hopf) domain.

At the same time Satnoianu and Menzinger [14] generalised this result to RDA systems with differential trans-
port, i.e. with different diffusion and flow rates of the key reacting species. To distinguish the resulting waves
from the FDO waves, the latter have been terrfied-distributed structuresr FDS. The analysis of a generic
reaction-diffusion-advection model led to the determination of the boundary in parameter space of the domain in
which FDS patterns occur and clarified its relation to Turing and DIFI patterns. In particular, it was shown that the
new FDS waves exist only for regions in parameter space that lie outside the Turing domain, and that the region
where stationary Turing patterns are observed, in the absence of bulk flow, may be greatly expanded by the presenc
of aflow. It was found that an unstable (Hopf) reference state is not necessary for FDS to occur and that the paramete
domain wherein FDS occurs extends into the region in which the reference state is stable.

In this paper we extend the analysis of [14] in two directions: first, we compare the parameter regimes in which
FDS occurs with those in which Turing patterns occur, focusing on their parametric sensitivity; second, we assess
the influence on FDS and Turing instabilities of the form of the nonlinearity in the kinetics. All our analysis is
carried out on a one-dimensional domain. We find that FDS yield a richer class of patterns than those obtained from
Turing instability, and the resultant patterns are supported in a larger parameter space. This is shown by the lineal
analysis and numerical simulations in Sections 2 and 3. In Section 4 we consider the nonlinear problem for the FDS
where we seek to investigate the solution properties away from the primary FDS bifurcation point. In Section 5 we
discuss the possible implications of our results to applications in biology. We conclude that the FDS mechanism is
a robust morphogenetic mechanism which is more flexible in comparison with the classical Turing scenario. In fact
we argue that the Turing patterns should be understood as a particular instance of the FDS mechanism. Therefore
we expect that the realisation of FDS waves should be quickly accessible in chemistry and we indicate a practical
reaction mechanism to this end. Our results point to the ubiquity of FDS waves in nature.

2. A reaction-diffusion-advection system with unequal diffusion and flow rates: an ionic
chemical system with combined quadratic and cubic autocatalytic step

In [14] a differential-flow reactor was modelled by using as a prototype the action of an electric field coupled to a
reacting medium with an ionic version of cubic autocatalator (or Gray—Scott (GS)) kinetics (we refer the reader to
[15] for details of this model and the references therein, and [16] for more information on the effect of the electric
fields). This is probably the most realistic, though relatively simple physically, differential-flow system where the
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component species can attain different advection rates. The same physical model will be applied repeatedly here
except that now we shall consider a variety of different kinetics laws for the governing chemistry.

Our first question relates to the difference in behaviour between the cases when the main kinetics step is either
guadratic or cubic. To be specific we consider a model in which itis assumed that a precuissprd3ent in excess.
To maintain electroneutrality we also require a further speciegde present in the reactor at a concentration
similar to that of P, though this species does not take part in the reaction. We assume ttiat&s at a constant
rate to form the substrateAvia

PT — AT, rate= kopo (2.1)

wherepg is the initial concentration of the reservoir speciés Phe substrate A and autocatalyst Bsubsequently
react by following a linear combination of quadratic and cubic steps according to the scheme

AT +B" — 2B*, rate=kqab (2.2.1)
At +2B" - 3B*, rate= kcab? (2.2.2)
BT — C", rate=kb (2.3)

wherek; are the constants arglb are the concentrations ofAand BF, respectively.

With P™ and C" present in excess, so that reactions (2.2) and (2.3) make only a small net contribution to the
overall ionic balance, we can invoke the constant field approximation used extensively in previous models. A formal
justification for this approximation is given in [16]. We take the reactor to be such that transverse variations in
concentration can be ignored and to be sufficiently long for end effects to be negligible [17] so, effectively, we are
considering a semi-infinite domain. This leads to the dimensionless reactor model (see [15] for the derivation of
these equations and the influence of the electric field on their form)

da 32q da

— =8— — 80— — pab— (1 — p)ab? 2.4
” o2 0bn tr-P 1-p (2.4)
ab 3%

o = a2 —qb%erabJr (11— pab® —b (2.5)
wherea, b, t andx are the dimensionless concentrations, time and distance along the reactor, respectively, with
t > 0and O< x < co. Here,§ = Da/Dg is the ratio of diffusion coefficients of substraté And autocatalyst B,
respectively, ang is a parameter denoting the intensity of the applied electric field (this can also be interpreted as the
dimensionless drift velocity) which we use as the main bifurcation parameter. In [16] it is shown that the dimensional
electric field intensity is computed according to the relatin= g F X /RqT, where X' is the applied electric

field strengthF the Faraday constarRg the universal gas constaiftthe absolute temperature (supposed constant)
andzg the ionic charge of B (which is 1 in our case). Without any loss of generality we assumg th& The
parametep € [0, 1] measures the strength of the quadratic step against the cubic stgp=Fbrthe nonlinearity

in the kinetics is purely quadratic, while fer= 0, it is purely cubic. Sincé couples the differential-diffusion and

flow (through theS¢ termin Eq. (2.4)) itis also called thfferential transport ratio On puttingd = 0 in Egs. (2.4)

and (2.5) we recover the model discussed in [17,18].

Before going further it is worth commenting here on the relevance of considering the mixed-order autocatalysis
kinetics given in Eqgs. (2.4) and (2.5). In [19] the same mixed-order autocatalytic step was considered in the context
of pure reaction-diffusion without any source terms and/or decay steps in the species kinetics. The interest there
was to analyse the existence of constant speed travelling waves in such systems and in particular the dependence o
the speed on the form of the autocatalytic step. A real life example where mixed-order autocatalysis was employed
successfully is the iodate-arsenite reaction studied extensively in [20].
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We are concerned here with the signalling problem whereby a small, constant time perturbation is imposed at the
boundaryx = 0 for a long, but finite time« > 0, say). Therefore, to close the problem (2.4) and (2.5) we specify
the following boundary conditions:

a(0,1) = as+ e1(1), b(0, 1) = bs+ &2(¢) (2.6)
for anyt > 0, where

g, f0<r=<rt
&i(t) = .
0, otherwise
and whereegq, 2 are small, fe1], |e2] « 1) constant perturbations. Initially the system is considered to be in the
uniform, unperturbed state

Cl(.x,o) = ds, b(-xvo) :bS (27)

whereas andbs are spatially uniform steady state values (that is, the constant solutions to Egs. (2.4) and (2.5)) of
a andb, respectively. A problem similar to (2.4)—(2.7) but with boundary condition (2.6) replaced by a periodic
temporal small perturbation has been analysed for the model (2.4) and (2.5) withands = 0 in [18].

Problem (2.4)—(2.7) is a well posed problem for which results pertaining to local existence and uniqueness of
solutions are standard [21]. The global existence of solutions and hence their uniqueness can be established b
applying the results of [22].

We note that the kinetic (ODE) system ((2.4) and (2.5)) has a (spatially uniform) steady state

1
S= 7b = )
{(as g <M+P_PM M>}

which exists for all 0< p < 1. A standard local stability analysis f@rshows that, for giveip in this range Sis
stable for all

0 vi-p—p

u = po(p) = maX{ —
-p

and undergoes a Hopf bifurcation in a domain included in

V5-1
2

>0

{Ofufuo(p),ofpi

In particularSis stable for any. > 0 if p = 1 (pure quadratic case) apg(0) = 1 (corresponding to the pure

cubic case). In fact the case of pure cubic autocatalysis was analysed in great detail in the literature (for example
[23,24]). From these studies it is known that for= 0, Sis stable foru > 1 and undergoes a supercritical Hopf
bifurcation atux = 1. This leads to stable limit cycles in the interyal < 1 < 1 (11 = 0.9003). Foru < u1 the

kinetic system does not have a long time steady stateavithus, b — 0 ast — oo.

