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STABILITY OF SPIKY SOLUTIONS IN A COMPETITION MODEL
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Abstract. We consider the Shigesada—Kawasaki—Teramoto model of species segregation in the
limit of high cross-diffusion rate of one species, and small diffusion rate of another. Recently, steady
states in the shape of an inverted spike were constructed in this limit in one dimension [Y. Lou,
W.-M. Ni, and S. Yotsutani, Discrete Contin. Dyn. Syst., 10 (2004), pp. 435-458; Y. Wu and Q.
Xu, Discrete Contin. Dyn. Syst., 29 (2011), pp. 367-385]. In this paper we consider the stability
properties of such spiky states. We show that K symmetric spikes are stable if the domain length is
sufficiently large. More precisely, we derive a sequence of thresholds 0 = L1 < Lo < L3 < Ly < L5 ...
such that K spikes on the domain of size 2K L are stable if and only if L > Lx. When K = 2,
the instability of a small eigenvalue is triggered first, resulting in a very slow drift of the two spikes,
with eventual absorption of one by the other. When K > 3, the primary instability is due to a large
eigenvalue, resulting in a quick death of one or more spikes. We also extend the construction of
one-dimensional steady states to a radially symmetric two-dimensional spike at the center of a disk.
In one dimension, hypergeometric functions are utilized to study the large eigenvalues; thresholds for
small eigenvalues are derived indirectly by classifying the bifurcations of asymmetric patterns. Full
numerical simulations in one and two dimensions are performed to confirm the asymptotic results
and to explore some of the dynamical scenarios away from the equilibrium state.
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1. Introduction. Back in 1979, Shigesada, Kawasaki, and Teramoto proposed
the following reaction-diffusion system to model segregation phenomena in population
dynamics [20]:

(1.1)

ur = A[(dy + p12v) u] + u(a; — byu — c1v),
ve = A(de + pa1u) v] + v(az — byu — cqv).

Here, u, v represent the densities of the two competing species, and all parameters
are assumed positive. Without the spatial diffusion terms, this is just the classical
Lotka—Volterra ODE system. The terms d; and ds model the usual self-diffusion,
while the cross-diffusion terms pi2 and p2; model the interspecies avoidance: upon
spatial encounter, the species tend to disperse away from each other.

The interspecies avoidance has been documented, for example, among cheetahs,
lions, and hyenas [2], [3]. Durant in [2] demonstrated that “lion avoidance [among
cheetah] translated into a nonrandom spatial distribution of cheetahs with the most
reproductively successful females found near lower lion densities than less successful
females.” In [3], cheetah were shown to actively move away upon hearing the record-
ings of lions. Durant in [3] proposed that this mechanism helps to sustain the cheetah
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populations, since (a) cheetah cubs are actively preyed upon by lions, and (b) cheetah
and lions compete for the same prey.

Since the introduction of (1.1), various regimes have been studied in numerous
papers; see, for example, [15], [16], [17], [12], [13], [11], [26], [25]. Of particular
importance is understanding the effect of the cross-diffusion rates pi2, p21. In fact,
as was shown in [8], any nonconstant solution is unstable in the absence of cross-
diffusion (p12 = 0 = po1). This is true in any dimension, at least for rectangular
domains (including a one dimensional interval), and is conjectured in [8] to be true
for any convex domain.

In this paper we consider a simplified version of (1.1), where one of the cross-
diffusion coeflicients is much bigger than the other. This simplification was first
introduced in [16]; without loss of generality, we may assume that p12 is dominant.
Following [11] and [26] we also discard d; and p1 and consider as a starting point the
following system:

up = p (vu),, +aru — biu? — cruw '
(1.2) Ve = dUgg + a2V — bouv — cov? a<z<bh,
uz(avt) =0= uz(bat)v Uz(avt) =0= Ur(bat)v

where

d:=dy, p:=p12, di=p2 =0,
and as in [26], we furthermore assume the following asymptotic regime:
(1.3) d<1l, p>1, all other parameters are positive and of O(1).

Biologically, when p is large, v acts as an inhibitor on u so that u diffuses quickly in
the regions of high concentration of v. This effect is believed to be responsible for
the segregation of the two species. It was shown in [11] and [26] that under these
assumptions, the system (1.2) may admit a steady state in the form of a spike for u,
and in the form of an inverted spike for v. An example of such a solution is shown in
Figure 1. Note in particular that within the spike for u, the population of v is very
low. This spatial pattern is the result of the interspecies avoidance.

The main goal of this paper is to study the stability properties of the spiky
solutions of (1.2) that were constructed in [11], [26]. A secondary goal is to extend
the computations of the steady state in [26] to two dimensions. Let us first mention
some of the previous results concerning the nonconstant steady states of (1.1) and
their stability. In [16], Mimura et al. constructed nonconstant steady states consisting
of interfaces (also called mesa patterns) for (1.1) under the assumption that ps; =
0. Numerically, some have been observed to be stable. The stability was further
analyzed in [7] using the SLEP (singular limit eigenvalue problem) method. With
regard to spike-type solutions, several of these were constructed in [11], [12], [13] in
one dimension and under various assumptions on parameters; we are not aware of
any results concerning spikes for (1.1) in two dimensions. In [25], some of the spike
solutions were proven to be unstable; no stable spikes were found. In light of the
instability result in [25] it is natural to ask, Does there exist a regime for which spike-
type solutions are stable? In this paper, we not only answer this in the affirmative
but also give a full characterization of the instability thresholds. In addition, we
construct the spiky steady states in two dimensions. To our knowledge, this is the
first demonstration of stable spikes for this model; the construction of solutions in
two dimensions is also new.
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Fi1G. 1. Steady states configurations considered in this paper. (a), (b), (c): Half-spike on [0, L].
Both u and v have boundary layers at zero, whereas T = uv is nearly constant. Note that v(0) is
small and u(0) is large. Solid line shows the full numerical computation; asymptotic approrimations
derived in Proposition 2.1 are shown using dashed lines. Parameter values are da = 4 x 1073,
p =200, (a1,b1,c1) = (5,1,1), (a2,b2,c2) = (5,1,5), and L = 1. (d) A single interior spike. (e) A
double-boundary spike configuration. (f) a two-spike configuration (i.e., L=1, K =2).

We now summarize the main stability result of this paper. We consider stability

of the following spiky states (see Figure 1):

(i) A boundary spike at 0 on the interval [0, L];

(ii) a double boundary spike configuration, consisting of two boundary spikes at 0
and at 2L on a domain [0,2L];

(iii) K interior spikes on the domain [—L, (2K — 1)L], whose centers are located at
0,2L,4L,...,2(K —1)L.

Note that the steady states (ii) and (iii) are trivially constructed from (i) by
appropriate reflections and translations. The basic spike (i) has a property that v(0)
is very close to zero, whereas u(0) is large. Such a large spike solution was first shown
to exist in [11]; more detailed asymptotics, including its height, were computed in [26].
We review their construction in section 2 (see Proposition 2.1).

While (ii), (iii) are trivially constructed from (i), the stability properties of (i),
(ii), and (iii) are very different. This is illustrated in Figure 2. Our main result is the
precise characterization of their stability. We summarize it as follows.

PrINCIPAL RESULT 1.1. Suppose that

aq bl C1
14 4— - ——-3—>0,
( ) ag bQ Co

and consider a spike steady state as constructed in Proposition 2.1. Define

g = 2d/a2,
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@ (b) (© (@)

Fic. 2. Various instabilities of Principal Result 1.1. (a) Two stable spikes. Parameter values
in (1.2) are do = 10~3; p = 200; (a1,b1,c1) = (5,1,1); (a2,b2,c2) = (5,1,5); and L = 1.5, K = 2
with b —a = 2K L. (b) Slow instability. Two spikes persist as a transient state until t ~ 1.2 x 10*.
Parameter values are the same as in (a) except that L = 1. (c) Fast instability of two boundary
spikes. Parameter values are the same as in (b), except that b —a = 2. (d) Fast instability of three
spikes (note log time scale). The middle spike disappears att ~ 20. The remaining two spikes slowly
drift towards a symmetric equilibrium. Parameter values are the same as in (b) except K = 3.

