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THE MOTION OF WEAKLY INTERACTING LOCALIZED PATTERNS
FOR REACTION-DIFFUSION SYSTEMS WITH NONLOCAL EFFECT

SHIN-ICHIRO EI AND HIROSHI ISHII

ABSTRACT. In this paper, we analyze the interaction of localized patterns such as trav-
eling wave solutions for reaction-diffusion systems with nonlocal effect in one space di-
mension. We consider the case that a nonlocal effect is given by the convolution with
a suitable integral kernel. At first, we deduce the equation describing the movement
of interacting localized patterns in a mathematically rigorous way, assuming that there
exists a linearly stable localized solution for general reaction-diffusion systems with non-
local effect. When the distances between localized patterns are sufficiently large, the
motion of localized patterns can be reduced to the equation for the distances between
them. Finally, using this equation, we analyze the interaction of front solutions to some
nonlocal scalar equation. Under some assumptions, we can show that the front solutions
are interacting attractively for a large class of integral kernels.

1. INTRODUCTION

Pattern formation problem is one of the most interesting and attractive topics in nat-
ural science. There have been many mathematical models proposed for the theoretical
understanding of the mechanisms. Among them, mathematical models in the type of
reaction-diffusion systems have been proposed in order to describe spatio-temporal pat-
terns in dissipative systems such as biology and chemistry [23, 25, 32]. In fact, reaction-
diffusion type model equations are nicely fit to express Turing instability, which gives one
of the most basic theoretical concepts as the mechanism of a spatial pattern formation in
biology. Nowadays, reaction-diffusion type model equations are applied to so many kinds
of phenomena arising in dissipative systems (e.g. [18, 20, 23, 24, 26]).

While reaction-diffusion systems can describe the structure with diffusive motions and
local reactions, it has been known that there are nonlocal interactions e.g. by cell projec-
tions [27], contact inhibitions [7, 29] and so on. Such mechanisms with nonlocal interac-
tions are described by the convolutions with suitable integral kernels.

On the other hand, as stated in [15, 22|, some mechanisms which have been described
by reaction-diffusion systems can be expressed by equations with nonlocal terms of con-
volution types. In [15], it was shown that activator-inhibitor systems written in reaction-
diffusion systems which possess the mechanism of Turing instability are essentially reduced
to the type of the equation
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FIGURE 1. Integral kernel K with the Mexican hat profile on R.

with an integral kernel K (z) of the Mexican hat profile (Figure 1) and a function f(u,v),
where K % u denotes the convolution defined by (K * u)(t,x) = /K(ac — y)u(t,y)dy.

This means (1.1) includes the mechanism of the Turing instability. Koﬂildo [22] also showed
that more complicated patterns which cannot be reproduced by two component reaction-
diffusion systems can be easily done by the equations of the type of (1.1) with suitable
kernels. In [15, 22, 28, 30], they pointed out that the mechanism of Turing instability
related to the kernel with the Mexican hat profile. Furthermore, it is known that the
diffusion itself can be expressed by the convolution [1, 5]. Thus, equations as (1.1) are
the generalizations of reaction-diffusion equations in some sense.
In this paper, the equation in the type of

(1.2) u = dtgy + K xu+ f(u)

is mainly treated as one kind of equations (1.1), which appears in many fields such as
neuro-science [25], dispersal motion of cells and organisms [19], optical illusion [31] and
SO on.

For the analysis of the equation (1.2), there have been many works [3, 4, 5, 6, 8, 9,
10, 11, 14, 28, 34]. In particular, the existence and the stability of pulses and fronts
as localized solutions have been extensively investigated [3, 4, 5, 6, 8, 9, 10]. In their
works, a single pulse and/or a single front solution were constructed together with the
consideration of their stability.

From the pattern formation point of view, not only single localized patterns but also
their interactions are important. For example, it is shown in Section 3 that multiple single
front solutions of (1.2) are interacting attractively for a large class of integral kernels,
which means the coarsening process of front localized patterns in time.

In this paper, we treat the following more general reaction-diffusion systems with non-
local terms than (1.2):

(1.3) ;= Duy, + Kxu+ F(u), t >0, z € R,
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where u = u(t, z) = (w1 (¢, x), us(t, ), -+ ,u,(t,x)) € R", D = diag(dy,ds, ...,d,) (d; > 0),
F :R"™ — R" is a smooth nonlinear function, K = K(x) € R™*"

Kl,l K1,2 Kl,n Uy
K2,1 K2,2 K2,n Uz

(K xu)(t,z) = ; R : * : (t,x)

Kn,l Kn,2 e e Kn,n Up

Z(Kn,k s« u)(t, )

k=1

the * denotes the convolution with respect to the spatial variable, in which the integral
kernels K are the functions satisfying

(1.4) {Kj,k € C(R)NL'(R), K;u(x) = Kju(~x) (z €R),

VAER, [o|Kjn(y)leMdy < .

A typical example of K is K;x(z) = e, The purpose of this paper is to give a
mathematical criteria for the interaction between multiple single pulse or single front
solutions for (1.3).

We set
Kii(\) Ko\ - - K\
Koi(\) Kao(N) -+ -+ Kyn(N)
A(N) = : : : ,
BN Kuold) - o Ko

where Kj () = Jo Kjn(y)edy for j, k=1,2,...,N.