Apart from the linear interpolation between cubic and quadratic steps considered above there are obviously othel
ways to combine such steps, atleast at this theoretical, speculative stage. Because of this arising complexity we woul
like to begin in the next section with the most general situation and to return to the particular case given by system
((2.4) and (2.5)) later. In doing so we shall be able to obtain the necessary and sufficient conditions for FDS instability
for any given type of nonlinearity in the kinetics (ODE) system accompanying a reaction-diffusion-advection system
of the formin (2.4) and (2.5). These conditions will be illustrated below in a series of applications through a variety
of kinetics schemes/nonlinear models including some widely used in the mathematical modelling of biological
systems [7].
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3. The FDS primary instability
3.1. Linear analysis for pattern instability in a general reaction-diffusion-advection system

3.1.1. FDS instability
In the following we shall continue to use the notati®for a generic (spatially uniform) steady state solution to
a system like (2.4) and (2.5) but with general kinetics terms. To be specific the form we consider is the following:

S— —8¢p— + f(a,b) (3.1)

da _ 92a da
ar 9x? dx

ab 3% ab
3 = a2 3. te@h (3-2)

We assume that the nonlinear functidsmdg are such that the results for global existence of the solutions derived

in [22] can be applied. In particular these require thabdg are Lipschitz continuous functions in the variables

a, b and that there is some control for the growth parté afidg as functions ot andb. All these requirements

are usually satisfied in practice and are easy to check for the model examples used in Section 3.2 to illustrate the
theory. Whenever this is the case we note that the reaction-diffusion-advection system ((3.1) and (3.2)) is the most
realistic and still general set-up which gives rise to possible spatial and/or spatio-temporal instabilities such as
Turing [1], DIFI [9] and/or FDS [14]. Our goal here is to establish the necessary conditions on the form of the
nonlinear functiong andg which promote FDS.

Previous studies on the FDO instability [11] have claimed (without proof) that a necessary kinetic condition for
the appearance of the FDO instability as a primary bifurcation from the steady stateSshivatd lie in the Hopf
(oscillatory) instability regime. As we deal here with a more general case the situation is more complicated.

As usual, the stability oBis determined by analysing the behaviour of the linearised system a&iindio this
we set

azas+A, bzbs+B (33)
where|A| < a, |B| < b. Substituting Eq. (3.3) into Egs. (3.1) and (3.2) we obtain, after linearising,

IA  9%A dA
— =0—5 —6¢p— A B 3.4
a7 9x2 ¢o- tanAd+an (3.4)

B 9B B
—_— = — —— + A+ B 3.5
dt dx2 ¢ dax 421 22 (3-5)

subject to the boundary conditions

A0, 1) = e1(1), B(0, 1) = &2(1) (3.6)
where
af af g g
a = 7> a = T a = S a = 7
1= 54 2= % 2= %4 2= %
evaluated a8

Here we assume that the perturbation is applied at the inflow boundanp for a long but finite time. This
allows us to take the boundary perturbation data with time-compact support (and to be extended, if necessary, by
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periodicity to the whole oR). Therefore, the conditions of the Fourier theorem are met and we seek the general
solution to Egs. (3.4) and (3.5) as a superposition of normal modes

(A,B) = / h (Ao(w), Bo(w)) €@ dg (3.7)

—00

From our assumptions it follows that the functighgw), Bo(w) (in Eq. (3.7)) are analytic functions in the complex
w-plane. By the inverse Fourier transform from Eqs. (3.6) and (3.7) we have

1 [ i 1 [ i
Ap(w) = —/ e1(r) €' dr, Bo(w) = —/ eo(t) €' dt (3.8)
2 0 2 0
Expression (3.7) is a solution providedandk satisfy the quadratic dispersion relatior.in

D(w, k) = 0 +i((L+ k% — (1 + 8k + Tr)w — Sk* + 28¢k® — (a11 + Saza + 5¢2)k?
+(a11 + daz2)pk — A =0 (3.9

where
Tr = a11 + a2, A = aiiaz — a12a21 (3.10)

Since we are interested in stationary-space periodic solutions(ke0) we require the coefficient @ in the
dispersion relation (i.e. the free term in the quadratie in Eq. (3.9)) to be zero at the bifurcation boundary giving
(see [14] for full details)

R = 8k* — 28¢k® + (a11 + Sazz + 8¢)k? — p(a11 + Saza)k + ar1az2 — a1paz1 = 0 (3:11)

Solutions that bifurcate to space-periodic structures will have purely imaginary wave numbersg, zc > 0. A
short calculation reveals that

ai1 + daz2
ZczﬂllT >0 (3.12)

It is instructive to note that the critical FDS wave number at Eq. (3.12) coincides with the critical wave number
of the Turing theory [7]. In fact at criticality we obtain three possible wave numbers given by 0 (corresponding to
the uniform steady stat®) and +iz; (corresponding to the bifurcating FDS solutions). This is the signature of a
typical pitchfork bifurcation with the FDS bifurcation behaving similarly to the Turing bifurcation. Note that this
bifurcation can only exist wheh> —(a11/a22). Putting this value ok into Eq. (3.11) gives theeutral curve of the
boundary-forcing problemi.e. the curvep™ = ¢ (8, f, g) that corresponds to tHafurcation to stationary (FDS)
solutions
1+ 8az)? — 48(a11a22 — ai2az1)
2 8(a11 + daz2)
for § # 0 andaj1 + Sazz # 0. We remark here that there is no such instability associated with the steady state
solution of a single, scalar equation (i.e. we require at least two species for the instability to occur).
We can compute explicitly the eigenvalues by straightforward but involved algebra. Definingk® + (a11 +
a228 + 8¢2)k? + A, r1 = —Tr — (L + 8)k?, 52 = 28¢k%i + k¢ (a11 + 8az)i, r2 = —i(L+ 8)k¢p, o = rira — 257,
B = rf — r22 — 451,

LR ) av/2
V2 B+ VBT do?