(1.5) pismatt 1= 233322 b o PR 3 "

. ,small - 2 \ by 2 as b C2 ’
(1.6)

1
Po = KpKﬁmall; where x. = 0.669 is as determined in Principal Result 4.2,
1

1.7 arge “— sma '
(1.7) PR large 7= PR small 0 ST 1 — 1K) xe

We have the following conclusions:
o A single boundary spike (i) is stable for all p.
e A double-boundary steady state (ii) is stable if p < py and is unstable other-
wise. The instability is due to a large eigenvalue.
o A K interior spike steady state (iil) with K > 2 is stable if p < min(px, smait;
PK large) and is unstable otherwise. When K =1, it is stable provided that p
is not exponentially large in €.

Several remarks are in order. First, there are two distinct types of instabilities that
can occur: either small or large eigenvalues can be destabilized. The instability with
respect to small eigenvalues typically results in a slow drift of one or more spikes, and
eventually may lead to spike death over a long time. This is illustrated, for example,
in Figure 2(b). On the other hand, the instability with respect to a large eigenvalue,
also called competition instability, results in spike death that occurs at O(1) time.
This is illustrated in Figure 2(c),(d).

Our second remark is that the critical scaling for the instability thresholds for
both small and large eigenvalues is

(1.8) p=0(d"?).

In particular, K spikes are always stable whenever 1 < p < d~1/3 (since in this case
p < PK.small and p < PK large) and are unstable when K > 2 and p > d~'/3 (since in
this case p > pr small and p > px large, S0 both small and large eigenvalues become
unstable). Finally, note that

. 1494, K =2,
=¢ 0.996, K =3,
(1 —cos[m(1—-1/K)])xc 0.875, K =4,
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so that pr 1arge > P small if K = 2 but pg large < pK,sman if K > 3. It follows that the
primary instability is due to small eigenvalues if K = 2 but is due to large eigenvalues
if K > 3. This is in agreement with numerical simulations, some of which are shown
in Figure 2 (see also section 7, Experiment 3).

The outline of this paper is as follows. In section 2 we review the construction of
the steady state (Proposition 2.1). A similar computation was performed in [26] where,
in particular, the height u(0) was also derived; however, we simplify it significantly
here in that we avoid using certain complicated exact integrals as was done in [26] (this
simplification also allows us to construct the solution in two dimensions in section 6,
where such exact integrals are no longer available). The main stability result is then
derived in sections 3-5. For the spiky patterns, there are two types of eigenvalues
that need to be considered: so-called large and small eigenvalues. In section 3 we
first derive the reduced eigenvalue problem for the large eigenvalues. We then use
hypergeometric functions to study it in section 4. In section 5 we turn our attention to
the instability due to small eigenvalues. Rather than computing the small eigenvalues
directly, we derive only their instability thresholds. This is done by calculating the
bifurcation point at which asymmetric spike patterns bifurcate off the solution branch
corresponding to spikes of equal height. In analogy to studies of similar models such
as the Gierer—-Meinhardt (GM) system [4], [19], we expect the small eigenvalues to
become unstable at these bifurcation points. This is verified numerically. Radially
symmetric steady states inside a two-dimensional disk are constructed in section 6. In
section 7 we perform full numerical simulations in one and two dimensions to confirm
our asymptotic results. Finally, in section 8 we discuss our results and present some
future directions.

The methods used in this paper are based on formal asymptotics. The critical
computation in section 4 showing that stability of the large eigenvalues involves the
hypergeometric functions had to be done numerically. It remains an open challenge
to provide a rigorous foundation, especially for the key step in section 4.

2. Steady state computation in one dimension. Before stating our stability
results, let us summarize the asymptotic shape of the spiky steady state, which was
first considered in [11], [26].

PROPOSITION 2.1 (see [26]). Consider the steady state equations

(2.1) 0 = dvgy + asv — bouv — cav?, 0=p(vu),, +au— bru? — cruv

on the interval [0, L] with Neumann boundary conditions. Suppose that

a1 bl C1
2.2 4— - ——-3—>0,
( ) ag bQ Co
and consider the asymptotic limit
(2.3) d<1l, p>1.

The system (2.1) admits a solution such that v(x) has the form of an inverted spike
at © = 0, with its minimum close to zero. More precisely, we have

(2.4) v(z) ~ a2 [g tanh? (%) + 4 (2 — 3tanh? (%))} ,

262
70
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where
2d
2. = =
(26) sim /2.
3 a3
2. =2
(2.7) = s
(2.8) 5= (3)2/3§ UEARM USRI
' T L 4 b22 a9 bg Co '

Note that the solution given by (2.4), (2.5) is valid uniformly throughout the
entire interval [0, L]. An example of this is shown in Figure 1.
We define

T =uv,
and replacing v = 7/v in (2.1) we obtain

(2.9) 0 = dvgy + asv — baT — 202,

a T
(2.10) OZmew-l-T(?l—blF —a1),

with Neumann boundary conditions for v and 7 on [0,L]. Due to the assumption
p > 1, to leading order, we have 7,, = 0 so that Neumann boundary conditions
imply that 7(z) ~ 79 is constant throughout the domain, with 79 to be determined.
Upon integrating (2.10) on [0, L], we then obtain an integral constraint

L
ay T
2.11 (__b__ )d —0.
( ) ‘/0 T . 1 1}2 C1 i
Estimating 7(z) ~ 79, we then obtain the leading order constraint
L
ay 70

To satisfy this constraint, we seek solutions for v(z) in the form of an inverted spike
such as shown in Figure 1, so that v(0) is very close to zero. In order to construct
such a solution, consider the unique ground state solution

(2.13) w(y) = gsech2 (%)

to the problem

(2.14) Wyy —w+w? =0, w—0as |y = oo, w(0)=0, w>D0.
Next, define
3 3
Voly) = 5 —w(y) = 5 tanb® (3)

so that Vj(y) satisfies

3 3
(2.15)  Voyy +2Vo — Vi — 10 Vo(0) =0, Vg(0)=0, Vo — 5 2 ly| = oo.
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We now scale v and z so that the leading order of (2.9) can be mapped into (2.15).
In the inner region we let

v=aV(y), z=ey,
where ¢ is the extent of the inner layer to be determined. Then (2.9) becomes
0 =de 2V, + a2V — ba7/ae — caV2.
In the inner region, we expand the solution as
(2.16) V=W+eVi+-, 7=m0+eln+---,

where the power p > 0 is to be determined. The leading order equation for V{ in the
inner region is

de™*Voyy + asVo — bato /o — coaVig = 0.

Matching to (2.15) we have

a252 —9 bQTDEQ __3 02062 -1
d 7 ad 4 a 7
so that
- 2d 3 a% as
= — THD = — —— o = —.
ag’ 0 16 bgCg’ 2¢o

Thus, at leading order, we obtain

as x 2d 3 2 (Y
(). =T i =S (3).
v@)~ 5=V () e=y s Voly) = g tanh™ (3
Going back to the full problem, note that u(z) ~ 7 /v(z) also has a form of the spike;
however, to determine its height «(0), it is necessary to find the corrections to v(0).
Therefore it is necessary to compute V3. We have

b
(2.17) Vigy +2Vi — 2VpV; — 42—2271 =0, Ty, =0,

2

so that 7 is constant. We write (2.17) as

(2.18) LoVi = do,
where
bQCQ
(2.19) do =4—5-7
az
and

Lo® = B, — O + 20w

is the operator that arises from the linearization of the ground state (2.14). To solve
(2.18), note the following identities:

YWy

(2.20) Lo(1) = —1 + 2w, Lo ( >

+w) =w
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Vi = —60 + 260 (—y;”y 4 w) .

