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STABILITY OF CLUSTER SOLUTIONS IN A COOPERATIVE
CONSUMER CHAIN MODEL

JUNCHENG WEI AND MATTHIAS WINTER

ABSTRACT. We study a cooperative consumer chain model which consists of one producer
and two consumers. It is an extension of the Schnakenberg model suggested in [9, 22] for
which there is only one producer and one consumer. In this consumer chain model there is
a middle component which plays a hybrid role: it acts both as consumer and as producer.
It is assumed that the producer diffuses much faster than the first consumer and the first
consumer much faster than the second consumer. The system also serves as a model for
a sequence of irreversible autocatalytic reactions in a container which is in contact with a
well-stirred reservoir.

In the small diffusion limit we construct cluster solutions in an interval which have the
following properties: The spatial profile of the third component is a spike. The profile for
the middle component is that of two partial spikes connected by a thin transition layer. The
first component in leading order is given by a Green’s function. In this profile multiple scales
are involved: The spikes for the middle component are on the small scale, the spike for the
third on the very small scale, the width of the transition layer for the middle component is
between the small and the very small scale. The first component acts on the large scale.
To the best of our knowledge, this type of spiky pattern has never before been studied
rigorously. It is shown that, if the feedrates are small enough, there exist two such patterns
which differ by their amplitudes.

We also study the stability properties of these cluster solutions. We use a rigorous analysis
to investigate the linearized operator around cluster solutions which is based on nonlocal
eigenvalue problems and rigorous asymptotic analysis. The following result is established:
If the time-relaxation constants are small enough, one cluster solution is stable and and
the other one is unstable. The instability arises through large eigenvalues of order O(1).
Further, there are small eigenvalues of order o(1) which do not cause any instabilities.

Our approach requires some new ideas:

(i) The analysis of the large eigenvalues of order O(1) leads to a novel system of non-
local eigenvalue problems with inhomogeneous Robin boundary conditions whose stability
properties have been investigated rigorously.

(ii) The analysis of the small eigenvalues of order o(1) needs a careful study of the
interaction of two small length scales and is based on a suitable inner/outer expansion
with rigorous error analysis. It is found that the order of these small eigenvalues is given by
the smallest diffusion constant €3.
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1. CHAIN MODELS IN BIOLOGY AND OTHER SCIENCES

Models involving a chain of components play an important role in biology, chemistry, social
sciences and many other fields. Well-known examples include food chains, consumer chains,
genetic signaling pathways and autocatalytic chemical reactions or nuclear chain reactions.
For food chains it is commonly assumed that there is only limited supply of resources which
leads to a saturation effect. On the other hand, for autocatalytic chemical or nuclear chain
reactions the chain has a self-enforcing effect and after an initial cue the concentration of
the system components are able to grow by themselves. Consumer chains include food
chains but are more general and consumption of different commodities are also taken into
account such as water, energy, raw materials, technology and information. An advanced
consumer chain model considers both the limited amount of resources and the cooperation
of consumers. Depending on the specific circumstances both properties play a role or one of
them dominates. For example if the consumption rate is small and resources are plentiful
their limited amount is not felt and it can be ignored in a realistic model. If consumers
cooperate they will be able to utilize other constituents of the chain very efficiently with
increasing concentration and some of the nonlinear terms in system may be superlinear.

In this respect, it is interesting to consider the work of Bettencourt and West [3] who
collected extensive empirical data on typical activities in cities such as scientific publications
or patents, GDP or the number of educational institutions but also crime, traffic congestion
or certain diseases indicating that they grow at a superlinear rate. They established a
universal growth rate which applies to most of the activities in major cities independent of
geographic location or ethnicity of the population and cultural background. In our model we
consider this situation: the limited amount of resources is not felt and consumers cooperative
to utilize nutrients and other supplies very efficiently.

In biology consumers and suppliers are often called predator and prey. For background
on predator-prey models we refer to [16]. Our system also serves as a model for a sequence
of irreversible autocatalytic reactions in a container which is in contact with a well-stirred
reservoir and similar models have been suggested before, see e.g. Chapter 8 of 25| and the
references therein.

Although we do not consider genetic signalling pathways in this publication it is gener-
ally understood that their typical behaviour includes activator and inhibitor feedback loops
between different components. Some work has been done on modelling their dynamics in-
cluding stochastic approaches. On the other hand, in the vast majority of studies their
spatial components are ignored. However, they are important for many settings, e.g. for the
Wnt signaling pathway which describes interaction of cells and passing signals from the sur-
face of the cell to its nucleus via a complex signaling pathway. It plays a role in embryonic
development, cell differentiation and cell polarity generation. For further information we
refer to the excellent review article [13]. A reaction-diffusion model for planar cell polarity
is introduced and treated numerically in [1]. We plan to address these issues in future work
by targeting our chain models more closely to the genetic signaling framework and including
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further typical ingredients stemming from genetic interaction such as typical lengthscales,
mutual switch-on and switch-off mechanisms of genetic components, strength of interaction
classified into ranges of growth and plateau levels, interaction of neighbouring cells resulting
in spatio-temporal patterns at cellular or intracellular level, complex combinations of activa-
tor and inhibitor loops. In our example we just consider a chain of two activators which could
be a first step in the modeling of complex signaling pathways and mathematical analysis of
spatio-temporal structures for genetic signaling pathways which generally are represented by
complex networks of multiple activators and inhibitors.

2. A COOPERATIVE CONSUMER CHAIN MODEL

We consider a reaction-diffusion system which serves as a cooperative consumer chain
model. It considers the interaction of three components, one producer and two consumers,
which supply each other in a sequence. It is an extension of the Schnakenberg model sug-
gested in |9, 22| for which there is only one producer and one consumer. In this consumer
chain model there is a middle component which plays a hybrid role: it acts both as consumer
and producer. It is assumed that the producer diffuses much faster than the first consumer
and the first consumer much faster than the second consumer.

This system can be written as follows:

( 0S

o = DAS + @Sui, reQ t>0,
8u1 9 9
T = EAu; — uy + Su? — az uluz, r e, t>0, (2.1)
825 €9
ou
\a—;:egAUQ—uszulug, [EGQ,t>O,

where S and u; denote the concentrations of producer and the two consumers, respectively.
Here 0 < €2 < €2 < 1 and 0 < D are three positive diffusion constants. There are two small
parameters: The diffusion constant €} and the ratio of the two small diffusion constants %

These two small parameters will play an important role throughout the paper. We also set

EzmaX{Ghe—Q} (2.2)
€1

and will consider the limit ¢ — 0 which means that both ¢; — 0 and E—i — 0. The constants

ai, ag (positive) for the feed rates and 7, 77 (nonnegative) for the time relaxation constants

will be treated as parameters and their choices will determine existence and stability prop-
al

erties of steady-state cluster solutions. Note that the overall supply rates o and agi—; are
large, and they increase as the two small parameters decrease.

The system will be considered on the interval Q@ = (—1,1) with Neumann boundary
conditions for ¢ > 0:

dS dsS B du1 du1 dUQ dUQ

dx( 1,t) = dx(l,t)—o, dx( 1,t) = dx(l t) =0, dx( 1,t) = dx(l t) = ?23>

The model (2.1) represents a consumer chain under the assumption that different social
groups interact on vastly different scales, e.g. worldwide — national — regional, or national
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— regional — local. Typically the spatial scales of consumers are much smaller than those
of the resources they use. For example major cities can only exist by importing most of
their natural resources, e.g. materials, energy, food as well as consumer products through
a complex logistic supply chain. Even within cities there are often certain areas such as
central business districts or residential neighborhoods which on the one hand interact very
efficiently within themselves but can only be sustained by receiving services and products
from many other areas of the city on a sustained regular basis.

In cooperative and interconnected societies superlinear growth of consumption is fre-
quently observed. For example Bettencourt and West showed empirically based on large
data sets that in cities economic and socio-cultural activities grow superlinearly with size,
whereby an increase in population of 100 % results in growth of typical activities by ap-
proximately 115 % [3]|. For simplicity and easy mathematical treatability we have chosen
quadratic nonlinearities in our model.