¢*2 = (9%, f,9)% = (3.13)
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itis easy to see, from Egs. (3.9) and (3.10), that the eigenvaluestase (1/2)(—r1 £ A —i(r2 £ 7)). In particular,
wheng = ¢*, we have that R@™) = Im(w™) = 0 atk = k¢ defining the critical boundary for the FDS bifurcation

to stationary solutions. Furthermore, calculations for the model kinetics systems used to illustrate the presenttheoryin
Section 3.3, show thatl Re(w™) /d¢) (¢*) > 0when all the other parameters are kept fixed. This shows that the FDS

bifurcation is expected to occur inthe regipr» ¢* in generic cases (i.e. a supercritical bifurcation). Thisis therefore
similar to the case of a Turing bifurcation (the latter occurs in the dothaird; with 57 defined in Eq. (3.24)).
Now we look in more detail at expression (3.13). We have two cases to consider:

1 (a11 + 56122)2 — 48 (a11a22 — aroaz1) > 0 and a1+ 8axp <0 (3.14)
2 (a11 + 36122)2 — 48 (a11a22 — aroaz1) < 0 and ai1+ 8axp > 0 (3.15)

Case 1 is actually impossible since it contradicts the conditionzthatEq. (3.12) is real. Case 2 can only
hold if A = a11a22 — aj2a21 > 0. This leads to two subcases to analyse:

2.1 Tr=a11 + az2 < 0. This corresponds t8being linearly stable for the associated spatially homogeneous

ODE system to (3.1) and (3.2). Without restriction suppose theruthat 0, ax2> > 0. This corresponds

to the so-called activator—inhibitor local type dynamics in the ODE system. From the second condition in
(2) we require thag > 1. In this case the first condition in (2) implies ttédies between the two roots of

the quadratic:

(a11 + 8az2)? — 48 (a11a22 — a1paz1) = 0 (3.16)

Eqg. (3.16) actually corresponds to the case- 0 in Eq. (3.11) with the subsequent requirement that the
resulting quadratic itk? has a double root (Turing instability). Consequently we see from Eq. (3.16) that
this is possible only when the discriminant

As = —16a12a21A > 0 (3.17)

BecauseA > 0 from our assumption we see from Eq. (3.17) that the cross-diagonal terms in the Jacobian
must have opposite signs. This then leads to the two possible types of kinetic interactions, namely pure
activator—inhibitor and cross activator—inhibitor [7,8]. These are the only two types of nonlinear structure
able to sustain the Turing instability. However, we note that in our case the parameter space for FDS
instability is disjoint from the Turing domain. Leéy < &> be the two (real) roots of Eq. (3.16). With
conditions (3.16) and (3.17) satisfied we then have the condition for the spatial FDS instability (condition
of the diffusion ratio and flow rates):

max{l, 81, —E} <5< (3.18)

a2
¢ =" (3.19)

where¢* = ¢*(8, f, g) was given in Eq. (3.13). Condition (3.19) is equivalent to the requirement that
Eq. (3.11) with conditions (3.15), (3.17) and (3.18) has a solution wittwiRe 0 and Imk) > 0 giving

spatial instability (see the discussion in the paragraph following Eq. (3.13)). Of course, it may be possible
to have a subcritical bifurcation a&t= ¢* but this cannot be determined by linear analysis. In fact, using
weakly nonlinear analysis, we find that for the pure cubic model this is possible (full details will be presented
elsewhere [37]). We note that condition (3.19) is satisfied in all the calculations presented below for all the
different kinetics schemes used.

2.2 Tr=aj1+az2 > 0. Inthis cas&is temporally unstable. In generic cases the conditioaTrcorresponds

to a locus for a Hopf bifurcation so that the homogeneous steady state undergoes an oscillatory motion in
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the absence of any spatial instabilities. From Eq. (3.15) we still require Eq. (3.17) to be satisfied, i.e. the
cross-diagonal elements of the Jacobian must have opposite signs. If all these restrictions are satisfied ther
FDS instability is possible. We shall require again that

max{sl, —E} <§ <8 (3.20)
az?

¢ = ¢ (3.21)

for Sto be linearly unstable to spatial perturbations leading to FDS. Condition (3.21) is established in the
same way as for Eq. (3.19). A surprising consequence of this case is the possibility of FDS being promoted
even if the ODE system associated with (3.1) and (3.2) does not have an activator—inhibitor structure. This
is so whenevea;; anday, have the same sign (either positive or negative). We also note that this subcase
allows for situations whed < and/or > 1 which is in marked contrast to the similar conditions for a
Turing bifurcation [7,8]. However, in order to make a fair comparison between the Turing and the FDS spatial
instability mechanisms it is clear that one needs to extend the Turing case to allow for spatial patterning
even when, initially, the uniform steady state of the system is temporally unstable. This is what we do now.

3.1.2. Turing instability

We define arextended Turing bifurcatioas a bifurcation to stationary space periodic solutions in a coupled RD
system from a spatially homogeneous reference state (which may be temporally stable or unstable).

To analyse the extended Turing bifurcation appropriate boundary conditions must be augmented to the systen
depending on the geometry and the spatial configuration of the system. Here, we analyse the extended Turing
bifurcation for system ((3.1) and (3.2)) with the same boundary and initial conditions as for the previous case but
with ¢ = 0. The analysis is entirely similar to that for FDS so we only summarise the results. The stability of the
steady stat&is again determined by analysing the Eqgs. (3.4) and (3.5) but nowgnithO. For these conditions
in exactly the same manner as for the FDS case the linear solutions are given by

o
(A, B) = / (A1(w), By (w)) @K@ dq, (3.22)
—00

where
1 (= i 1 [ .
Ay(w) = —f ni(r) e dr, Bi(w) = _/ n2(t) €7 dr
27'[ 0 ZJT 0

and wherey; are small, smooth, compact supported functions 8 ® < co. Following the standard pattern of
analysis as for the FDS above we deduce from Eq. (3.22) the required dispersion relation. As before we are looking
for stationary solutions so again we set the coefficiers®in the dispersion relation to zero to obtain:

T = 8k* — (a11 + dax)k? + A =0 (3.23)
From Eg. (3.23) the neutral curve for instability is
a11k2 —A
Sr =067k = —r 3.24
T T( ) kz(kz — 6122) ( )

whose minimum

5
kp = /W =0 (3.25)

is the same value as in the FDS case. The neutral stability condition gives from Eq. (3.23)ythat4(a11 +
Sraz)? > 0. Thus,A > 0. Note that; = 8, the larger root in Eq. (3.16). From Eq. (3.25) we also have that at
least one of the main diagonal terms in the Jacobian matrix is positive.
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Considering first the case of bifurcation from a stable uniform steady state we have the condition hat Tr
a11 + az2 < 0. Therefore, from Eq. (3.25) we have two cases to analyse:

1 ap> > 0: From Tr= aj1 + a»2 < 0 it follows thata1; < 0. FromA > 0 we then havejsaz; < 0. This is the
classical activator/inhibitor type of dynamics discussed at length in [7].

2 az < 0: From Eq. (3.25)11 > 0. Again we require that the cross diagonal elements in the Jacobian must have
opposite signs.

In order to aid the comparison with the FDS case we need to discuss the possible bifurcation to spatial patterns
when the uniform steady staBis temporally unstable. In this case,

Tr=a11+a» >0 (3.26)

From Egs. (3.24) and (3.26) we see that in this case the instability is possibke with for example withip, > 0 >

ai1 andagy > |az1|. It can also hold when mias1, az2} > 0. This is therefore similar to the FDS case (2.2) above.
Finally we remark that an extended Turing bifurcation is possible with no differential diffusion présent}j.
From Eg. (3.25) this necessarily requires that=Tai11 + a2 > 0, i.e. the uniform reference stefés unstable.

To summarise, we have shown that classical or extended Turing and FDS instabilities are possiSis witleer
stable or unstable. In the former case the conditions for the FDS are given by Egs. (3.18) and (3.19) and the condition
for Turing instability is given by > &> with §2 being defined as the larger root of Eq. (3.16) (see [7]). In the latter
case we have conditions (3.20) and (3.21) for FDS, with the same condlitiaf for the Turing instability. In this
latter case both instabilities can occur with: 1 and the activator—inhibitor structure is no longer necessary.