Thus, to two orders, we obtain,
(2.21)

V ~ g (tanh2 (%)) +4 <2 — 3tanh? (%) - gytanh (%) sech? (%)) + 0 (52) g

where

by
(2.22) § = Goe? = 422 ryeP,
a3

Note that (2.21) is valid uniformly throughout the domain y € [0,L/e]. It remains
to determine €P11. To do so, we use the solvability condition (2.12). We start by

evaluating
/L aq 202@1 / d
—ax.
0

We choose a number ¢ with €6'/2 < o < ¢ and split the integration range as

—da:w/ —dx—l—/ ld:c.
0

To evaluate [, ﬁdw, we make a change of variables z = §'/2¢z. By assumption

o < g, we have y < 1, so we expand (2.21) in Taylor series to obtain
(2.23) Vs (—z + 2) +0(8?).
We then obtain

71 172 dz 8 *  dz i
—dx ~ 51/2 / _ o~ 571/2— / A —/ -2
/0 AR A ¢ FEs) B U = ) A

(2.24) ~ e

On the other hand, to estimate f Ldzx, note that by assumption o > €6'/2, we have
y > 02 and tamh2 (y/2) > 6, so that V ~ 2 tanh® (y/2). We then estimate

L Lje
1 2 1
—dx ~ —6/ ——dy.
/[, v T35, tanh? (y/2)

The integral on the right-hand side has the following asymptotics:

M

d 4

(2.25) / — Y~ M+ =40(1) in the limit M > 1 and m < 1.
m tanh®(y/2) m
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To show (2.25), we add and substract (y/2)~2 from the integrand to split off the
singularity. Let @ be any number with 1 < a < M. We have,

2 = 2 ) dy + _Qdy
m tanh*(y/2) m  \tanh“(y/2) vy m Y

/X;—i)d +/Md +£+O(M‘1)
w \Gann2(y/2) 2) YT ), YT

4
~O(a) + M + —.

m

Taking the limit « — O(1) we obtain (2.25). (Alternatively, an exact formula for
the indefinite integral [ ds/tanh® (s) is available, from which (2.25) can be explicitly
derived.) Thus we obtain

L

1 2 (L 4e
2.2 Sdr~Ze (24
(2.26) i Vda: 38(E+0>

Adding (2.24) and (2.26) together, note that the terms involving o in (2.24) and
(2.26) cancel each other out so that we obtain the asymptotic result

L
1 T € 2
—drx ~ —=—+ <L,
/0 |4 VERVE I
which is independent o (as it should be). In a similar manner, we compute
L L
T0 3 bl 1
bi—dr = —— —d
/0 R TR ), v
and
L 00
1 d 4
Lo [Tt 4
oV o (22242)° 9
1 —3/2 4
12\/55 ET + 9L,

where we have used the fact that [ (d—

Y _ ,—3/2%m
ta) a 1
get

. Thus to leading order, we

Coa1 2r € 4 3b1 1 —3/9 4
Loy~ =2 (= — 4 L) — =2 ([ =V36%/ -L),
T (\/5\/3+3 ) 15, (12\/_ Ty

b]_]. —3/2 1 ai bl C1
b216\/§6 eres e T n e

53 (m\ e b e 2/3(5)2/3
4\ by 2 as by C2 L '

Recalling (2.22) we then obtain

2

2.27 ==
(2.27) p=3
and

3 ag bl T 2/3 al b1 C1 —2/3 —92/3
2.28 =2 (== 4— — = —3= L7283,
( ) n 16 b202 <bg 2 as b2 C2
This completes the construction of the steady state. O
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3. Stability; large eigenvalues. Next we consider the stability. After change
of variables 7 = wv, the full equations (1.2) become

V¢ = dUgyp + a0 — boT — 0202,
T ay T
(—) :mer+T(__b1_2_Cl)-
v/t v v

We linearize around the steady state v(x), 7(z):
v(z,t) =v(z) + eMo(x), T(x,t) =7(x) + eMY(x).
The linearized equations are

(31) )\¢ = d¢xm + CL2¢ - wa - 622’U¢7
1 T a T a1t 72
(32) A (;w - U—2¢> — plbre + (71 — b2 — e) v+ (—;—2 + 2b15) &

The stability analysis consists of looking at both small and large eigenvalues. In this
section, we construct the reduced eigenvalue problem for the large eigenvalues, which
are the eigenvalues with A — A\g # 0 as € — 0. The reduced problem is independent of
the small diffusion d, and it is then analyzed in more detail in section 4. On the other
hand, the small eigenvalues arise due to translation invariance of the inner problem
and satisfy A — 0 as d — 0. The stability with respect to small eigenvalues is studied
indirectly in section 5 by determining the parameter values for which the asymmetric
spike patterns bifurcate off the symmetric branch, and without actually computing
the small eigenvalues themselves.

Two boundary spikes. We first consider a steady state that consists of two
boundary spikes on the domain [0,2L] (that is, a half-spike on [0, L] reflected in
the line x = L, as shown in Figure 1(e)). Such a configuration admits two distinct
eigenfunctions: one is even about x = L and another is odd about x = L. The
former corresponds to the boundary conditions ¢'(L) = ¢'(L) = 0, whereas the
latter corresponds to the boundary conditions ¢(L) = ¢ (L) = 0; both have Neumann
boundary conditions at the origin: ¢’(0) = ¢’(0) = 0.

In the outer region ¢ < x < L away from the spike at = 0, we drop the term
doz. We then obtain

bo
S PR

as — 2cov*
where v* = %j is the leading order behavior of v(z) in the outer limit, obtained by
taking = > O(e) in (2.4). We then obtain
by
"~ PESYS

In the inner region, we change variables as in section 2,
ag X
~ —V = —
v(x) 2es ), v=-,

o(z) = 2(y), ¥(z) =Y(y).

We then obtain, to leading order, that ¥, = 0 = ¥(y) = ¥, is a constant and
that

2 2b
AZD =Dy, + (=14 2w) ® — 2,
a2 az
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We now determine ¥, by matching the inner and outer regions.

First, consider the eigenfunction which is odd at L, that is, ¥(L) = 0. The
matching condition is that i (z) — ¥y as * — 0. Solving in the outer region for
p > 0, we have 9., ~ 0 so that

(3.3) b~ %(L — )0,

As before, choose a number o with £§'/? < o < ¢, and integrate (3.2) on the interval
[0,0]. Using 9'(0) = 0, we then obtain, to leading order,

(3.4) U (o) + 20172 / % ~ 0,
0

while matching with (3.3) we also get
(3.5) W/(0) = —Wo/L.

Next we estimate the integral as follows:
P A (@)35/00 D(y)dy
o v’ az o (V(y)’
N (@)35/(’0 ®(y)dy
ag 0 (%yQ + 25)3 ’
where § < 1 is defined as in (2.8). We change the variables y = V62, § < 1, and

obtain
3
2 & d
I~ <ﬁ) @(0)575/28/ 723
z o (32+2)

3
Co —5/2 \/§

~ =0 T—®(0).
a3 c 4 0)

(Above, we estimated ®(z) ~ ®(0), since in the z variable, the leading order equation
for ® becomes ®,, ~ 0, so that ® is constant for the extent of z.) Combining (3.4),
(3.5), and (2.7) we obtain

Uy = —Ly/(0)

L 3 3
~ —2b17'2c—§5_5/2577£<1>(0)
P as 4

L C20a9 5_5/267T9\/§

~ o b2 512 20
so that the eigenvalue problem becomes
(3.6) A® =Dy, + (-1 4 2w) & — x2(0),
where
Ao = )\3,
az
X ~ £C2%5_5/267T%.
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Simplifying further, we get that x = x», where

=23 [ a1 by N by 23
' _ 4_ i a z1 A L8/3.
(3.7) X == ( ’ ) © (b22)

In particular, x;, = O(1) when p = O(e=%/3).
For the even eigenvalue ¢'(L) = 0, the analysis is similar to the previous con-
struction; the reduced problem is still (3.6) but with

x=0 (572/3) > 1.