These observations provide a strong motivation to consider this consumer chain model with
quadratic nonlinearities and diffusion coefficients having vastly different sizes. We consider
the limit of two small diffusion constants which converge to zero at two different rates. This
results in two different small spatial scales. Thus the model truly has the multiscale property.

We first prove the existence of cluster solutions in an interval for which the profile of
the third component is that of the commonly observed spike in the Schnakenberg model.
However, for the middle component a new cluster-type profile is observed which comes from
the fact that it acts as producer and consumer simultaneously. Its profile is that of two partial
spikes connected by a thin transition layer. In this profile different scales are involved: The
spikes for the middle component are on the small scale, the spike for the last component on
the very small scale, the width of the transition layer for the middle component is between
the small and the very small scale. The first component is in leading order given by a Green’s
function and acts on the large scale. To our knowledge this type of cluster solution has never
been studied before rigourously. It is shown that if the feed rates are small enough, more
precisely if the combination afay is below a certain threshold which has been characterized
and computed explicitly, there exist two such cluster patterns which differ by their size.

We study the stability properties of this solution in terms of the system parameter us-
ing a rigorous approach to analyze the linearized operator around cluster solutions based
on nonlocal eigenvalue problems and rigorous asymptotic analysis. The following result is
established: If the time-relaxation constants are small enough, one cluster solutions is stable
and and the other one is unstable. The instability comes through large eigenvalues of order
O(1). Further, there are small eigenvalues of order o(1) which do not cause any instabilities.

The analysis uses some novel ideas:

(i) The consideration of the large eigenvalues leads to a new system of nonlocal eigenvalue
problems which are coupled by an inhomogeneous Robin boundary condition. It is stated in
(5.5), (5.6). Its stability properties system are determined by a rigorous approach.

(ii) The investigation of the small eigenvalues uses some new ideas to deal with the inter-
action of two small scales which is based on a suitable inner/outer expansion with rigorous
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error analysis. Remarkably, the order of the small eigenvalues is determined by the smallest
diffusion constant €3 and is intimately connected to the smallest length scale.

These results are generalizations of similar but much easier findings for the Schnakenberg
model. Therefore, before stating our main results, let us briefly recall some previous studies
for the Schnakenberg model or the related Gray-Scott model. In [12, 26] the existence and
stability of spiky patterns on bounded intervals is established. In [34] similar results are
shown for two-dimensional domains. In [2] it is shown how the degeneracy of the Turing
bifurcation can be lifted using spatially varying diffusion coefficients. In [17, 18, 19] spikes
are considered rigorously for the shadow system.

For the Gray-Scott model introduced in [10, 11], some of the results are the following. In
[5, 6, 7] the existence and stability of spiky patterns on the real line is proved. In [20, 21| a
skeleton structure and separators for the Gray-Scott model are established.

Other “large” reaction diffusion systems (more than two components) with concentrated
patterns include the hypercycle of Eigen and Schuster |8, 30, 32|, and Meinhardt and Gierer’s
model of mutual exclusion and segmentation [15, 35|.

The structure of this paper is as follows:

In Section 2, we state and explain the main theorems on existence and stability.

In Section 3 and Appendix A, we prove the main existence result, Theorem 3.1. In Section
3, we compute the amplitudes of the spikes. In Appendix A, we give a rigorous existence
proof.

In Section 4 and Appendix B, we prove the main stability result, Theorem 3.2. In Section
4, we derive a nonlocal eigenvalue problem (NLEP) and determine the stability of the O(1)
eigenvalues. In Appendix B, we study the stability of the o(1) eigenvalues.

Finally, in Appendix C, we derive two Green’s functions which are needed throughout the
paper.

Throughout this paper, the letter C' will denote various generic constants which are inde-
pendent of €, for e sufficiently small. The notation A ~ B means that lim._, % = 1; and

A = O(|B]) is defined as |A| < C|B| for some C > 0; A = o(|B|) means that % — 0.

3. MAIN RESULTS: EXISTENCE AND STABILITY

In this section we state the main results of this paper on existence and stability of cluster
solutions. But we first need to introduce some notations and assumptions. We will construct
stationary cluster solutions to (2.1), i.e. cluster solutions to the system

a
DAS+1——=5u2=0, zeQ,
€1

€
E%Aul —u + Suf — a2—1u1u§ =0, xe€f, (3.1)
€2

e3AUy — Uy +ugus =0, €

with the Neumann boundary conditions given in (2.3). The solutions of (3.1) will be even
functions:

S(lxz]), where S € Hx (),
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x x
ui(|z]),  where (1 —x <€| r| ) u; € Hy (), X <€| r| ) u; € Hy(Q,),
17e 17e
us(|x]),  where uy € Hy(Q,) (3.2)
with
HY(-1,1)={ve H*(-1,1) : V(1) =2 (1) =0}
and

11
Q., = (——,—), i=1,2.
€ €

These solutions are bounded in their respective norms as € = max {61, z—i} — 0. Here y is a
smooth cutoff function which satisfies the following properties:

5 3
x € CP(—1,1), x(x)=1for |z| < 3 x(z) =0 for |z| > 2 (3.3)
and . .
re = 102 log — (3.4)
€1 €9
Let w be the unique solution of the problem
Wy, —w+w* =0, w>0 inR,
(3.5)
w(0) = maxyer w(y), w(y) — 0as |y| - +oo
which is given by
3
= . 3.6
w(y) 2 cosh? g (36)

Before stating our main results, let us formally discuss how to derive the cluster solution
by considering the interaction of the three scales. We set
yi==, =12,
€
and consider the limit € — 0. From now on, we often drop the subscript € if this does not
cause confusion.
The third equation of (3.1) in leading order is given by

AyQUQ — Uo + Ul(O)Ug ~ 0

and U9 satisfies 1

The middle equation of (3.1) in leading order is given by
Ay —uy + S(0)uf ~ 0

Uz (Y2) ~

and u; satisfies .
uy(y1) ~ %wﬂyﬂ — Ly) fory; >0, (3.8)

where the constant Ly > 0 has to be determined. Integrating the last term in the middle
equation of (3.1) results in a jump condition at y; = 0:

U1y, (01) — 11y, (07) ~ azuy (0)dy,
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where lower variables denote derivatives. The constant d; has to be worked out from the
asymptotic behavior of us given in (3.7). For u; we use the asymptotic behavior of u; given
in (3.8). This implies our first solvability condition.

Finally, the first equation of (3.1) in leading order is given by

DAS +1 — 5(0)5ydy ~ 0,

where g is the Dirac distribution. The constant dy has to be worked out using the asymptotic
behavior of u; given in (3.8). Then S can be computed using a Green’s function which will
be defined in (9.1). Here, to have a solution for S, the integral of the last two terms must
vanish. This implies our second solvability condition.

Introducing the notation Sy = S(0), z = tanh (%), the two solvability conditions can be
written as follows:

Sy = a1 (6 + 9z — 32%), (3.9)

V3
N

We will show that, if afay is small enough, there are two solutions (Sy, Lo) such that

So

V(1= 2%). (3.10)

0<Li< Ly <L,

where Lj* ~ 0.6380. Otherwise there are no solutions (Sp, Lg). (At the threshold value for
aay there is exactly one solution (Sp, Lo).)
Using Sy and Ly, the other properties of the cluster solution can now be worked out easily.
Actually, a finer analysis of the behavior of u; near zero is required on the y, scale.
Basically, we obtain u; in that inner region by integrating the last term in the middle
equation of (3.1) on the y, scale using the profile of us. The details will be given below (see
the function w4, which will be introduced in (4.8)).

The rigorous mathematical statement is given in the following main existence result.

Theorem 3.1. Assume that

€:max{61,6—2} <1, D = const. (3.11)
€1
and
ataz < co, (3.12)
where
—1)2
¢ = max — =1 _ ~ 0.0025. (3.13)

0<z<19(z — 2)2(2 + 1)

Then problem (3.1) admits two “cluster” solutions (S%, v ., uj ) and (SL, ub ., ub ) with the
following properties:
(1) all components are even functions.
(2) Sc(0) satisfies
Se(0) = Sp + O (elog 1) . (3.14)
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(3)
wir=efe (o) (1 (2)
+ (ULE(O) + Z—jul (g)) X (!ﬁ) 1) (elog %) , (3.15)
o, () = (' |> (e log 1> (3.16)

where x is a smooth cutoff function given in (3.3),

1 1 1 1 So

5; = m = S_O‘I‘O(El’l“e)a 55 = Ul,g(()) = gilU(—Lo) +O(Te) - w(—LO)

re has been defined in (3.4) and w is the unique solution of (3.5), The estimates are in the
sense of the norms given in (3.2). The function uy,. describing u . in the inner region will
be introduced in (4.8).