Hypothesis 1.1. We suppose for (1.3) that:

H1) [Existence of stable equilibrial
There exist linearly stable equilibria P~ and P* in the ODE

u; = A(0)u + F(u).
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H2) [Existence of traveling wave solution]
There exist a constant 0, positive constants «, [ and a function P(z) satisfying
the equation

0=DP,,—0P.+ K+« P+ F(P) (z€R),
(1.5) |P(z) — PT| < O(e™**) (2 — +00),
|P(z) — P7| < O(P%) (z = —o0).

H3) [Linearized stability of traveling wave solution]
Let a differential operator L be

Lv=Dv,, —0v,+ K *v+ F'(P(2))v,
for v e {H*(R)}", where the domain D(L) is defined as
D(L) = {v ="(vi,v9,- -+ ,v,) € {L*(R)}" | v € {H*(R)}", Dv € {H*(R)}"}.
This means

H*R) (if d; >0),
v; €S HY(R) (if dj =0 and 6 #0),
L*R) (if dj =0 and 0 =0)

forany j =1,2,...,n, when v € D(L). Then, the spectrum X(L) of L is given
by X(L) = Xy U {0}, where 0 is a simple eigenvalue with a eigenfunction P, and
there exists a positive constant pg > 0 such that g C {z € C | R(z) < —po}.
Here, R(z) denotes the real part of z.

We call P(z) satisfying the Hypothesis 1.1 for a constant § “(linearly) stable traveling
wave solution with velocity 6”. Many models of reaction-diffusion systems and nonlocal
equations have linearly stable traveling wave solutions in this sense [4, 12, 17, 21, 33, 34].

Transforming (1.3) by z := x + 0t, we have

(1.6) u, = Du,, —0u, + K xu+ F(u) =: L(u).

We note that the stable traveling wave solution P(z) is a stable stationary solution of
(1.6). Throughout this paper, we call P(z) “pulse solution” when P~ = Pt and “front
solution” when P~ # PT, respectively.

The purpose of this paper is to give a general criterion for (1.3) to analyze their inter-
action together with applications under the above assumptions about the existence and
the stability of a single traveling wave solution.

The organization of the paper as follows: in Section 2, we will state main results and its
proofs for (1.3). An application of it to a nonlocal scalar equation (1.2) will be in Section
3, in which it is shown that front solutions interact attractively for fairly wide class of
integral kernels. Finally, in Section 4, we will state future works related to the results of
this paper.
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FIGURE 2. The image of localized pattern. (a) Pulse solution when Pt =
P~ =0. (b) Front solution.

2. MAIN RESULTS

2.1. Interaction of pulse solutions. In this subsection, we consider the interaction of
pulse solutions. Suppose that P(z) is a stable pulse solution of (1.3) with velocity 6. Then,
we can assume that P~ = PT =0="0,0,---,0) € R" without loss of generality. Fixing
an arbitrarily natural number N?g5 e consider the interaction of N + 1 pulse solutions.
We define

P(z;h) :==P(z2)+ P(z — z1) + -+ P(z — zn),
where h = (hq, ha, ..., hy) for h; > 0, zp = 0 and

Zj:Zj<h):Zj_1+hj (j:1,2,,N)

Define the set
M(h*) ={E()P(z;h) |l € R, minh > h*},
where Z(I) is translation operator defined as (Z(I)v)(z) = v(z — 1) for v € {L*(R)}"™.
Moreover, we set the quantity
d(h) = sup [L(P(z; h))|.

z€R
We note that d(h) is sufficiently small as long as min h is large enough. In fact, 6(h)
satisfies 6(h) — 0 as minh — +o0, since L(P(z — 2;)) = 0 and £(0) = 0 for j =
0,1,...,N.
Furthermore, define functions

H(h) = (L(P(- + z;;R)), ®(-) ) 2

for j = 0,1,..., N, where ®* is an eigenfunction corresponding to 0 eigenvalue of the
adjoint operator L* of L and normalized by ( P,,®*),, = 1. We note that the domain
D(L*) is equal to D(L) and ®* satisfies

(2.1) L*®* := DO, + 08 + 'K  &* + 'F'(P(2))d* = 0.

By applying the same line of argument in [13] based on the theory of infinite dimensional
dynamical systems, we can obtain the following results.
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FIGURE 3. The image of P(z;h) when N = 2.

Theorem 2.1. [13]
There exist positive constants h*, Cy and a neighborhood U = U(h*) of M(h*) in { H*(R)}"
such that if w(0,-) € U, then there exist functions [(t) € R and h(t) € RN such that

(2:2) [u(t,-) = Z(E))P(5 A1)l < Cod(h(t))

holds as long as minh(t) > h*, where u(t,z) is a solution of (1.6) and || - || is the
sup-norm on R. Functions I(t) € R and h(t) € RY satisfy

(2.3) h = H(h)+0(5),

(2.4) [ = —Hy(h)+0(5%),

where § = 6(h(t)) and H = (Hy — Hy, Hy — Hy,- -+ ,Hy_1 — Hy).
Theorem 2.2. [13]

Suppose all of the elements d; of D are positive. Then, there exist positive constants

Coy, Cy and h* such that if
(2.5) h=H(h)

has an equilblium h satisfying minh > h* and the set of eigenvalues X(H'(h)) C {z €
1.