Stability of K interior spikes. We now modify the computation above to the
case of K spikes. We follow the methods used in [4] and [19]. We first consider the
linearized problem (3.1), (3.2) with K spikes on the interval [-L, (2K — 1) L] and with
periodic boundary conditions

(3.8) ¢(—L) = (2K —1)L), ¢'(—L) =¢'(2K —1)L),
(=L) =¢(2K —1)L), ¢'(-L)=4'(2K —1)L).

To solve this, first consider the following boundary conditions on [—L, L]:

(3.9) ¢(L) = 2¢(—L), ¢'(L) = =z¢'(-L),

(3.10) (L) = 2p(=L), (L) =2¢'(-L),

where z is a parameter to be chosen later; then we extend v, ¢ to the whole interval
[-L, (2K — 1)L] by imposing continuity at L, 3L, ... of ¢,% and their first derivative.
It then follows that ¢((2K — 1)L) = zK¢(—L), etc. Therefore (3.9) are equivalent to
(3.8), whenever zX =1 or

(3.11) z=-exp(if), 0 =——, k=0,...,K—1.

The outer problem is, as before, 1., = 0, but the boundary conditions are now given
by (3.10). Similarly to previous computation, we choose a number ot > 0 with
£0'/? <« 07 <« ¢ and another number 0~ < 0 with €6'/?2 « —6~ < ¢ and integrate

(3.2) on the interval [0, 0"]. We then obtain, to leading order,
pl(cT) =y (c7)] + 2b17’2/ i 0,
where we simplify as before,

+

79 ‘3 —5/2 V3
/U_ 3 a%é TS ©(0).
Therefore we may write
20172 3 —5/2 V3
=-—2=2 AT
e ( T e () | nte),
where n(x) solves
Nex = 07
(3.12) 12 (07) =0z (07) =1, n(0%) = n(07),

n(L) = zn(—L), z=exp(ih).
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To satisfy the boundary conditions, we must have

() = Arx+ B, x<0,
&)= z(Ax+ B —2AL), x>0.

Imposing the jump conditions we obtain
(z—1)A=1, B=2z(B-2AL).

We compute

z z—1
B =2AL—— A= ——
z—1’ (z—1)2

so that

2Lz

Note that @ =z+2z—2=2(cosf — 1) so that

n(0) = (cosg— 1)

Therefore we obtain the problem (4.1), but with x in (3.6) given by

2

1 -
(3.13) X8 1 —cosf

Xb>

where yy is given by (3.7).

Finally, we show that the stability of a K spike pattern with Neumann boundary
conditions can be derived from the stability of a 2K spike pattern with periodic
boundary conditions. Suppose that ¢ is a Neumann eigenfunction on the interval
[0, a]. Extend it by an even reflection around zero to an eigenfunction on the interval
of size [—a,a]. Such an extension then satisfies periodic boundary conditions on
[—a,a]. Tt follows that the Neumann spectrum of K spikes is a subset of a periodic
spectrum of 2K spikes. On the other hand, if ¢ is a periodic eigenfunction on [—a, al,
then define ¢(x) = ¢(z) + ¢(—z). Then ¢ is a Neumann eigenfunction on [0,a],
provided that ¢ is not identically zero. Since ¢/(0) = 0, this is equivalent to ¢ (0) # 0
or ¢ (0) # 0. A direct verification shows that this corresponds to choosing 6 in (3.13)
to be one of

Moreover (3.13) attains its minimum when k& = K — 1; this is the first unstable mode
as p is increased.

The stability of large eigenvalues now reduces to the study of the reduced problem
(3.6), which is the topic of the next section. It is found that (3.6) is stable for
X > Xe = 0.669 and is unstable otherwise. This completes the analysis of the large
eigenvalues and the derivation of the thresholds (1.6), (1.7).
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0.9
0881 N
0.86 ~
0.841 ~<

0.821 -~
0.81

ors| (L))

0.76
0741 o

0721 ° o ©

—— —_—-

06 07 o8

07708 09 1 g2 13 14
(a) (b)

Fi1a. 3. (a) The graph of the function L — 711(L) (see section 5). Full numerics are shown
by circles; the dashed line shows the asymptotics. See Experiment 2 of section T for details and
parameter values. (b) Bifurcation diagram for the problem (4.1). A Hopf bifurcation occurs at
X = Xe = 0.669. For x < xc, the problem is unstable. It becomes stable for x > xec.

4. Reduced eigenvalue problem. We now turn to the analysis of the reduced
problem for the large eigenvalues:

(41) { AP =, + (—1+2w) ® — xP(0),

® is even and is bounded as |y| — oo.

This is a novel problem which we will call the point-weight eigenvalue problem (PWEP).
See the discussion in section 8 for related nonlocal eigenvalue problems (NLEPs) that
occur in many other reaction-diffusion systems. We show the following two results.
PROPOSITION 4.1. The point spectrum to (4.1) can be written implicitly in terms
of hypergeometric functions as the solution to the following transcendental equation

for X:
(4.2) A=—1—x+2xPo(0),

where

B 6mA (A +1) 3 1,3,-1/2
(4.3) o(0) = sin (ra) (4 —5) (4A+3)  2A {3F2 < 24+a, 2—a 1)}

and
(4.4) a=+vV1+ A\

Using Proposition 4.1, we can numerically compute the bifurcation diagram. We
used Maple to evaluate (4.3) numerically. Figure 3 shows the resulting bifurcation
diagram. When x = 0, (4.1) admits two eigenvalues, A = 5/4 and A = —3/4 (see,
for example, [10]). Also when y = %, the negative eigenvalue crosses through zero.
Shortly thereafter the eigenvalues become complex-valued, and eventually stability
is achieved through a Hopf bifurcation at x = x. = 0.669; see Figure 3(b). Let us
summarize these observations as follows.

PRrINCIPAL RESULT 4.2. Suppose that x < % Then the problem (4.1) admits a
strictly positive eigenvalue. On the other hand, there exists a number x. such that
all eigenvalues A of (4.1) have negative real parts whenever x > x.. Numerically, we
find that x. = 0.669.
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The derivation of instability for x < % is done rigorously below. To show stability,
we make use of a winding number argument similar to that in [21]. However, the final
part of our argument relies on a numerical computation, as will be shown below.
Unlike the related NLEP (8.5), a fully rigorous proof of the stability of NWEP (4.1)
is still an open question; see section 8.

Proof of Proposition 4.1. We decompose ®(y) = ®* 4 P (y) such that &* is a
constant and ®¢ — 0 as |y| — co. Substituting ®(y) = &* + Py (y) into (4.1), we find
that A®* = —®* — x (®y(0) + ©*) and that ®¢ satisfies APy = Poyy — Do + 2wPg +
2w®*. We then obtain ®* = —x®((0)/(x + A+ 1), so that the problem (4.1) becomes

2x

4.5 APy = Poyy — Po + 20P) — ——————
( ) 0=0 Oyy 0 0 X+/\+]—

We also scale ® (y) so that ®4(0) = 1; the problem (4.5) then becomes

+)\+1

Doyy — a?Pg + 2uwdgy = w,
(4.6) A= —1— x (1= 20 (0)),
=vV1+ A

where we take the branch of the root so that Re(a) > 0. Next, we will use hypergeo-
metric functions to study (4.6).
We make a change of variables

'1)0 = ’LUaG

to get

/ 9 1
Gyy + QOZ%G’ +wG {2 — §O‘2 _ §a} — Wl

Next we make a change of dependent variables; let

2= Zu(y).

Note that z(y) is one-to-one with 2 — 0 as y — oo and z — 1 as y — 0. Using the
identity

we then obtain

(4.7)

z1-2)G.,+ (c—(a+b+1)2)G, — abG = (%)
with c¢:=1+4 2q; a—2—|—o< b=«

l\.’)lw

This is a hypergeometric ODE with an inhomogeneity. To study (4.7), we proceed as
n [24]; see also [19]. To determine a particular solution, we seek the series solution
of the form

oo
Gp =2° E crzt.
0
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We then determine that
s=1—a;
— 3 e 1 .
‘= (5) =2

(k+2)(k—32)
ktlta)(k+tl—a

cp = )Ck—l, k>1.

