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Abstract

We consider a class of one-dimensional reaction-diffusion systems,

{ Ut = 52“11 + f(ua U))

Twr = Dwgy + g(u, w)

with homogeneous Neumann boundary conditions on a one dimensional interval. Under some
generic conditions on the nonlinearities f,g and in the singular limit ¢ — 0, such a system
admits a steady state for which u consists of sharp back-to-back interfaces. For a sufficiently
large D and for sufficiently small 7, such a steady state is known to be stable in time. On the
other hand, it is also known that in the so-called shadow limit D — oo, patterns having more
than one interface are unstable. In this paper we analyse in detail the transition between
the stable patterns when D = O(1) and the shadow system when D — oco. We show that
this transition occurs when D is exponentially large in € and we derive instability thresholds
Dy > Dy > D3 > ... such that a periodic pattern with 2K interfaces is stable if D < Dg
and is unstable when D > Dg. We also study the dynamics of the interfaces when D is
exponentially large; this allows us to describe in detail the mechanism leading to the instability.
Direct numerical computations of stability and dynamics are performed, and these results are
in excellent agreement with corresponding results as predicted by the the asymptotic theory.

1 Introduction

One of the most prevalent phenomena observed in reaction-diffusion systems is the formation of mesa
patterns. Such patterns consist of a sequence of highly localized interfaces (or kinks) that are separated
in space by regions where the solution is nearly constant. These patterns has been studied intensively
for the last three decades and by now an extensive literature exists on this topic. We refer for example
to [1, 2, 3,4, 5, 6,7, 8,9, 10] and references therein. In this paper we are concerned with the following
class of reaction-diffusion models:

{ U = 52’11,11 + f(u, ’UJ) (1)
0 = Dwyy + g(u, w)

where u,w € R; t > 0; z € (a,b), a one-dimensional interval of a finite size, with Neumann boundary
conditions and in the limit
ekl and D> 1 (2)

where all other parameters are assumed to be O(1) independent of €, D.

Due to the large diffusivity ratio D/e?, and under certain general conditions on the nonlinearities f
and g that will be specified below, the system (1) admits a steady state for u(z) which consists of an
interface layer solution. Such a solution has the property that u is very close to some constants w4 or u_
with w4 # u_ everywhere except near the interface location, where it has a layer of size O(e) connecting
the two constant states uy. On the other hand, w(x) is nearly constant. A single mesa (or a box) solution
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Figure 1: (a) Coarsening process in Lengyel-Epstein model (8), starting with random initial conditions.
Time evolution of u is shown; note the logarithmic time scale. The parameter values are ¢ = 0.06, a = 10,
D = 500, 7 = 0.1, domain size is 8 with Neumann boundary conditions for both « and w. (b,c) The
snapshots of u and w at t = 1,000, 000.

consists of two interfaces, one connecting u_ to w4 and another connecting w4 back to u—. By mirror
reflection, a single mesa can be extended to a symmetric K mesa solution, consisting of K mesas or 2K
interfaces (see Figure 1Db).

The general system (1) has been thoroughly studied by many authors. In particular, the regime
D = O(1) is well understood. Under certain general conditions on ¢g and f, it is known that a K-mesa
pattern is stable for all K — see for example [1], [11]. On the other hand, in the limit D — oo and on a
finite domain [a, b], the system (1) reduces to the so-called shadow system,

b
U = €2Uge + f(u, wp); / g(u, wp)dz = 0. (3)

where wyp is a constant. Equation (3) also includes many models of phase separation such as Allen-Cahn
[4] as a special case. Under the same general conditions on g and f, a single interface of the shadow
system is also stable; however a pattern consisting of more than one interface is known to be unstable
[12].

The main question that we address in this paper is how the transition from the stable regime D = O(1)
to the unstable shadow regime D — oo A rough outline of this description is as follows. takes place. when
D is not too large, the stability of a K mesa pattern is due to the stabilizing effect of the global variable
w, as shown for example in [1]. However as D is increased, the stabilizing effect of w is decreased,
and eventually the pattern loses its stability. We find that the onset of instability is caused by the
interaction between the interfaces of u. This interaction is exponentially small, but becomes important
as D becomes exponentially large. By analysing the contributions to the stability of both w and u, we
compute an explicit sequence of threshold values D; > Dy > D3 > ... such that a K mesa solution on
the domain of a fixed size 2R is stable if D < Dy and is unstable if D > Dy . These thresholds have the
order In(Dg ) = O(£), so that D is exponentially large in e.

There are many systems that fall in the class described in this paper. Let us now mention some of
them. In the models below the parameters 8y, fo, g, k, @ are assumed to be constants.

e Cubic model: One of the simplest systems is a cubic model,

Uy = 2Uyy + 2u — 20 + w (4)
OZwaw_u+BO '



It is a variation on FitzZHugh-Nagumo model used in [5] and in [13]. It is a convenient model for
testing our asymptotic results.

e Model of Belousov-Zhabotinskii reaction in water-in-oil microemulsion: This model is a
was introduced in [14], [15]. In [16], the following simplified model was analysed in two dimensions:

w—
wp = 2Uge — fo q+wu—u2
U+ q

0=Dwy, +1—uw

(5)

e Brusselator model. In [17] the authors considered coarsening phenomenon in the Brusselator
model; a self-replication phenomenon was studied in [11]. After a change of variables the Brusselator
may written as

Up = €2Upq — U + uw — u> 6
o ©)

e Gierer-Meinhardt model with saturation. This model was introduced in [18], (see also [19],
[20]) to model stripe patterns on animal skins. After some rescaling, it is

u?

— 2 _
Ut = € Uggy — U+ w(l + ru?) (7)

Tws = Dwgy — w + u?
This model was also studied in [21], where stripe instability thresholds were computed.

e Lengyel-Epstein model. This model was introduced in [22], see also [23]:

n duv
Ut =u a—UuU— —7F
o Ljpe® ®)
Tvt:szz—Fu—m

e Other models include: models for co-existence of competing species [24]; vegetation patterns in
dry regions [25]; models of chemotaxis [26] and models of phase separation in diblock copolymers
[27].

Note that some of the models such as (7) and (8) are a slight generalization of (1), in that they include
a time derivative of w, namely

(9)

All of the results of this paper remain unchanged provided that 7 is not too large, in particular 0 < 7 <
O(1/e). See Remark 3.5. On the other hand, it can be shown that oscillatory instabilities can and do
occur if 7 =0 (D/e) [28].

Figure 1 illustrates the instability phenomenon studied in this paper, as observed numerically in the
Lengyel-Epstein model. Starting with random initial conditions, Turing instability leads to a formation
of a three-mesa pattern at t ~ 10. However such a pattern is unstable, even though this only becomes
apparent much later (at ¢ ~ 100). This is due to the very slow instability of a three-mesa pattern.
The resulting two-mesa pattern then drifts towards a symmetric position which is stable. Note that the
component u consists of a sequence of localized interfaces that connects u_ ~ 0.57 to uy ~ 6.84; on
the other hand w is nearly constant with w = 5.50. Also note that the top of the mesa pattern is not
completely flat: there is some (weak) interaction between the two interfaces making up the mesa. The
relative strength of such interaction is what effectively determines the stability of a pattern.