(4) Lo and Sy are determined by solving the system (3.9), (3.10) which has two solutions
(S5, L3), (o, L), where

+0(re), (3.17)

0<Li<Li<L
with L§' ~ 0.6380.
Finally, if a2ay > cy, then for € small enough there are no cluster solutions which satisfy

(1)~ (4).

Theorem 3.1 will be proved in Section 3 and Appendix A.
Remarks.
1.Note that

€ KL €17 K €7,

i.e. the scale of eir. is between the very small scale and the small scale.

2. If Lj < LY then, by varying a; and ay, it is possible for the corresponding value of So
to satisfy either S5 < Sh or S, < Si. This means that the cluster in the larger interval could
have larger or smaller amplitude.

3. Expressed more precisely, (3.11) means that €, and 2 are small enough; (3.12) means
the following: for every 0o > 0 there exists and €y > 0 such that for all €1, o which satisfy
0<e <€ and 0 < 2 < e we have a2ay < ¢y — dg. The assumption in the last sentence of
the theorem s to be understood in the same way.

4. We remark that using spaces of even functions will make the existence proof easier since
the single spike for us must be located at the center and translations of it are automatically
excluded.

The second main result of this paper concerns the stability properties of the cluster solu-
tions constructed in Theorem 3.1 and can be stated as follows:

Theorem 3.2. Assume that (3.11) and (3.12) are satisfied.
Let (SLub ., ub ) and (S2,uf ., u3,) be the cluster solutions given in Theorem 3.1.
Then we have the following:
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(1) (Stability) Suppose that 0 < 7 < 19, and 0 < 71 < 719, where 79 > 0 and 1719 > 0 are
suitable constants which may be chosen independently of e; and 2. Then (Si,ull,e,uéﬁe) 15
linearly stable.

(2) (Instability) The solution (S?,us ., u3.) is linearly unstable for all >0 and 7 > 0.

Theorem 3.2 implies that, in agreement with the Schnakenberg model, the small cluster
solutions with Ly ~ Lj are always linearly unstable [28, 29]. The large solutions with Ly ~ L}
can be linearly stable or unstable, depending on certain conditions for the parameters of the
system (2.1). To elucidate this issue, we will rigorously investigate their stability behavior
in detail. Theorem 3.2 will be proved in Section 4 and Appendix B.

4. EXISTENCE I: FORMAL COMPUTATION OF THE AMPLITUDES

In this section and Appendix A, we will show the existence of cluster solutions to system
(3.1) and prove Theorem 3.1. In this section we determine S and Ly.
We choose the approximate solution to (3.1) as follows:

e || |z
o) = & [w (o) (1=x (2D ) atied
+ (ul,e(o) + 6_2u1a,e (m)> X < |:B| ) ] )
€1 €9 €17¢
|| |z

_ e ] 4.1
) =g () o (1), (4.)
where &;, 1 = 1, 2, are positive constants to be determined. They will follow from the solution

(So, Lo) computed in this section.
Substituting (3.16) into the last equation of (3.1) and using (3.5), we compute

1
€ — . 4.2
52 ul,e(o) ( )
Substituting (3.1) into the second equation of (3.1) and using (3.5), we get
1 1
&= = +O(er). (4.3)

Sc(erre)  Se(0)

Next we will derive the two solvability conditions which determine the limiting amplitude
So of the source and half of the middle spike distance Ly (or equivalently, for z := tanh (%))
which have been stated in (3.9), (3.10). Then we will use these two conditions to determine
So and L.

We begin by substituting (4.1) with (4.2) and (4.3) in (3.1).

Integrating the first equation in (3.1), using the Neumann boundary condition and bal-
ancing the last two terms, we get

1 — 2, (% [ wean + 50 [ w0+ 0w dyl) (1+0(er)

Lo

=iy (L) (10 )




STABILITY OF CLUSTER SOLUTIONS IN A COOPERATIVE CONSUMER CHAIN MODEL

using

Denoting
p(L)

(see equation (2.3) in

we can rewrite (4.4) a;

Se(e1y1) = Se(0) + O(er|y1]).

- /OL w(y)dy = tanh (g) (3 ~ tanh? <§)) ,

[36]), which implies as a special case
/ w?(y) dy =6,

S.(0) = a1 (6 + 92 — 32°) + O(r.).

Taking the limit € — 0 implies our first condition for Sy and z given in (3.9):

So = a1(6 + 9z — 32°%).

Using (3.1) and (4.3), we get

which implies

U e(re) = w(—Lg) + O(erre)

5¢(0)

11..(0) = wn(r) + O(r) = ——w(—Lo) + O(r).

Using (3.16) and (4.2), we derive

5.(0)
S
’U,276<0> - u1,5(0) (0) UJ(—L0> (0) + O( 6)7

where S(0) and Ly are unknown constants to be determined.

10

(4.7)

On the €, scale, we compute from the second equation of (3.1) for |ys| < &re = log &

Integrating gives

and

This implies

yzl—ig:loo u/la,e (yQ) =

o (Y2) = aguq (0)u5 (y2) (1 + O(re))
1

MWQ(?M) (1+0(re)).

:az

, B 1
Uy (Y2) = az (0>p(yz) (1+0(re))

Uae(y2) = ¢+ CLQﬁ(O) /Oyz p(s)ds (14 O(r.)).

Ul,e(o) ygl—ig:loo p(yZ) (1 + O(?“€>) = Q2 Uy (0)

a2

Considering even functions, matching

y21—i>I:Il:loo U/la,e (92) = u/l,e<j:,r5)

(£3) (1 4+ O(r,)).

(4.8)

(4.9)

(4.10)
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and using (4.6), (4.9), we get

+O0(r,). (4.11)

2u’17€(7“6) = Qs

From (3.6), we compute

and
2 () = f)< w'(=Lo)) (14 O(e))
:—tanh %) _Ly) (14 O(e)
3z(1 — 2?)

Taking limits in (4.11) implies our second condition for Sy and z given in (3.10):
2\/\/3_2 2(1 — 2%).
Next we determine Sy and z from (3.9) and (3.10). Equating (3.9) and (3.10) gives
Vz(z —1) 2a1\/_
3z-2)(z+1) 3

Elementary computations show that the function on the L.h.s. of (4.12) vanishes for z = 0

Sp =

(4.12)

or z = 1 and it has a unique maximum for z in the interval (0, 1). This maximum is reached
for 2™ ~ 0.30851 which corresponds to Lj* ~ 0.6380. The value of the maximum of Lh.s. is
~ 0.0578.

Now in Figure 1 we plot the Lh.s. of (4.12) with z = tanh (£2) versus Ly =

Figure 1. This graph shows the L.h.s. of (4.12) versus Ly. The maximum of Lh.s. of
(4.12) is reached for Lj* ~ 0.6380, the value reached is ~ 0.0578.
This implies that under the condition

af as < ¢y, where ¢y~ 0.0025,
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there are two solutions (S, Lg) for which L, satisfies
0<Ly< Ly < L,
If
(JJ% o > Cg,
there are no such solutions. Trivially, the large z corresponds to the large L.

This result can be interpreted as follows: To have this type of cluster solution, the feed
rates for both a; and as; must be small enough. Otherwise the producers S and u; will not be
able to sustain the consumers u; and wus, respectively. Instead, among others, the following
behaviors are possible:

(i) The component us will die out and a spike for the Schnakenberg model remains which
involves only the components S and u; with uy = 0.