C | R(z) < —Cyé(h)}, there exists a stable traveling wave solution P(z+60t) of (1.3) such
that

IP() = PRl < Ci0(R)
cmcig = Hy(h) + O(6%(h)). Here, H'(h) denotes the linearized matriz of H with respect
to h.

If (2.5) has an equilblium h such that min h > h* and the set of eigenvalues ¥(H'(h)) C
{z e C|R(z) < =Cod(h)} U{z € C| R(z) > Cod(h)} and at least one eigenvalue of
H'(h) isin {z € C | R(z) > Cyd(h)}, there exists an unstable traveling wave solution
P(z+06t) of (1.3) such that

IP(:) = P(; h)lle < C16(R)

and § = Hy(h) + O(6*(h)).
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In [13], he constructed an attractive local invariant manifold giving the dynamics of
interacting localized patterns in the case of Reaction-diffusion systems. In its proof, he
used integral manifold theory. The proof of [13] can be also applied to reaction diffusion
systems with perturbations given by bounded operators of {L*(R)}". Now, the nonlocal
term K = u is bounded operator in {L?(R)}". Therefore, we can extend theorems in [13].

From Theorem 2.1, when the distances between localized patterns are sufficiently large,
the motion of localized patterns can be reduced to the equation (2.3) for the distances
between them. However, it is difficult to analyze H;(h) directly. When the pulse solution
P(z) converges 0 in an exponentially monotone way, H;(h) can be represented by the
explicit form approximately.

Theorem 2.3. Suppose P(z) converges 0 satisfying
P(z) = e ®(a"+0(e ™)) (2 — +00),
P(z) = €¥(a™ +0(?) (2 = —o0)

for positive constants o, f and y and non-zero constant vectors a* € R", and suppose ®*
also converges 0 in an exponentially monotone way such that

d*(2) = e Pt +0(e) (2 = +00),
O*(2) = (b +0(e7)) (2 — —0)
for non-zero constant vectors b* € R™. Then, functions Hj(h) are represented by
(2.6) H;(h) = (Mge Phirt 4 Mye™®m)(1+ O(e™"™h)) (j=1,2,--- N — 1),
(2.7) Ho(h) = Mge ™ (1+0(e 7 ™m")),
(2.8) Hy(h) = Mae "™ (14 Oe 7 ™inhy)
for a constant ' > 0 and the constants M,, Mg are given by
(2.9) M, = {((2aD+60I+ A'(a))a™,b™),
(2.10) Mg = ((268D—0I+ A'(B))a",b"),

where (-,-) stands for the inner product in R™, I € R™™ is identity matriz and A'(\) €
R™™ 4s the function with respect to X defined by

RN K0 - o RO

K1) KN o BN
A'(N) = : : - ,

RGO K)o o KL

i which

K} (M) ::/ij,k(y)eAydy, (j,k=1,2,...n).
R

Remark 2.4. Given a function G(z) : R — R", we write
G(z) = e (a+0(e ) (z—+0)
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for some positive constants o, v and a nonzero constant vector a € R™ if there exists a
positive real number Cy and a real number Cy such that

e*G(z) —al < Coe™* (V2 > ().

We also write
G(z) = e*(a+0(?) (z— —o0)

if there exists a positive real number Cy and a real number Cy such that
le"**P(z) —a| < Coe”*  (Vz < CY).

proof of Theorem 2.53. From the same calculation in [13], we can gain (2.6), (2.7) and
(2.8), where

M, = / e~ ({F(P(2)) — F/(0)}a*, & (2))dz,

My — / o ({F/(P(2)) — F/(0)}a~, " (2))d-.
R
First, we consider M,. Since positive constants c, 3 and non-zero vectors a® € R" satisfy
{0 = a’Da* + abfa’ + A(a)at + F'(0)a™,
0= 3’Da™ — B0a + A(B)a” + F'(0)a",
we obtain
(F'(0)a*t,®*(2)) = —{{a®D+afl + A(a)}a™, ®*(2))
= —(a*, {a®D + afl +"'A(a)}®*(2)).
From the equation (2.1), we have
(F'(P(2))a”,@"(2)) = (a","F'(P(2))®"(2))
—{a™, DP’_ + 09 + 'K x &*).
Therefore, M, is represented as

M, = Ae%ﬂ,n{ﬁ@*(z) —®L(2)})dz + Ae‘“z<a*>9{a<1>*<z> — @1(2)})dz

+/ e a’ {'A()®"(z) — 'K * @' })dz = [, + Iy + I.
R

Since we have
lim e”D®!(z) = ADbT, lim e **Dd%(z) = aDb™

zZ—-+00 2——00

from the lemma in Appendix A, we have
o= [ emat piete ) - e
R

_ /R % [ (a*, DP%(2) + aDP*(2))] d=

= 2ala®,Db") =2a(Da™,b").
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Similary, we obtain

I, = / e **(a’t,0{ad*(z) — ®%(2)})d=
R
= —49/ 4 [e™**(a™, ®*(2))] d=
g dz ’
= Ola®,b7).
Finally, to compute I3, we consider [, e~ Ky j(a)pi(2) — (Ki, * ¢f)(2)}dz for j, k =