A similar phenomenon for the Belousov-Zhabotinskii model (5) is illustrated in Figure 7(b). It shows
the time-evolution a 2-mesa solution to (5) with D > Dy, starting with initial conditions that consist of
a slightly perturbed two-mesa pattern. After a very long time, one of the mesas absorbs the mass of the

U = e2Ugpy + f(u,w)
Twe = Dwyy + g(u, w)



other. The surviving mesa then moves towards the center of the domain where it remains as a stable
pattern.

In addition to studying the stability of the mesa patterns, we also study their dynamics. This allows
us to describe in detail the mechanism by which the exchange of mass between two mesas can take place,
as well as the motion of the interfaces away from the equilibrium. For a pattern consisting of K mesas, we
derive a reduced problem, consisting of 2K ODE’s that govern the asymptotic motion of the 2K interfaces.

The results in this paper are derived using the methods of formal asymptotics. It is a difficult challenge
to provide a rigorous justification, especially due to the presence of exponentially small and large terms,
and we have not attempted to do so. However extensive numerics were used to verify the asymptotic
results. As will be shown in §5, the agreement between the numerics and the analytical theory is excellent,
even for relatively large values of ¢ (for example less than 1% error when & = 0.2 for certain problems).
The effectiveness of our theory even for moderate values of ¢ is one of the key unanticipated successes of
asymptotic analysis.

The outline of the paper is as follows. In §2 we construct the steady state consisting of K mesas.
The construction is summarized in Proposition 2.1. The main result is presented in §3 (Principal Result
3.1), where we analyse the asyptotics of the linearized problem for the periodic pattern, and derive the
instability thresholds Dg. In §4 we derive the reduced equations of motion for the interfaces. In §5 we
present numerical computations to support our asymptotic results. We conclude with a discussion of
open problems in §6.

2 Preliminaries: construction of the K—mesa steady state

We start by constructing the time-independent mesa-type solution to (1). The mesa (or box) solution
consists of two back-to-back interfaces. Thus we first consider the conditions for existence of a single
interface solution and review its construction. A mesa solution can then be constructed from a single
interface by reflecting and doubling the domain size. Similarly, a K-mesa pattern is then constructed by
making K copies of a single mesa. We summarize the construction as follows.

Proposition 2.1 Consider the time-independent steady state of the PDE system (1) satisfying

0 = Uy + fu,w)
{ 0 = Dwgy + g(u, w) (10)

with Neumann boundary conditions and in the limit

el and D> 1. (11)
Suppose that the algebraic system
Ut
[ fwo)de =00 fluswn) =0 = flu-wo) (12)
admits a solution uy,u_,wqy, with uy # u_. Define
g+ =g (u+,wo) (13)
and suppose in addition that
fulus,wo) <0 and 0<—9=  <1. (14)
9- — 9+

Then a single interface solution, on the interval [0, L] is given by

u(a:)NU0<x_l>, w ~ wo (15)

3



where Uy is the heteroclinic connection between uy and u_ satisfying

Uoyy + f(Uo, wo) = 0;
Up—u_ asy —o00; Uy — us asy — —oo; (16)
f(Uo(0),wo) =0

and 1 is the location of the interface so that

. uy, O0<z<l
uU_, l<xz<L

Moreover, | satisfies
l=1lo+el + 0(62) (17)

where

lo=—"1 (18)

and

oo 0
z Jo 9Wo(y),wo) — g-1dy + [~ [9(Uo(y), wo) — g+ dy 19)
1 =
9- — 9+
A single mesa solution on the interval [—L, L] is obtained by even reflection of the interface solution on
an interval [0, L] around x = 0. A K-mesa solution on the interval of size 2K L s then obtained making
K copies of the single mesa solution on the interval [—L, L].

For future reference, we also define

pt = /= fu (us, wo) > 0; (20)

and define constants Cy to be such that

Uo(y) ~ u_ +Coeh¥, = +o0;

Uo(y) ~ uy — Cpel+¥,  y — —oo. @)

The constants Cy > 0 are known constants determined by the far-field behavior of the heteroclinic solution
Uo(y)-

We note that the assumption D > 1 implies that to leading order, w ~ wp throughout the interval.
In particular, the equation (15) is valid throughout the whole interval and not just near the boundary
layer; that is, |u(z) — Up (%4)| < C'max(e, %) and |w(z) — wo| < § for for some constant C and for
all z in the domain of definition. More generally, the construction of the steady state can be generalized
under a weaker assumption €2 < D = O(1). In this case, w ~ wp within the interface layer but has an
x dependence in the outer region, away from the interface layer [1], [8], [11]; and (15) would be valid
only near the interface, |x —I| < . However as was shown in [1] (see also [11]), the K-mesa pattern is
stable when D = O(1). Since we are concerned about transitions to instability, we only consider the case
D > O(1) here.

The construction in Proposition 2.1 is straightforward and we outline its derivation here. First,
consider a single interface located at x = [ inside the domain [0, L]. We assume that u ~ u4 for 0 < z <!
and u ~ u_ for [ < x < L where uy are constants to be determined. Since we assumed that D > 1, we
expand

1
wzwo—l—ﬁwl—i—---

so that to leading order w ~ wyq is constant. Near the interface we introduce inner variables

-1
x =14 ey; u(fl;)NUQ(:EE ), w ~ wo. (22)

Then Up(y) satisfies the system (16) which is parametrized by wg. In order for such a solution to exist,
u4 must both be roots of f(u,wy) =0 and Uy must be a heteroclinic orbit connecting u4 and w_. This



yields the three algebraic constraints (12) which determine uy and wp. To determine the location [ of the
interface, we integrate the second equation in (1), and using Neumann boundary condtions we obtain

L
/ g(u,wp)dx = 0.
0

Changing variables x = | + ey we estimate
0 (L—=1)/e
o~e [ wudyre [T oot mdy:
—l/e 0

0 (')
0~ g, +c / (9(Uo(y), wo) — g4 ] dy + (L — g +< / l9(Uo(y). wo) — g_] dy

Expanding ! in € as in (17) then yields (18) and (19). Since we must have 0 < [ < L, this yields an
additional constraint (14).

3 Stability of K —mesa pattern

We now state the main result of this paper.

Principal Result 3.1 Consider the steady state consisting of K mesas on the interval of size 2K L, with
Neumann boundary conditions, as constructed in Proposition 2.1, in the limit € — 0. Suppose that

Ut
<gw — gu‘;—w) . <0 and (g— — g+)/ Sfwdu > 0. (23)
u Z}:zuwd u_
Let CQ 3 02 3
2 1 2 2 1 20—
oy = %’u"'— exp <—ﬁl> Dol = u;ﬂ—_ exp (—L(L — Z)> (24)
fuj fwdue € fuj fwdue €
where the constants C+, u+t,l are as defined in Proposition 2.1.
Define
Lg? log—
D,y = 9= =9 ; (25)
2(9- —9+) - 20—
, Lg? L—1
pi——_ton (Ll (26)
2(9- — 9+) oy 204
and for K > 2, define
Dy if p-(L—1o) < pylo
Dy g —(L—=1o) > pyl
Dy = ioif pu( 0) > p+lo (27)

-1
2a4a_(1—cosw/K)g2 g2 .
L ai) <% + \/% _ + ( CO:! / )g+gf> Zfﬂf(L _ ZO) — IU/J,»ZO

2(9-—g+)(9; 2ar+9_° 4(g2 oy +g2a_)’

Then the K mesa pattern is a stable equilibrium of the time-dependent system (1) if D < Dk, and is
unstable if D > Dy.