Therefore G, can be written as

l—o
(3 1 . 1,3,-1/2
Gp_(§> 1—(122 3F2<2—|—04,2—oz’2)'

Recalling that a homogeneous solution to (4.7) is given by

Gy = ALF) ( a,cb ;z) 4 Ayl ( b—c—21,_ac—c+1 ;z),

we then obtain that

2 —3/2 —a—3/2, 1
(I)O(y):BlzazF1< e ;z>+BQZ_O‘2F1< a—3/2 a;z>a

1+ 2« 1—2«
3 1 1,3,-1/2
+§1—a223F2( 24a, 2—« ’Z)’

where the constants B; and Bs are to be determined. First note that By = 0, since
®p(00) is finite. Next we outline the determination of Bj, which will be chosen to
satisfy ®((0) = 0. Note that

dp _ dg 1/2
o 1—

and let

— 1733_1/2 .
f(z)—3F2< 24+a, 2—a z)

Written explicitly, we have
fe)=cotaz+ez®+--,

where

(k+2)(k—3/2)
k+l-a)(k+1+a

co=1, ¢, = )Ck—h k>1.

Expanding for large k, we note that

(k+2)(k—3/2)

k
(k+1—-0a)(k+1+a) ashroc

31
~]——=—
2k
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so that

i 3

CkNH( —§—> Nexp{zm(l———)}
Jj=1
k .
3 1
Nexp{—izj} 5IB as k — oo

where

In particular, for z — 1, the sum for f(z) behaves like

f(z)wéZ#—i—Co—i—O(l—z) as z — 1,

where Cj is some constant independent of z. Note that

oo —
o 1

f’(z)wézn— as z — 1

so that f/(z) — oo as z — 1. However, the limit lim,_,; f'(z) (1 — 2)*/? turns out to
be finite, as we now compute. Consider

In the limit h — 0, we estimate

u(h)~ ) wlﬂﬂ ~ /O“ %\/ght)\/ﬁdt

N/ 2exp (—s®) ds ~ /7 as h — 0.
0
Thus

lim f/() (1 - )" = ev/m.

z—1

Similarly, we let

_ 24+a, a—3/2
g(Z)—2F1< 1+2OZ ,Z),

and as with f(z), we find that

lim ¢'(z) (1 - )% = d/7,

z—1
where
5 (k+1+a)(k+a-23)
d= lim K?3/? 27
Koo H (k+20)k
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Therefore we obtain

5 3 1
@6(0):Bldﬁ+§1_—(120\/—:0,

which yields

-3 1 I (k+2)(k—32)(k+2a)k
2 1-a? 1t (k+1+a)(k+1+a)(k+a-35)(k+1-a)

B =

Next we make use of the identity

o0

(k+a—b)(k+b+c) T(a+d)TI(c—d)

(4.8) k+a+dk+c—®__Fw—@F@+@

to simplify B; further. Using (4.8) we find that

o0

(k+2) (k+2a) (k+3)(k+14+20) T(2+a)I'(2+0a)

Gtlta)(ktl+ta) i (k+2+a) (k+2+a) T@B)T(1+2a) ’

s

k=1

= (k__)k _ i (k )(k—l—l) _F(Oé—é)l—‘@—a)
;g(k+a—§)(2k+1—a)_,I[()(k+a——)(k+2_a)_ F(_Z%)F(l)
so that
p_3_1 TR+al2+a)l(@-3)I2-a)
' 21 T@E)I(1+2a) T (-1)T(

We then use the standard identities

T(1-2)T(2) = ——, T(22) =T(z)T <z + %) 92:-1p-1/2, T (1) = V7,

sin (7z)

(%) pn e

to arrive at the formula (4.3). O
Derivation of Principal Result 4.2. We define

(4.9) Lo® =3y, + (—1+ 2w) ®
so that (4.5) can be written as

2x

(410) (LO — /\)‘I)() = (I)O(O)mw

Now note that Lo(w + $yw,) = w, and if we take ®¢ = w + Fywy, then $o(0) =
so that (4.10) would be satisfied with A = 0 and x = 1/2. We now show that for
X € [0, 3), there is a strictly positive eigenvalue to (4.10). Define p (A) to be

[J[9)

(4.11) p(\) := @0(0), where ®g= (Lo— ) 'w.
Then (4.10) is equivalent to solving

1+ X+x

(4.12) P =5
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We note that Ly 'w = w + Tyw, so that

(4.13) p(0) = =.

On the other hand, p()\) has a vertical asymptote at the eigenvalue A = \g = 5/4 of
the local operator Lg. To determine the behavior of p(\) near A\g, we expand A and
¢ near )\ as

(4.14) A= Ao+, q>0=§¢0+¢1+---; 5 <1,

where ¢ is the eigenfunction of the local operator Lg satisfying (Lo — Ag)¢o = 0 and
where a is an O(1) constant to be determined. We then obtain

(L() — /\0)@51 = ad)o +w + 0(5)
Multiplying both sides by ¢y and integrating yields

_ _fw%
J 4

< 0.

Therefore we obtain

1
(4.15) p(Xo + ) ~ _ffu;j;o (;50(0)3 +0(1) as § = 0.
0
In particular,
(4.16) p(A) = +oo as A — Ag.

By the intermediate value theorem, it follows from (4.16), (4.13) that (4.12) admits
a solution A > 0 whenever 0 < x < .

To show stability of (4.1) for large x, we first claim that ReA < C for some
constant C' independent of . Otherwise, there exists a sequence xg, Ar with |Ag| — 0o
as k — oo and with x, Ay being a solution to (4.5). But then H—fw@%m — 0, and (4.5)
becomes Ax¢ ~ Lo¢. However, this problem has bounded eigenvalues, contradicting
A — 00.

Since || < C, we may take the limit y — co; we then obtain

(4.17) { AQ = Poyy + (=1 + 2w) o — 200 (0)w,

Dy is even and decays as |y| — oo.

This problem is equivalent to solving

(4.18) p(N) — % =0.
To determine the number of roots of (4.18), we will compute the winding number along
an oriented contour C' that consists of the semicircle Co = Rexp(if), 0 = [—7/2,7/2],
and segment C7 = [iR, —iR] along the imaginary axis traversed downwards. Taking
the limit R — oo yields the right half-plane.

Note that the solution to (Lo — A\)®y = w has the asymptotics ®g ~ w/\ for
|Al > 0, so that along the semicircle [A| = R > 1, we have p(\) ~ 5 exp (—if);
it follows that Aargc, [p — %] = 0. To compute Aargq, p consider the functions
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1.57

pi(N)
0.51

0 2 4 A 6 8 10

F1a. 4. Graphs of pr(X) and p;(X).

pr(t) = Rep(it) and pr(t) = Im p(it) with ¢t > 0. Using Proposition 4.1, we computed
their graphs as shown in Figure 4. We make the following observations:

(4.19) pr(0) —1/2 =1 and pg(t) —1/2 - —1/2 as t — oo,
(4.20) p1(0)=0, pr(t) >0ast—0 and pr(t) >0 fort>0.

The asymptotics at ¢ = oo and 0 are easily proved; on the other hand, the positivity
of pr must be verified numerically. From (4.19) and (4.20) it follows that the change
in argument as p(t) — % is traversed from t = +ioco to t = 0 is —m; by symmetry,
Aarge, p = —2mas R — oo, and Aarg, p = —2m = 27 (N —S) where N is the number
of zeros of p inside C and S is the number of singularities, counted with multiplicities.
Note that p(A) is singular whenever A is the eigenvalue of Ly corresponding to an even
eigenfunction; since Ly has one such positive eigenvalue, we conclude that S =1, and
thus N = 0. This shows the absence of positive eigenvalues of (4.17), so that (4.1) is
stable for sufficiently large x. O

5. Small eigenvalues via asymmetric patterns. We now study the small
eigenvalues. Rather than directly computing them, we first construct asymmetric
patterns, and then compute the parameter value at which the asymmetric patterns
bifurcate from the symmetric steady state. For the classical GM system, it was ob-
served in [22] that such bifurcation corresponds precisely to the instability thresholds
for the small eigenvalues; a similar structure was found to exist in for general reaction-
diffusion systems that admit interface solutions [14]. Based on numerical evidence it
appears that this correspondence also occurs for (1.2).