1,2,--+ ,n, where ®* = (p}, 5, ..., %), Since f(kd is the even function, the integrand
can be rewritten as

e Ky j(a)pp(2) — (K * ) (2)}
= e { K j(—a)pi(2) — (Kij * 03)(2)}

_ / Kioj(y) {e 2 Dgi(2) — e i (2 — y) b dy

Yd
:/Kk,j(y)/ T e iz —y + 5)] dsdy.
R 0o as

Notice that
d —a(z+s), * d —a(z+s), *
g[e gpk(z—y+s)]:£[e gpk(z—y+s)],

S0 we obtain

| e Rst@ei) = (i « ()

Y d

= / Kk,j(y)/ / — [e*a(”s)ﬁ(z —y+s)] dzdsdy

R 0 Jrdz

=—b, / yKy j(y)e ¥dy = b,;f(,;,j(a),
R
where b~ = (b7, b5 ,...,b;, ). Therefore,
I3 = / e (a", {!A()®*(2) = 'K x ®*}) dz = (a™,"A'(a)b”) = (A'(a)a™t,b7).
R

From above calculation, we can gain (2.9). We can also obtain (2.10) by same argument.

O

2.2. Interaction of fronts. In this subsection, let us consider the interaction of front
solutions. We can consider only the case of the velocity § = 0. We use x as the space
variable instead of z because x = z in this case. Basically, we use the same notations as
in the previous subsection with 6 = 0.

Suppose that P(x) is a stable front solution of (1.3) with # = 0. We note that P(—x)
is also a stable front solution of (1.3) connecting from Pt to P~. We define the number
of front solutions as N +1 = N* + N~, where N* and N~ are the numbers of front
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(a) P(z;h) (b) P(z;h)

ZCOZO( T " .I'Q:Or T
Y I _ oA\ -

FIGURE 4. The image of P(z;h). (a) (NT,N7) = (1,1). (b) (N*,N7) =
(2,1).

solutions of the shapes P(x) and P(—z), respectively. We note that either N* = N~ or
Nt —1= N~ holds. Then, N + 1 front solutions P(z; h) are defined as

P(z;h) = P(z)+ P(—(x— 1))+ Pz —x) + - - -
+P((-1)¥(z —ay)) = {NTP* + (N~ - 1)P"}

P(x;h) = P(x)+ P(—(z — 1))+ Pz —x9) + -+~
PPV (e an)) — (N~ )P4 NP

if N*—1= N, where h = (hy, hg,--- ,hy) € RN 2, = S i hy for j = 1,2,--- , N and
zo = 0. Moreover, we define functions H;(h) (j =0,1,--- ,N) by

Hj(h) = (L(P(z + z;; b)), ©*((=1) 7)) 2.

By applying the same line of argument in [13], we can also obtain the following result.

Theorem 2.5. [13] Theorems 2.1 and 2.2 hold in the same statements but

(2.11) h; = (=1Y*Y(H,_y(h)+ H;(h))+0(8%) (j =1,2,--- ,N),
(2.12) [ = —Hy(h)+0(5%),
and

H = (Ho+ Hy, —(Hy + Hs), -+, (=) " (Hy_1 + Hx)).

Just like Theorem 2.3, H;(h) can be represented by the explicit form approximately,
when the front solution P(z) converges P* in an exponentially monotone way.

Theorem 2.6. Suppose P(z) converges P* as

P(x)—P" = e ™(at+0(e™) (z— +00),
P(r)— P~ = (a” +0(e")) (v — —o0)
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for positive constants o, 8 and vy and non-zero constant vectors a* € R", and suppose ®*
converges 0 in an exponentially monotone way such that

¥(a) = B+ O (2 +oo),
d*(z) = (b +0(7) (z— o0)
for mon-zero constant vectors b* € R™. Then, functions H;(h) are represented by
(213) H2j—1(h) = (M—i_e_ah%*l _ M—e—ﬁhzj)(l + O(e—'y’minh))
(] = 1727"' 7N+)7
(214) sz(h> — (M+e*ah2j+1 _ M7€*6h2j>(1 + 0(677/ minh))
(.] = 1727”' 7N_>7
(215) HO(h) — M+€—ah1(1 + O(e—'y’minh))7
{MJreahN(l + O(G,V/minh)) (Zf Nt = N7)7

(2.16)  Hy(h) M~e P (14 Qe mink))  (if N* —1=N")

for a constant ' > 0 and the constants M* are given by

(2.17) M* = {((2aD + A'(a))a*,b"),
(2.18) M~ = ((28D+ A'(8))a",b").

Proof. From the same calculation in [13], we can gain (2.13), (2.14), (2.15) and (2.16),
where

M = é e ([F(P(2)) — F'(P)}a*, " (x))da,
M- = /R e ({F(P(2)) — F'(P-)}a~, &*(2))da.

By the argument similar to Theorem 2.3, we can obtain (2.17) and (2.18). O]

3. APPLICATIONS

In this section, we consider the interaction of two standing front solutions to the nonlocal

scalar equation (1.2), where d > 0, K € C'(R), K’ € L'(R = [z K(y)dy and
g(u) := f(u) + Ku satisfies
g € C*(R), g(&1) = g(a) = 0,¢/(£1) <0< g'(a), [*, g(u

1) =
g<0in(—1,a)U(1,00), g > 0in (—o0,0) U (,1),
g >0in [rl,TQ] g <0in [—1,1]\[r1, ]

for some constants a, ry, ro € (—1,1) with r; < 5. A typical example of ¢ is g(u) =
u(l — u?).
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______ u(t, x) Ep—
[>0 [+h<0
>
I(t) (I +h)(t)
______________ P—

FIGURE 5. The image of the interaction of two standing fronts, when the
kernel is non-negative function.