(ii) The component u, will die out and uy, S will both approach positive constants. It can
easily be seen that

€1 ay
U =—, S=—.
ax €1
(iii) The components approach the positive homogeneous steady state
€1 €1 €1 1
S = —, U%——Uri-az—:()’ Ug = —.
a1uy aq €9 Uy

Figure 2 shows the spatial profiles of the steady states S, ui, us for parameters D =
10, ¢ = 1074, €5 = 107%, @ = 10, ax = 1. Note that the small space variables are y; =
612 = 1072z (scale of the two spikes for u;) and yo = exx = 107%z (scale of the spike for us).

Figure 2a. The spatial profiles of the steady states S, u1, uy for parameters D = 10, 5 =

1074 e =1078, “ =10, axet = 1.
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Figure 2b. Same as Figure 2a, but zoomed in for the spatial scale.
In the next section we analyze the stability properties of the cluster steady states.

5. STABILITY I: DERIVATION, RIGOROUS DEDUCTION AND ANALYSIS OF A NLEP

We linearize (2.1) around the cluster solution S + 1., uc; + ¢ e, i = 1,2, and study
the eigenvalue problem of the resulting linearized operator:

e TAYe
Ee ¢1,e = Tl)‘e(bl,e ) (51)
¢2,6 )\e¢2,e

where L, denotes the linearized operator.

We assume that the domain of the operator L. is H%(2) x H%(Q,) x H%(£,) and that
the eigenvalue satisfies A\, € C, the set of complex numbers.

We say that a cluster solution is linearly stable if the spectrum o(L.) of L, lies in a left
half plane {A € C: Re(\) < —¢y} for some ¢y > 0. A cluster solution is called linearly
unstable if there exists an eigenvalue A, of £, with Re(\.) > 0.

Next we write down L, explicitly. First we express ¢ = T"[¢; (] using the Green’s function
Gp.ra defined in (9.7), where ¢, = T"[¢; ] is the unique solution of the equation

DAY, — 2 (Y2, + 25 .61) = TA @ € Q. (5.2)

€1

Note that 1. depends on ¢; . but not on ¢q.
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Then we can rewrite (5.1) as follows:
€1

€1
E%Agbl,e - qbl,s + 256ul,e¢175 + T/[¢1,€]u%7e - a2€_¢1,eug7e - 2&2 e_ul,eu2,e¢2,5 = Tl)\e¢1,6>
2 2

€§A¢2,6 - ¢2,6 + (bl,eu%,e + 2”1,6“2,6¢2,6 = )\6¢2,6-
(5.3)
We decompose

$1,6(y1) = Pra,e (Jy1| — Lo) <1 —X (|i—1|)> + Z_2¢1b,e X (2)
€ 1 Te

and assume that

I(ére: S2llli> = Ixe1lT2q,,) + 11 = X)1ll72,,) + 192l72,,) = 1-

Then, arguing as in the proof of Proposition 7.1 below, this sequence has a converging
subsequence. We derive an eigenvalue problem for the limit. (Since we consider even eigen-
functions, it is enough to restrict our attention to the positive real axis.)

Now we first derive the limiting eigenvalue problem for the limit (¢, ¢2) as ¢ — 0. Second
we reduce it to a NLEP for ¢ only. In these computation we set 7 = 73 = 0. At the end of
the section we will show that considering small 7 > 0 and small 71 > 0 will only introduce
a small perturbation.

For 7 = 0, integrating the first equation in (5.3) gives

[ 2aniiedes [ pai do=0
R+

R+
Taking the limit € — 0 gives
Y(0) 2[5 whrdy

= = : (5.4)
53(0) SO, wrdy
Using (5.4), then the first equation in (5.3), after taking the limit ¢ — 0, leads to
2 [ wo
Ay o1 — d1 + 2wy — &.5—02111}2 =0, y>—L. (5.5)
f—LO w
The jump condition at y = 0 translates into the boundary condition
2 |, wo
G1(~La) = ctn(~Lo) = clun(0) LI _, (5:6)
Jew
where o
0
== a2—2 0( ) 3.
w (—Lo)

Note that this is an inhomogeneous boundary condition of Robin type. Here we have used

that

“O= 50 07w
Similarly, the second equation in (5.3), after taking the limit € — 0, leads to the eigenvalue
problem

Ay, P2 — G2 + 2wepp + MUR = A2, y>0, (5.7)

(u1(0))?
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subject to the boundary condition

94(0) = 0. (5.8)
For later use, we compute
3 9\ 9 1
C = CL24—(122(1 —Z ) WB = Z. (59)
We summarize this result as follows: Taking the limit € — 0 in (5.3), we get
2 ffo woy
Ay o1 — ¢1 + 2wy — 05—02102 =0, y1>—Lo,
¢—(Loz” ) (5.10)
Ay, P2 — ¢ + 2wy + oy = A, Y2 €R,

(u1(0))?
with the boundary conditions
22 [ w2
Jew?
Although the derivations given above are formal, we can rigorously prove the following
separation of eigenvalues.

¢/1(—L0) — cp1(—Lo) — c(u1(0)) =0, <Z5/2(0) = 0. (5.11)

Theorem 5.1. Let A\, be an eigenvalue of (5.3) for which Re(\.) > —ag with some suitable
constant ag independent of €.

(1) Suppose that (for suitable sequences €, — 0) we have ., — Ao # 0. Then XAy is an
eigenvalue of NLEP (5.10) with boundary condition (5.11).

(2) Let Ao # 0 be an eigenvalue of NLEP (5.10) with boundary condition (5.11). Then,
for e sufficiently small, there is an eigenvalue A\, of (5.3) with A — Ag as € — 0.

Remark: From Theorem 5.1 we see rigorously that the eigenvalue problem (5.3) is reduced
to the study of the NLEP (5.10) with boundary conditions (5.11).

Now we prove Theorem 5.1.
Proof of Theorem 5.1:

Part (1) follows by an asymptotic analysis combined with passing to the limit as ¢ — 0
which is similar to the proof of Proposition 7.1 given below.

Part (2) follows from a compactness argument by Dancer introduced in Section 2 of [4].

It was applied in (|33]) to a related situation, therefore we omit the details.
g
The stability or instability of the large eigenvalues follows from the following results:

Theorem 5.2. [27|: Consider the following nonlocal eigenvalue problem

Jawo
Jpw?
(1) If v < 1, then there is a positive eigenvalue to (5.12).

(2) If v > 1, then for any nonzero eigenvalue v of (5.12), we have

Re(a)) < —¢p < 0.
(3) If y# 1 and a = 0, then ¢ = cow’ for some constant cq.

¢ — ¢+ 2wh—~ w? = a¢. (5.12)
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In our applications to the case when 7 > 0 or 71 > 0, we need to handle the situation
when the coefficient v is a complex function of 7a. Let us suppose that

v(0) eR, |y(rta)| < C foragr >0,7 >0, (5.13)

where C' is a generic constant independent of 7, .
Now we have

Theorem 5.3. (Theorem 3.2 of |33].)
Consider the following nonlocal eigenvalue problem

J 0o
Jow?

where y(Ta) satisfies (5.13). Then there is a small number 1o > 0 such that for T < 1,
(1) if v(0) < 1, then there is a positive eigenvalue to (5.12);
(2) if v(0) > 1, then for any nonzero eigenvalue o of (5.14), we have

Re(ar) < —¢ < 0.

d) — ¢+ 2wd — y(Ta) w = ag, (5.14)

Now we consider the NLEP (5.10) and show the following result:

Lemma 5.1. The nonlocal eigenvalue problem (5.10) with boundary conditions (5.11) is
stable for Ly > L and unstable for Lo < L{'. For Ly # Lg' it does not have zero eigenvalue.

