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Abstract

The pattern formation problem is one of the most fascinating and essential prob-
lems in the natural sciences. In recent years, the study of pattern formation has
been theoretically analyzed using reaction-diffusion equations with nonlocal effect
described by convolution with the appropriate integral kernel as mathematical mod-
els in various fields such as biology, material science, and medicine. Therefore, the
mathematical analysis of the behavior of solutions in reaction-diffusion equations
with nonlocal effect is becoming more and more important with each passing year.
This thesis focuses on developing new analytical methods for theoretically consider-
ing the spatio and temporal dynamics of solutions and their applications to under-
stand how nonlocal effect affects the pattern formation process.

First, this thesis introduces the reaction-diffusion equation and mathematical
models with nonlocal effect in Section 1. Then, it explains the effectiveness of
mathematical modeling with nonlocal effect and its relationship with the reaction-
diffusion equation. After that, as the first result, a new method to show the existence
of traveling wave solutions is described, and its applications are presented in Sec-
tion 2. In addition, as the second result, a method for analyzing weak interactions
between localized patterns, such as stationary and traveling wave solutions, is ex-
plained, and its applications are given in Section 3. Finally, as the third result,
we consider the asymptotic behavior of the zero points of solutions to the diffusion
equation and the fractional diffusion equation in Section 4, with the motivation to
analyze the nonlocal effect on the spatial propagation mechanism of substances.
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1 Background and motivation

1.1 Reaction-diffusion equations

The understanding of the formation mechanism of spontaneous spatio-temporal patterns
are one of the most attractive and essential topics in the natural sciences. In several fields
such as biology and chemistry, theoretical analysis using reaction-diffusion equations has
been conducted as a study of pattern formation problems. Here, we introduce the scalar
equation as an example of the reaction-diffusion equations:

up = dugy + f(u), (1.1)

where u = wu(t,z) € R is some variable representing the density, concentration, or
order parameter at time ¢ > 0 and position x. Each subscript of u represents a partial
derivative, d > 0, and f : R — R is a nonlinear function. dug, is called the diffusion
term, where d represents the diffusion coefficient, and the nonlinear term f(u) is called
the reaction term. (1.1) appear as mathematical models of developmental phenomena
of biological species [30, 49], phase separation phenomena [28, 29] and so on.

On the other hand, in biology and chemistry, mathematical models of multi-component
reaction-diffusion equations have been proposed to describe the interaction of multi-
ple proteins, chemicals, and species. Here, we introduce the two-component reaction-
diffusion equation:

(1.2)

Up = dyUgy + f(ua ’U),
U = dyUgy + g(u, U)v

where d,,d, > 0 and f,g : R? — R are nonlinear functions. (1.2) appears as mathe-
matical models of chemical reaction systems [32, 34], propagation mechanisms of nerve
pulses [10], and epidermal pattern formation in organisms [51]. In particular, one of
the important properties for pattern formation problems that does not appear in scalar
reaction-diffusion equations is the Turing instability [51, 62]. It is a mechanism that
destabilizes a constant stationary solution and generates a spontaneous pattern in space.
Let us consider the Activator-Inhibitor system as a concrete example introduced by [62].
Let u(t, z) be the activator and v(t,x) be the inhibitor. The Activator-Inhibitor system
is a reaction-diffusion equation that can be linearized around an equilibrium as follows:

{ut = duumx + Cclu — C20, (1 3)

Vt = dyUgy + C3U — 40,

where ¢; > 0 (j = 1,2,3,4). Then, it is known that if the trivial solution (u,v) = (0, 0)
of (1.3) is stable in the sense of ODE and d, < d,, a spontaneous spatially periodic
pattern will appear, and this phenomenon is an example of Turing instability.

As an extension of the reaction-diffusion equations, the reaction-diffusion equations
with nonlocal effect have been proposed in recent years. The nonlocal effect is often de-
scribed by a convolution with a suitable integral kernel. In the remainder of this section,
the mathematical models with nonlocal effect are introduced. Finally, the purpose and
outline of this thesis are explained.



1.2 Nonlocal diffusion equations

The diffusion equation is derived under the assumption that the diffusion effect of a
substance is local, and relates to the propagation phenomena of many micro-particles in
Brownian motion. Recently, the nonlocal diffusion equation, which is described below,
has been proposed to capture the diffusion effect in the broader framework [3]:

=Kxu—u, t>0, zeR", (1.4)

where (K * u) = [pm K(z — y)u(y)dy. In this subsection, we assume that K €
LYR™) N C’(]Rm) is nonnegative and radial, and satisfies [p., K(y)dy = 1. K(z —y)
represents the probability density of a substance moving from position y to position z in
unit time, and (K *u)(t,x) is the sum of the concentrations of substances moving from
all positions to position z in unit time. Furthermore, in connection with the nonlocal
diffusion equation, we also define the fractional diffusion equation, which is known as a
diffusion equation with nonlocal effect:

w = —(=A)%u, t>0, zeR™ (1.5)

for s € (0,2), where

ult,y) D((m+5)/2)
A 8/2 t ms/ d s 1=
() Putta)i= O [ MOy, O, 2w 2T (—s/2)]

We will refer to K *u —u and —(—A)*?u as nonlocal diffusion and fractional diffusion,
respectively, while normal diffusion u,, is referred to as local diffusion. The properties
of the local diffusion equation and the fractional diffusion equation will be explained in
Section 4.

Let us discuss the mathematical relationship between the local diffusion, the frac-
tional diffusion and the nonlocal diffusion. We define the Fourier transform and inverse
transform as follows:

= = e {8 dy  g(x) = F! = 1 IERY)
F&) = PN = [ S@e e, a(w) = FUO = g [ al€)e e

for z,6 € R™ and f,g € L'(R™). Here, we note that (—A)%? can be defined as the
pseudo-differential operator:

FIAPPul(t,€) = €1 at,€)

for £ € R™. By using Fourier transform, we define the fundamental solutions G*(t, x) of
the fractional diffusion equations (0 < s < 2) and the local diffusion equation (s = 2) as

Gs(t, ) = et

L
(4tm)m/2

Bt
|2 /4t 1 _ m
e 1#*/4 and G(t,z) = (T ) where

As examples, G?(t,z) =
B, = F(mT'H)ﬂ'*(erl)/Q.



With the above preparations, let us explain the asymptotic behavior of solutions to
the nonlocal diffusion equation based on the result in [3]. Suppose that K (x) satisfies

A~

K(&) =1 —dslgl” +o(lgl”) (€] = 0) (1.6)

for some ds > 0 and s € (0,2]. Then, for any nonnegative u(0,-) € L'(R™) satisfying
@(0,-) € L'(R™), there exists a unique solution u(t, z) to the nonlocal diffusion equation
such that

a(t, §) = 'O Da(0, ).
Furthermore, the asymptotic behavior of the solution is given by

. m/s 1/5 _ . S =
Jim ma (67 u(t, 2t'%) = u(0, )| 11" (duy 2)| = 0.

1

Here, we note that s = 2 and ds = o Jgm 122K (z)dz hold in the condition (1.6) if
m

K (z) satisfies

/ |z| K (z)dz < oo, / 22K (z)dx < oo.

From the above asymptotic behavior results, it can be seen that the behavior of solutions
to the nonlocal diffusion equation asymptotically behaves like the diffusion equation or
the fractional diffusion equation, depending on the properties of the integral kernel.
Therefore, the nonlocal diffusion equations are beneficial in applications because it can
capture various diffusion processes in a broader framework than the conventional equa-
tions by providing appropriate integral kernels.