Principal Result 3.1 follows from a detailed study of the linearization about the steady state. We
consider small perturbations of the steady state of the form

u(z,t) = u(z) + d(x)e,  w(x,t) = wx) +P(x)er



where u(x),w(x) denotes the K-mesa equilibrium solution of (10) on the interval of length 2K L with
Neumann boundary conditions, whose leading order asymptotic profile was constructed in Proposition
2.1. For small perturbations ¢, we get the following eigenvalue problem,

{ Ao = 2" + fu(u,w)p + fu(u, w)rp (28)
0= D¢" + gu(u, w)¢ + guw(u, W)

with Neumann boundary conditions. The sign of the real part of the eigenvalue \ determines the linear
stability: the system is said to be linearly unstable if there exists a solution to (28) with Re(A) > 0; it is
linearly stable if Re(\) < 0 for all solutions A to (28).

Remark 3.2 As will be shown in Lemma 3.6, the conditions (23) guarantee that a single interface is
stable for any D > 1 : they imply that Aeyen < 0 where Aeyen is given by (57). In addition, second
condition in (23) guarantees that Mogq < 0 whenever 1 < In D < 1/e, where Aoqq is given by (56). Taken
together, the conditions (23) are precisely those that quarantee the stability of a single mesa whenever
l<InD <« 1/e.

To determine the threshold conditions for stability under Neumann boundary conditions, we first
consider the case of periodic boundary conditions. One key ingredient in the analysis below is featured
in the following Lemma:

Lemma 3.3 (Periodic boundary conditions) Consider the steady state consisting of K mesas on
the interval of size 2K L, as constructed in Proposition 2.1, and consider the linearized problem (28) with
periodic boundary conditions

6(~L) = 62KL— L), ¢ (-L) = ¢/ @KL~ L); 1t (~L) = $(2KL — L), ¢/ (~L) = ¢/(2KL - L).

The linearized problem admits 2K eigenvalues. Of these, 2K — 2 are given asymptotically by

e [\ fuwdu
N~ (at b)) 5 (29)
f—oo UOudy
where
_ (9+—9-) L g+lo
G=orto-+t D 1-cosf D (30)
2 2(9+ —9-) [L(ay + o)
b° = a2 +a? + 20 a_ cosf + 5 T—oosd loay — (L —lp)a— (31)
+ %_—MQQ [L? —2(1 —cos8) lo(L — lo)]
D2 (1 —cosb)
with ay given by (24) and
0=27k/K; k=1...K —1. (32)

The other two eigenvalues are A = 0 (for which the corresponding eigenfunction is (¢,9) = (ug,w;)) and

 gi—go ey fudu
orlo+o-(L—1lo) [7 Udy

04 = <gw _guf_w>
fu

(33)

)\even ~

where o4+ < 0 are given by

(34)

U=U4 , W=W0



Remark 3.4 Note that if 6 = 7w and recalling (18), the equations (30) and (31) simplify to

L g2 —4g> L ¢ +g>
b = | = —a_l; a= LTI
o g, —g T AT TS
Therefore the formula (29) simplifies as follows: If |b] = b then
o 2L e [t fwdu' L AL e " fpdu
Ay =(2a_ — = g A =204 — 5 (35)
D(g-—9+)) J-o, Ug,dy D(g9-—9+)) [2o, Ud,dy

Otherwise \X are given by (85) except that A\t and A\ are interchanged.

Derivation of Lemma 3.3. The idea is to make use of Floquet theory. That is, instead of
considering (28) with periodic boundary conditions on [-L,2K L — L], we consider (28) on the interval
[-L, L] with the boundary conditions

¢(L) = z¢(=L), ¢'(L)==2¢'(—L); (L) =2¢(-L), ¥'(L)==¢'(-L), (36)

We then extend such a solution to the interval [L,3L] by defining ¢(z) := z¢(xz — 2L) for x € [L,3L)]
and similarly for 1. This extension assures continuity of ¢,1 and ¢',v¢’ at L. Morever, since u,w are
periodic with period 2L, it is clear that ¢, extended in this way satisfies (28) on [—L, 3L] and moreover
#(3L) = 22¢(—L). Repeating this process, we obtain solution of (28) on the whole interval [-L,2K L — L]
with ¢(2K L — L) = ¢(—L)z%. Hence, by choosing

z=-exp(2mik/K), k=0...K—1,

we have obtained a periodic solution to (28) on [-L,2K L — L.
To solve (28) on [—L, L] subject to (36), we estimate the eigenfunctions as

¢~ cxuy; P~ (£l) when z ~ +l. (37)

Note that
0 = e2Uspe + fully + fols.

Multiplying the equation for ¢ in (28) by u, and integrating by parts on [—L, 0] we then obtain

0
Py / uid{E ~ 52 (¢zux ¢uzz / fw 1/’“1 (wa)

—L

We note that the integral term on the right hand side is dominated by the contribution from z = —I.
Using the anzatz (37) we then obtain

0
Ac_ [L Uidfﬂ ~ 52 (¢xuz - (buzz)O_L + (w(—l) — C_ wz / fwdu (38)

Similarly on the interval [0, L] we get

L
At /0 uldr ~ &2 (ppuy — gbum)g — (Y(+l) — ey wa(— / Sfwdu (39)

L 0 1 (o)
/ udx ~ / udx ~ —/ Ugudy
0 —L € J- )
and write (38) and (39) as

K C+ _ ( ¢uww)L_¢(+l)+c—ww(+l)
v )‘( A 1>—cwz<—z>> (40

We estimate



where -
B f_ooUgydy' L £2
el fude” T T fude’

Ko

We now transform (40) into a matrix eigenvalue problem. To do so, we will express the boundary terms

as well as 1 (£1) in terms of c4.
Determining ¢ (+1) . We start by estimating

1t

u+
/ Julgdr ~ / Gudu ~ gy — g—;
—1l— U_

+l+ u—
/ Gulgd ~ / Gudu ~ g — gy
+1— Uy

+
where ffll, denotes integration over any interval that includes I and g+ = ¢ (ug,wp). On the

hand, ¢ is dominated by the contribution from the interfaces. Hence we estimate

gup ~ (g4 —g9-)0(z+1) +ei(9- —94)0(z 1)
where 9§ is the delta function. Therefore from the equation for ¢ in (28) we write

vi@) ~ =TI ety - o)

where 7(z; o) is a Green’s function which satisfies

4 2

with boundary conditions

n(L)=zn(—=L), n'(L)=2n(-L), z=-exp(2mik/2K), k=0...

where

oy, x| <l Jw

U(x)z{a, I<|z|<L Uiz(gw_g“fu)

with o4 < 0 by the assumption (23).

U=U4 ,W=W0

K-1

(44)

There are two distinct cases to consider: either z = 1 or z # 1. For the case z = 1, we will show below
that there is a large solution of n = O(D) that depends on o at the leading order. On the other hand, if
z # 1 then we expand n = ng + %771 + .... The boundary terms in (40) will come at the same order as
1o and the correction terms %771 + ... may therefore be discarded. The leading order for n then satisfies,

after dropping the subscript ng = 7,

+

e =05 1 (29320) =1 (xg320) 5 1 (2g320) =1 (29320) =1

so that
N A+ (x+L)B, =<z
" A+ (L+z0)B+ (14 B)(x —z0), x>0

The constants A, B are to be chosen so that the boundary conditions (36) are satisfied:

A+2BL+ L —xg = zA; 1+ B==:zB
We then obtain
z—1 2L+ (L —x9)(2—1)
(z—1)* (z—1)°




2Lz

n(l;1) =n(=l;=1) = G (45)
L 2Lz42z0(2 1)

e (46)
o 2Lz +20(1—2) —

77( L l) = (Z _ 1)2 = 77(17 l)'

In summary, we obtain

() === (s ) () "

where n(1;1), n(l;—1) are given by (45) and (46), and the overbar denotes complex conjugate.