The stability analysis for FDS shows that = 0 < (a11 + 8ax)? — 45A > 0. We can interpret this in two
ways, namely for parameter values inside the (extended) Turing domain we can either have no FDS instability or
FDS coinciding with the (extended) Turing instability. The latter formulation is what we prefer as then the classical
Turing patterns can be truly seen as a particular FDS solution. In this way, we can say that there is one general
patterning process due to the combined action of diffusion, flow and local kinetics, which produces patterns that
we propose to caflow and diffusion distributed structureEherefore, the same nomenclat&@Sis operable but
under this more general understanding.

We also note that relation (3.13), for the critical neutral curve, can be arranged in a different way. We see from
Eqg. (3.13) that for given values of the kinetics parameters and a given flow rate there is a range of values for the
diffusion ratios: Sdly’f’g <5< 5425,,f;g such that inside this interval linear analysis predicts FDS instability. For the
corresponding classical Turing case we need to salisfys,. We have thaﬁghﬁg = §2. Therefore, for the case
whensSis stable (which is the case with applications in morphogenesis), the FDS instability improves considerably
one of the main requirements in the Turing scenario [7], namely that the ratio of the diffusivitids > 1. As it
is known, for the latter it is found that the difference is a few orders of magnitude making this stringent assumption
a major handicap for practical applications of the Turing theory. By contrast in the FDS case the minimum diffusion
value is controlled via Eq. (3.18) by the ratiea;1/a22 > 1. From Eqg. (3.18) this not only is a smaller value than
the Turing minimum valué; but is also of simpler structure and easier to control.

3.2. lllustrations

We explore now the consequences of the above theory for a variety of kinetics models. The goal is to determine
the domains in parameter space where FDS and/or Turing structures occur for a set of widely employed kinetics
models. We aim to find which particular nonlinearity generates spatial patterns in a robust manner and thus can be
chosen as a likely candidate to guide the experimental realisation of the FDS patterns. In particular, the analysis
below shows that pure quadratic nonlinearity does not promote spatial patterning.
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3.2.1. Quadratic—cubic linear interpolation model (2.4) and (2.5)
The model (2.4) and (2.5) has a generic substrate-activator type kinetics giyeéath) =  —pab— (1— p)al?,
g = pab+ (1 — p)ab? — b. Its uniform steady-state solution is
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In Fig. 1a we have plotted, for the case- 0.5, the boundaries of the FDS domain in the p)-parameter plane.
These are given by the two curv&s= 82(u, p) = 0 (labelled as curve 1) arid i, §) = a1+ Sazz = 0 (labelled
as curve 3). It is instructive to discuss the location of the FDS domain in relation to the Hopf domajn=F6r
(cubic autocatalysis) the Hopf domain lies in the intenal= 0.9003 < u < 1 (in Fig. 1au is labelled by
H). We see that the FDS domain does not intersect the Hopf domain. This will remain true at least in a certain
vicinity aroundp ~ 0. We conjecture that this can be true for all 0kOp < 1. What is important from Fig. 1a
is that the FDS domain is located in the region of parameter space in which the uniform steady state is locally
unstable.

If we now vary§ we see that the right hand side boundary, §) = 0 is shifted further to the right (for
8 > 1) or, respectively, to the left (fo8 < 1) from the boundaryi(1, ©) = Tr = 0 corresponding t@ =
1, which marks the case of no differential transport [11,13] and corresponds to the boundary of the Hopf do-
main. The FDS domain fo8 = 5.0 is shown in Fig. 1b. In this case it contains a region disjoint from the
Hopf region. However, this time (for example for all & © < 2.23... in the casep = 0) the difference
with Fig. la is that the FDS domain is located in the parameter region wBé&etemporally stable. Both
these results are very surprising in view of the results presented in [11,13] where the existence of the flow
sustained stationary waves has been claimed to require the presence of the Hopf conditions. It is also some-
what unexpected compared with [14] where the FDS domain was understood to be residing in a certain vicin-
ity of the Hopf domain even if it could have portions outside it. We show here, for the first time, that this is
not the case and in fact we can realise stationary waves for a generic reaction-diffusion model for which these
waves are born out from the perturbations of the steady state when this steady state is temporalbnistable
It cannot produce these solutions when the steady state is in the Hopf instability regime. Clearly this leads to
the question of experimental verification of this prediction in view of the fact that the results in [13] do not
apply.

We also note that for the two cases presented in Fig. 1a and b (i.e. visemot too large) we have poten-
tial FDS instability for (i, p) ~ (0.0, 0.0), i.e. for almost cubic type kinetics and weak production of e
precursor. This is surprising and a new feature for this type of model as it is known [23,24] that for the pure
kinetics system ((2.4) and (2.5)) there is no bounded attractor with the solution evolviag s~ (ut, 0)
ast — oo. Thus, the inclusion of diffusion and advection increases the domain of pattern formation consi-
derably.

<

Fig. 1. (a) Plot of the FDS domain for the quadratic-cubic system ((2.4) and (2.5))$Her@5 and the FDS domain (shaded) lies between
curves 1 and 3. The uniform steady state loses stability on curve 2 (Hopf bifurcalidenotes the boundary point{ ~ 0.9003) of the Hopf

domain which, fopp = 0, liesin the intervals < u < 1. The Hopf curve is defined as the locus of those points for which &1+ a2 = 0.82

is the larger of the two roots in Eqg. (3.16). (b) Plot of the FDS domain for the quadratic—cubic system ((2.4) and (2.5)}3&rand the FDS

domain (shaded) lies between curves 1 and 3. Note that in neither case ((a) and (b)) do we have FDS instability for the pure quadratic case. Also
in both the above examples the classical Turing instability does not occur. The labelling of the curves is as defined in (a). (c) The FDS domain
for the caséd = 10.0 (shaded region lying between curves 1 and 3) for the system ((2.4) and (2.5)). Note that fer<© po = 0.4... the

entire FDS domain is outside and well away from the Hopf domain. Here the Turing domain exists in the bounded, “angular” region surrounded
by the curves 1 and 2 and exists for values in the range0< po = 0.4.... In particular there is no Turing bifurcation for the pure quadratic

case. Note also the larger extent of the FDS domain as compared to the Turing domain. The labelling of the curves is as defined in (a). (d) A
plot in the §, p)-plane showing the extent of the FDS and Turing regions for the system ((2.4) and (2.5)). Both the Turing and FDS boundaries
converge in the limit a8 — oo to p = 1. (e) A plot in the §, ¢)-plane of the generalised FDS domain for the pure cubic kinetics model ((2.4)

and (2.5)) withp = 0. Here it is drawn foy. = 1.2. The Turing critical diffusion i$7 = (34 2v/2)u? ~ 8.39. The pure Turing domain resides

in the regiong = 0,5 > 57 along thes-axes whereas the FDS domain lies in the whole domain bounded below by thepcarvg* from

Eqg. (3.13). Note the balance in the spatial transport needed to achieve spatial patternsso asé becomes small ang* — 0 as§ — oo

giving hyperbolae-shape behaviour.
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A key issue is to compare the extent of the FDS and the Turing domains (and implicitly the locations of
their boundaries) when the two kinetics parametersp) vary in the region where the steady stéitg, bs)
is temporally stable. This is shown in Fig. 1c for the cdse- 10.0. We see that the domains for FDS and
for Turing instabilities are separated by the bound&fgu, p) = 0 (see [26] for details on Turing instabil-
ities for the pure cubic model). Clearly the former is considerably larger than the latter. This is further sub-
stantiated in Fig. 1d, which displays the boundaries of the FDS and Turing domains i#, fijeplane for a
fixed value of the kinetics parametgar. Clearly the size of the FDS region is greater than the corresponding
Turing region. The calculations also show that both curves apprpachl as§ — oo monotonically. How-
ever, note the rapid increase in the FDS boundary up to 8.5 followed by a slow, almost flat approach to
p = 1. In contrast, the Turing curve starts off only &t~ 135 and remains always below the FDS bound-
ary. This behaviour occurred in all the calculations we performed leading us to conjecture that it is a generic
feature.