Proof of Lemma 5.1: Using Lemma 2.1 of [14] together with the Fredholm alternative,
it follows that there is a unique solution ¢; of the problem (5.5) with boundary condition
(5.6). We now compute this solution. It is easy to see that

P1(y) = aw(y) + fu'(y), y > —Lo, (5.15)

for some real constants o and £.
Plugging the ansatz (5.15) into (5.5), we compute

a (" —w+ 2w?) —a—s>—w

Vv d fLO

—=w?
+8 (w" —w' + 2ww f 2 T w?=0, y>—L.

v fLO

=0

This implies

oo /
a— 20 — 2Bf_£oo—wu21 =0
f—Lo w
and finally
_ (—Lo)
(Lo) +3
since
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Using the boundary condition (5.6), we derive

2
aw'(—Lg) + pw" (—Lg) — claw(—Lg) + fw'(—Lg)) — cuy(0) fR Z?Q =0.
R
Elementary computations give
g c 2 [ wes
W(0) ~ w'(~Lo) - cw(~Lo) [u?
c 2fw¢2

-~ —cw'(—Lo) + w(—Lo) —w?(—Lo) [w?
Then by Theorem 5.2 the NLEP (5.10) is stable if

¢1ul<o> (fﬁud)) =

We compute, using (5.15),

S (ffuf) =~y (it + vt (ffuz)u(b)

_ B [wi(=Lo) ) [wea\ 7

— (0 (P(Lo) T3 (_LO)) (f—w)
R (559 + w!(~Lo)
—cw!'(—Lgy) — w(—Lo) + w2(—Ly)

Using
_ Lo _ / _ _ 3 2
z = tanh > (and ¢ = z, w'(—Lo) = zw, w(—Ly) = 5(1 —z7) ), (5.16)
the condition v > 1 can be rewritten as
zs(l—zg)g + 322(1 - 2%)

3+ z— >1
3,22(1—22) —%(1—22)+%(1—z2)2 2

This is equivalent to

271 2\3
28( 2) >§(1—522)(1—22)

and to
62(z — 1) > (522 — 1)(z — 2). (5.17)
We compare this result with Figure 1. Taking the derivative of L.h.s. of (4.12) w.r.t. z, we
compute
d _Vz(z-1)

dz3(z —2)(z+1)
_ (522 = 1)(2 — 2) — 62(2 — 1)?
6v/z2(z — 2)%(z + 1)?

which is equivalent to the condition (5.17). This means that we have linearized stability for

<0

the large eigenvalues at the decreasing part of the graph in Figure 1 for which Ly and z
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are large. On the other hand, we have linearized instability for the large eigenvalues at the
increasing solution branch, for which Ly and 2z are small.

Finally, we continue to consider the stability problem for the linearized operator by ex-
tending our approach to the case 7 > 0 small and 7; > 0 small.

First note that ¢ is continuous in 7A which follows by using Green’s function to solve (5.2)
for . = T'[n.].

Second, using (5.15) in a perturbed version of (5.5), we derive that now

¢1 = aw + fu’ + O((T + 7)|A])

with the same values for o and § as before.
Third, integrating the second equation in (5.3) near zero, taking the limit ¢ — 0 and using
the perturbed boundary condition (5.6), now we get

- -2 (%‘b) +O((r + )N =

¢ (1:(3L(0_)+D?2 + w'(—Lo)>
-~ cw'(—=Lo) — w(—Lo) + w2(—Ly)

Finally, multiplying the eigenvalue problem (5.3) by the eigenfunction and using quadratic
forms, it can be shown that |A| is bounded for 7 and 71 small enough. This argument is given
in detail in [31] and we refer to that work for further information. This implies that small
values of 7 > 0 and 71 > 0 introduce only small perturbations to the eigenvalue problem for
large eigenvalues A, of order O(1) and Theorem 3.2 continues to hold in this case.

O

For the existence proof in Appendix A we will need to know that the adjoint operator L}
to the linear operator L, is invertible. This is the issue of our next result.

Expressing £ explicitly, we can rewrite the adjoint eigenvalue problem as follows:

24+ 0((1 +m)|A).

1
DA¢6 + E_(¢1,e - alwe)uie = 7-1)\67/}67
1
€
G%Agbl,e - ¢1,e + 2Seul7e(¢1,e - alwe) + 6_1(¢2,e - a2¢1,e)u%75 = 7-1/\e¢1,57 <518>
2
€§A¢2,e - ¢2,e + 2ul,eu2,e<¢2,e - a2¢1,6) = )\6(252,6'

Taking the limit ¢ — 0, we get the following limiting adjoint eigenvalue problem

( o0 2
Ay ¢ — ¢1 + 2wy — 2f+wflw = T1AcP1,
f_Lo w
Ay, 2 — P2 + 2wy — 2a201(0)w = )\242527 (5.19)
¢ (—Lo) — ch1(—Lo) + a%ul(o)fﬂj»;}w? =0,
\ ¢/2(0) = 0.

We are now going to show that this limit of the adjoint operator has only the trivial kernel
and prove the following lemma:
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Lemma 5.2. The limiting adjoint eigenvalue problem given in (5.19) has only the trivial
kernel.

Proof of Lemma 5.2:
We introduce the notation L¢ := A¢p — ¢ + 2w,y > —Lg, ¢'(—Lg) — cp(—Lo) = 0.
It is easy to see that

$1(y) = a(L7w)(y) + Bu'(y), y > —Lo, (5.20)
for some real constants o and f3.
From Lemma 2.2 in [14], we get
1 z
-1 i
L7 w(y) =w+ E(y + Lo)w' + = Zzw'. (5.21)
Plugging (5.20) into (5.19), we compute

a2 J5, WAL w) dy

a L(L 7 w) — -
L_’_)/ f—Lo w* dy
7w’ dy
+6 Lw — 0 w=0, y>-L
=0 f—L w2 dy ’

Using

g /. —2\"3
45 5 9
:3+§<z—523+%)—§z(1—22)2,

this implies

3+%<z—§z3+%> 22(1 — 2%)? 9(1 — 22)3
o —2a 3 5 + B 3 =~ =0
34 352(3 — 22) 34 52(3 —2?)
and finally
1— 2\3
a= 3( - L 3. (5.22)
4—22(3—2%)+15(z — 528+ %) — 32(1 — 22)?
Substituting (5.20) into the boundary condition in (5.19), we derive
—1, \/ " -1 ’ c fR w2¢2
¢1(—Lo) = a(L w) (= Lo) + pw"(—Lo) — c(a(L™ w)(—Lo) + Bw'(—Lo)) + G_ZW = 0.
R
Elementary computations give
3 C f w2¢2 dy
—EB(1 =22y IR PP
45< Z) +a2 Jw?dy
which implies
4 1 29 d
8= o Jw'ordy (5.23)

3(1—22)2ay [wldy
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Substituting (5.23) into (5.22), we get

4(1 — 2% ifw2¢2 dy

4-22(3—22) +15(z — 223 + 2) — 32(1 — 22)2az [ w?dy

(5.24)

We now compute the term 2as¢;(0) needed in the second equation of (5.19). We decompose

d
2aain (0) =y gl

Then (5.19) has only the trivial kernel if
v # 1

(This follows after multiplying NLEP by w, integrating, and using a standard result on a
local eigenvalue problem. The details of the argument are shown in Section 3 of [33] and for
brevity we skip it here.) We compute, using (5.20),

7 = 20z (oL "w)(~ Lo) + Bu'(~Lo)) (%)

— 24, (ga + SZ(l - 22)5)
6(1 — 2?) 2z ) .

z +
(4—2z(3—22)+15(z— §z3+%) —32(1 —22)2  1-—22

Now the condition v # 1 is equivalent to
62(z —1)* # (52 — 1)(z — 2).

This is the same condition as for the operator £ and the monotonicity of the solution graph
(compare (5.17)).
O

6. DISCUSSION

Let us finally discuss the biological implications of our results. The patterns observed in
our model combine different length scales for different components and are (linearly) stable.
This shows that within our model efficient cooperation over different length-scales is possible
and the consumer chain can be established in a stable and reliable manner. It confirms that
the flow of resources, e.g. raw materials from worldwide mining activities, refinement on
a worldwide or national level, production of end-product on a worldwide or national level,
finally end-design and sales on a local level can be combined efficiently and reliably.