Boundary terms. Next we compute the boundary terms in (38, 39), corresponding to the behaviour
of ¢ at x = £L,0. We start by estimating the behaviour of u, and ¢ near —L. Since u,(—L) = 0, we
have

L
w~ s+ Alexp(p-z) +exp(—p-2)], 5= (48)

The constant A is found by matching u to the heteroclinic solution as z :

Uo (y) ~u— + C_exp (p-y);

l l
:172— )~u—|—C’eXp<,ux2— ) (49)

u(z) ~ Uo(
Matching (48) and (49) we then obtain
— K-
A=C_exp (—? (L— l)) .
Performing a similar analysis at = 0 and at © = L we get:
2 " 2

= (e _HE=r 2 n) - _ My Kt
Uge(£L) =20 = exp( . (L l)) i Ugs(0) = =204 = exp( . l) .

Next we estimate ¢(—L). Near x ~ —L we write

¢ = Cyexp (M?_(x—i—L)) + Cyexp (—%(:C—FL))

where C7 and Cy are to be determined. Away from —L, we have ¢ ~ c¢_u,. Matching the decay modes,

we then obtain
Cy = c_c_ t= exp (—M—_(L - l)) .
€ €

On the other hand, near x ~ +L we write
¢ = Csexp (%(z + L)) + Cyexp (—'M?Jr(:z: + L)) ;

as before, we get
Cy= —C+C+u?+ exp (—%(L - l)) .

The constants Cy and C5 are determined by using the boundary condtions (43), which yields
Cg = ZCl; C4 = ZCQ
In summary, we get
= = 1
) ~o B (—— L—z) _ ey
oDy~ € = exp (<=L - 0) e - Ley]

d(L) ~ C_'ui exp (—%(L - l)) [ze— —cq].

10



Performing a similar analysis at © ~ 0, we obtain

6(0) ~ O+ exp (—EE1) oo — ).

We thus obtain

3 3
L _ o2 M= 2p— 2 My 2pt )
((bum)o = 2076—3 exp (—T(L — l)) [ZC_ — C.l,.] + 2C+€—3 exp <_Tl> [C_ — C+] ;

3 3
ne 20— 1 o 2
(qﬁum)gL = —2038—3 exp <—%(L - l)) [c_ - ;c+] - 2Ci£ exp <—%l> [e— —cy];

so that

K1 (¢IU’LE - ¢umm)§ _ oy + o Oy — 20— C+
O I (50)
K1 (¢xux - Qbuxx)_L ay - o + o C—
where a4 are given by (24).
Finally, we estimate
l
W' (1) ~ _% ~ = (=1). (51)

Substituting (50), (51) and (47) into (40) we obtain

w()=(5 ) (&)

where l
a=oy+a_+ %n(l;l) - gl; b=—-a; —za_ — (9 Dg+)77(l; l)
It follows that
Akg = a =+ |b].
Next we compute
2(9- —g+) Lz g+l
a=0oa4 +o_ + - —
+ D (:-1?2 D
2(9- —g4) Lz+2l(z—1)
b=—-ay —za_ —
i D (z— 1)
; 1 2(9- —g+) Lz —l(z - 1)
b=—-ay ——a_ —
T D (z—1)
. 2(9- —gy) [ 2Lz 2(9- —gy) (L(z*+1)
bP=a% +a% tasa_ (242 +a +1|+a_ —1
| | + + ( ) + D (Z _ 1)2 D (Z — 1)2

L Ag- g ( P2 (L w)

D2 (z—1)*  (2-1)?

We write _
z=¢€" ¢=2mk/K

and note that
2z 1 (2 +1) cos 6

(z—1)%2 cosf—1" (z—1)? cosf—1

Combining these computations, we obtain (29), (30), (31), provided that z # 1.

Next we consider (36) with z = 1, which corresponds to periodic boundary conditions on [—L, L].
This admits two solutions. One is A = 0 corresponding the odd eigenfunction ¢ = u,, 1 = w,. The other
eigenfunction is even. This corresponds to imposing the boundary conditions

¢'(0)=0=¢(L); ¢/ (0)=0=1¢'(L).
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As before, we assume

¢ ~ug; Y~ (l) when xz ~ 1. (52)
and obtain
L U4
A [~ 2 s = )l — 00— w0) [ S (53)
0 uU_
As before, we obtain
9+ — 9-
W (@) ~ %n(:v;l)
where n(x; o) satisfies (42) with boundary conditions n/(0) = 0 = '(L). We then obtain
D D

fOL o(z)de o+l+o_(L—1)
Therefore (1) = O(1) > w,(l) = O(1/D) and we estimate

(9+ —9-)
) —wy(l) m ———————.
v =well) ~ LoD
The boundary term is evaluated as previously, but is of smaller order. This yields the formula (33) for
the even eigenvalue. B

Remark 3.5 All the results of this paper remain unchanged if (1) is generalized to (9) provided that
0 <7 < O(1/e) while other conditions remain unchanged. This is seen as follows. The addition of the
Twy term has the effect of changing (44) to

— 0+, |.’I,'|<l . = _ _ Jw
U(x)_{o—_, I<|z|<L * %7 )‘T+<gw g“fu)

To leading order, this is equal to (44) as long as A\t < 1; in that case the remaining computations are
unchanged, and the end result is that Aeven, = O(e) while all other eigenvalues are of order O(5) < O(g).
Therefore the results remains unchanged provided that 0 < 17 < O (1/e).

(54)

U=U4 ,W=W0

We now use Lemma 3.3 to characterize stability with Neumann boundary conditions as follows.
Suppose that ¢ has Neumann boundary conditions on [0, a]. Then we may extend ¢ by even reflection
around the origin; it then becomes periodic on [—a,a]. The same argument applies to 1. From this
principle, it follows that the eigenvalues of a K mesa steady state with Neumann boundary conditions
form a subset of the eigenvalues of 2K mesas with periodic boundary conditions. On the other hand,
if ¢, is an eigenfunction on [—a,a] with periodic boundary conditions then so is ¢(—z) and hence
b(x) = ¢(x) + ¢(—x), P(x) = P(x) + 1b(—2x) is an eigenfunction on [0,a] with Neumann boundary
conditions, provided that at least one of 9(z), ¢(z) # 0 for some z € [0,a]. Since ¢'(0) = ¢/(0) = 0 and
¢, satisfies a 2nd order ODE we have that ¢, 1) # 0 iff ¢(0) # 0 or ¥(0) # 0; iff ¢(0) % 0 or 1 (0) # 0.
Verifying this condition, we obtain the following result.