3.1. Case of non-negative integral kernel. In this subsection, we consider the inter-
action of two standing front solutions when K (z) > 0. In this case, (1.2) admits a strictly
increasing stable standing front solution satisfying P(+o0) = £1 [4, 9, 34]. Furthermore,
when K satisfies

YA>0, A\ =K\ = / K (y)eNdy < oo,

P(z) converges +1 in an exponentially monotone way [34]. Thus, suppose P(z) converges
1 as

(3.1) P(z)—1=e"(a" 4+ 0(e)) (x = +o0)
for some positive constant a and a non-zero constant a*. Then « is a positive solution of
G(\) :=d\* + A\ + 4/ (1) = 0.

It is easy to see that G/(\) is strictly monotone increasing function for A > 0, since K > 0.
Therefore, we obtain G'(A) = 2d\ + A’(A) > 0 for A > 0. Now, ®* is represented as

1 aa™
" (x) = ——PF.(z)—> — e (x = 4+00)
| P[72 | Pell3
and we have
—a(a+)2
x L2

Therefore, the equation for [ and the front distance h is

[ = —Hy(h) 4+ O(6%) ~ —Mte " > 0,
h = Hy(h) + Hy(h) + O(6%) ~ 2M+te =" < 0.

This means the attractivity of two front solutions (Figure 5).
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3.2. Interaction of very slow front solutions. In this subsection, we consider the
interaction of two front solutions with very slow wave speed when K (z) > 0. We consider
the equation (1.2) with small perturbation like

(3.3) U = dug, + K xu+ f(u) + efi(u, K % u),

where € is a sufficiently small constant, K; : R — R belongs to C(R) N L*(R), and
fi(u,v) : R? — R is a smooth function satisfying

f(:i:l,:i:/RKl(y)dy) = 0.

Let us consider the solution (3.3) with the initial function u(0,z) close to P(x —
[(0),h(0)) for sufficiently large h(0). By a quite similar argument in [13, 16], if € is
sufficiently small, then we can show that the solution u(¢,x) is close to P(xz — I(t), h(t))
and

| _ _Aftpo—ah _ 2 2
(3.4) {z_ Mte eCp+ 052 + €2),

h=2M+te " 4 2¢C 4 O(52 + €%)

holds as long as h(t) is sufficiently large, where M™ is the constant given by (3.2) and
Cr = (fi(P,Ky* P),P, );2. When eC; > 0, we can understand the attractivity of two
front solutions. If eC'y < 0, then (3.4) has a unstable equilibrium. Therefore, in this case,
we can find a unstable stationary solution by a quite similar way to the proof of theorem
2.9.

For example, we consider the case that fi(u,v) = v and Kj(x) is a odd function
satisfying

K1 < 0 in (0, 00).

Then, Cf = ( Ky % P, P, );.. Since P(z) is monotone increasing function, we obtain

Ky P(x /K1 Pla—y dy—/ Ki(y)(P(x — y) — Pz + y))dy > 0.

Thus, C; > 0. From this, we can show that the existence of a unstable stationary solution
for (3.3) if € is a sufficiently small negative constant.

3.3. Case of sign changing integral kernel. When the integral kernel has negative
parts, few have been known about the results of front solutions to (1.2). In the case that
d = 0, the existence of standing front solutions to (1.2) with sign changing integral kernel
was proved in [5] using variational method under the assumptions that K satisfies k > 0,
(&) = [, K(z)e ™dx < K(0) = & for all £ € R and some conditions. However, there
have been no results about the linearized stability of the front solutions to the best of our
knowledge.

On the other hand, in numerical simulations, J. Siebert and E. Schéll [30] reported that
the front solution of (1.2) has oscillatory tails when the integral kernel is Mexican hat
profile as in Figure 1. From the result, it is natural to expect that there are cases when
the front solutions of (1.2) with sign changing integral kernels have oscillatory tails while
we were unfortunately unable to reveal the stability of front solutions in the case of sign
changing integral kernels. We leave it as an open problem for a future day.
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In the rest of this subsection, we assume that the existence of a stable single standing
front solution for (1.2) with a sign changing integral kernel and consider the interaction
of two single standing front solutions.