Also from Fig. 1la—d we can make a qualitative comparison between the influence of the nonlinearity for these
two spatial instability mechanisms. Fig. 1d shows that increasing the differential transport between the two key
species (i.e. increasirfy leads to an increase in the likelihood of pattern formation in both the FDS and the Turing
cases.

The features seen in these graphs can be readily understood from the general theory of the previous section. Fc
the present kinetic scheme, relation (3.12) gives the critical wave number for FDS instability as

2 P?—2up®+2up 4+ p? — 2u?p + u?p? — 5(1— p)
kgl =
25(up — p — 1)

(3.27)

This can exist only wheni; + daz2 > 0 and approacheg/(25) asp — 17. The latter condition leads to a
quadratic inp with the condition that the FDS instability exists only for valuepdfing between the two roots of
this quadratic. As one root is negative we obtain the condition

@ —2u -8 + V2P — 20— )2 + 40 — uA)(u — 172
2(n — 1)?

for the domain of the kinetic parameteys, p) for which the instability exists. We see, for example, that there is
no FDS instability for the pure quadratic cage=£ 1) since, from Eq. (3.28), this would require

O0<p

(3.28)

20— 17 < u? — 20— 8) +/@u? — 241 — )7 + 46 — u?) (1 — 172

implying that 1 < 0. However, for any > Owith 0 < p = 1—¢ < 1, FDS can be realised & > 57, =

(14 (u — De)?)/e. This shows thaﬁ;u — oo ase — 0. From Eq. (3.13) we then have that the critical FDS
value hag* — oo as Qé; ). The same conclusion is valid for the Turing case. Indeed relation Eg. (3.16), which
defines the Turing boundary, implies that the critical diffusion r&gidor Turing patterns satisfies

_ 2A —anaxp+ 2y A2 — Aanaz
= 2

azo

ot

(3.29)

but
1-p _
ap=|—])—>0 asp—>1 sodyr >o0 asp—>1 (3.30)
p+u—up

Thus, we have shown that neither FDS nor Turing instabilities can exist for the pure limiting case of quadratic
autocatalysis (this is consistent with the plots in Fig. 1¢ and d for system (2.4) and (2.5)). This type of nonlinearity
isolates itself as a singular case (which is also consistent with previous studies on this type of autocatalysis in other
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contexts [19]). However, there is still one marked difference here. From Fig. 1c and d and also more generally for all
the other cases tried, we have found that the FDS domain asymptotically approaches valugs efith p — 1

ass — oo ‘before’ the Turing domain does so. This of course requires, from Eqg. (3.13), that the corresponding flow
rate¢™ = ¢*(u, p) — oo as 0§). Thus, the pure quadratic case itself is a limiting case which does not promote
FDS. This strengthens our conclusion that it is much easier to sustain stationary patterns via the FDS route than the
Turing scenario.

Fig. 1e summarises our main result. It displays the universal behaviour of the FDS mechanism which incorporates
the Turing instability as a particular case. Note the balance in the spatial transport needed to achieve nonuniform
patternsiyp* — oo ass§ becomes small angl* — 0 asé — oo giving hyperbolae-shape behaviour. As we shall
show in [37] the new FDS domain constitutes to date the most general spatial patterning domain that incorporates
all the known available mechanisms: Turing, DIFI and FDO.

We have explored numerically the spatio-temporal behaviour of the above model, using Fig. 1c as a guide to
choosing parameters. For the numerics we have used zero flux boundary conditions

da_o W _g
ax ax
atx = 0, L (where 0 is the position of the inflow boundary ahd- 0 gives the location of the outflow boundary).
Typical results are shown in Fig. 2a—c. Fig. 2a is a plot of the profiles of the solutions for system ((2.4) and (2.5))
for a point in the FDS-Hopf region (Fig. 1c). Note that the solutions are neither in phase nor out of phase, but that
the phase shift lies between 0 and40]. This is the hallmark of reaction-diffusion-advection systems as compared
to reaction-diffusion systems. Fig. 2b illustrates the solutions for a point in the Turing region in Fig. 1c. Here
the solutions oscillate in opposite phase—a typical feature of a Turing solution for this type of kinetics. Finally,
Fig. 2c shows a plot of the solutions for a point in the full FDS region in Fig. 1c. Note the flow driven resonance
phenomenon in the solutions leading to greatly enhanced amplitude in the autocatalyst concentration. We have
also explored FDS solutions for pure quadratic autocatalysis numerically but found that the boundary perturbation
imposed in the system is washed out leading to decay to the steady, uniform state in accord with the theory above.

It is worth commenting here upon a particular feature of the FDS solutions. As it was defined the instability
mechanism relies on the constant boundary source signal (Dirichlet boundary condition). We wanted to see if similar
behaviour could be obtained if one changes the location of the signal from the boundary to some internal point(s) in
the domain. A few numerical simulations (where the same system (2.4) and (2.5)) was solved but with condition (2.6)
replaced by zero flux at = 0 instead) have shown that indeed the behaviour is similar to the original, as expected.
Our considerations in Section 5 explain that this is linked with the convective nature of the FDS instability. This
may have important implications for biological modelling. For example many biological morphogenetic processes
proceed in a sequential order (e.g. limb and organ development in animals or plant development) and thus require the
spatial instability of the model to have a convective character. As Turing instability is absolute [15] these phenomena
cannot be easily modelled in a standard reaction-diffusion context.

We have also attempted a test for the sensitivity to parameter variation of the FDS and Turing mechanisms.
There are many ways in which this could be done. A difficulty here is to find a test which allows for a consistent
comparison of the spatial mechanisms. One simple one is illustrated in Fig. 2d. From the patterning domains given
in Fig. 1c we can fix a set of parameter values (well inside each domain for each case). One then asks what are
the changes in solution characteristics when the parameters are varied in some range, say2@thinom their
initial values. This was implemented by studying in detail the variation in pattern wavelengths computed from the
numerical solutions. Fig. 2d illustrates the result for a typical case.yldnds displays the average percentage
change in the wavelength as a function of the percentage change in parameter. This measure resembles a linea
correlation coefficient between the two quantities. One sees that both mechanisms are relatively robust to the changes