Lemma 3.6 (Neumann boundary conditions) Consider the steady state consisting of K mesas on
the interval of size 2K L, with Neumann boundary conditions. The linearized problem admits 2K eigen-
values. Of these, 2K — 2 are given asymptotically by (29, 30, 31) of Lemma 3.3, but with

0=rk/K, k=1...K—1. (55)

The additional two eigenvalues correspond to an even and odd eigenfunction with Neumann boundary
condtions on [—L,+L]. They are

2y " fwdu
Nogd = — (2a p- 9= > {x; - (56)
D (9- —9+)/) |- UG, dy
Ut
—aq_ w Jwdu
)\even = - Zhx J f - (57)

St o (L—1) [ UZdy

with all the symbols as defined in Lemma 3.3.
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Figure 2: Top row: steady-state with two mesas. The cubic model (4) was used with L =1, K = 2,¢ =
0.13,D = 40,89 = —0.3. Bottom four rows: the four possible eigenfunctions and the corresponding
eigenvalues. The numerical computations are described in §5. The last column shows the numerically
computed value of A as well as the asymptotic estimate \(z9y as given by (29). Excellent agreement is
observed in all cases (less than 1% error).
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To understnd how the instability thresholds occur, consider the eigenvalue (56) first. Note that a_
is exponentially small in ¢, i.e. a_ = O(e‘C/E) for some positive constant ¢. Thus, as ¢ is sufficiently
decreased, a— D rapidly drops off to zero and hence by assumption (23), A,qq becomes negative and
of O(5). On the other hand, as ¢ is sufficiently increased (but still small), the term a_D eventually

2

overtakes the constant term ; and Aoqq then becomes positive, leading to an instability. In this

g- L
(9-—9+)’
case, the eigenvalue \,4q becomes of O(se~¢/), independent of D. Similar remarks holds for )\;t : they are
of the O(max(5, ce~¢/%)) for some constant c. On the other hand, Aeyen does not involve any boundary
terms and is of O(g), always independent of D. In conclusion, |Aeyen| is always much bigger than the
magnitude of the rest of the eigenvalues.

Figure 2 shows the actual numerical computation of the four distinct eigenvalues/eigenfunctions for
the cubic model (4) with K = 2 (see §5 for numerical methods used). Note that ¢ is localized at the
interfaces and is nearly constant elsewhere; whereas 1 has a global variation. An excellent agreement
between the asymptotic results and numerical computations is observed.

Critical thresholds. To obtain instability thresholds, we set /\(f)'E = 0 in Lemma 3.3; we then obtain

a—|b]> =0. Using | = gf:; and after some algebra we obtain:
2 2 2.2
0=2a,a_ (1—cosh) D —2p9=0F T9x0 4 g2 939= (58)
9- — 9+ (9- —9+)
which implies that )\;' =0iff D > Dy where
L 2
s if ay <a-
Dy~ { 2= - gi)os (59)
9= if oo <a
- +
2(9- — 9+) o

and more generally, without any assumptions on a_ and ay,

—1
L 1 1 20ia_ (1 —cosf)g2qg?
Dy (5*\/1‘ ra >g+29> | (60)

2(9- —9+) (9= + g °ay) 4 (g% oy +gia-)

Note that in the limit ¢ — 0, oy < (>)a- <= p_(L —1ly) < (>)u+lo. Together with (59, 60) this
yields (27).

It is clear that Dy is an increasing function of #. In addition, it is also easy to verify that )\;t <0if ay
is decreased sufficiently, or equivalently, if D is sufficiently small: in this case the formula (29) reduces to

A;%N%(11\/{1—2(1—cos9)%D—%l. (61)

On the other hand, when K = 1, the eigenvalues are Apqq and Aeyen, given by (56, 57). It is clear that
Aeven < 0 for all D. On the other hand setting A,qq = 0 yields the threshold (25). This completes the
derivation of Principal Result 3.1.

4 Dynamics

We now derive the equations of motion of quasi-stable fronts. This will allow us to describe the dynamics
of the fronts that are not necessarily in a symmetric pattern. In addition, this will also enable us to
describe in more detail the aftermath of an instability of a symmetric pattern.

We assume that the pattern consists of K mesas on the interval of length 2K L. Each mesa is bounded
by two interfaces located at x;; and x,; and we assume the ordering

—L<axpn <zp <xip < Tpa < - < < xprg < (2K —1)L.

14



Moreover to leading order we assume

Y uy, if ¢ € (@, ) for some i € (1, K)
u_, otherwise

and near each interface we assume that
u(zy +ey) ~Uo(—y), u(zritey)~Uply), y=0(1), i=1...K, (62)

where Uj is the heteroclinic orbit given in (16), with Up(y) — us as y — Foo. Equation (62) can be
viewed as determining the precise interface locations xy;, z,;; that is, for example z..; is chosen to minimize
the difference |u (z,; + ey) — Up(y)| for all y < O(1). We also suppose that @y;, z,; are slowly changing
with time. In addition we define:

xci::M7 i=1...K;
2
Tri + Ty .
xdi::%, t1=1...K—1; xg0:=—-L, wax:= 2K —1)L.

The equations of motions are derived from 2K solvability conditions about each interface.
First consider the interface x;;. We expand

1 1
u(z,t) = up(2) + =u1, w(z,t) =wy+ —=w

D D
where wy is given by (12) and
z=x—an(t); ue(z) =Uy(—2/¢).
Expanding in terms of % we obtain
0 = eupz. + f(uo, wo); (63)
— 7y (t)Dugs = €z + fu(uo, wo)ur + fu (o, wo)w; (64)
0 = wigze + g(wo, uo). (65)

We will see later that zj; = O(4) so the above expansion is indeed consistent. We multiply (64) by g,
and integrate on x € (—L,x.1). Upon integrating by parts we obtain:

Tecl
—xﬁl(t)D/ (uoz)” dx ~ &% (u12u0z — U1 to2z) V"t + / fowidz.
—L
The boundary term is evaluated similarly as in Section 3. The end-result is,

Tr= wc 2 _
g (u1zu0z — U1U0zz) L =2D <—C+Mi exXp (—% (xr1 — Ill)) + C—MQ_ exp (—% (L + 5611))) .

The integral terms are estimated as

Fel 1 dU,
/ (uo)? dx ~ g/ ( O) / fwwrdz ~ wi(zp / Juw(wo, )
—L —

A similar analysis is performed at each of the remaining interfaces. In this way, we obtain the following
system:

i) ~ g (BT = ) [ fulwo.u)du)
oo VY ,i=1...K 66
2! (t) ~ m ((BT)M n %wl(xm) I fw(woyu)du) (66)
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where

2

(BT),, = _207;& exp ( % (L+ 3311)) + 2C+,u%r exp (—% (xp1 — 3311)) (67)

(BT),; = —2C_ 12 exp ( % Ty — Ty (i 1))) + 2C+ui exp (—% (i — xli)) , 1=2...K—-1
(68)

(BT),; = —20_p* exp( % T — :cli)) + 20 p3 exp (—M?Jr (zigiv1) — :c”-)) , 1=2...K—1
(69)

2 H— 21

(BT),x = —2C_p= exp (—? (zrx — le)> + 204 p3 exp —T (2K - 1)L —2yk) ), (70)

The constants wy (zy;) and ws (z,;) are obtained by recursively solving for w; which satisfies:

L 9+> xe[‘rliuxriL i=1...K . 1o o B
o _{ g— otherwise ;o wi(—L)=0=w (2K - 1)L).