To construct an asymmetric pattern, we first consider a half-spike at the origin on
the domain [0, L]. It will be confirmed later that the critical scaling is p = O(e2/3).
We therefore expand the outer region as

(5.1) p = poc /%,
(5:2) T=r+ePr+, v=vg+ooe,
where 79 is given by (2.7). In the outer region we get

Tz = 9,
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where

1 Toa 72b
g=— <—£+0—21+T001).
Po Vo Ch)

We recall (see Proposition 2.1) that in the outer region,

vy = 302 _3 g
0= 4027 = 16b202
so that
1 a% a1 by 3¢t
g Po 4b2 ( ag + 4b2 + 462 ’
- L 2 _ L2
(5.3) n=mn()+ &L =L ; g.

On the other hand, matching the inner and outer regions, we see that 71(0) is
given by (2.28). Therefore we obtain
(5.4)

3 a2 bl s 2/3 ai bl C1 —2/3 1 a2 aq bl C1
Ly=L?3=22 (21— 4— -1 34 P———2 (42 -1 _32
Tl( ) 16 bQCz bz 2 3 + Po 32b2 ag bQ 362

Note that the function L — 71(L) is convex, with 7y — co as L — 0 or L — oo, and
it attains a minimum when

—2/3 5/3
_ sl (T a_b_.a
55) w0y )™

(See Experiment 2 in section 7 and Figure 3(a) for an example and a comparison with
full numerics.) This corresponds precisely to the bifurcation point: for values of pg
above (5.5), an asymmetric solution can be constructed, whereas for py below (5.5),
only a symmetric branch can exist. The value of px smaeu in (1.5) is then derived by
substituting (5.5) into (5.1). This completes the derivation of Principal Result 1.1.

6. Construction of a spike in two dimensions. We now mimic the one-
dimensional spike computations of section 2 to derive the asymptotics of the radially
symmetric spike in two dimensions. As in section 2, we introduce

T =uv
to obtain the steady state problem for 7(x), v(z),
(6.1) 0 = dAv + asv — baT — c2v?,

a T
(6.2) O:pAT—I—T(?l—blF—cl).

We seek steady state solutions with Neumann boundary conditions inside a radially
symmetric domain {2 with a spike at the origin and p > 1, d < 1. To leading order,
T = 79 is constant, and we have the integral constraint

_ @y T0
(6.3) |Q|c1_/Q(U blvz).
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As in section 2, we seek solutions for v(x) in the form of an inverted spike so that v(0)
is very close to zero. We start with the standard spike ground state in two dimensions,
which satisfies

Aw—w+w?> =0, w—0as |yl — oo, maxw = w(0),
and define
m = maxw(y) = w(0).
Making a change of variables
Voly) :=m —w(y)
we obtain
(6.4) AV +©2m—1)Vo—VE—m(m—1)=0.
In the inner region we transform
v(z)=aV(y), =z=cey,

where the constants « and € are to be specified later; then (6.1) becomes

e2aq e2byr 20
6.5 0=A,V V- — V2.
(6.5) vV d da d
In the inner region, we expand as
(66) V:VQ+<€pV1+---, T:TQ+€p7-1+"',

where the power p > 0 is to be determined; we then choose 79, e « so that the leading
order of (6.5) becomes (6.4); that is,

(2m —1)d (m—1)m a3 1 ao
E=\———— To=—5—, a= —=.
as (2m — 1) baca 2m—1c

Proceeding as in one dimension, at the next order we get LoV = dg with Lo® =
AP — & + 20w and

b202(2m — 1)2
50 =

T1
2
az

so that, using the identities Lyl = —1 4+ 2w and Lg (y-gw + w) = w, we obtain

(6.7) 1/1:—50+250(y'2vw+w>.

In summary, to two orders we have

baca(2m — 1)?
Vem—w+dQ2w—-1+y-Vw), 6560;3’7:%7189
a3

Next we expand for small y. Note that

m(m — 1)

;1 R=lyl<1,

wly) ~m -~
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so that

m(m — 1)

5 R 4+ (2m—-1)6, R=|y <1,

Viy) ~
and in the outer region we have

V~m, |yl > 1.

Next we estimate [, % Write

L f 7t v
oV? B, V? O\B, V2’

where B, is a disk of small radius v to be specified later. We compute

~

JE Ry
o\g, V? (V(R))?

0
g2 /E}S sds
~ 27'('7 )
0 (m(7z—1)82 + (2m _ 1))
2

€ 16 > sds
~ 2777 (mQ _ m)Q (2177,71)4 2
o)

m

V)

€ 47

~ —

§ (m2—m)(2m—1)

To balance other terms in (6.3), we will need to choose § = O(g?) so that p = 2. On
the other hand, for the computation above to be valid, we also assume that ﬁ >1

and T < 1. These assumptions can be satisfied by choosing e?2 < v < ¢, so that the
approximation is self-consistent. We therefore obtain

1 g2 4 1Y)
(6:8) AW”?(mz—m)(zm—1)+W'

A similar computation yields

(6.9) /Q% ~ o,

m

Substituting (6.8), (6.9) into (6.3) we get

aica (2m —1) Q]  bicy f 47 n |Q (m —1)
as m ba ’

[2ler~ 5 (2m—1) m

g2 dmxbim 1

N@b2(2m_l) (2_3(2m_1)_(m_1)2_;_mc_1).

c2

0

In summary, we obtain the following proposition.
PROPOSITION 6.1. Consider the steady state equations

(6.10) 0 = dAv + asv — bauv — cov?, 0 = pA (vu) + a1u — bru? — cruv
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on a disk Q € R? centered at the origin with Neumann boundary conditions. Let w
be the unique ground state solution of (2.14) and define

m = maxw ~ 2.39195.

Suppose that

ai by c1
6.11 —(2m-1) - —-1)——m—>0
(6:11) 2 om—1) = (m = 1) 7 —m?
and consider the asymptotic limit
(6.12) d<l1l, p>1

The system (6.10) admits a solution such that v(x) has the form of an inverted spike
at © = 0, with its minimum close to zero. More precisely, we have

1 a9

ST o (m—w(R) +8 (2u(R) ~ 1+ Ru/(R),  R=-,
70

where
_ _ 2
(6.13) eim, @mbd . (mZlm a
az (2m — 1)° baco
(6.14) 5 g2 dmxbim 1

N@bzﬂm_l) (Z—;(Zm—l)—(m—l)l%—mﬂ)'

C2

In particular,

(6.15) o(0) ~ 225, (o)~ M Dmazl
C2 (2m —1)° b2 0

7. Numerics. We turn to numerics to validate our asymptotic results. We have
used the software FlexPDE [5] to perform the simulations of the full system (1.2).
In one dimension, due to the peculiarity of the critical scaling p = O(d’l/ 3), the
error in asymptotic results can be seen to be of O(d'/3). This means that generally
an extremely small value of d is required to obtain a decent comparison with the
asymptotic results.