In recent years, the reaction-diffusion equation, in which a nonlocal diffusion term
replaces the diffusion term, has been actively studied. For example, in the case of scalar
equations, the following equation is analyzed:

up =K xu—u+ f(u).

Such equations often appear as mathematical models of dispersion phenomena of living
organisms [38] and phase separation phenomena [5]. The analytical results of these

steady-state solutions and traveling wave solutions are presented in Section 2 and Section
3.

1.3 Pattern formation problem

As mentioned in Subsection 1.1, the reaction-diffusion equations are known to exhibit a
variety of spatio-temporal patterns. However, for complex spatio-temporal patterns to
appear, there must be more than two components. In the case of mathematical models
with nonlocal effect, it has been reported that complex spatio-temporal patterns can



appear even with scalar equations [25, 50, 60]. In this subsection, we introduce the
Kernel based Turing model (KT model) proposed by [50]:

u = x(K*u)—au, t>0, xeR™ (1.7)

where K € C(R™) N LY(R™) is a non-zero radial function, a := / K (z)dz and

m

uUpM (u > UM),
(u € [O,UM]),

x(u) =qu
0 (u < 0),

in which u s is a positive constant. In the KT model, it has been reported that complex
spatial patterns appear depending on the shape of the integral kernels. The mechanism
of the pattern formation is Turing instability. Now, since y(u) is piecewise linear, let
us consider the equation (1.7) without y. When the integral kernel is nonnegative, the
solution decays as in the nonlocal diffusion equation, but solution may have a destabi-
lizing wavenumber in the case of a sign-changing integral kernel. For example, in the
case of m = 1, let us consider

K(z) = — <ew2 _ ;6302/4) . (1.8)

Then, we have

~

K@) =e€M—e®>0=K(0)=a (£#£0).

We note that for any u(0,-) € L'(R™) satisfying u(0,-) € L'(R™), the solution of the
equation (1.7) without x can be represented as

a(t, &) = " E=4(0,¢).

Thus, in the case of (1.8), we can see that a spatially spontaneous periodic pattern
appears because of the destabilizing wavenumber.

To analyze scalar mathematical models with nonlocal effects such as the KT model,
a method of approximating and analyzing them with multi-component reaction-diffusion
equations has been proposed [58, 59]. Recently, in [25], a method has been proposed to
derive a single mathematical model with nonlocal effect from the multi-component linear
reaction-diffusion equations such as (1.4). This method allows us to consider the pattern
formation problem for a given reaction-diffusion network expressed in the integral kernel.

1.4 Continuation method to spatially discrete mathematical model

Nonlocal effect also appears when approximating spatially discrete mathematical models
[26]. In this subsection, we will take the discrete diffusion equation as an example:

Cu(t,r —1) = 2u(t,x) +u(t,z +1)
- P 7

Ut t>0, xeR, (1.9)
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Figure 1: The graph of the integral kernel (1.8).

where [ is a positive constant that represents the size of a cell. Such discrete diffusion
term often appears in mathematical model [14]. Since discrete diffusion poses many
technical difficulties in analysis, continuation is often used. One of the most common
continuum methods is to take the limit as [ — 400 assuming the cell size is small enough.
Using such a method, the right-hand side of (1.9) is represented as

u(t,z — 1) —2u(t,z) + u(t,x +1)
2

— Uy (t, )

by taking a limit as [ — +0. However, the method is often not appropriate for some
mathematical models because the information about the cell shape is lost.

To overcome such a problem, a method has recently been proposed to reconsider the
far-field effect as a convolution with a delta function and approximate it by a mollifier
to make it continuous [26]. In the case of (1.9), we first write the equation by the delta
function as follows:

Orxu—2u+d_j*xu

Ut

where d(z) is the delta function and 6,(z) = §(z — a) for a € R. Let ¢ € C*°(R) be a

1
positive mollifier and ¢ (x) := —¢ (E) for € > 0. In this case, it is well known that the
£

following limit holds in the sense of distribution:

Jim pe(x) = 8(z).

Therefore, we expect that (1.9) can be formally approximated by the following mathe-
matical model with nonlocal effect:

ut:K*u—ﬁu,



1
where K (z) = l—Q{gos(x—lH—gog (z+1)}. This method allows for continuity while retaining

information on cell shape.

In [26], more general spatially discrete mathematical models are made continuous by
nonlocal effect based on the above idea, and the consistency with the discrete mathe-
matical model is checked by numerical simulations. Furthermore, the error evaluation
of each solution is performed in the case of nonlinear scalar equations. It is shown that
for a finite time, the approximation is possible in the sense of L? norm as long as ¢ is
small enough.

1.5 Mathematical models with nonlocal effect

Mathematical models with nonlocal effect appear in many other fields. In the phase
transition of solid material, u(¢,x) is regarded as an order parameter representing the
state at time ¢ and position z. For example, suppose that u = +1 represent the state
of two different orientations of a perfect crystal denoting by S4 and Sp. Then, the
following Helmholtz free-energy functional is derived [5]:

B = [ [ K= y)ute) —u)Pdedy + | Waa))da.

where W is a double-well potential with minima at +1 and K € L'(R) represents as
K(z) = KA4(2) + KBB(z) — 2K4B(z), in which K%®(2 —y) is the energy of interaction
between the orientation S, and Sy at positions x and y. The equation of the gradient
flow of E(u) is given by

up = K xu— au— W' (u),

where o = [, K(x)dz. We note that in this model, the integral kernel does not have to
be nonnegative as in the nonlocal diffusion equation, and the integral kernel may have
a negative part.

Mathematical models with nonlocal effect also appear in the field of neural science.
In [2], the formation of pulse waves generated during firing phenomena in the brain was
explained by the following model:

ut:K*g(u)—U,

where g(u) is a monotonically non-decreasing function. Then, u(¢, z), g(u) and K (z —y)
represent the average membrane potential of the neurons located at time ¢ > 0 and
position x, the pulse emission rate and the degree of stimulation of a neuron at x from
a pulse produced by a neuron at y, respectively. From the perspective of mathematical
analysis, the case of



for up > 0 has been analyzed extensively, and studies on the existence and the stability
of pulse solutions and the interaction between pulse solutions have been reported [2, 10,
11, 35, 36, 37]. In this case, K x g(u) can be replaced by an indefinite integral of K by
assuming the shape of the solution, such as its height and width, and the equation can
be used to analyze the existence and interaction of pulse solutions.

In addition, mathematical models with nonlocal effect have been proposed to describe
the process of suture formation in the skull [57, 72] and peristalsis and its dysfunction
in the esophagus [54].

1.6 The purpose of the thesis

Mathematical models with nonlocal effect are effective in reproducing phenomena, and
the analysis of the pattern formation mechanism has become increasingly important in
recent years. In particular, localized patterns, such as stationary and traveling wave
solutions with relatively simple structures, are very important for understanding the
pattern formation of mathematical models. However, there are many technical problems
in mathematical analysis, such as difficulty in analyzing the local properties of solutions
due to the nonlocality of the equations, and in some cases, the equations cannot apply
the comparison principle and other methods for comparing solutions. Therefore, it isn’t
easy to analyze the basic properties of localized patterns, such as existence and stability.

This thesis focuses on the development of new analytical methods for considering
the spatio and temporal dynamics of solutions and their applications, to theoretically
understand how nonlocal effect affects the pattern formation process.