They will also be important in a biological context to understand spatiotemporal structures
in genetic signaling pathways which combine different lengthscales, e.g. at intercellular,
intracellular and nucleus level. Morphogens are able to spread information at the various
levels by diffusion processes, where smaller diffusivity will lead to smaller lengthscales. Our
problem is a simple prototype of such a process in the case of merely two activators.
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7. APPENDIX A — EXISTENCE II: RIGOROUS PROOF

Completion of the Proof of Theorem 3.1:
Now we consider the approximate cluster solution which has been introduced in (4.1) and

) = [w (- zo-n) (1= (2)) o
(2o (E)(2)

~ ~ €
= Ulout,e X(’l") + (ul,s(o) + €_2u1a,e (
1

lia,e(w) = &5 w <%> X (m) ’

where the amplitudes &;, i = 1,2, satisfy (4.3) and (4.2), respectively, 7. is given in (3.4), x
has been introduced in (3.3), and wuy, is defined in (4.8).
We remark that we use cutoff functions with two different scalings: x(|z|) serves to produce

is given by

EREal

an approximate solution which vanishes at the boundary exactly, whereas the role of x ( ﬂ)

€17

is to separate the two small scales. In the following we will sometimes drop the argument

of the y functions, and, to distinguish the two types we will use the shorthands xo = x(|z|)
||

and y; = x (—) Note that the perturbation caused by xq is exponentially small (of order

€17
e ¢/ forany 0 < C < 1ase—0)in L?Qel).

We first compute the error of the approximate cluster solution in system (3.1).

We compute the first component S by S, = Tty ). and so the first equation of (3.1) is
solved exactly.

The second equation of (3.1) at (S, 1., ia.) is calculated as follows:

~ €
~ N1~ ~2 1~ ~2
(t1,6)" — e + Setiy . — ag o lnelin
2

€ € - €
+X1 |:_;Ay2 ( 2u1a7€) - ( 176<O) + ﬁula,e)
E2 €1
+Se (ﬂll,e< ) + ﬁula,e) — Q2 (~1,e(0) + _2u1a e) ﬂ2 e:|
€1 €1

:IE1+E2+E3—|—E4.
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Here ' denotes derivative w.r.t. the variable of the corresponding function, i.e. it means
derivative w.r.t. x for S, y; for u; and y, for us. We divide £, = E, + Ey, into two parts
and estimate

L (1—'X1ﬂuﬁe—'@Le4*5ﬂUUaiJ
O(e) in L*(9,).
Here we have used that @y (y;) = (1 + O(e))gsl(o)w(\yﬂ — Lo — ) for |y;| > 0.5r,, and (3.5).
The second part of E; is estimated by

9
< 0Dy? (0.56—17;) ~0 ((E—?) ) .
€9 €9 €1

Note for later use that the definition of r. (see (3.4)) implies

00 re€1/€2 00 ¢ 20
/ w2(y2) dy2 — / w2(y2) dy2 ~ / 6—2192 dy2 ~ 6—27‘561/62 ~ <_2> ]
0 0 re€1/e2 €1

Computing S,(z) using the Green’s function G'p introduced in (9.1), we derive the following

€1
Ey = '(1 - Xl) — Uy €uge
€2

estimate:

Ey = [Sc(e11) — gﬁ(o)]aie

1/e1 B
= ﬂiGal / [Gp(e1yh,€12) — Gp(0, 612)]56(2)71%’6(2) dz (14 O(€))
—1/e1
oy e /( Ly, al- 55 |21]) (12| = Ly) dz (1+ O (re + e1lya]))
5%(0) 2D

~2
u €
Ry, €1yiV2Hp(0,0)(6 + 2p(Lo)) (1 + O (re + €1l )

= O(alplai,) = O(e)  in L*(Q,).
Note that VHp(0,0) = 0 by symmetry. (See the computation of Hp in the appendix).
On the small scale, we estimate

6% €9 ~ €2
E3 = X1 _QAyQ_ula,e - ul,e(o) + —Uig,e
€5 €1 €1

2
~ € €
+Se <ﬂ1,e(0) + _2u1a,6> — Q2 (_1/111,6(0) + ula,e) ﬂg,e]

€1 €2

€ ~
= Xle_l[Ayzula,e - OJ?ul,E(O)UZ,e]
2

—iy o (re) + Seiis (1) + O(e)
=0(e) in L*(Q,)
by the definition of wu, . given in (4.8) and due to the relation between & = 4, (0) and
Se(re) given in (4.3).
Finally, we estimate the error on the overlapping region between inner and outer scale for
which ) # 0 and is contained in 0.5r, < y; < 7.



STABILITY OF CLUSTER SOLUTIONS IN A COOPERATIVE CONSUMER CHAIN MODEL 23

The exact matching conditions at x = r, are

?7’1,6(0) + E_2ula,e <€_1T€) - alout,e(re) =0 (71)
€1 €9
and
P =0 7.2
Ula,e,ys gré ulout,e(rﬁ> - Y ( : )
Note that the system (7.1), (7.2) in leading order is given by
cl,f—ln e eV 4oy = o3 w(—Ly)
€2

—re€1/es
Cre — Coce "2 = ¢ v, (— L),

where ¢y, ca., ¢35, are given constants which have limits as € — 0, 7, is given by (3.4), and
the unknowns are ¢4 and Ly. The system (7.1), (7.2) can be solved exactly and it has a
unique solution.

This implies

- € € -
ty,(0) + E—QUM,E <€_1y1) — Gaout,e (1) = O((y1 — 70)?), (7.3)
1 2
and
€1 -
s (1) = T = O = ), (7.9
Combining this with
C C
/ "
bal <1 hal< = il =< =
we derive
IXidy ] <O Ix(i] < C.
With this knowledge in hand, we can now easily estimate
~ - € -
E4 = 2X/1 (ula,e,yl - ull,e) + Xlll (ul,e(o) + 6_2u1a,6 - ul,e)
1

=0(e) in L*(9,).
The third equation in (3.1) becomes
AygﬁQ,e - 112,6 + al,eagg

. . . ~9
= Ayl e — Uz, + Uy (0)3,

iy, — @,0(0)]a3,
=000 +0 (212, )
1

=0(e) in L*(,)

by using Taylor expansion of @ at 0.
We introduce the following vectorial L? norm

(¢, 62)II22 = lIx161ll72n,) + (1 = X1)S1llE2(0, ) + 02l T20,,)- (7.5)
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Similarly, for the H? norm we define

I1(¢1, 02 Il7> = Ixa1lli2a,,) + 11 = x0)1llE2q,,) + 192152, - (7.6)

Writing the system (3.1) as R.(S,u,us) = 0, we have now shown the estimate
[[Re(T[ti,e], U e, Uz.e) |2 = O (e) - (7.7)

(Note that the first equation is solved exactly and the first component does not enter in the
definition of the norm.)

Next study the linearized operator L. around the approximate solution (5’6, Ue1y Ueo). It
is defined as follows

Ve
Lo (HY(Q) = (LX), Lo | due | = (7.8)
P2,c

ay 5 ~ ay .o
DAws - 2€_S€u1,€¢1,6 - :djﬁul,G
1 1

— & ~ ~ €1 ~ €1. .
- E%Aqsl,e - gbl,e + QSeul,egbl,e + fweuie - a2€_¢1,eu§75 - 2a2€_u1,eu2,e¢2,e

2 2
2 ~2 ~ o~
62A¢275 - ¢2,e + ¢1,eu276 + 2“1,6“2,e¢275

When discussing the kernel of £, we first determine ¢ = T"[¢] using the Green’s function
Gp.ra. defined in (9.7). Therefore we study instead the following operator £. which is
applied to the second and third components. Further, to have uniform invertibility we have
to introduce suitable approximate kernel and co-kernel given by

Ke = span{i } C H3(0,),

Ce = span{iy } C L*(9,).