To simplify the expression for wy, we first define the interdistances

i1+ L, i=0
m; = xl(i+1) — TLpgy 1=1... K -1 ; Pi = Tp; — T4, i=1..K.
2K — 1)L -z, i=K

We obtain the following recursion formulae,

PN —g-mp, =1
w'(@n) = { W (zp-1)) —g-mi, 1=2...K
w' (xr) = w'(xy) — gepi, i=1...K;
2
_ _ mo ;=
w (:Ell) = { UJ( / L) - > Zm2 ! .
w (2pi—1)) + W (Tpor))mi —g- 5, i=2... K

w(wy) = w(zy) +w' (z)pi — ngp2Z i =1...K.

Expanding, we obtain

2
m
wi(zn) = w(—L) — 9—70
m2 P2
wilen) =u(-2) ~ - (52 + map ) - 0.2
m2 m2 2
wy(r12) = w(—=L) — g- (70 + mop1 + mom1 + 71) - 0+ (p_21 +p1m1)
m2 mi P P3
wy(vr2) = w(=L) —g- (70 + mop1 + memy + 5 + mop2 + m1p2> -9+ <7 + p1my + pip2 + 7)

The general pattern is

. m2
w(wy;) = wi(—L) — g- (ZZ o k—]+1 mimy + Z i k—j+1 m;pk + Z;ZB TJ) (71)
i—1 ?
—9g+ (E] 1 Ek—g-i—l PPk + Z] 1 Ek—] pjmk + E] 1 %)
m2
() = wi(—L) — g— (Z DD JHm]mk—i—Z D JHm]pk—FZ J> )

—9+ (Z; 1Zk g+1papk+zg 1Zk jpjmk+ZJ 1 2)
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It remains to determine the constant wq(—L); this is done by considering the conservation of mass as
follows. Integrating the equation for w in (1) we obtain that for all time ¢,

g_ij +9+ij =0;
moreover y_ m; =2KL — % p; so that
2KLg_
Z (Im' — xli) = 79 (73)
9- — 9+

Differentiating (73) with respect to ¢ and substituting into (66) we then obtain,

K 1 Uy
S (BT),s— (BT)y+ g5 luron) + wn ()] [ fuun udu = (74)
i=1 uU_

Substituting (67-70), and (71-72) into (74) then determines the constant wy(—L).
Dynamics of a single mesa. For a single mesa, we define zg = % to be the midpoint of the
mesa. Due to mass conservation, we have

T =20 — 1, Tp1=x0+1; l= gg;gL' (75)
- =9+

Substituting (75) and z{, = (x}, + z}.1)/2 into (66) and after some algebra we then obtain,

p . —2C_p? exp (—2“7* (L—1+ xo)) + 2C4 pi2 exp (— 2t (L — 1 — m0)
Rl 2 (" fu(wo u)du (76)
a2 U2 dy 3 Ju” Fuw(wo,u) o

9- — 9+

Note that for the special case where Cy = Cy; ps = o the formula further simplifies to

2 (" u)du
%xo c (Coug exp (—% (L - l)) sinh (% (xo)) - %g, Ju Fultto) :CO> )

2f Ugv 9- — 9+

5 Numerical computations

In this section we validate our asymptotic results for the stability thresholds in Principal Result 3.1 with
corresponding full numerical results computed from the eigenvalue problem (28). The predictions from
these stability thresholds are then confirmed from full numerical simulations of the full PDE system (1).
Let us first describe the numerical methods used.

To perform the numerical simulation of the full system (1) we used the standard software FlexPDE
[29]. Tt uses a FEM-based approach and automatic adaptive meshing with variable time stepping. We
used a global error tolerance of errtol=0.0001 which is more than sufficient to accurately capture the
interface dynamics [we also verified that changing the error tolerance did not change the solution].

To determine the eigenvalues in the spectrum of the linear eigenvalue problem (28), we have reformu-
lated it as a boundary value problem by adjoining an extra equation % = 0 as well as an extra boundary
condition such as )(—L) = 1. We used the asymptotic solution derived in §2 as our initial guess. Maple’s
dsolve/numeric/bvp routine was then used to solve the resulting boundary value problem (this routine
is based on a Newton-type method, see for example [30]). Unfortunately, we found that sometimes the
Newton’s method failed to converge, especially for problems with several interfaces. So we resorted to
second method: we discretized the laplacian using the standard finite differences, thus converting (28)
to a linear algebra matrix eigenvalue problem. On the other hand, this second approach is much less
accurate; especially since the required eigenvalue is very small. Because of this, we used the combination
of the two approaches: we used method 2 as initial guess to the boundary value problem solver. This
finally converged with sufficient precision.
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Figure 3: (a) Dynamics of a single mesa for the cubic model (4) with with 8y = —0.2; e = 0.22, D =
20, L = 1. Vertical axis is time, horizontal axis is space. The contour v = 0 is shown. Solid lines
are the asymptotic results derived in §4. Dots represent the output of the full numerical simulation
of (4) using FlexPDE. The initial conditions are given by (90) with o = 0.15. (b) Same as in (a),
but xp = 0.16. (c) Dynamics of two-mesas. The parameters are K = 2,L = 1 (so that = € [0,4]);
Bo = —0.3, e =0.13, D = 70. Initial interface locations are 0.8, 1.5,2.3,3.0. (d) Same as (c) except that
D = 85.

5.1 Cubic model

We now specialize our results to the cubic model (4),
f=2(u—v)+w; g=po—u

Let us first consider a symmetric mesa solution on interval [— L, L], with its maximum at 2 = 0. For such
a solution, we find

wo=0; wu_=-1, uy =+1; Up(y) = —tanh(y); (78)
g+ =Po—1, g-=0Fo+1; (79)
o0 4 U4
/ UOdey =35 / Sw(u, wo)du = 2; (80)
1
zozﬁo; L; 1 =0 (81)
1 2
pr=2; Cy=2; ag= 325 exp (—g (1+ Bo) L) . (82)

The condition (14) simply states that 0 < Iy < L; this implies |8y < 1. One of the advantages of using
the cubic model as a test case is that due to symmetry, the correction /; to the interface location is {; = 0.
This means that the asymptotic results are expected to be very accurate.
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We obtain the following expressions for A\y,qq and Aeyen :

Aeven ~ —12¢ (83)

3(Bo+1)° Le 2L
Aodd 1 ) + 96 exp a (1 - Bo) (84)
The even eigenvalue A..ep is always stable. Alternatively, the odd eigenvalue \,4q becomes unstable
as D is increased past the critical threshold D which is given by

(Bo + 1)2 Le

2L
D, = 7exp<

& 21 m) (55)

with Aogq < 0 when D < D7 and with Ay,qq > 0 when D > D;. In terms of Dy, we have

3(Bo+1)2La<1 1 )

1 -

Aodd ~ —
dd D D

and the equations of motion for a single mesa become

dro  3(By+1)° 1e . [4z) 1
prai ) Le D14s1nh a 5o ) (86)

where xg = Wr% is the center of the mesa. Note that

8 d{EO

(91:0 dt
so that the linearization of the equations of motion around the symmetric equilibrium agrees with the
full linearization of the original PDE. We remark that the equilibrium zy = 0 undergoes a pitchfork

bifurcation and becomes unstable as D increases past D;.
For K symmetric mesas on the interval of length 2R, we have

= Aodd
o =0

L=R/K

and the thresholds (27) become:

(1 - BO)Q %5 2R .
~ K- 2R (1 . if 0;
RO I +1528)2L5 e R S P K >2 (87)
1208 exp (28 (1 - By)), if Bo>0

Finally, if we take the “inverted” mesa with u ~ 41 near the boundaries, by changing the variables
u — —u, w — —w, the model remains the same except [y is replaced by —fy. Thus the stability
threholds for the inverted mesa are

2
e <% 1+ ﬂ‘))) (8)
1— 62 R
i % XP(%(I—{-ﬂO)), if By < 0;
Dier~ (1+ Bo)” Le . K >2 (89)
TK (22 (1—PBo)), if Bo>0

We now numerically validate our asymptotic results by direct comparison with full numerical simula-
tion of the system (4).
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Mesa dynamics: single mesa. Choose L = 1,e = 0.22 and Sy = —0.2. From (85) we then get
D, = 60.138. Now suppose that D = 20. Then the ODE (86) admits three equilibria: o = 0 (stable)
and x4 = £0.156 (both unstable). We now solve the full system. We take initial conditions to be

u(z,0) = tanh (w) _ tanh (W) St w(@,0) = 0. (90)

9 9

This corresponds to a mesa solution of length [ centered at xg. Thus if zy € (—0.156, 0.156) then we expect
the mesa to move to the center of the domain and stabilize there. On the other hand, if zg > 0.156 then
the mesa will move to the right until it merges with the right boundary. In Figure 3, we plot the numerical
simulations for xg = 0.150 and zy = 0.160. The observed behaviour agrees with the above predictions.

Dynamics of two-mesa solution. Here we consider a two-mesa solution. We take the domain
x € [0,4] (ie. L =1,K = 2) and take Sy = —0.3, ¢ = 0.13. From (81), we get [ = 0.35 so that the
symmetric equilibrium location of the interfaces are 14+0.35 and 3£0.35 which yields 0.65, 1.35, 2.65, 3.35.
According to (87), the two-mesa symmetric configuration is stable provided that D < 82, and is unstable
otherwise. To verify this, we solve the full system with initial interface locations given by 0.8,1.5, 2.3, 3.0.
These are relatively close to the symmetric equilibrium. We found that when D < 80, such a configuration
converges to the symmetric two-mesa equilibrium; however it is unstable if D > 80 — see Figure 3(c,d).
This is in good agreement with the the theoretical threshold Dy = 82. Moreover, the instability triggers a
“mass exchange”, whereby one of the mesas grows in size whereas the other shrinks by the same amount,
until only one mesa is left. This is clearly visible in Figure 3(d).

Next we also compute the four eigenvalues for several values of D, and compare to asymptotic results,
shown in Figure 4. An excellent agreement is once again observed, including the crossing of zero for /\jr' /2
at D = 82.

Ar /2 Ars2 Acven Aodd
7 -0.005 1 ~1.555 1 ~0.0005 ]
0 o
~0.0001 -0.011 18564 o ~0.0011
-0.0002 1 ~ ] 15571 O
0.0003 - oo 1,558 OOOCCOQ% 00018 3
' -0.02 -
~0.0004 _1.559 1 -0.002 1
~0.0005 | -0.025 Lo
40 60 80 100 120 20 40 60 80 100 120 “720 40 60 80 100 120 20 40 60 80 100 120

Figure 4: The four eigenvalues of the two-mesa pattern of (4) as a function of D. Other parameters are
as in Figure 3(c,d). Circles represent numerical computations of (28); lines are the asymptotic results
given by (29). Excellent agreement is observed, including the crossing of AT Jo at D = Dy = 82.

The transitional case of Sy = 0. This is the degenerate case for which the formula (87) does not
apply. In this case, ay = a_ and the formula (27) reduces to

Dk eexp(2L/e);  [o=0, K >1. (91)

~ 256 cos? (&)

(this formula is also valid when K = 1, as can be verified by comparing it to (85)). Note that this is
also qualitatively different from By # 0, in that Dg actually depends on K when 8y = 0. To validate
(91) numerically, we set ¢ = 0.17, L = 1,8y = 0. Formula (91) then yields the asymptotic thresholds
Dy, =170.8, Dy =100.1, D3 = 91. Next, we have computed the eigenvalues )\Z/K explicitly using the
full formulation (28) for K = 1,2, 3 several different D and for €, L as above. These are shown in Figure
5. An excellent agreement can be observed with the predicted threshold values. For example for D = 95,
a two-mesa steady state on the interval [—1, 3] of of size 4 is stable but a three-mesa steady state on the
interval [—1, 5] of size 6 is not.
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Figure 5: Instability thresholds of the K-mesa pattern in the cubic model with K = 1,2 and 3. (a)
L = 1,6 =0.17,5p = 0. Circles show A\ as computed by numerically solving the full formulation (28)
for different values of D and the three different modes, as indicated. Solid curves are the asymptotic
approximations for A as given by (29). The K-mesa pattern is unstable for D > Dy where Dy =
171, Do = 100, D3 = 91. (b) The graph of Dy versus 5y with L = 1,e = 0.17, as given by Principal
Result 3.1 (note the logarithmic scale). The insert shows the zoom near Sy = 0.

Boundary-mesa versus interior mesas. Let us now compare the stability properties of interior
mesas versus patterns with half-mesas attached to the boundary. The latter are equivalent to an “inverted
mesa” patterns. This situation is shown in the Figure 6.

Fix € = 0.15, L = 1. Moreover 5y = —0.1 < 0 so that the roof of the mesa occupies more space than
its floor (I = 0.45 < 1/2). In this case, the instability threshold for a single mesa is (85), D1 ~ 2223 and
for the inverted mesa it is (88), D% = 230. Moreover the instability thresholds for K interior mesas on
the interval 20K with K > 1 is also (87) D ~ 230. This threshold is also the same for two boundary
mesas or K inverted mesas (89).

Despite the fact that the stability analysis in section 3 required retaining exponentially small terms,
the numerical results have shown that the stability thresholds from the asymptotic theory can be used
very effectively, and in excellent agreement with full numerical simulations, even when ¢ is not very small.
There are two possible explanations for this. The first explanation is specific to the cubic model: due to
the symmetry of the nonlinear term, the first correction l; to the interface location is identically zero.
The second explanation is that the “effective” small quantity is exp(—c/e), which can be very small even
if € is only moderately small.

5.2 Model of Belousov-Zhabotinskii reaction in water-in-oil microemulsion

The cubic model is unusual in the sense that due to the symmetry of the interface, the correction to
interface length [y of Proposition 2.1 is zero. To see the more usual case when it is not — and a dramatic
effect that it can have on the accuracy of asymptotics — consider the Belousov-Zhabotinskii model (5):

f(u,w)=—fou;q+w“—u2; glu,w) =1 —uw; ¢<1. (92)
u+q

As was done in [16], in the limit ¢ < 1, the condition (12) reduces to

Ut
/ (—fo—i-wou—uQ)durvON—fo—i-wOqu—ui
0
and we obtain to leading order,

u_ ~0; wugp ~+/3fo; wo~4v/fo/3 asq—0.
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Figure 6: (a) Single Interior mesa (b) Two interior mesas (c) Double boundary half-mesas, or an inverted
single interior mesa (d) Two half-mesas at the boundaries and one interior mesa, or an inverted two-mesa
pattern. In all four cases, By = —0.1 and € = 0.15. The instability threshold for D is given above the
graph.