Experiment 1: Steady state. We first consider a steady state consisting of
a half-spike at the origin on [0, L], as constructed in Proposition 2.1. In particular,
we explore the expected error as a function of d. We recall from Proposition 2.1 the
asymptotic formulae

eN2/33as [T 2/3 a1 b c1 —2/3
(1) o)~ (5)7 32 (R2) (a2 -2

ba
e -2/3 1 a2 bl s —2/3 ay b1 C1 2/3
2 ~ (= 222 4= -1 32 .
(7 ) U(O) (L) 4b2 < 2 2) a9 b2 362
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TABLE 1
d e =+/2d/az | u(0) from u(0) from Joerror=
numerics | asymptotics (7.2) | (col2-col3)/col3
10~ 1 0.2 8.8078 4.8486 81.65%
10=2 0.0632 14.6938 10.446 40.66%
103 0.02 27.0225 22.505 20.07%
102 0.0632 53.2865 48.486 9.90%
10=° 0.002 109.634 104.46 4.95%
We take
(73) L= 1,p=200, (al,bl,cl) = (5,1,1), (CLQ,bQ,CQ) = (5,1,5),

and we vary d. We then read off the numerically computed «(0) and compare it the
asymptotic result (7.2). Table 1 summarizes our results.

Note that decreasing d by a factor of 103 decreases the relative error by a factor of
about 10. This demonstrates that, as expected, the error behaves like O(d/?). Also
note that even with d = 1073, the error is about 20%. Therefore a very small value
of d is required to obtain good agreement with numerics.

Experiment 2: Asymmetric states. We fix

(7.4) d=10"% p=200, (a1,b1,c1)=(51,1), (az,bz,c2)=(51,5)

and numerically compute 7(L) = v(L)u(L) for several values of L. From 7(L), we
then numerically compute 71 (L) = [7(L) — 70] e~ %/3, where 79 is given by (2.7). We
then compare this computation with the asymptotic result for 71 (L) as given by (5.4).
The results are summarized in Table 2.

TABLE 2
[ L [ (L) from numerics | 71(L) from asymptotics (5.4) |

0.80 0.75054 0.9015

0.85 0.73832 0.87952
0.90 0.72882 0.8612

0.95 0.72176 0.84613
1.00 0.71661 0.83395
1.05 0.71321 0.82438
1.10 0.71172 0.81716
1.15 0.71186 0.81211
1.20 0.7134 0.80905
1.25 0.71693 0.80784
1.30 0.72149 0.80834
1.35 0.72752 0.81046
1.40 0.73479 0.8141

The graph of 71 (L) is given in Figure 3(a). The instability threshold for the small
eigenvalue corresponds to the minimizer of the function L — 7(L), shown in bold
in Table 2. Asymptotically, by solving (1.5) with pr smaenu = p for L = Lk smair We
obtain

L smair = 1.2598.  [asymptotics]
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On the other hand, from Table 2, the minimum occurs at around
L smai = 1.1.  [numerics]

The relative error is about 15% and is of the same magnitude as the relative error in
the steady state itself (see Experiment 1).

Experiment 3. We take parameter values as in (7.4) and vary K and L. First,
consider the case of K interior spikes with K = 2,3. Taking L = 1.5, we obtain
from Principal Result 1.1 that p2 smait = p3,smatr = 318.5 > p, p21arge = 476.1 > p,
and p3iarge = 317.4 > p. Therefore a pattern consisting of either two or three
interior spikes is expected to be stable. This is indeed confirmed by direct numerical
simulations. The case K = 2 is shown in Figure 2(a); the figure is similar for K = 3
(not shown).

Next, we take L = 1. We then compute p2 smaii = p3,smatt = 108.0 < p, p2.1arge =
161 < p, p3,1arge = 108 < p. Therefore either two or three interior spikes are unstable
with respect to small and large eigenvalues. On the other hand, numerically, we
observe that two interior spikes are stable with respect to large eigenvalues, whereas
three interior spikes are unstable with respect to both small and large eigenvalues
(Figure 2(b) and (d)): two spikes slowly drift away from their symmetric equilibria
until one of them disappears, but only after a long time ¢ ~ 12000, whereas three
spikes are destabilized in O(1) time and one of them disappears at ¢ ~ 20.

The fact that two spikes are observed to be numerically stable with respect to large
eigenvalues even though p2 j4rge < p is not surprising since p = 200 and p2 jarge = 161
is within 20% of p. This is within expected error range (see Experiment 2). As an
additional test and to verify that this discrepancy is due to d being insufficiently
small, we next decreased d by 10 so that d = 10~%, while at the same time increasing
p by 10/3 so that p = 200 x 10/3 = 430.88. Keeping all other parameters as before,
this preserves the critical scaling p = O(d~'/3), and the predicted behavior for two
spikes is the same as before, that is, unstable with respect to both large and small
eigenvalues. Indeed, with the decreased d, fast-scale instability was observed with one
of the spikes disappearing at t ~ 20. Moreover, O(1) oscillations were observed before
spike death; this confirms the fact that the instability of the large eigenvalue is due
to a Hopf bifurcation.

Finally, consider the case of a double-boundary spike with L = 1. Then p, =
80.7 < p so that such a configuration is unstable with respect to large eigenvalues.
This is indeed observed numerically as illustrated in Figure 2(c). On the other hand,
if L = 1.5, then p, = 238 > p and the double-boundary configuration is predicted to
be stable; we have verified numerically that this is indeed the case.

Experiment 4: p = O(1). We explore numerically what happens when p
is decreased. When p = O(1), the outer region for 7 is no longer nearly constant.
Numerically, we observe spike insertion when p is sufficiently small: a spike appears
when the distance between two spikes becomes too big; see Figure 5. With p = 7
and d = 5 x 1074, peak insertion is observed. Similar complicated dynamics were
observed when d was decreased to d = 10~° while keeping other parameters constant.
Finally, we took p = 20 and varied d from 1072 to 107°. No peak insertion was
observed. This confirms that as expected, spike insertion is independent of d, i.e.,
it occurs when p = O(1). A similar phenomenon was observed in the model of
volume-filling chemotaxis [6]. A related phenomenon of self-replication is well known
for other reaction-diffusion systems; see, for example, [9], [18]. It is possibly due
to the disappearance of the solution in the outer region. A full explanation of this
phenomenon is left for future work.
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Fi1c. 5. Sensitivity to initial conditions. The left and right figures differ only in the initial
conditions. On the left, symmetric initial conditions result in an intricate time-periodic solution.
On the right, the initial condition is the same as on the left, except for a shift of 0.1 units to the
right. Dynamics eventually settle to a five-spike stable pattern. Parameter values for both figures
are p =17, d2 = 0.0005, (a1,b1,c1) = (5,1,1), and (az,b2,c2) = (1,1,2).

TABLE 3
d € from (6.13) 0 from (6.14) (0) from  »(0) using Yoer=
numerics (6.15) (cold-col5)/col5

0.08 0.246 0.08 21.34 25.398 46.5%
0.04 0.173 0.04 37.00 29.067 27%
0.02 0.123 0.02 67.64 58.134 16.4%
0.01 0.0869 0.01 128.1 116.269 10.2%
0.005 0.0615 0.005 248.8 232.539 7%

Experiment 5: Two-dimensional steady state. We take the domain 2 to
be the unit disk and compute the radially symmetric two-dimensional spike centered
at the origin; we then read off u(0) and compare with the analytical result of Propo-
sition 6.1 We take

(75) p= 507 (al,bl,Cl) = (57 17 1)7 (a27b2702) = (57 175)

and vary d as in Table 3.

From Table 3, we note that decreasing d by a factor of 2 decreases the relative
error by a factor of 22/3. Hence the expected relative error is of O(d?/?). Such error
behavior is much better than the O(d'/?) error that was observed in one dimension.

Experiment 6: Dynamics in two dimensions. We take the parameter values
as in (7.5) except for p which we vary. A wide range of possible dynamical behavior
is observed for different ranges of p; see Figure 6.