Then the linear operator L. is defined by

Le:Hy(Q) ©KF = LP(Q) ©CF, (7.9)
~ - € - €1 . .
Z ( ¢1 € > Ayl(bl,e - ¢1,e + 256u176¢1,6 + T/[¢17€]Uig — a2€_1¢1,€u§,e — 2a2€—1u1,6u276¢276
€ ’ = 2 2
P Dysne — G+ b1+ i iy

where L means perpendicular in L? sense. Now we show that this operator is uniformly
invertible for € small enough. In fact, we have the following result:

Proposition 7.1. There ezist positive constants €, X\ such that for all € € (0, €),

ILe(br. d2)lllLe = Alll(@1, 82)lllm= for all (¢1,¢2) € Hy(Qe) ® K. (7.10)

Further, the linear operator L. is surjective with the norms introduced in (7.5), (7.6).
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Proof of Proposition 7.1. We give an indirect proof. Suppose (7.10) is false. Using the
(bl,e

¢2,e
(7.6), then there exist sequences {3}, {®*} with ¢, — 0, ®* = ., k =1,2,... such that

notation &, = ( ) and employing the norms denoted |||®||| and introduced in (7.5),

1|£e, @2 — 0, as k — oo, (7.11)
1@ 2 = 1, k=1,2,.... (7.12)

Using the cutoff function defined in (3.3), we introduce the following functions:

1
O1ac(yr) = dre(n), 7e <fyf < - (7.13)

2

¢lb,e<y2) = E_: (¢1,5 (23/2) - ¢l,e(0)> 5 ‘?/2| S E_lre-

Because of (7.1), (7.2) we have

¢lb,e (Z_1Te> - ¢1a,e(re) =0 (714)
2
and
€1
v (1) = Ornsan(r) =0 (7.15)
2

At first (after rescaling) the functions ¢i,.¢, @1p.e, 2. are only defined in for r. < |y;| < é,
lya| < 2re and lya| < é, respectively. However, by a standard result, ¢, can be extended
to R\ {0} and ¢y, ¢2. can be extended to R such that the norms of ¢1,,. in H*(R\ {0}),
b1p.e locally in H*(R) (on any bounded domain) and ¢ in H?(R), respectively, are bounded
by a constant independent of € for all € small enough. In the following we will study this
extension. For simplicity of notation we keep the same notation for the extension. Since for
i = 1b, 2 each sequence {¢F} := {¢; .} (k =1,2,...) is bounded in H? (R) it has a weak
limit in H?_(R), and therefore also a strong limit in L? (R) and L (R). (For i = la, the
same argument holds with R replaced by R\ {0}.) Call these limits ¢;. Then, taking the

P1a

limit € — 0 in (7.9), we derive that ® = | ¢y, | satisfies

2

/ ¢2wy2 dy? =0
R

and solves the system

LD =0, (7.16)
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where the operator £ is defined as follows

2 [ wry
H1a Ay 010 — P10+ 2wLo¢1a - j})oo—o %07 y1 #0

_ ¢1b Y2 2 Y2
Ll 9w | =] owly)— dt dys — 2a2 w¢2 dt dys

®2 $1(0)
- 2 eR
with wr, (|y]) = w(ly| — Lo).
The matching condition
Py (F00) = ¢,(+0) (7.17)
follows from (7.14) and it implies the boundary condition (5.6).
The matching condition
¢1b(:|:OO) = ¢1a(0) (718)

follows from (7.15) and it determines ¢y,(0).

By Lemma 5.1, it follows for Ly # Lg* that ® = 0.

By elliptic estimates we get ||, || m2r) — 0 as k — oo. fori = 1b, 2 and ||¢14,¢, || 2\ f0}) —
0 as k — oo.

This contradicts |||®*]||z2 = 1. To complete the proof of Proposition 7.1, we need to show
that the adjoint operator to L. (denoted by L?) is injective from H? to L2

The limiting process as € — 0 for the adjoint operator L follows exactly along the same
lines as the proof for £. and is therefore omitted. By Lemma 5.2, the limiting adjoint
operator L£* has only the trivial kernel.

i

Finally, we solve the system (3.1), which we write as
RE(SE + w7 ﬂ/l,e + ¢17 ﬁ?,e + ¢2> = Re(Ue + (I)) = 07 (719>

using the notation U, = (5’6, Uy e, 712,E> . By Proposition 7.1, for € small enough we can write
(7.19) as follows:

O =L 'R (U) — LIIN(®) =: M (®), (7.20)
where

N (®) = R(U. + ®) — R.(U.) — R.(U.)® (7.21)

and the operator M, defined by (7.20) is a mapping from H? into itself. We are going to
show that the operator M, is a contraction on

Bes={p € H* : |||gllln= < 3}
if 6 and € are suitably chosen. By (7.7) and Proposition 7.1 we have

Nl < A~ (|||Ne(‘1>)|||L2 n |||R6<U€>H|L2)

< AT1C(c(6)5 + e),
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where A > 0 is independent of § > 0, € > 0 and ¢(6) — 0 as § — 0. Similarly we show
I[Me(@1) = Mc(@2)[[[z2 < A C(e(0))[[| @1 — o] 2,

where ¢(d) — 0 as § — 0. If we choose § = cz¢, then, for suitable ¢3 > 0 and € small enough,
M, is a contraction on B, 5. The existence of a fixed point ®, now follows from the standard
contraction mapping principle, and ®. is a solution of (7.20).

We have thus proved

Lemma 7.1. There exists € > 0 such that for every e with 0 < € < € there is a unique
®, € H? satisfying R(U. + ®.) = 0. Furthermore, we have the estimate

@[]z < Cee. (7.22)

This completes the proof of Theorem 3.1.

O

In this section we have constructed an exact cluster solution of the form U, + &, =
(SesUe; Ue2). In the next section we are going to study its stability.

8. APPENDIX B — STABILITY II: COMPUTATION OF THE SMALL EIGENVALUES

Completion of the Proof of Theorem 3.2:

We compute the small eigenvalues of the eigenvalue problem (5.3), i.e. we determine the
eigenvalues assuming that A\, — 0 as e — 0. We will prove that they satisfy A, = O(€2). Let
us define

Uie(r) = x(|z])uie(x). (8.1)
Then it follows easily that ;. in H3(€2,) and
Ui (2) = Ui o(7) +est.  in HX(Q,). (8.2)
Taking the derivative of the system (3.1) w.r.t. y, we compute
6?A€—2&’176 — 6—212’176 + 256u1,6€—211’1,6 + e2Sluf, — a2€—16—2&’1,6u§76 — 2a2€—1u1,€u27€&’276 =es.t.,
€1 €1 €1 €2 €1 €2
ATy — T, + 2&376u§’€ + 2uy cug (= €.8.t.
(8.3)
Let us now decompose the eigenfunction (e, ¢1., ¢2.) as follows:
e = “i‘ia’l@ + i (8.4)
where a° is a complex number to be determined and
$1e € Hy(Q);
= - a® -
Pre = Uy, + e ~ meXO + P2, (8.5)

where
I i 1
¢2,6 = ¢2a,e + ¢2757
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G20 € Hy (), ¢n, L Ko = span {iiy, .} C HY(,).
We decompose the eigenfunction . as follows:
we = CLG%,E + 17567

where 1), . satisfies

DAwl,e - Z_lwl,eu% e Q%Seul,e?ﬁll e — T)\Ewl,ea
{ ' Y b (8.6)
Ur(£1) =0
and 1, is given by
{ DAY, — ‘Z—llzzeuie — 2‘;—115’6161,6(;_51,6 = TAYe,
_ (8.7)
() (£1) = 0.

Note that 9. can be uniquely expressed in terms of ¢; . using the Green’s function Gp ;.
given in (9.7):
_ €9 1 _
Ve = aPre + P = a“Thy [Ziy ) + T), [d1.)- (8.8)

€1
The derivative S! satisfies

1
D(S)" - ?S’vﬂ - 2?5&1766—&;,5 —est, S e€HY-1,1), S(-1)=S5(1)=0.
1 1

e¥le
1
Using the following Green’s function for Dirichlet boundary conditions
DG, =6, € (—-1,1), Gy(—1)=G,(1)=0
which is given by
1 1
Gp(z,z) = E\x — 2|+ —=(zz—1)

2D
we compute S! near zero. We get

Si(eryr) — S(0)

1/e1 1
= / [Gp(e1y1, €12) — Gp(0, €12)] (Séuie + 255u1766—ﬂ376> dz (14 O(ey))

1/e1 1
1/61 1 1 1
—a [ gpattn = al =l + 55| (S, + 2502, ) da (14 0(a)
=2 1/el(l — 21| = [a1])S Y g [ 2ww' dz | (14 O (e))
- D y h— = 21 eu1,e€1u1,E Z1 S (0)y1 . 2120w dz €
—i/a € —Lo—Te
= ﬂ /1/51 (’yl - Zl‘ - |Zl‘)Seu1 6111/1 le - 6—1(1 + O(’l“e))y1<6 + Qp(Lo)) (1 + O (6)) .
D Jve te " Se(0)
(8.9)