1.7 Outline of the thesis

The structure of this thesis is as follows: In Section 2, we discuss the existence of traveling
wave solutions for semilinear scalar equations with a sign-changing integral kernel. After
explaining the main result and its proof, we discuss the properties of traveling wave
solutions by numerical simulations. This thesis also presents the results of constructing
a new comparison principle for scalar equations with a sign-changing integral kernel. In
Section 3, we analyze the time evolution of spatial patterns that can be approximated
by the superposition of multiple localized patterns. We first show that for the general
reaction-diffusion equation with nonlocal effect, the solution can be approximated by the
superposition of localized patterns if the distances between the localized patterns are
sufficiently large. Furthermore, we explain that the positions of each localized pattern
can be derived from ordinary differential equations. After that, we analyze the time
evolution of spatial patterns for a specific mathematical model. Finally, we consider the
behavior of zero points for the diffusion equation and the fractional diffusion equation
in Section 4. To understand the asymptotic shape of the solutions, we focus on the
asymptotic behavior of the zero points, and explain the results and differences in each
case.

As a reminder, the notation and symbols introduced in each section are used only in
that section.
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2 Existence of traveling wave solutions to nonlocal semi-
linear scalar equation with sigh-changing integral kernel

The contents from Subsection 2.3 to Subsection 2.7 are based on the paper [23] and
master’s thesis of the author [45]. These results are based on the joint research with
Professor Shin-Ichiro Ei, Professor Jong-Shenq Guo, and Professor Chin-Chin Wu. The
results in Subsection 2.8 are newly obtained in this thesis.

2.1 Introduction

Mathematical models with nonlocal effect appear in various fields, as explained in the
previous section. When the integral kernel is nonnegative, mathematical analyses of
these mathematical models have reported many results concerning the existence and
stability of nontrivial stationary solutions and traveling wave solutions. The analysis
methods to the reaction-diffusion equations can apply many equations with the non-
negative integral kernel, such as the comparison principle. However, for equations with
a sign-changing integral kernel, only exceptional cases have been treated. One of the
reasons for this is that even a scalar equation has inherent properties of the solution
equivalent to those of the multi-component reaction-diffusion equation, such as Turing
instability.

The motivation of this study is to develop an analytical method for equations with
a sign-changing integral kernel. We consider the scalar equation which has a diffusion
term, a nonlocal term, and a simple nonlinear term. The aim is to show a traveling wave
solution, which is one of the localization patterns. In the next subsection, we describe
the problem setup and introduce previous studies on the problem. After that, we state
the main result and give its proof based on the results of [23, 45]. The results of rigorous
mathematical analysis are presented, followed by a discussion of the behavior of the
solutions by numerical calculations.

In this thesis, super-sub solutions are newly defined for the equation with a sign-
changing kernel. Furthermore, a comparison principle for solutions of evolution equations
with a sign-changing integral kernel is developed. Finally, we present the result and give
a summary.

2.2 Setting

In this section, we consider the following semilinear scalar equation with nonlocal effect:
up = dugy + (K xu—aou) + f(u), t >0, z € R, (2.1)

where d is a non-negative constant.
Throughout of this section, we assume that the integral kernel K (z) satisfies

K()=K(—2)#0 (z €R), K € CR)NLYR), a:= / K(z)dxr >0 (K1)
R

11
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Figure 2: The graph of typical example of the nonlinear function (2.2).

and

VA >0, / |K (z)]|eMdz < . (K2)

Furthermore, we suppose that the nonlinear term f(u) satisfies

f € Liploc(R)v f(o f( ) - 07 (Nl)
f>0in (0,1), f <0in (1,00), f/(0) > 0.
Typical examples are K(x) = \/17? <6_$2 — %e_’”2/4 as in Fig. 1 and
) 2= 2u, ue(%,—i-oo),
fw) = {2u, u € (—oo, %] (22)

as in Fig. 2.

In this section, we first consider the existence of traveling wave solutions. Here, a
solution u to (2.1) is called a traveling wave solution if there exist a constant ¢ (the
wave speed) and a sufficiently smooth function ¢ (the wave profile) such that u(¢,z) =
¢(x + ct). Setting the moving coordinate £ := x + ct, the wave profile ¢ satisfies

e = d¢" + (K x ¢ — ap) + f(¢), £ €R. (TW1)
Moreover, we focus on the traveling wave solutions connecting the state u = 0 and v = 1:
B(—00) =0, B(+00) = 1. (TW2)

The equation (2.1) has been studied as an equation that replaces the local diffusion
of the reaction-diffusion equation with the nonlocal diffusion. The existence of traveling

12



wave solutions satisfying (TW1) and (TW2) has been investigated when d = 0 the
integral kernel is nonnegative [18, 61, 69]. The main argument of the proof is based
on the comparison principle. The detailed idea is to construct a monotone sequence of
functions from a monotone upper solution, and to show that there exists a monotone
solution as its limit. To show that the limiting monotone solution is not trivial, lower
solution is constructed well.

On the other hand, the equation (2.1) appears as a mathematical model in neural
science [56] and material science [5, 8], where the integral kernel may change sign in order
to describe the interaction between substances. In this cases, the comparison principle
does not hold in general for the equation (2.1), and similar methods cannot be used.
Because of this, the existence of traveling wave solutions was not even known.

2.3 Main results

Before stating the main results, we prepare some notations and assumptions. At first,
we set

K*(z) := max{+K(z),0}.

We remark that K = K™ — K~ and |K| = KT 4+ K~. Let us define two quantities as
follows:

cg := inf QE\A)7 Q) = d\? + / K(y)eﬂ\ydy —a+ f(0), (2.3)
A€(0,8) R
R(\
cRr = )\ei(r[ifoo) (A) R(\) == d\? + /R K (y)le Mdy —a+ f'(0). (24)

Here, ) is the smallest positive zero of Q(N) if it exists, otherwise, we set A = +00. From
the definition, cg > cg holds.

Remark 2.1. There is a case cg = 0 when K has small negative parts. For example,
we set

K@) = (1+e)J(@) = S(J(@ = 1)+ J(@+1),

where e > 0, J € Cy(R) is nonnegative even function satisfying suppJ(z) C [—%, %] and

Jg J(W)dy = 1. In this case, a =1 holds. For convenience, we put f'(0) =1 and d = 0.
Then, we obtain

Q) = /}RK(y)e’\ydy ={l1+4¢e —ecosh(\)} /R J(y)e Mdy.

Since fR J(y)e Ndy is positive for all X > 0, we immediately have A = cosh™! (%) €
(0,00). Thus, we obtain cg = 0.

13



Next, we assume that the nonlinear term f(u) satisfies (N1) and the following con-
dition:
Ju~ <0, Jut >1st.Vue[u, ut], |[f(u)] < F(0)|ul. (N2)
We give the following two assumptions:

Assumption 2.2. f satisfies (N1) and (N2). There exists a € (u™,0) such that
fla)=0, f(u) <0in (a,0), f(u) >0in (—oo,a). (2.5)

And there is a constant n € (0,1) satisfying

fu) = f(0)u foru € [0,n]. (2.6)
Moreover, K~ satisfies
- f=f0) f()
/RK (y)dygmln{d_v,&_fy} (2.7)

for some § € (1,u™) and v € (u™,a).

Example 2.3. Let us consider the case that
f(u) =3\ u € [_%aé ) (28)

Then, a = —1, n = 3 and f'(0) = 1 holds. f satisfies (N2) for any u~ € (0,00) and
ut € (1,00). Furthermore, since we have
f()

—f (6
sup 10) =1, Vy< -1, sup —*= =1, ¥V > 1,
5>1 00— y<—10—7

if the integral kernel K(x) satisfies

/K(y)dy <1,
R

then Assumption 2.2 holds.

Assumption 2.4. f satisfies (N1) and (N2). Also, f satisfies (2.6) and f'(0) > a.
Furthermore, K~ satisfies

/RK_(y)dy < min { —J;(5), (f/(O)(s_ a)n} (2.9)

for some § € (1,u™).