92 R.A. Satnoianu et al./ Physica D 160 (2001) 79-102

in parameters with all the cases showing that the solutions are less than proportional to changes in the input values
For both FDS and Turing solutions the response to changessivery small; variations i give a response of

about 50% change; variations in the diffusion ratiead to a change of about 30%. We draw attention to the fact
that the sensitivity of the patterns in the Turing case is always greater than for the FDS solution for comparable
parametersg = 0). This is best illustrated in Fig. 2e. This displays the concentration profile in the autocatalyst
species for the two cases of FDS and Turing, respectively, when all the parameters are fixeg éxbegh is

related to the linear interpolation in the kinetics steps). We clearly see the high sensitivity in the amplitude of the
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Fig. 2. (a) Plot of the solutions for the case= 10.0, © = 0.58, p = 0.4, ¢ = 0.3 for the system ((2.4) and (2.5)). Hetg ~ 0.28 and we are

in the FDS-Hopf region in Fig. 1c. In Fig. 1(a)—(c) the solution was plotted after a sufficiently long time had elapsed to allow the structure to
reach a steady form. (b) Plot of the solutions for the ¢ase10.0, © = 1.2, p = 0.1, ¢ = 0.1 for the system ((2.4) and (2.5)). Hepg = 0

and we are in the Turing region in Fig. 1c. Note that the solutions oscillate in opposite phase, as is typical for a Turing type solution for this type
of kinetics. (c) A plot of the solutions for the system ((2.4) and (2.5)) in the 8ase€l0.0, x = 1.2, p = 0.7, ¢ = 1.2. Heregp. = 1.044 and

we are in the full FDS region in Fig. 1c. Note the resonant phenomenon in the solutions driven by the flow leading to enhanced amplitude in the
concentration of the autocatalyst,(d) Results of the sensitivity analysis of the FDS and Turing patterns to parameter variations. This figure
displays the percentage change in solution wavelength as functid2@¥ change in parameter values. The lighter shading corresponds to
FDS and darker shading to the Turing cases, respectively. Note that FDS solutiops=(i§.are more robust than the Turing solutions. (e) A
comparison of the solution sensitivity to variation in the parameter changes for system ((2.4) and (2.5)) for FDS and Turing cases, respectively.
The parameter values ate= 110, u = 1.2,¢ = 1.1. For each cas&20% variation in the linear interpolation paramegtavas computed from

the chosen valug = 0.1. Note the high sensitivity in the amplitude of the solutions in the Turing case as compared to the FDS case. The same
remark applies to the variation in the wavelength.
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Fig. 2. Continued.

solution for the Turing case as compared to the FDS case illustrating the robustness of the patterning mechanism in
the presence of both flow and diffusion. However, there is a relatively large change in the mean wavelength as the
advection rate is varied. The reason for this is our previous findings [14] that the selected wavelength pattern scales
proportionally with the flow rate (hence the values close to 1, or linear dependence in the sensitivity analysis).

To summarise, the above the parameter constraints for FDS instability giving rise to stationary, spatially varying
patterns for the case &being initially temporally stable are much less stringent than those for Turing instability
[7]. Specifically, the requirement on the diffusion radics less restricted thus making FDS easier to be physically
realised [13,14]. The requirements on the nonlinearity are also more flexible and the kinetics parameter domain
is considerably extended. Our pattern sensitivity studies illustrated in Fig. 2d show that the FDS mechanism is
more robust to variations in parameters despite using one more parameter and having enhanced spatial dynamics
requirements (i.e. variations in both diffusion and flow). All these properties make the FDS instability a robust
phenomenon. The numerical simulations strongly suggest that the FDS parameter domain is of considerably greater
extent than the Turing domain. On the basis of the above generic model, given the more enhanced likelihood for
the FDS waves to occur in pattern formation than the corresponding Turing waves, we conclude that the FDS
mechanism is a more robust pattern generator than the Turing mechanism.
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3.2.2. Quadratic—cubic power interpolation model
We now consider a different type of nonlinearity still based on the generic stepsin Egs. (2.4) and (2.5). Specifically
we replace the two steps in reactions (2.2.1) and (2.2.2) by

AT +mBT - (m +1)B*, rate= kab" (3.31)

where 1< m. Form = 1 we have the step (2.2.1) (pure quadratic autocatalysis) while? is step (2.2.2) (pure
cubic autocatalysis). Therefore, we hafier, b) = u — ab”, g = ab™ — b. The results are presented in Fig. 3a—c.
We see from all these figures that far — 1 (quadratic autocatalysis) the FDS domain becomes singular and
shrinks to the poingm, 1) = (1, 0). In this case the required critical flow rate is infinite as can be computed directly
from Eg. (3.13) for these parameter values. For any gven0, m > 1 we have a finite range of values for the
parametey: such that FDS exists for values in that range and flow rates above the corresponding critical flow rate
from Eq. (3.13).

Itis again instructive to compare the Turing and FDS domain sizes. In Fig. 3¢ we plot the Turing domain boundary
82 = 82(u, m) = 0 (curve 1), the Hopf domain boundary (curve 2) and the right-hand side boundary of the FDS

m
'L..I\.‘I
P 3 — 4
(@ u (b) u
Turing
domain
m
i 1 2 3 4
(© 2

Fig. 3. (a) Plot of the FDS domain (shaded region between curves 1 ands3)for5 for the power interpolation model ((3.5) and (3.6)). The
labelling of the curves is as defined in Fig. 1a. (b) Plot of the FDS domain (shaded region between curves 1 and 2 (or 3—for this case curves 2
and 3 coincide)) fos = 1.0 for the power interpolation model described in Section 3.2.2. The labelling of the curves is as defined in Fig. 1a.
(c) Plot of the FDS domain (shaded region between curves 1 and 8)=£at0.0 for the power interpolation model described in Section 3.2.2.

The Turing domain lies between curves 1 and 2#or 1.21. The labelling of the curves is as defined in Fig. 1a.
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domainay1 + dazo = (m — 1)8§ — u™ = 0 (curve 3). Fom — oo the u-range of both Turing and FDS domains
shrink to a point. Indeed, for giveh > 0, m > 1 the Hopf boundary is located at = </m — 1 whereas the

FDS domain boundary correspondsitp= %/d(m — 1). Itis, therefore, clear that, — u1 asm — oo for fixed

8 > 0. From Fig. 3c it is also clear that the extent of the FDS domain is much greater than the corresponding size
of the Turing domain hence the results are similar to those from the previous application. We found this to be true
for all values ofs > 1 tried.

3.2.3. Comparison with other classical kinetic models

Following the general results above we have explored the FDS and Turing patterning domains for a variety
of nonlinear kinetics schemes that are used widely in chemistry and biology. These include the following sys-
tems: Gierer—Meinhardt, Schnakenberg, CIMA and Thomas kinetics [7,8,28,29,33,36]. Our two previous schemes
have served as generic templates for comparison between domains. The CIMA system (chlorite-iodide-malonic
acid-starch reaction) is relevant since it was used for the first experimental realisation of Turing structures [5,6]. A
two variable model for the CIMA reaction is presented in [29]. Starch immobilises molecular iodine by forming an
inclusion compound. This increases the ratio of diffusion coefficients and moves the parameters into the regime of
Turing instability. The dimensionless governing equations are:

da 92q da ab

st _sp—+b—pf— 3.32
ot 9x2 ¢8x + 'Bl—l-b2 ( )
ab 9% ab ab

T s —bh—48—"_ 3.33
o o2 Pa e A (3.33)

Here,ais the dimensionless concentration of GtQ(chlorite ion, which is an inhibitor) anblis the dimensionless
concentration of T (iodide ion). This models a special type of self-inhibitory kinetics similar, for example, to the
Thomas kinetics [7,8] employed in biochemical modelling. The nonlinearity is inhibitory in both equations whereas
all previous examples employed the so-calledperative activatiotype nonlinearity.
Egs. (3.32) and (3.33) admit the uniform steady state
2
S { a 14+ (a/5) }

as = g, bs = ,8
and we can apply the general results above to determine parameter domains for spatial instability. Such a result is
shown in Fig. 4 fors = 15.0, a value typical for the experiments. The FDS instability is predicted for both the
cases whefis temporally stable and unstable (Hopf domain), respectively. There is an “angular” shaped region on
the right-hand side of this figure (between curves 2 and 3) wherstable and Turing patterns are predicted. It is
clear that the FDS domain is much larger in size than the corresponding Turing region. As the two key parameters
« andg are increased from zero we see that the FDS region is predicted to occur well before the Turing instability.
Again it is also possible to have FDS instability even when Turing instability does not exist (for cases when FDS is
entirely included in the Hopf domain or when it intersects it).