(in fact, u— = O(q) < 1). To leading order, the profile Uy then solves U — fo +4+/ fo/3Uo — Ug = 0 for
y < 0; with Up(0) =0 = U}(0) and Up(y) = 0 for y > 0 and Uy — uy as y — —oo. We then obtain

U V3o tanh? (3_1/4]‘01/42_1/2y) , y<0
0~ .
0, y>0

and
g-=1, g+ ~1—-4fo
L
lg= —.
° 7 4o

Next we compute the correction I to the interface position using (19). We have

/ [9(Uo(y), wo) — g+] dy

— 00

0
= / 4fo—4fo tanh? (371/4]”01/4271/23/) dy

— 00

= 4f0/ sech? (3714 312712y ) ay = 31/121/24 31
0

so that »
Iy = 31/491/2 f71A,

Finally, we have

Uo ~ /3 fo tanh? (371/4]“01/4271/23/) ~/3f0 (1 - 4exp(371/4f01/421/2y)) as Yy — —00
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Figure 7: (a) A stable two-mesa solutions to Belouzov-Zhabotinskii model (5). Parameter values are
D =100, e = 0.1, , ¢ = 0.001 and fy = 0.61. Circles show the full numerical solution. The solid
line shows the asymptotic approximation as computed in Proposition 2.1, with the mesa half-length [
computed to two orders. The dashed line is the same approximation, except [y is set to zero. (b) Time
evolution in the BZ model. Parameter values are the same as in (a), except for fo = 0.63. Initial conditions
were given in the form of a two-mesa asymptotic solution, but shifted to the left by 0.05.

so that
O =4\/3fo; py =3 Vi "2l

U u2 3f
_uw _ 9o,
/u, Judu === =57

1 2
ay = 6437343493/ exp(=2p111) exp (—%lo)

B 3/4 1 271/2371/4
=64-3 3/4f0/ 23/2 eXp(—4)g exXp <—WL
0

On the other hand, pu— = O (1/q) > py, so that the critical threshold given by (27) becomes

B 271/2371/4
Di = Coe (1 —4f0)? f57/% exp (73/4L L Cp=e*33/4272/2 2 0.085042, K >2  (93)
g

0

To verify this formula numerically, we set D = 100, ¢ = 0.1, ¢ = 0.001, L = 1 and K = 2. Next we
solved (1) for several different values of fy, with initial conditions given by the two-mesa steady state
approximation on the interval [—1, 3], perturbed by a small shift of size 0.1. We found the two-mesa state
was unstable with fy > 0.62 but became stable when we took fy < 0.61 — see Figure 7. On the other
hand, the threshold value as predicted by (93) with above parameter values and Dx = D is fo = 0.6124.
Thus we obtain an excellent agreement between the asymptotic theory and direct numerical simulations.

In Figure 7(a), the approximation with and without /; to the steady state is shown. We remark that
it was essential to compute the correction l; to the mesa width; if we were to set I; = 0 the constant
Co = 0.085942 in (93) would be replaced by 0.00157, a dramatic difference by a factor of e* ~ 50. In
figure 7(b), the two-mesa equilibrium is shown to be unstable for fy = 0.63, though the instability is
very slow and the two-mesa solution persists until about ¢ ~ 10°. Such slow instability is an example of
metastability.
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6 Discussion

We have examined in detail the route to instability of the K-mesa pattern of (1) as the diffusion coefficient
D is increased. The onset of instability occurs for exponentially large D; it is well known that such solution
is unstable for the shadow system case D — oo, see [12]. We have computed explicit instability thresholds
Dy given by Principal Result 3.1; as well as mesa dynamics when D is large.

The instability thresholds are closely related to the coarsening phenomenon — see Figure 1 for example.
This was previously analysed for the Brusselator in [17], where the authors have guessed at the formula
for D, K > 1 as given in Principal Result 3.1 by constructing the so-called asymmetric patterns,
and without computing the eigenvalues. The formula for Dy appears to correspond precisely to the
point at which the asymmetric solution bifurcates from the symmetric branch [17]. This is indeed the
case when pyl # p_(L —1), i.e. O(ay) # O(a_). In particular, this is true when either [ or L — [ is
sufficiently small. However the study of asymmetric patterns cannot predict the instability thresholds if
il = p_(L —1): in this case, the formula (27) for Dk actually depends on K, unlike the former case;
whereas the construction of asymmetric patterns is K independent. So in the case pil = p_(L —1), the
full spectral analysis is unavoidable.

There are some similarities between the instability thresholds for mesa patterns computed here, and
instability thresholds for Gierer-Meinhardt system computed in [31], [32]. [In [31], a singular perturbation
and matrix algebra approach was used; in [32] an approach using Evans functions and Floquet theory was
used. In this paper we have used a combination of both singular perturbation methodology and Floquet
theory.] To be concrete, consider the “standard” GM system,

a; = 20,y —a+a2/h; 0= Dhyy — h + a°. (94)

Unlike the K mesa patterns considered in this paper, the steady state for GM system considered in [31]
consists of K spikes, concentated at K symmetrically spaced points. The authors derived a sequence of
thresholds

Dy = e*exp(2/¢)/125 (95)

1
D} = K>2 (96)

K (Va4 1))

such that K spikes on the interval [—1, 1] are stable if D < D}, and unstable if D > D7%,. By comparison,
letting L = %, and considering only the case .l < p_(L — 1), the thresholds in Principal Result 3.1

K>
become
€ L 2p_gy
Di=0(—= - ;
' <KeXP<K€9+—9— 7

£ I 2p49- .
D=0 (— — I f pl<p_(L—-1), K>1.
K O<KeXp<ng_—g+ if pyl<p(L-1), K>

Thus Dy is exponenetially large in ¢ for all K, whereas D} is O(1) for K > 1 and exponentially large
for K =1.

We remark that the GM model with saturation (7) exhibits mesa patterns when the saturation is
sufficiently large, but exhibits spikes when saturation is small. It is an interesting open question to
elucidate the transition mechanism whereby a mesa can become a spike and how the various instability
thresholds change from being exponentially large to algebraically large as saturation is decreased.

The coarsening phenomenon observed in reaction-diffusion systems is also reminiscent of Ostwald
ripening in thin fluids — see for example [33], [34] and references therein.

Throughout the paper, we used the methods of formal asymptotics and no attempt has been made
to provide a rigorous justification. There are several techniques available to provide a more rigorous
foundation, such as the renormalization group method [35], [36] (for dynamics) or Lyapunov-Schmidt
reduction [37] (for steady states and stability computations). One of the difficulties here is the presence
of exponentially small (or large) quantities. It is an open problem make our results rigorous.
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In two dimensions, another instability occurs for radially symmetric spot solutions, see for example
[16], [13], [38]. However the instability computed there is initiated because of the curvature of the spot
and the instability thresholds occur when D = D, = O(1/e), with the spot being stable if D > D, and
unstable if D < D.. Such an instability leads to the deformation of the spot into a peanut-like shape and
has no analogy to the one dimensional instabilities studied in this paper. Yet, just like in one dimension,
it is expected that an interior two-dimensional spot is unstable for the shadow system D — oo. This
suggests that there exists in two dimensions a number D, > D, such that one spot is stable when
D € (D, D.) and is unstable otherwise. We anticipate that just like in the one dimensional case, D,
would be exponentially large; the exact computation remains an open problem (but see [39] for related
computations for a spike in GM model).
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