14



Example 2.5. Let f be (2.8) and let &« = 0. Then, since we have

—f0) _6-1 (f(0O)—a)y 1

4] 5’ 4] 20

by setting § = %, if the integral kernel K (x) satisfies

/RKﬂy)dy:/RK‘(y)dyS;,

then Assumption 2.4 holds.
Let us introduce the first main result.

Theorem 2.6. Let Assumption 2.2 be enforced. Then, for all ¢ > cgr, there exists
¢(x) # 0 satisfying (TW1) and ¢(—o0) = 0.

Theorem 2.6 only mentions the existence of nontrivial traveling wave solutions sat-
isfying ¢(—o00) = 0. Whether the wave profile is positive or satisfies ¢(+00) = 1 is not
well understood.

Before stating next main result, we define

Cy(R) :={g € C*R) | [|gV]|oc <00, 1 =0,1,....k}, gl := ?Elﬂlglg(ﬁ)\-

In particular, Cp(R) := Cp(R). Then, the following result holds.

Theorem 2.7. Let Assumption 2.4 be enforced. Then, for all ¢ > cp, there exists ¢ > 0
satisfying (TW1), ¢(—o0) =0 and

lim inf ¢ (&) > 0. (2.10)

E—+o0

Especially, if ¢ > max{cg,cx} and ¢ € CZ(R), then ¢(+00) = 1 holds. Here, cx is a

constant define as
= \/ ([ ) ([ oirclan).

Remark 2.8. As we will show in Proposition 2.20 below, we obtain ¢ € C’g(R) ifd >0,
orifd>0 and f € CL(R).

To prove the existence of traveling wave solutions, the upper-lower solutions are newly
defined to be natural extensions of the case that the integral kernel is nonnegative. After
that, we construct to show the existence of traveling wave solutions by using Schauder’s
fixed point theorem.

15



2.4 Construction of upper-lower solutions

We first introduce the new notion of upper-lower solutions of (TW1).
Definition 2.9. For ¢ > 0, a pair of continuous function {¢, ¢} are upper-lower solu-
tions of (TW1) if
G (€) = dg(©)+ (KT x9)(E) — (
cd'(§) < dg"(§) + (KT *¢) (&) — (
holds for some finite set A C R.

©)
©)

f(9(€), VEe R\ A

Kf*g $
K™ x¢ f(@(€)), VEER\ A,

—ag(€) +
—a¢(§) +

Each differential-integral inequality is not described by a single function due to the
fact that the integral kernel has a negative part, which makes it very difficult to construct
upper-lower solutions, and this is the technical difficulty of this study.

Next, we construct upper-lower solutions of (TW1). For any ¢ > cg, we can take
A1 € (0, \) satisfying the following conditions:

Q()\l) = cA1, Q()\) > c\ forall A € [0,)\1). (2.11)
From the definition of cg, there are two roots A2 < A3 of R(\) = ¢ satisfying
RO\ <eh, YA e (Ao Xs); R\ > ed, YA€ [0,A2) U (As, 00). (2.12)

Here, we note that Ay > Aq.
Now, we fix v > 1 satisfying vA\; € (A2, A3). For h > 1, we consider the function

—Inh —In(hv)

p(€) := eME — hetME | £y = (TR Ev = =N (2.13)
Then, we have
>0 (&£ <)
p(§) §=0 (£=¢&)
<0 (£>¢&)
Moreover,
p(&) < pla) = Ch™ /"D, veeR (2.14)

holds, where C' = C(v) := v=/=1(1-1/v). Now, we fix h satisfying p(£r7) < . Here,
7 is a constant defined in (2.6). For convenience, we set

N1 (€) i= —cd (€) +d" (€) + (KT % d)(€) — (K™ % §)(€) — ad(€) + F(5(€)),
No(€) 1= —cd/ (&) + dd" (&) + (K * ¢)(€) — (K~ % 6)(€) — ag(€) + f(4(€)).

From Definition 2.9, if there are functions {¢, ¢} satisfying N1(£) < 0 and No(€) >0
for all £ € R expect for finite points, then these functions are upper-lower solutions of
(TW1). Let us define

I (\) ::/RKi(y)e_Aydy.

We remark that IT(\), I~ (\) < oo holds, since K satisfies (K2).
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Lemma 2.10. Let Assumption 2.2 be enforced. We set

(&) = min{eM® + he" 18,5}, ¢(€) = max{eMt — he" M, 4} (2.15)
Then, for all ¢ > cgr, {¢, ¢} are upper-lower solutions of (TW1).
Proof. We define &; (i = 1,2) as

eMEL L perMiél — 5, eMé2 _ perie — 5.

Then, the functions defined by (2.15) are represented as

o [NEhene e<a, o fEonens g<g,
3(¢) {5’ = ¢’(5)‘{% £> 6.

We first prove Ni(&) <
B(€) < eME 4 heME < § <
we obtain

0. When ¢ < &1, ¢(€) = eM& 4 he? 1€ holds. By using
*,9(8) > eME — hevM& for € € R, (N2), (2.11) and (2.12),

Ni(§) < —c(AleM + hw €M) 4 d{\2eME 4 h(vg)2e e
/ KH(y)[eME) 1 her 1 ED)gy
/ K~ (y)[eME ) — her 1 E W) dy — a(eM€ + he?ME) + f(eME 4 heMi€)

= Mt {—c/\1 +d\ + T (A1) =T~ (M) —a}

+he’ M {—cv Ay +d(vM)? + IT(vA) + T (A1) — a} + f(eME + he?ME)
= M=+ QM) - F(0)}

+he?ME {—cv)q + R(vA1) — f’(O)} + f(eME 4 heM18)
< F(EME 4 he"ME) — f1(0) (M + herM1E) < 0.

In the case & > &1, we know ¢(£) = 6. Since we have ¢(£) < 6 and o) >y for£ €R
and (2.7), we deduce

Ni(©) < o+o+5/K*(y)dy—v/K-<y>dy—aa+f<6>
R R
= (57 / K~ (y)dy + £(5) < 0.
R

Thus, N7 <0 holds on R\ {£}.
Next, we show No(€) > 0. When £ < &, we know that ¢(£) = eM& — he"M¢. Then,
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by using (2.11) and (2.12), we obtain
No(€) > —c(AjeMé — huAle"M) + d{A2eME — h(vA)2erME)
/ K ()[eMEY) — hemEn)gy

/K [EMED) 4 e M ED]dy — a(eME — herME) 1 F(ME — perhif)

= Alg{—c)\l+d)\1+]+()\1)—f_()\1)—a}
he" M8 L—cvy + d(whi)? + TH M) + I (v\) — o} + f(eME — he?™€)
= M {—ch + QM) — f(0)}
_hetMé {—CI/)\l —|—R(I/)\1) . f/(O)} —|—f(6)\1§ _ heu)qf)
> f(eME — he"ME) — f1(0)(eME — herME).
In the case that eM&—he? & < 0, we obtain f(eM&—he? &) — f/(0)(eM& —he? 1€) > 0

from (N2) and u~ <y < eM& — he?ME < (. On the other hand, when e*é — he? 1€ >
0 holds, we have p(§) < n from the choice of h. Thus, by using (2.6), we deduce

f(eM& — hev?1€) — £(0)(eM€ — he?M18) = 0. Thus, we obtain Ny(&) > 0 for £ < &.
Finally, since ¢(§) = v for £ > &2, we have

Na) > 0+0+7/RK+(y)dy—5/RK‘(y)dy—av+f(v)

= —(5—7)/RK(y)dy+f(v)20

from (2.7). Thus, N2 > 0 holds on R\ {&2}.
From the above calculations, we obtain the desired assertion. O

Next, we introduce the upper-lower solutions under the condition of Assumption 2.4.
A1, v are same as the above argument. Only h is changed here so that p(&y) = n is
satisfied. Then, the following lemma is obtained.