At first, we consider the interaction of two standing front solutions with exponentially
decaying oscillatory tails. Suppose that there exists a stable standing front solution of
(1.2) with an oscillatory tail such that

P(z) —1 = RN %" (1 + 0(e™™))) (z — +00),

where a™ € C\{0} and A\™ = —a + vt for constants « > 0 and v* # 0. Then, the
equation for the distance h between front solutions is given by
il - HO + H1
as in Theorem 2.5. From the definition of H;(h) (j = 0,1), we can show Hy(h) = H;(h).
1
Since ¢* = WPI and P(+x) are front solutions to (1.2), we can calculate as
1
H0<h) = HP ||2 < E(P(v h))vpx >L2
1
RRTATE (f(P(5h) = f(PC)) = F(P(=(- = h))), Pu ) o

By a quite similar way to Subsection 4.5 in [13], we can show
Ho(h) = Hy(h) = RIM* (1 4+ 0(e™™)))
for a constant 7' > 0 as long as h is sufficiently large, where
+ 00
M= i [ R (P) — £ (1)

The constant M is well-defined because the integral is given as the Fourier transforma-
tion because of the form of A™. Let M* = At +¢B™. Then, we have

Hy(h) = H(h) ~ e “"(A* cos(vTh) + Bt sin(vth)).
Therefore, the equation on h is
(3.5) h = Hy+ Hy 4+ O(6%(h)) ~ 2e~*"(A* cos(vth) + BT sin(v*h))

for sufficiently large h. From (3.5), we easily find that stable and unstable equilibria
appear alternatively in (3.5). Thus, if there exists a stable standing front with oscillatory
tails satisfying Hypothesis 1.1, we can easily give the proof on the existence and the
stability for multiple front solutions from Theorem 2.5.

Secondly, we consider the interaction of two standing front solutions with exponentially
monotone decaying tails. Suppose that there exists a stable standing front solution of (1.2)
satisfying (3.1). By following the same line of arguments in Subsection 3.1, the equation
of his

h o~ 2Mte "
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FIGURE 6. (a) The graph of (3.6) when ¢ = 0.01, ¢; = 1.0, g2 = 2.0. (b) The
graph of G(\) when d = 1.0, ¢’(1) = —1 and the integral kernel is same as Figure

Mt = —e)?
1P ][
To reveal the sign of M™*, we consider G’(«). We note that « satisfies G(a) = 0. In

the case of a sign changing integral kernel, G()) is not always monotone increasing. For
example, when we consider the case that

€ 1 a2 1 _=2
3.6 K(z) = —e 1 — ——e 1o €,q1,q2 > 0),
39 R b T ) ST

then A()\) is represented as

G' ().

A(N) =€ {e‘“’\2 — e‘p)‘z} :
Therefore, we have
G(A\) =dX\ +¢ {eql)‘2 - e‘”’\Q} +4'(1).

When d = 1.0, e = 0.01, ¢ = 1.0, g2 = 2.0, ¢/(1) = —1, it is observed that there exist
two positive solutions «; and ay of G(A) = 0 (Figure 6 (b)), where o and «ay denote the
first and second positive root of G(\) = 0, respectively. When o = «;, we see

—alat)?
Mt = ——-G'(a) <0
1P 172
by G'(ay) > 0, which means the attractivity of two front solutions. When o = as, we see
—a(a™)?
Mt = ——-@G >0
DA

by G'(a) < 0. This means the repulsiveness of two front solutions.

In numerical calculations, oy, as can be computed approximately as a; = 1.0264 ...
and ap = 1.6022.... When we solve (1.2) numerically on the interval (0,40) in the same
parameters as Figure 6, we can observe the stable standing front solution (Figure 7 (a))
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(a) u(t,z) (b)

2 log |u(t,z) — 1|

0 5 10 15 20 25 30 35 40 20 22 24 26 28 30 32 34

FIGURE 7. (a) The numerical solution of (1.2) on the interval (0,40) when
t = 100.0, where g(u) = $u(1 —u?) and the other parameters are same as that in
Figure 6. (b) The graph of log |u(t, z) — 1| on the interval (20, 35) when ¢ = 100.0,
where u(t, x) is the numerical solution of (1.2).

with the exponent o as the exponential decay rate. In fact, Figure 7 (b) is a graph of
log |u(t, z) — 1.0| at the place where u(t, z) is close to 1, which shows that the numerical
solution converges to 1 in an exponentially monotone way with the decay exponent a =
1.0260... at © = 32.0. The value « is calculated as follows: Since log |u(t, z) — 1.0] looks
like linear, the decay exponent at x = a is calculated as

. log lu(t,a +n) — 1.0] — log |u(t,a) — 1.0|
v=a 1 ’
in which 7 is a sufficiently small constant. Therefore, we expect that the front solution
with the exponential decay rate «; is a stable one. Hence, we think that two stable front
solutions are interacting attractively in the case of this example.

In general, if there exists a stable front solution of (1.2) satisfying (3.1), we expect that
the decay rate « is generically given by o = min{A > 0 | G(\) = 0}. Then, G'(«a) > 0
always holds by the property of G(0) = ¢'(1) < 0. Thus, we find that the attractive
motion will generically appear and suspect that the repulsive motion will not in most
case.

0
o~ — %(log lu(t, z) — 1.0])

4. DISCUSSION

In this section, we will state two future works related to the results of this paper.

First, we assume that an integral kernel decays faster than any exponential functions
throughout this paper. An integral kernel satisfying this assumption is often appeared
in the field of pattern formation problems, since many papers only concern effects of
the shape of an integral kernel [15, 22, 30]. Thus, our results include the important
case from the pattern formation point of view. Of course, we think that the condition
(1.4) is technical and it might be replace this condition by some more general conditions.
However, our results rely heavily on the condition (1.4). It would be interesting either to
remove the condition (1.4) or to replace it by some more general conditions. We try to
study as a future work.
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Second, we only give the example of the nonlocal scalar equation in Section 3. To ana-
lyze the movement of traveling wave solutions, we need the property of the eigenfunction
of L* corresponding to eigenvalue 0. However, in general, it is difficult to analyze to the
eigenfunction of L* when L is not self-adjoint. Basically, L is not self-adjoint in the case
of the n-component system with n > 2. Therefore, the example of this case is our future
works.