The linear stability calculations backed by simulations reveal that the qualitative picture of the spatial instability
domains is similar for all these models. In all the cases the domain in parameter space for FDS instability is
much larger than the corresponding domain for the Turing instability. Starting from a parameter set which does
not allow patterning, aé is increased through 1 to larger values, we found that instability always occurs first via
the FDS route. However, between them, the CIMA and Thomas schemes allow the largest parameter domains in
comparison to Gierer—Meinhardt or Schnakenberg schemes. We also note that between the two generic schemes
studied in Sections 3.2.1 and 3.2.2 the power interpolation model generates smaller patterning domains than the
linear interpolation counterpart. Finally, preliminary studies reveal that FDS waves exist for both bistable and
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204;
181
16

Fig. 4. A typical plot of the spatial instability domains for the CIMA kinetics described in Section 3.2.4. The FDS domain (shaded) is surrounded
by the curves 1 and 3. Curve 2 is as defined in Fig. 1. The Turing domain lies between curves 2 ghd-33{8r The labelling of the curves is
as defined in Fig. la.

excitable kinetics (for example, FitzHugh—Nagumo FHN [40,41] and Belousov—Zhabotinskii BZ [42,43] kinetics).
A more detailed analysis of these cases will be presented elsewhere [38].

4. Nonlinear analysis of the FDS solutions

We now look at the FDS solutions in more detail. The previous linear analysis determined the regions in parameter
space where the FDS solutions are expected. However, in order to gain insight into the form of these periodic
solutions we need to consider the full nonlinear system. Our goal is to understand the variations in the solution
characteristics (wavelength, amplitude) with the parameters. The method we use can be applied to any bifurcation tc
stationary solutions and therefore is applicable for analysing both FDS and Turing patterns. The idea is to regard the
bifurcation to stationary space periodic solutions in the PDE case as corresponding to a Hopf bifurcation to periodic
solutions for the reduced elliptic, ODE system. For the latter we can use a standard continuation method which
follows nontrivial branches of bifurcating solutions (stationary, spatial periodic) from the Hopf point corresponding
to the FDS bifurcation. This is complemented by a shooting method to integrate the nonlinear system as describec
below. This method reduces the analysis of the full PDE system to that of the associated elliptic ODE part which is
considerably easier. Furthermore, it has the advantage of giving quantitative insight into the solution structure in a
wider parameter space than that which is accessible through an envelope equation formalism. By way of illustration,
we carry out the analysis for the main model used here ((2.4) and (2.5)). We shall do this for the-eds@ubic
case) but there is no difficulty in extending this to other valugs 6f< p < 1.

Suppose that the system ((2.4) and (2.5)) has stationary solutions of the fera{x), b = b(x). Then

sa" —8¢pa +pu—a =0 (4.1)
b —¢b +a? —b=0 (4.2)

where prime denotes differentiation with respect.tSince we are looking for stable periodic solutions to Egs. (4.1)
and (4.2) we solve the above system subject to periodic boundary conditions

a() =a(»), bO) =b(), d O =d®), b O =>bO) (4.3)
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(since we are looking for periodic solutions there is no loss in generality in taking the left boundary condition to be
atx = 0). In Eqg. (4.3 is the wavelength of the solution (clearly any solution to Egs. (4.1) and (4.2) corresponds to
a solution to the initial system ((2.4) and 2.5))). Problem ((4.1)—(4.3)) is a nonlinear boundary-value problem (bvp)
in a, b andi. We begin the analysis with a general property of the solutions.

P1. Every solution paird, b) to the bvp (4.1)-(4.3) has> 0,b > 0.

Proof. For the full system ((2.4) and (2.5)) it can be shown in general (via invariant region methods) that every
solution beginning with positive initial conditions remains positive for all times. Thus, we only need to show that
there is no solution to system (4.1)—(4.3) passing through zero. Suppose that there is<g, fointcg < A, with

a(xg) = 0. Then we require’(xg) = 0,a” (xg) > O for the solution to remain non-negative. Clearly we then have

a contradiction from Eq. (4.1) since9 §a” (xp) + 1 > 0. Suppose now that there is@nsuch thab(x1) = 0. As

above we deduce that(x1) = 0,5”(x1) > 0. From Eq. (4.2) we then have tht(x1) = 0. Clearly we can repeat

the above argument to any higher order derivativieamd deduce thdt”™ (x1) = O for all positive integers. This

leads to the unique trivial solutidn= 0 via the uniqueness property of the solutions which is a contradiction and
establishes the result. O

Periodic solutions to system (4.1)—(4.3) bifurcate from the steady state through a Hopf bifurcation. This leads us
to study the stability of the steady state= {(1/1), n} of (4.1)—(4.3) in terms of the spatial co-ordinat€onsider
small perturbations t& of the form
1

a=—+A, b=pu+B8B (4.4)
nw
where 0 < |A| « 4,0 < |B| <« b. The resulting linear system iA( B) is solved by looking for solutions
proportional to &*. We find that the eigenvalue must satisfy the quartic

Sy —28y30 + (6 +80% — n?)y? + py(u? —8) + u? =0 (4.5)

At the Hopf bifurcation we require that is purely imaginaryy = in, n = (2r/1) > 0. This leads to the two
conditions

Sn* 4+ n?(u? — 8 — 8¢%) + u? =0, 26m% =8 — u? (4.6)
From Eg. (4.6) we obtain the neutral curve (the value at the bifurcation point)

182 —65u2 + p?
2 2
= H=————— 4.7
The neutral curve (4.7) is the same as the one obtained from the linear theory in Section 3, as expected. We deduce
that stationary periodic solutions appear only when the right hand side of Eq. (4.7) is positive and we expect that
¢ > ¢c(u, 8). This is confirmed by the numerical results below. Furthermore, from Eq. (4.6) we find also the value

of the Hopf frequency; as

8 — u?
= 4.8
1 2 (4.8)
and therefore the wavelength of the periodic solution at bifurcation is
25
A =271 52 (4.9)

These results agree with our previous calculations in [14].
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Fig. 5. (a) Bifurcation diagram showing the region of periodic solutions ingha)-plane for system ((4.1)—(4.3)). The continuous straight line
corresponds to the continuation of the uniform steady state-atl.2, § = 2.0. The Hopf bifurcation point is located at= 1.2, ¢ = 2.2503

and is a supercritical bifurcation. The Hopf curve was followed in the rar@20 ¢ < 11.0 although it exists in reality for any > 0. Between

the two points, (1.056, 0.909) and (1.908, 1.145) (marked with segments on the Hopf curve), the periodic solutions are unstable. The dotted line
signifies that the steady state is unstable inside the Hopf region. (b) Bifurcation diagramdn éh@lane for the uniform steady state in the

caseu = 1.2 for system ((4.1)—(4.3)). The Hopf domain is defined fot B < § < 8.35. The dashed line denotes the unstable steady state
inside the Hopf domain.