Lemma 2.11. Let Assumption 2.4 be enforced. We set

{e)\l'E - hel/>\1§’ g < EMa

(&) = min{eM® + he"M8, 5}, $(€) = (2.16)

7, ’SZ&-M

Then, for all ¢ > cg, {9, ¢} are upper-lower solutions of (TW1).

Proof. Let &1 € R be the constant defined in the proof of Lemma 2.10. In the case
& < &1, we obtain Np(£) < 0 from the same calculation to the proof of Lemma 2.10.

When ¢ > &, we have ¢(¢) = 0 holds. By using ¢(¢) < 4§, ¢(¢) > 0 for € € R and
(2.9), we deduce B

IN

Ni(€) < 0+ /R K*(y)dy — s + £(6)
~ / K~ (y)dy + £(6) <0
R

18



Hence, N7 <0 holds on R\ {&1}.

Next, let us show No(€) > 0. In the case & < &y, we know that ¢(&) = eMé—he?ME €
(0,m]. Then, from the same calculation to the proof of Lemma 2.10 and the conditions
(2.11), (2.12) and (2.6), we obtain

No(€) > —c(MeME — hodieM8) + d{A2eME — h(vAg)2e"ME) + eMETH(N) — he"METH (b))
—eMETT (A1) — he"MET7 (V) — a(eME — he?ME) 4 f(eME — he?M18)
= M{—ch +d\+TT(\) - I (M) —a}
—heME{—evdy + d(vAg)? + TT(wAr) + I (vA1) — o} + F(eME — he?Mi€)
> f(e’\lg — he”)‘lg) — f’(O)(e/\16 — he”)‘lé) =0.

Finally, since ¢(§) = n holds when & > &y, we have

Na(§) > 0+0+0—5/RK_(y)dy—a?7+f(77)
= —5/K_(y)dy—an+f’(0)1720
R

by using (2.9). Thus, Ny > 0 holds on R\ {&x/}.
From the above calculations, we obtain the desired assertion. ]

2.5 Construction of invariant sets
2.5.1 The case d=10

Let x := sup {w | u,v € [u™,u™], u# v}. We introduce the integral operator

lu—

'3
Bl = - / e HEDGL) (y)dy,

c

where p:= (a + k)/c and G[z](§) := (K * 2)(§) + kz(§) + f(2(8)).
By differentiating F§[z], we obtain

d

S PSlaIE) = L # 2)(6) + w2(0) + 1)) -

Thus, we can find that ¢ is a fixed point of P if and only if (c, ¢) satisfies (TW1).
In the following, we assume that there are upper-lower solutions {¢, ¢} satisfying

a4+ kK

Flz](6).

Cc

1) ¢ ¢« R—[u,u], (2) ¢(6) <€) (€ €R).

Let I':= {¢p € C(R) | ¢(&) < ¥(§) < #(£)}. Then, we obtain the following lemma:

Lemma 2.12. I' C C(R) is a invariant set of Py.
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Proof. Let us show that P§[z] € I for any z € I'. Now, we have

Gl2l(y) < (KT % 0)(y) — (K™ % 9)(y) + £o(y) + F(B(y)) < b (y) + cud(y),

for almost all y € R, because rz1+ f(21) < kzo+ f(z2) holds for any 21, zo € R satisfying
u” < 2z < 2o <u't. From this, we obtain

£
Fil)(e) = -~ / e HEV G2 (y)dy

c o0

3 —
< [ DG+ sty = ).
Similarly, Pg[z](§) > ¢(£) holds. It is obvious that Fg[z] € C(R), and then we have
Pslz] € I. O

Next, let us prove that Py : I' — I' is a compact operator with respect to a suitable
weighted norm. For sufficiently small 8 > 0, we define

By(R) := {z € C(R) | [|z]lg < o0}, |lzllo = Sup |2() e, (2.17)

We remark that (Bp(R),||z|l¢) is a Banach space and T' is a closed convex subset of
By(R).

Lemma 2.13. Let 0 € (0,p). Then, P§:T' — T' is continuous with respect to || - ||o.

Proof. We first prove that G : I' — By(R) is continuous. For any z;, 22 € I', we have

|G[21](€) — Glz2)(€)[e " K| # |21 — 220 (€)e™ ! + k]l21 — 22l + 1| £(21) — £(22)lla

<
< K| * |21 — 22/(€)e % + 2k 21 — 2z])o.

Since [£ —y| — |y| < [¢] (&, y € R) holds, we deduce

Kl = 2@ = [ 1RO 2= 206~ ey
< / ‘K(y)‘ealyl |21 — 22(€ — y)efQIE*y\dy
R
< ([ 1leay) ol
Hence, we obtain
1G[21](€) — Glz2l(E)lo < </R K (y)|e”dy + 2H> l21 = 22]lo- (2.18)

This means that G : I' — By(R) is continous.
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We next show that Py : I' — I' is continuous. For all z1, 2o € I', we obtain

1 /€
[PEl1](6) = PSl2)(©)le™® < = / e & |Glz1] — G| (y)e Fldy
K(y)|e?¥dy + 2 ¢

by using (2.18). Here, when £ < 0, we have

3 13
/ ¢ 1E=) =0El=1o1) gy / e~ (=0)(E=v) gy — ;9
—00 —00 =

Furthermore, in the case that £ > 0, we deduce

0
/5 e Ol —lo gy = o) < / =0y 4 /fe(w)ydy)
—00 —00 0

_ 1+e—(u+9)£< 11 )< L
0 w—0 pu+6) " p—20

Thus,
Jr | K ()| e”Mdy + 2x
PS[z1] — PS[z]lls < R 21 — 22||6
1P5le] — P = gy =l
holds. This inequality yields the conclusion of the lemma. O

Lemma 2.14. Let 0 € (0,p). Then, P§:T' — T' is compact with respect to || - ||o.

Proof. First, it is obvious that F§I' is uniformly bounded, because F§fI' C I' holds
from Lemma 2.12. Thus, let us prove that FGI' is equicontinous. By setting M =
max{|[¢||sc, [|¢]|c}, for any z € I', we have

Cc

dpg[zm)] < ( / \K(y)ldy+u+%> Mt s |fw).

d¢ u€[—M,M]

Thus, we immediately deduce that F§I' C I' is equicontinous.

We next prove that Py : I' = I' is a compact operator with respect to the weighted
norm || - |lg. Namely, we show that for any sequence {z;}72, C I', {P[z]}32; C I has a
convergence subsequence with respect to the norm || - ||g. Now, let us define P, : ' — T
as

~ F5lzl(n) &>,
Pol2](€) == F5l2](€) € € [-n,n],
Pilz](-=n) §£<-n
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for n € N. Then, P, : T' — I is a compact operator with respect to the norm || - ||s
from the Ascoli-Arzeld theorem. Hence, for any sequence {2z}, C I', there exist a
subsequence {2y, (j)}32; C {zk}32, and ¥y € I' such that

sup | Py [z, ()] (€) — ¥1(€)] = 0 (j — o0).
ge[—1,1]

Thus, there is 1 € {2y, () }52 satisfying

sup | Py[p1](€) — 1 (€)] < 1.

gel-1,1]

Similarly, there exist {zp,(;)}72; C ({zkl(j)}ﬁl\{wl}) and 1y € I' such that

sup | Pa[zgy()](€) — ¥2(€)] = 0 (j = 00),  ¥2(&) =¥ (€) (€ € [-1,1]).