APPENDIX A
In this appendix, we prove the following lemma:

Lemma A.1. Let *(z) be an eigenfunction corresponding to 0 eigenvalue of the adjoint
operator L* and normalized by ( P,,®* ), = 1. If ®* converges 0 in an exponentially
monotone way such that

d*(2) = e Pt +0(e) (2 — +00),
O*(2) = (b +0(e7)) (2 — —0)

or positive constants o, B and v and non-zero constant vectors b* € R", then
p Y

(A1) lim e’*D®?(z) = fDbT,
z—+00

(A2) lim e **D®I(z) = aDb™
Z——00

holds.

We will only show the proof of (A2). When D = 0 € R™*", (A2) is trivial. We consider
the case that D # 0 € R™". We multiply (2.1) by e~**, then we get

e (DD, +0D; + 'K % & + tF’(P(z))(P*) = 0.
Since we have
lim e ('K % ®*) ="A(a)b”

Z—r—00
by Lebesgue dominated convergence, we obtain

(A3) lim e **(D®* +0d7) + b =0,

2——00
where b := (*A(a) + 'F'(0))b".

Lemma A.2. lim e **D®I(z) exists.
Z—r—00

Proof. We fix j € N satisfying 1 < j < n and d; > 0. We write b = t(by, b, ....b,) and
O* ="(], ¥5, ..., py), then o satisfies

im0 {dy(9)-0(2) + 02} (2)} + By = 0
from (A3). Thus, for any € > 0, there exists Cy € R such that

(Ad) —(e+b;)e™ < dj(5)(2) + 0()2(2) < (€ — by)e™
for all z < C.



18 S.-I. EI AND H. ISHII
Notice that ¢} € H*(R) from the definition of D(L*), ¢} is uniform continuos function
from Morrey’s inequality. This implies

lim ¢3(z) = 0.

zZ——00

Integrating (A4) from —oo to z < Cj, we obtain

€+ az * * €—b; oz
B <)) + 05 (2) < e

for all z < Cy. We multiply this inequality by ae® and then take lower limit and upper
limit as z — —o0, we can deduce

—e—b; < ad; <lim inf eaz(cp;)z(z)> + abb; < ad; (lim inf eaz(ap;)z(z)> +afb; <e— b;

zZ——00 1m in]
where b~ = (b7, by ,...,b,). Since € is an arbitrary positive constant, we can show that
ad; (ZEI_HOO e—aZ(SO;)z(Z)) + Oz@bj_ +b; = 0.

This implies
a lim e “Dd(2) + (0b- +"A(a)b” +'F'(0)b™) = 0.

zZ——00

Therefore, we obtain the existence of lim e **D®*(z). O]
Z—>—00

From above lemma, we know that lim e **D®*(z) and lim e “*D®}(z) exist. On
Z——00 2——00
the other hand, since
d

(A5) 5 (€7D (2)) = e D(2.(2) — a®(2)),

d
lim —(e"**D®*(z)) exists. Furthermore,
z——00 dz

lim i(e_azD(I)*(z)) =0,

2——00 dz
from the existence of lim e **D®*(z). Taking a limit of (A5) as z — —o0, we obtain
Z——00
(A2).

REFERENCES

[1] F. ANDREU-VAILLO, J. MAzON, J. D. Rosst, J. J. TOLEDO-MELERO, Nonlocal diffusion problems,
Math. Surveys Monogr. 165, AMS, Providence, RI, 2010.

[2] P. BATES, On some nonlocal evolution equations arising in materials science, In: Nonlinear dynamics
and evolution equations (Ed. by H. Brunner, X. Zhao and X. Zou), Fields Inst. Commun., AMS,
Providence, 48 (2006), 13-52.

[3] P. W. BATES AND F. CHEN, Spectral analysis and multidimensional stability of traveling waves for
nonlocal Allen-Cahn equation, J. Math. Anal. Appl., 273 no.1, (2002), 45-57.

[4] P. W. BATES AND F. CHEN, Spectral analysis of traveling waves for nonlocal evolution equations,
STAM J. Math. Anal., 38 (2006), 116-126.

[5] P. W. BatTEs, X. CHEN, A. CHMAJ, Heteroclinic solutions of a van der Waals model with indefinite
nonlocal interactions, Calc. Var., 24 (2005), 261-281.



(6]

[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
23]

[24]

KERNEL 19

P. W. Bates, P. C. Firg, X. REN, X. WANG, Traveling waves in a convolution model for phase
transitions, Arch. Ration. Mech. Anal., 138 (1997), 105-136.

J. A. CARRILLO, H. MURAKAWA, M. SATO, H. ToGgasHI, O. TRUSH, A population dynamics model
of cell-cell adhesion incorporating population pressure and density saturation, J. Theor. Biology, 474
(2019), 14-24.

F. CHEN, Almost periodic traveling waves of nonlocal evolution equations, Nonlinear Anal., 50 (2002),
807-838.

X. CHEN, FEzistence, uniqueness and asymptotic stability of traveling waves in nonlocal evolution
equations, Adv. Differential Equations, 2 no.1, (1997), 125-160.