To continue the bifurcating solutions beyond the Hopf point we have to resort to numerical techniques. We
determine the bifurcating branch by using the bifurcation package LOCBIF [30]. This has the advantage of providing
further details about the nature/stability of the solution. A typical bifurcation diagram is shown in Fig. 5a4n the (
n)-plane and reveals that there is a minimum value Qf min, such that periodic solutions exist far> pmin for all
¢ > 0. Although the Hopf curve is defined for @l> 0 the results in Fig. 5a suggest that there is also a maximum
value of u, umax, With periodic solutions (stationary waves) existing only for< umax. These observations
agree with our analytical results in Section 3. The calculations also show that the Hopf bifurcation is supercritical
generically with only a relatively small range9D9 < u < 1.145 where the bifurcation is subcritical (denoted by
two small segments on the Hopf curve in Fig. 5a). Fig. 5b displays the behaviour i, theflane fory = 1.2.
Oscillatory solutions (FDS waves) exist for a@ll> 0 and 1< §c < § < 8.35. When checked analytically these
values agree with the results derived in Section 3.

The periodic solutions along the Hopf branch have been computed by solving Egs. (4.1)—(4.3) using a standard
shooting method as implemented by the NAG library routine DO2AGF. The results are illustrated in Fig. 6 for two
representative cases. In Fig. 6a we show a graph of the amplitude of the stationary, space periodic solbtions for
for a range of values of flow rates, starting from the Hopf point and increasing the flow rate inside the oscillatory
domain. This curve has the characteristic form of a Hopf bifurcation curve. Fig. 6b shows prokilfes &ur flow
rates chosen from the values used in Fig. 6a. We can see clearly the change in the solution profile from a harmonic
type wave (forp = 1.84 close to the Hopf point in this case) towards a wave type with a rapid “burst spike” followed
by a longer decay tail reminiscent in form of waves seen in excitable media. Finally in Fig. 6¢ we show the solutions
for a case when the uniform steady state of the system ((2.4) and (2.5)) with is temporally stable. This figure
clearly shows that whea decaysb grows and vice versa even if here the solution profiles differ in phase by a
guantity which is not an integer multiple af. Our results confirm the linear dependence of the wavelength with
the flow rate for the cases tried.
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Fig. 6. (a) Bifurcation diagram for system ((4.1)—(4.3)): plot of the amplitude of the periodic solution prdfitesaf function of the electric field

intensity for a range of values gfstarting from the Hopf bifurcation valug~ 1.837. Here§ = 1.0, u = 0.8. The continuous line corresponds

to the stable solutions. The dashed line represents the unstable steady state inside the Hopf domain. (b) A plot of the stationary waves in the
autocatalyst concentratidrfor § = 1.0, x = 0.8 and different values of the electric fiepdfor system ((4.1)—(4.3)). (c) The stationary solutions

for the system ((4.1)—(4.3)) found with the NAG library routine DO2AGF for the éase2.0, u = 1.2, ¢ = 30. Herex = 30.98.

5. Conclusions and discussion

Our analysis has highlighted key features of the new FDS spatial instability mechanism. For the models studied
here, which all employ generic kinetics steps, and for the case when the uniform steady state is temporally stable
(whichis the more relevant case in applications to morphogenesis) the parameter regime in which the FDS instability
occurs is much larger than that for the Turing instability. In particular, we have shown that the restrictions on the
differential diffusion rate required for Turing is considerably relaxed for FDS. The most striking result of the analysis
is the greater ease, compared to pure diffusion, with which the combined action of advection and diffusion induces
spatial instability. In particular, FDS always sets in at lower values of the transpor@rtiemn does the Turing
instability. This means that FDS is more likely to occur in biological and artificial reaction-advection-diffusion
systems, particularly since FDS may be realised even whenl. The casé = 1 (no differential transport)
has been analysed before by linear stability [11,12] and by phase dynamics [27,38] and it has been realised by
experiment [13,27]. On the other hand, wiis temporally unstable, the FDS and Turing domains are similar. For



100 R.A. Satnoianu et al./ Physica D 160 (2001) 79-102

comparison purposes we have extended the Turing case to this latter situation. Our analysis has clearly shown the
one can naturally introduce the FDS concept across the whole range 6f0 oo (Fig. 1e). This makes it appealing

in a biological modelling context where one has to deal with species with very different transport properties, be it
through their different molecular weights or through selective immobilisation. Moreover the signal can be located
anywhere in the spatial domain (not necessarily at the inflow boundary). This highlights the flexibility of the above
mechanism in comparison with the Turing case when the uniform steady state is temporally stable. However, it
should be noted that varying the form of the boundary conditions can enhance the parameter domain in which Turing
instabilities occur [31,36]. A similar study remains to be done for the FDS.

This analysis has obvious application to chemistry. Following their theoretical prediction, the rapid experimental
realisation of FDO waves in an open flow reactor [13] raises hopes that FDS can also be readily observed. In contras
the severe parameter restrictions in the Turing case were the main obstacle that delayed its experimental realisatio
by several decades. Itis usual that reactions occur with the key species having comparable diffusion rates thus makin
Turing structures difficult to obtain. Our new differential transport mechanism does not suffer this restriction.

To compare FDS and Turing we have specifically considered quadratic and cubic nonlinearities, our motivation
being the results in [32,33] which show that the form of the nonlinearity can greatly affect the type of pattern
exhibited as a result of a Turing bifurcation. The latter focussed on pattern selection on two-dimensional domains
but our analysis here was for a one-dimensional domain. We are presently carrying out a nonlinear bifurcation
analysis of the FDS instability to see if similar conclusions on the effect of nonlinearity can be drawn. The study
in the present paper enables us to analyse the diversity of reaction kinetics ranging from purely quadratic to purely
cubic. For the purely quadratic case both FDS and Turing instabilities are impossible.

Although both FDS and Turing patterns are stationary the character of the spatial instability is different in these
two cases at least when the uniform steady state is stable. While any Turing pattern (from the discussion after
Eq. (3.26), this required > §») is the result of an absolute instability it is possible to show that FDS occurs via a
convective instability for 1< § < 2. Full details will be presented elsewhere [36]. This is to be compared with the
DIFI bifurcation, which can arise either as a convective or an absolute instability [17].

Our study also shows that the spatial structures formed by FDS are richer than those formed from the Turing
instability, including, for example, phase differences between the maximum in the amplitude of the key species
and modulation in their amplitudes. In contrast it is known that in the vicinity of primary bifurcation points, the
chemical concentration profiles exhibited in a Turing system of two chemical species are either spatially in phase,
or 180 out of phase. In the FDS case, other phase differences are possible. Perumpanani et al. [34] showed tha
this was also the case for a DIFI bifurcation. It has been hypothesised that cells may interpret chemical pre-patterns
via phase differences rather than absolute concentration value and this has been used to account for segmentatic
patterning in insects [35]. However, the appropriate solutions obtained in [34] are extremely sensitive to parameter
values. Here we have presented for the first time a viable, robust mechanism for generating stable phase difference
between stationary wave solutions to reaction-diffusion equations. Organisms may use such phase shifts [35,39] tc
encode positional information with high spatial resolution.

Extensions of the current FDS scenario that allow for periodic boundary forcing may be important for biological
applications [27,38]. This external forcing can replace the unstable internal modes of the system [38]. Periodic
boundary forcing of active mediais believed to play a key role in the formation of somites in chick and mouse [27,38].
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