£€-2,2]

Thus, there is @2 € {2p,(j)}72, satisfying

DO =

sup [ Pofp2](€) — 92(8)] <

£e[-2,2]

By applying the above argument repeatedly, for any n > 2, there exist ¢, € {21},
and 1, € I' such that

s PnZE Pn-1, Yu(§) = Yn-1(§) (§ € [-n+1,n—1]).

S|

sup | Pafien](€) — vn(€)] <

§E[—n,n]

From the construction method, {¢,}72; converges pointwise to some v satisfying

(&) =Yn(§) (€ € [-n,n]), v eT.

Hence, we obtain

1P5lion] =vllo < sup [Filen](€) - Pn(€)]e 4l + sup [Fflin)(€) - Y(&)le™ "

< 2Me " 4 s 1 Palion](€) — ¥n()]

1
< 2Me "+ = 50 (n — 0),
n

because |z| < M holds for all z € I'. This means that P§ : I' — I' is a compact operator
with respect to the weighted norm || - |g. O

Thus, the following proposition is obtained by applying Schaudar’s fixed point the-
orem:
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Proposition 2.15. For ¢ > 0, we assume that there are upper-lower solutions {¢, o} of
(TW1) satisfying the following conditions:

(1) ¢, ¢ : R [u,ut], (2) ¢(€) < (&) (£€R).
Then, there exists a solution ¢ of (TW1) such that ¢ < ¢ < ¢ holds on R.

The upper-lower solutions constructed in Subsection 2.3 satisfies the assumptions in
the statement of Proposition 2.15. Hence, in the case that d = 0, we obtain Theorem
2.6 and the first part of Theorem 2.7 from Lemma 2.10, Lemma 2.11 and Proposition
2.15.

2.5.2 The case d >0

Next, we consider the case d > 0. For ¢ > 0, we introduce the integral operator

PL(E) = d(lﬁl—lf)[ /£+°°eu+<s—y>+ /_ioews—y)] Tl

where p* > 0 > pu~ are roots of du? — ¢ — (a4 k) = 0. By differentiating P§[z], we
obtain

0:5135[2](5) = djgpi[z}(ﬁ) = (4 R) P[2)(§) + {(K % 2) (&) + r2(E) + F(2(€))} -

This means that ¢ is a fixed point of P§ if and only if (c, ¢) satisfies (TW1).
Here, we assume that there are upper-lower solutions {¢, ¢} satisfying

(1) o, ¢ : R— [u_,u+],

(2)  (6) < H(€) (VEER),
(2=) > @ (2+), ¢'(2=) < ¢ (z4), (Vz € A),

—~

w
=
©-

where @(z£) := limg .10 ¢(€), ¢(z%) = lime,.40 9(§) and A is a finite set given by
Definition 2.9.

Lemma 2.16. I' C C'(R) is a invariant set of Py.

Proof. We prove that Pf[z] € I' for any z € I'. Since A is a finite set, we denote the
elements as & > & > -+ > &N, Setting £y = oo and En41 = —00, let us consider the
case that € € ({41, &k). Since we have

GlA(y) < (KT *9)(y) — (K~ *9)(y) + ro(y) + f(3(y))
< —dd'(y) +cd (y) + (a+ K)B(y)

IN
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for almost all y € R,

+o0 N 3 3
PO = o | [ e [ | cplan
1 T ey ¢ u(é—y)] —dd” oy P
< o | e [ o] )+ ') + (0 + 50
— 1 b Fe—g) ! —
< 89 =12 @G -6 ()
d(p* = p~) ; ! !
al — —
+ Y GG -G ¢
Jj=k+1
< ¢()
holds. Similarly, we obtain P$[z](§) > ¢(€). It is obvious that P§[z] € C(R). Thus, we
deduce Pf[z] € T O

The followings are obtained in the same line of the case that d = 0. We omit the
proof here.

Lemma 2.17. Let § € (0, —p~). Then P§: T — T' is continuous with respect to || - ||g.
Lemma 2.18. Let § € (0, —p~). Then, P§:T' — T" is compact with respect to || - ||o.
Thus, we also obtain the following proposition:

Proposition 2.19. For ¢ > 0, we assume that there are upper-lower solutions {¢, o} of
(TW1) satisfying the following conditions:

(1) ¢, ¢ : R— [u_,u+],
(2) @& <o) (V€ eR),

3) @ (2-) > (24), ¢'(z—) < ¢ (4), (Vz € A).
Then, there exists a solution ¢ of (TW1) such that ¢ < ¢ < ¢ holds on R.

The upper-lower solutions constructed in Subsection 2.3 satisfies the assumptions in
the statement of Proposition 2.19. Hence, in the case that d > 0, we obtain Theorem
2.6 and the first part of Theorem 2.7 from Lemma 2.10, Lemma 2.11 and Proposition
2.19.

2.6 Regularity of wave profiles and asymptotic profiles

We first give the result of the regularity of wave profiles.
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Proposition 2.20. Let (¢, ¢) be a solution of (TW1) satisfying ¢ > 0, ¢ € Cp(R) and
¢:R—[u,ut].

(1) Suppose d > 0. Then, ¢ € CZ(R) holds if f € Lip;,.(R). In particular, if f € C*(R)
for some k € N, then ¢ € C’fH(R).

(2) Suppose d = 0. Then, ¢ € CL(R) holds if f € Lip;,.(R) In particular, if f € C*(R)
for some k € N, then ¢ € C’fH(R)

Proof. We give only the proof of (1), because the basic approach is same.
Assume that d > 0 and f € Lip;,.(R). Since ¢ is a fixed point of the integral operator
PC
d»

1 oo ¢ -
_ nt(E—y) 1= (E-y)
o) = Jor—s { /5 e [ ] Gl6](y)dy
holds. Thus, we obtain ¢ € C'(R) and
/ _ 1 L[ ut(E-y) - [ u(f—y)]
(&) = A =) [u /g e +p /_ooe Glol(y)dy.

Here, since we know that G[¢] € Cp(R) if ¢ € Cp(R), we have

oo 13 N

1G]]0 [ ; /*‘” WHE) gy /g ~(e-w) }
|l e dy — p el ¥ dy
d(pt —p~) 3 —o0

2[4l

d(pt —p~)’
and then ¢ € C}(R) holds. Furthermore, we immediately deduce ¢ € CZ(R) from the
fact that ¢ satisfies (TW1).

When f € C*(R), we have ¢ € CF%(R) by differentiating (TW1) with respect to
£ O

In the case that the integral kernel has negative parts, the equilibrium u = 1 of the
equation (2.1) is not always stable in the sense of PDE. Hence, to obtain the limit of
the right hand side tail of the wave profile ¢, we perform the analysis based on the L?
estimate with reference to [1]. We first obtain the following lemma.

Lemma 2.21. Let (¢,$) € R x CZ(R) be a solution of (TW1). Assume that ¢ > ck.
Then, we have ¢' € L*(R) and ¢'(+oc0) = 0.

Proof. Let
F(u) :—/O f(s)ds, M :=||¢||oo, M :=1]¢||c0s

My = F = | Z|K(2)|dz (j =0,1,2
= [Py = [ KGN G =012
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Then, we remark that cx = /mgmz. Multiplying ¢ by (TW1) and then integrating
from —¢ < 0 to p > 0, we obtain

P 4
0<e / (2(e)de = / (¢/[d¢" + (K * ¢ — ag) + F(6)]}(€)de

2
</_z<¢'>2<f )1/2 ( [ 10— a0 >}2d5>l/2+de+sz.