8. Discussion. The instability thresholds of Principal Result 1.1 are qualita-
tively similar to other reaction-diffusion models without cross-diffusion. One of the

most well studied is the Gierer—Meinhardt (GM) system, whose stability was studied
in great detail in [4] and [19]. To be concrete, consider the “standard” GM system,

(8.1) a; = 20,0 — a+ a?/h, 0 = Dhyy — h + a2
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t=0.124 t=1.05 t=2.65 t=3.05

©

t=0.25 t=2.45 t=3.03

t=0.288 t=5.01 t=9.78

t=0.164 t=42.8 t=42.9

t=43.7

F1G. 6. Various dynamics observed in a two-dimensional disk. Parameter values are as given
by (7.5) except for p as specified below. Row 1: p = 2. Spot splits into three spots. Row 2: p = 4.
Initially, spot splits into two, and the final steady state consists of two boundary spots and one
center spot. Row 3: p=6. Row 4: p=500. The interior spike is unstable and slowly drifts to the
boundary. Once it reaches the boundary, it starts to oscillate indefinitely.

The steady state for the GM system considered in [4] consists of K spikes, concentrated
at K symmetrically spaced points. The authors derived a sequence of thresholds

(8.2) Dt = e?exp(2/€)/125,

1
(8.3) D = K>2,

Kw(vary]”

such that K spikes on the interval [—1,1] are stable if D < D3} and unstable if
D > Dj,. Moreover, it was found that the instability is always triggered by small
eigenvalues. By comparison, the stability thresholds for K spikes of (1.2) on the
interval of length 2 (Principal Result 1.1 with L = %) become

1.494
1—cos|r(1—-1/K)]’

(84) PK,small ‘= 5_2/3K_8/300a PK large -— PK,small

where Cp 1= % (2—;%)*2/3 (4t — Z—; - 3%)5/3 and the pattern is stable if and only
if p < min (px larges P smatt). The key qualitative difference is that the instability is
triggered by small eigenvalues only if K = 2; for K > 3, the large eigenvalues become
unstable first. Analytically, the study of large eigenvalues for (8.1) reduces to the

following nonlocal eigenvalue problem:

(8.5)
4sinh? (=
Jw 2sinh? (&5 ) + 1= cos [m(1 — 1/K)]

Its stability has been rigorously and fully characterized in any dimension in [23]; in
particular it was shown that the large eigenvalues are stable if and only if y > 1.
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On the other hand, the reduced problem (4.1) is not as well understood: in part,
numerical computations were necessary to compute the instability thresholds, and it
remains an open problem to justify this fully without relying on numerics. Moreover,
unlike for the GM model, the instability of large eigenvalues for (1.2) is due to a Hopf
bifurcation (see section 4).

As mentioned in the introduction, in section 5 we computed the instability thresh-
olds px sman for small eigenvalues indirectly by calculating the bifurcation point at
which asymmetric spike patterns bifurcate off the solution branch corresponding to
spikes of equal height. These thresholds were then verified numerically; the small
eigenvalues themselves were never actually computed. This remains an open prob-
lem, although we expect that techniques similar to those used in [4], [19] may work
to derive the small eigenvalues and the corresponding instability thresholds in a more
systematic manner.

When constructing a spike in two dimensions, we assumed the radial symmetry
of the domain. Actually, our main result in two dimensions (Proposition 6.1) still
holds even for nonradial domains; the problem then is to determine the location of
the spike. For this, a higher order solvability is needed and is left for future work.
The various stability thresholds for the two-dimensional problem is also left for future
work. Finally, the spike insertion observed in Experiment 4 of section 7 is another
interesting and unexplored phenomenon.
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REFERENCES

[1] U. ASCHER, R. CHRISTIANSEN, AND R. RUSSELL, A collocation solver for mized order systems
of boundary value problems, Math. Comp., 33 (1979), pp. 659-579.
[2] S. M. DURANT, Predator avoidance, breeding experience and reproductive success in endangered
cheetahs, Acinonyz jubatus, Animal Behaviour, 60 (2000), pp. 121-130.
[3] S. M. DURANT, Living with the enemy: Awvoidance of hyenas and lions by cheetah in the
Serengheti, Behavioral Ecology, 11 (2000), pp. 624-632.
[4] D. IroN, M. J. WARD, AND J. WEI, The stability of spike solutions to the one-dimensional
Gierer-Meinhardt model, Phys. D, 150 (2001), pp. 25-62.
(5] FlexPDE software, http://www.pdesolutions.com.
[6] T. HILLEN AND K. J. PAINTER, A user’s guide to PDE models for chemotazis, J. Math. Biol.,
58 (2009), pp. 183-217.
[7] Y. KAN-ON, Stability of singularly perturbed solutions to nonlinear diffusion systems arising
in population dynamics, Hiroshima Math. J., 23 (1993), pp. 509-536.
K. KISHIMOTO, Instability of non-constant equilibrium solutions for a system of competition-
diffusion equations, J. Math. Biol., 13 (1981), pp. 105-114.
T. KOLOKOLNIKOV, M. WARD, AND J. WEI, Self-replication of mesa patterns in reaction-
diffusion models, Phys. D, 236 (2007), pp. 104-122.
[10] G. L. LaMB, Elements of Soliton Theory, John Wiley & Sons, Inc., New York, 1980.
Y. Lou, W.-M. N1, AND S. YOTSUTANI, On a limiting system in the Lotka- Volterra competition
with cross-diffusion, Discrete Contin. Dyn. Syst., 10 (2004), pp. 435-458.
Y. Lou AND W.-M. N1, Diffusion, self-diffusion and cross-diffusion, J. Differential Equations,
131 (1996), pp. 79-131.
Y. Lou AND W.-M. N1, Diffusion vs. cross-diffusion: An elliptic approach, J. Differential
Equations, 154 (1999), pp. 157-190.

R. McKAY AND T. KOLOKOLNIKOV, Stability transitions and dynamics of localized patterns
near the shadow limit of reaction-diffusion systems, Discrete Contin. Dyn. Syst. B, to
appear.

[15] M. MimMURA AND K. KAWASAKI, Spatial segregation in competitive interaction-diffusion equa-
tions, J. Math. Biol., 9 (1980), pp. 49-64.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 07/21/16 to 129.173.74.49. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

[20]
21]
22]
23]
[24]
[25]

[26]

SPIKY SOLUTIONS 1457

M. MIMURA, Y. NisHIURA, A. TESEI, AND T. TSUJIKAWA, Coezistence problem for two com-
peting species models with density-dependent diffusion, Hiroshima Math. J., 14 (1984), pp.
425-449.

J. D. MURRAY, Mathematical Biology, Springer-Verlag, Berlin, 1989.

Y. NISHIURA AND D. UEYAMA, A skeleton structure of self-replicating dynamics, Phys. D, 130
(1999), pp. 73-104.

H. vAN DER PLOEG AND A. DOELMAN, Stability of spatially periodic pulse patterns in a class
of singularly perturbed reaction-diffusion equations, Indiana Univ. Math. J., 54 (2005), pp.
1219-1301.

N. SHIGESADA, K. KAWASAKI, AND E. TERAMOTO, Spatial segregation of interacting species, J.
Theoret. Biol., 79 (1979), pp. 83-99.

M. J. WARD AND J. WEI, Hopf bifurcation of spike solutions for the shadow Gierer—Meinhardt
model, European J. Appl. Math., 14 (2003), pp. 677-711.

M. J. WARD AND J. WEI, Asymmetric spike patterns for the one-dimensional Gierer-Meinhardt
model: Equilibria and stability, European J. Appl. Math., 13 (2002), pp. 283-320.

J. WEI, On single interior spike solutions of the Gierer-Meinhardt system: Uniqueness and
spectrum estimate, European J. Appl. Math., 10 (1999), pp. 353-378.

J. WEI AND M. WINTER, Critical threshold and stability of cluster solutions for large reaction-
diffusion systems in RY, SIAM J. Math. Anal., 33 (2002), pp. 1058-1089.

Y. Wu, The instability of spiky steady states for a competing species model with cross diffusion,
J. Differential Equations, 213 (2005), pp. 289-340.

Y. Wu AND Q. XU, The existence and structure of large spiky steady states for S-K-T compe-
tition systems with cross-diffusion, Discrete Contin. Dyn. Syst., 29 (2011), pp. 367-385.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