A. J. J. Cumag, X. REN Homoclinic solutions of an integral equation: existence and stability, J.
Differential Equations, 155 no.1, (1999), 17-43.

J. CoviLLE, L. DUPAIGNE, On a non-local equation arising in population dynamics, Proc. R. Soc.
Edinb. 137A (2007), 727-755.

A. DoLEMAN, R. A. GARDNER, T. J. KAPER, Stability analysis of singular patterns in the 1-D
Gray-Scott model, physica D, 122 (1998), 1-36.

S.-1. E1, The motion of weakly interacting pulses in reaction-diffusion systems, J. Dynam. Diff. Eqns.
14 no.1, (2002), 85-137.

S.-1. E1, J.-S. Guo, H. Isun, C.-C. Wu, Ezistence of traveling waves solutions to a nonlocal scalar
equation with sign-changing kernel, Jounal of Mathematical Analysis and Applications, 487 no. 2,
(2020), 124007.

S.-1. E1, H. Isuir, S. Konpo, T. MiurA, Y. TANAKA, Effective nonlocal kernels on reaction-
diffusion networks, preprint.

S.-1. E1, H. MATSUZAWA, The motion of a transition layer for a bistable reaction diffusion equation
with heterogeneous environment, Discrete Contin. Dyn. Syst., 26 (2010), 901-921.

P. C. FirE, J. B. MCLEOD The approach of solutions of nonlinear diffusion equations to traveling
wave front solutions, Arch. Rat. Mech. Anal., 65 (1977), 335-361.

A. GIERER AND H. MEINHARDT, A theory of biological pattern formation, Kybernetik, 12 (1972),
30-39.

V. HUTSON, S. MARTINEZ, K. MiscHAIKOW, G.T. VICKERS, The evolution of dispersal, J. Math.
Biol. 47 (2003), 483-517.

S. IsHIHARA, M. OTsuJi, A. MOCHIZUKI, Transient and steady state of mass conserved reaction-
diffusion systems, Phys. Rev. E, 75 (2007), 015203.

C. K. R. T. JONEs, Stability of the traveling wave solution of the FitzHugh-Nagumo system, Trans.
A. M. S. 286 10.2, (1984), 431-469.

S. KoNDO, An updated kernel-based Turing model for studying the mechanisms of biological pattern
formation, J. Theoretical Biology, 414 (2017), 120-127.

S. KonNDoO, T. MIURA, Reaction-diffusion model as a framework for understanding biological pattern
formation, Science, 329 (2010), 1616-1620.

M. MIMURA, M. NAGAYAMA Nonannihilation dynamics in an exothermic reaction-diffusion system
with mono-stable excitability, Chaos, 7 no.4, (1997), 817-826.

J. MURRAY, Mathematical Biology, Springer-Verlag, Berlin, 1993.

Y. NaGgasHMA, S. Tsucawa, A. MocHIzZuki, T. SAsAKI, H. Fukubpa, Y. Opa, A Rho-based
reaction-diffusion system governs cell wall patterning in metaxylem vessels, Sci. Rep. 8:11542, (2018).
A. NAkAMASU, G. TAKAHASHI, A. KANBE AND S. KONDO, Interactions between zebrafish pigment
cells responsible for the generation of Turing patterns, PNAS, 106 no.26, (2009), 8429-8434.

H. Ninomriva, Y. TANAKA, H. YAMAMOTO, Reaction, diffusion and non-local interaction, J. Math.
Biol. 75 (2017), 1203-1233.

K. J. PAINTER, J. M. BLOOMFIELD, J. A. SHERRATT, A. GERISCH, A nonlocal model for contact
attraction and repulsion in heterogeneous cell populations, Bulletin of Mathematical Biology, 77
(2015), 1132-1165.

J. SIEBERT, E. SCHOLL, Front and turing patterns induced by mezican-hat-like nonlocal feedback,
Europhys. Lett. 109 no.4, 40014, (2015).



20 S.-I. EI AND H. ISHII

[31] T. SusHIDA, S. KONDO, K. SUGIHARA, AND M. MIMURA, A differential equation model of retinal
processing for understanding lightness optical illusions, Japan Journal of Industrial and Applied
Mathematics, 35 (2018), 117-156.

[32] A. M. TURING, The chemical basis of morphogenesis, Philos. Trans. R. Soc. Lond. Ser. B, 237
(1953), 37-72.

[33] E. YANAGIDA, Stability of fast traveling pulse solutions of the FitzHugh-Nagumo equations J. Math.
Biol., 22 (1985), 81-104.

[34] G. ZHAO, S. RUAN, The decay rates of traveling waves and spectral analysis for a class of nonlocal
evolution equations, Math. Model. Nat. Phenom. 10 no.6, (2015), 142-162.

DEPARTMENT OF MATHEMATICS, HOKKAIDO UNIVERSITY, SAPPORO, 060-0810, JAPAN
Email address: Eichiro@math.sci.hokudai.ac.jp

DEPARTMENT OF MATHEMATICS, HOKKAIDO UNIVERSITY, SAPPORO, 060-0810, JAPAN
Email address: hiroshi-ishii®@eis.hokudai.ac. jp