= [ by oo a0+ | 0
—q

IN

For £ € R, we have
(K6 - ag)() = /R K(€ — y)(6(y) - $©)dy

1
= [ [ K& =06+ sty - sy
From the Cauchy-Schwarz inequality, we deduce
{(K % ¢ — ag)(§)}?
1 2
[ 1= 000 = 00+ sty — €l
R Jo

(
(//1!Ky—£ y—§2d8dy) (/R/Ol’K(y_f)H‘b/(f‘f‘S(y—{))]2dsdy>
- <// K (2)(¢'(€ + 52)) dsdz).

Thus, it follows

IN

IN

/Z{[(m@—am(s)m < m / / / K[ (€ + 52)2dsdzde

_ mg// sz/ /(€ + 52)2ddsd
o e [ spase

Here, by using |¢'| < M’, the following inequality is obtained:

+sz — +sz
/,, Gors = [ e + /p[¢’(£)]2d€+ /p 16/(6)2de

—q+sz —q+sz —q p

IN

[ W@Pae 20025051, vs € 0.1) s e
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Thus, we deduce

[ 41 0) = sl (€)1 < ma {mo [

—q

P

(@ + (P |

holds. Therefore, we obtain

. /_Z(qb’)Q < m{mo ( /_];(¢')2>2+(M')2m1 < /_’;<¢’>2)}1/2+de+sz.

If ¢ > cxk = /mgoma, then {ffq(qb’)Q | p > 0, ¢ > 0} is uniformly bounded. Thus,
#' € L*(R) holds. Since ¢ is uniform continuous on R, we obtain ¢/(+0c) = 0. O

A

Proposition 2.22. Let (¢,$) € R x CZ(R) be a solution of (TW1). Define the set
B CR as

Bi= {u e lggﬂgcb(s), sup <z><s>] | Flw) = o} .

If B is a discrete set, then for any wave profile ¢ satisfying ¢ > ck, there exists ¢p(+00)
such that ¢(4o00) € B.

Proof. Let X be the set of all accumulation points of ¢ as & — 4+00. We note that X
is not empty, because ¢ is bounded and continuous, We fix an arbitrary [ € X. Then,
there exists a sequence {,} satisfying &, — 400 and ¢(§,) — | (n — 00). By setting

V(&) = d(§ + &), we have

c(§) = di (&) + (K # ) (§) — an (&) + fF(¥n(E)), £ ER.

We remark that for any L > 0 and 1 < p < oo, {¢,} is bounded on W?P([—L, L}).
From the Sobolev’s embedding theorem, there exists a subsequence {1, )} C {%n} such

that ¥y — ¥ (b — oo) on Cl.(R) strongly and on VVif (R) weakly. Therefore,
satisfies

' (§) = dy"(§) + (K = ¥)(§) — (&) + f(¥(8)), E €R,

From Lemma 2.21, we have
W(€) = lim ¢/(€+Eupy) =0, VE ER

and thus obtain ¢(§) = [. Thus, | € B and X C B hold. Since ¢ is continuous, X is
connect. Thus, X is a discrete set because B is a discrete set. Therefore, ¢(400) exists
and belongs to B. The proposition is proved. O

From Proposition2.22, it is shown that sufficiently fast traveling wave solutions con-
verge to an equilibrium at infinity. In particular, in the case of Theorem 2.7, the fact
that liminfe_, | ¢(§) is positive immediately shows that ¢(400) exists and ¢(4o00) = 1.
Thus, the latter part of Theorem 2.7 is also shown.
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Figure 3: (1) The graph of the nonlinear term (2.19) when a = 0.2. (2) The graph of the integral
kernel (2.20) when By = 2.4, by = 4.0, By = 0.4/3.0, by = 4.0/9.0. (This figure is taken from my
master’s thesis [45].)

2.7 Numerical simulations

In this subsection, we introduce the results of numerical simulation to the equation (2.1).
To observe the traveling wave solutions obtained in main results, we first consider the
case that the nonlinear term f(u) is given by

1—u, ue(%,—i—oo),
f(u) = u, UAS [_%7 %] 9 (219)
—a—u, u€ (—oco,—%),

where a > 0. Moreover, we give the integral kernel K(x) as

1
K(z) = ﬁ(Bw‘wa — Bye b2, (2.20)
where Bj, By and by, by are positive constants. In this case, we have o = By/v/bj —
Bsy/+/by. The interval of numerical simulations is denoted by Q := (0, L) with L > 0.
Since K *u is a nonlocal term, boundary conditions need to be extended outside the
domain. Thus, to observe the traveling wave solutions satisfying (TW2), we impose the
condition
1, z>1L
u(t,z) =<’ - 2.21
(t.2) {O’ T (221)
to the numerical simulation.
We first observe the traveling wave solution (Fig. 4), when the initial function is
given by

1, x > Ly,
u(0,x) = {6u(a:—Lo)7 v <Ly (2.22)

in which Ly € (0,L). From the result of numerical simulations, we expect that the
traveling wave solutions are stable in some sense. Next, the result of the numerical
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Figure 4: The result of numerical simulation when the initial function is (2.22). Here, we give
d =0.01 and p = 1.0. From left to right: ¢t = 13.0, t = 40.0, and ¢ = 67.0. (This figure is taken
from my master’s thesis [45].)

. w(t, ) oo . w(t, )  enson . w(t, ) cooew . Uty ) s

Figure 5: The result of numerical simulation when the initial function is (2.23). Here, we give
d = 0.01. From left to right: ¢t = 46.0, t = 47.5, t = 49.0, and ¢t = 50.5. (This figure is taken
from my master’s thesis [45].)

simulation is Fig. 5, when the intial function is given by

1, > Lo,
u(0, ) = {0 “ g LO (2.23)
, L > L.

Then, periodic traveling wave solutions, where the shape of the solution changes period-
ically, can be observed instead of traveling wave solutions. From this numerical result,
it can be deduced that the equation (2.1) has a sign-changing solution when the inte-
gral kernel changes sign. Furthermore, when the nonlinear term is changed, a traveling
wave solution with a peak near u = 1 appears, as seen in Figure 6. This suggests the
possibility that there are situations where non-monotonic traveling wave solutions exist.
From these numerical simulations, we can understand that the behavior of the solutions
to the equation (2.1) is diverse when K (x) changes sign.

2.8 Comparison principle in the case of sign-changing integral kernel

The comparison principle is a very useful theory that can evaluate time-evolving solutions
from above and below by constructing super-sub solutions. However, it is known that
the comparison principle in the usual sense does not hold in general for the equation
(2.1) with a sign-changing integral kernel because of the possibility of Turing instability.
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Figure 6: The result of numerical simulation when the initial function is (2.22). Here, we give
d =0.01 and f(u) = w(l —u)(u + 0.25). The left figure shows the profile at ¢ = 76.0, and the
right figure is an image magnified near v = 1 in the left figure. (This figure is taken from my
master’s thesis [45].)

Therefore, as a final result of this section, we introduce a new definition of super-sub

solution based on the definition of upper-lower solution introduced in [23, 45], and show

that a different form of the comparison principle is possible. In particular, only the

case d = 0 is intrinsically important, and if it can be introduced in this case, it can be

extended to the case d > 0. Therefore, this subsection deals only with the case d = 0.
Let us now introduce a new definition of super-sub solutions.

Definition 2.23. Let T € (0,+00). A pair of function {u,u} C C1([0,T]; L>°(R)) are
super-sub solutions of (2.1) with d =0 if for any t € [0,T7],

(Kt xu) — (K~ xu) — au+ f(u),

(KT su) — (K~ xu) — ou+ f(u)

up >
cuy <
holds for almost all x € R.