Here we have used that by symmetry
S'(0) =0 and S/ (e1y1) = 1157 (0) + O(e3y3). (8.10)
Similarly, we compute, using the Green’s function Gp .y, (see (9.7)), that

wl,e(Elyl) - wl,e(O)
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€2 .,
= al/ [Gprac(€1y1, €121) — Gpra (0, 6121)]256(6121)%61,5(21)6—2U1,e(21) dz1 (1 + O(erlyil))
Q 1

€1
1 1/51 1 1
= (l—I—O(elog—)) 62/ —(ly1 — 21| = |21]) Sewn c—0  dz
€ —1/e1 D €1 ’

o0

VoV Hp (2, 2)lomymo 11 / 2w oy

2
Se(0) < e L+O0((r+m)A).  (8.11)

+€1€2

Note that from (8.6), we derive, using (9.7), that

U1.6(0) = O(e + (7 + m)[Ac]). (8.12)
Adding (8.9) and (8.11), we get
d
dz [Se(eryr) — Se(0)] = [Ye(eryr) — ¥e(0)]
= ; Sa( )y1(6 + 2p(Ly)) (1 +0 (elog% + (7 + 7'1)|/\6|)) : (8.13)
Suppose that (¢y., ¢a.) satisfies |||(¢1.e, P2.e)|||z2z = 1 for the norms ||| - ||| introduced in

(7.5), (7.6). Then |a¢| < C.
Substituting the decompositions of ¢, ¢ and ¢o . into (5.3) and subtracting (8.3), we

have
62 ’
1A | a° u1E
€1

- ’
= aeuiE (%,e — 6256)
_ " _ _ _ _
+(¢176) - qbl,e + 2u1,655¢1,6 + uie@/}e - 7_1)\5¢1,e
€1 -+ €1 _
_ag—gbl,gug,e — 2@2—11,176U276§Z5276 + e.s.t.

€9 €9
= [1—|—IQ—|—]3. (814)

Let us first compute, using (8.10), (8.12) and (8.13),

€~2 !
[1 =a U17€ (QXJLE - EQS€>

= eleQaeﬁl(o)ylu?ﬁ(G + 2p(Lo)) (1 + O (elog% + (7 + 7'1)|)\5|))
= ceegyguie (1 +0 (e log % + (7 + 7'1)|>\6]>) , (8.15)
where
& = D; 576+ 20(L0)). (8.16)

Since we will see that |[A\| = O(€2), the second part (7 + 71)|A| in the error of (8.15) is
dominated by its first part elog% . The same remark applies for the rest of this proof. For
brevity, the second part is omitted from now on.
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Next we estimate I5. To this end, we decompose q?)l,e into three parts:

_ €9 _
€ ~ € ~/
¢1,5 = —C€162Y1U1 ¢ +a (¢1ae - U e) + ¢lb,e'
€1

We will show that —c€1€2y11 ¢ is the leading part which gives the main contribution to
the small eigenvalues. Further, ¢, and ¢y will be introduced and estimated below.
The leading part —cfe;eay 11 of ¢y satisfies

(—C€€1€2y1ﬂ1,e)” - (—066162%@1,5) + 2171,556(—066162%@1,6)

€ N )
+cee%€—2y1uie + 216Uy = O(ejeay;)  in L*(Q,).
1
Thus it introduces the extra term 2cfe; €]  into .

We have to cancel this extra term by adding a correction to £ .. This is done as follows:

Let ¢1q. for |ya] < 7 < be defined by

2

_ €2 _ € _ € B _
(Prae)ysys — 3 (1+2c% )¢1a,s + e_gzul,essgbla,e - a2§ [21‘1,5“2,6“,2,5 + ?bla,ﬁug,e] = O(E%). (8.17)
€] 1

Note that £ . solves the equation (8.17) except for the term 2¢°€2¢14,c (and higher order

terms dominated by it). Comparing U/1 . and P1ac, We get

- €1
(¢1a € 1 e,yg)y%y2 - 2066%“176,112 = 0(63)7 |y2| S Tea- (818)

Integrating the first equation of (8.3) w.r.t. y, we derive

- € €
‘ul,e,yz‘ =0 <_2> ) ‘92’ < rs_l
€1 €9

Inserting into (8.18) and integrating, we get

3
- ~ 62 2 61
1. = ] <1610 (232) el 5.2
€1 €2
By Proposition 7.1 we derive the error estimate

11(D16.6 b2 Il 712 = 0(€?). (8.19)
Using the estimate

[9:(0)] = O(efez)
which follows from (8.7) and (9.7) since ¢, is an odd function, we get
I =o0(e3) in L*(€,).
Finally, from (8.19) we get
Iy =o(e3) in L*(9,).

Therefore we derive

_ B € .
(Cblla,e(o) — Uleys (O))E_ijWZ = 0(6%)0 ul,E(O)yng,

¢1be( ) yaw? = 0(62)0 Uy 6(0)y2w2
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and so
- €
01 (0) 2w’ = €5 u (0)y2w? (1 + o(1)). (8.20)
1
Multiplying the second component of the eigenvalue problem (5.3) by w’ and integrating, we
get
1
Lh.s. = e3c“u; (0) (1 +0 (e log —)) / yow?w dys
€ R
1 3
= —e5¢“uy ((0) (1 + 0 (e log —)) / “ dys
€ R 3
2 € 1
= —24e5¢ur(0) [ 1+ 0O | elog -
€
= 4.8 —L _y, (0)3+p(Lo)) |14+ 0O elog1
> DS.(0) €
. a
= —4.8¢3a DSzl(O)w(—Lo)(?) +p(Lo)) (1+0(1))
and
1
r.hs. = A\af /(w')2 dys <1 +0 <elog —))
R €
=1.2aA\ (14 0(1)).
Therefore
a
A = —463W;(0)w(—L0>(3 + p(Lo)) + o(€3)
1)(2 -
— 19212 (z+1)2—2) + o(€3).

>D 2(1—=2)

We summarize our result on the small eigenvalues in the following theorem.
Theorem 8.1. The eigenvalues of (5.1) with Ae — 0 satisfy

02 ajas (z+1)(2 —z2)

Ae = —1
‘ D z(1-2)

+ o(e3), (8.21)

where z has been introduced in (5.16). In particular these eigenvalues are stable.

This completes the proof of Theorem 3.2.
O
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9. APPENDIX C: TwO GREEN’S FUNCTIONS

Let Gp(z,z) be the Green’s function of the Laplace operator with Neumann boundary

conditions:
DGp(z,2)+3—-6.=0 in (—1,1), 0.1)
f_ll GD(.’L',Z)d.’L':O,G/D<—1,Z) :G/D(lvz) = ‘
We can decompose Gp(z, z) as follows
1
Gp(x,z) = E|x—z|+HD(x,z) (9.2)
where Hp is the regular part of Gp.
Written explicitly, we have
z+1)2 1—2)2
- %[%44)_(4)} —l<az<z, 03)
D\¥, %) = 2 2
%[%_—('ZT) —(lf)}, z<x<l1
By simple computations,
1 1 22 2P
Hp(z,z2) >D {—5—7—5} (9.4)
For x # z we calculate
- ifr <z
V.V.Gp(x,z) =0, V,Gp(z,2)= (9.5)
- ifz <
We further have
VoG, 2)|oes = VoHp (2, 2)]ses = —% (9.6)
(see [12]).
Similarly, let Gp ra. (2, 2) be Green’s function of
{ DGZ)’TAG(:E, 2) —TAGp o (,2) — 0, =0 in (—1,1), 9.7)
Gpma(—1,2) =Gp, (1,2) =0. '
We can decompose Gp -y (z,2) as follows
1
Gpoa(x,2) = E|x —z|+ Hp . (z, 2) (9.8)

where Hp .», is the regular part of Gp r,.
An elementary computation shows that

|\Hp(x,2) — Hpa(x, 2)] < ClTA]

uniformly for all (z,2) € Q x Q.
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