Remark 2.24. In the usual comparison principle, a super-sub solution is defined so that
each is a function satisfying a single inequality, and it is common to define a super-sub
solution such that a solution to the equation (2.1) with d = 0 is both a super solution
and a sub solution [18, 69]. However, in this definition, the super-sub solutions are not
defined by a single inequality for each of them because the integral kernel has a negative
part, and the solution of the equation (2.1) with d =0 is not always a super solution or
a sub solution.

Remark 2.25. We note that for c >0, (u(t,z),u(t,r)) = (¢(x+ct), p(x+ct)) is upper-

lower solutions of (2.1) with d = 0, where {¢, ¢} are upper-lower solutions of (TW1)
with d = 0.

Then, the following theorem is obtained.

Theorem 2.26. Let T € (0,4+0c) and u € C1([0,T]; L®(R)) be a solution of (2.1) with
d = 0. Let {u,u} C CY([0,T]; L°(R)) be super-sub solutions of (2.1) with d = 0. If
w(0,2) < u(0,2) < w(0,z) holds almost all x € R, then for any t € [0,T], u(t,x) <
u(t,z) <u(t,z) holds almost all x € R.

30



Proof. The proof is based on the method of [69] and uses the theory of ordinary differ-

ential equations on L*°(R).
Let v,v € C1([0,T]; L*°(R)) be

T(t,x) = (T —u)(t,z), v(t,z):=e(u—u)t ),

where ( is a positive constant determined later. Since u(t,z) is a solution of (2.1) with
d =0, we have

T = K04+ K xv+ ((— )4 e (f(u+e ) — f(u)) + elay(t, x)
= Fi(t,z,v,v),
v o= KTxut K x0+ (C—a)ut e (f(u) = flu—e ) +eaz(t, x)
= Fy(t,z,v,v),
where

ai(t,r) = w— (KT xu— K *u—aou+ f(u)),
as(t,r) = —{u,— (K" xu— K *u—oau+ f(u)).

We remark that for any ¢ € (0,7, a; and ag are non-negative for almost all = € R. Let
w,w € C1([0,T]; L(R)) be solutions of integral equations

w(t,x) = v(O,:c)—l—/O max{Fi(s,z,w(s,x),w(s,x)),0}ds,
w(t,x) = v(O,x)—l—/O max{Fs(s,z,w(s,z), w(s,z)),0}ds.

Thus, for any ¢ € (0,7], we obtain
w(t,x) >0(0,z) >0, w(t,x)>wv0,2)>0

for almost all € R. Now, we deduce that Fj(t,z,w(t,z),w(t,x)) > 0 (j = 1,2) hold
for any t € (0, 7] and almost all z € R by giving ¢ sufficiently large such that

(¢ — )T+ e (f(u+ e ) — f(u)) >0
and
(¢ =)o+ e (f(u) = flu—e ) >0

hold for any ¢ € (0,7] and almost all z € R. This means that v(t,z) = w(t,z) and
v(t,z) = w(t,x) hold for any ¢ € [0,7] and almost all =, because they satisfy same
equations. Therefore, the theorem is proved. ]

Theorem 2.26 implies that if we can construct an upper-lower solution of (TW1) with
d = 0 that satisfies the assumptions of Proposition 2.15, then a time-evolving solution
like a traveling wave solution will appear when the initial values are given in between.
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Remark 2.27. In the case that d > 0, a comparison principle of a similar form can
also be constructed based on the argument [7, 12]. However, if we want to show based on
their proof, we need to introduce a moving coordinate into the equation (2.1) and discuss
it to make {u(t,z),u(t,x)} = {d(x + ct),p(x + ct) a super-sub solution of (2.1) using
the upper-lower solutions {u,u} of (TW1)7. The results are not presented in this thesis,

as it would complicate the discussion a bit.

2.9 Summary

In this study, we have developed a method to show the existence of traveling wave
solutions for nonlocal semilinear scalar equations with a sign-changing integral kernel.
We were able to show the existence of traveling wave solutions in a particular case.
These ideas can be applied to other mathematical models with a sign-changing integral
kernel. For example, the problem of showing the existence of traveling wave solutions
can be attributed to the problem of constructing upper-lower solutions. In this study,
we considered a time evolution equation with a monostable nonlinear term, but it is also
expected to be applied to mathematical models in which the nonlinear term is bistable
[8, 60] or has a convolution term with a nonlinear term [2, 71]. Furthermore, it was
shown that traveling wave solutions with sufficiently large speeds converge to a constant
at infinity, regardless of the stability of an equilibrium. In [1], which was used as a
reference in the proof, it was applied to the traveling wave solution in the equation
containing the convolution in the nonlinear term, and the evaluation depended on the
L? norm of the derivative of the traveling wave solution. In the present study, we did not
include any nonlinear effects on the nonlocal terms, and thus obtained relatively clean
evaluations that do not depend on the quantitative properties of wave profoles.

In addition, numerical calculations showed that two characteristic spatio-temporal
patterns emerged depending on the initial value: traveling wave solution and periodic
traveling wave solution. From this result, it is expected that the characteristic pattern
appears stable in some sense, depending on the initial value. The comparison principle
based on the newly defined super-sub solution may reveal the stability of the traveling
wave solution in some sense, but this is a challenge for the future.
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3 Weak interaction of localized patterns for reaction-diffusion
equations with nonlocal effect

The contents from Subsection 3.2 to Subsection 3.4 are based on the paper [24] which
is joint research with Professor Shin-Ichiro Ei. The contents in Subsection 3.5 and
Subsection 3.6 are introduced the extended results of [24]. The results are new in this
thesis.

3.1 Background and motivation

Pattern formation problems for reaction-diffusion equations with nonlocal effects are
challenging to analyze because the nonlocality of the equations makes it impossible to
immediately apply ordinary methods for reaction-diffusion equations such as phase-plane
analysis and variational methods. For the analysis of the reaction-diffusion equation with
nonlocal effect, there have been many works [6, 7, 8, 9, 12, 13, 16, 18, 23, 58, 73] by
using monotone semiflow, implicit function theorem, fixed point theorem, and so on.
In particular, the existence and the stability of pulse solutions and front solutions as
localized patterns have been extensively investigated [6, 7, 8, 9, 12, 13, 16]. A single
pulse or a single front solution was constructed together to consider their stability in
their works. From the perspective of pattern formation, it is essential to analyze not only
the existence and stability of localized patterns, but also the temporal changes caused
by the interaction of localized patterns. In the case of reaction-diffusion equations, Ei
[22] has proposed a method to analyze the weak interaction between localized patterns,
but the case with nonlocal effect is still an unexplored topic. Mainly, how nonlocal
effects affect weak interactions is an exciting topic, and its analysis is essential from the
perspective of pattern formation problems.

The purpose of this study is to consider weak interactions between localized patterns
for reaction-diffusion equations with nonlocal effect. We first introduce the problem
setup and then explain the main results and applications based on the results of [24]. In
particular, it is considered in [24] the case where the nonlocal effect is given by a linear
convolution such as K * u.

Later, in this thesis, we developed the theory of [24] to the case where the nonlocal
effect is a nonlinear convolution such as f(K % g(u)). The results are also explained.
After describing some applications, we summarize our work.

3.2 Setting

In this thesis, we treat the following multi-component reaction-diffusion equations with
nonlocal effect:
Uy = Dug, + K *u+ F(u), t >0, z € R, (3.1)
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where u = wu(t,z) = Y(ui(t,z),us(t,z), - ,un(t,z)) € R*, D = diag(dy,da, ...,dp)
(d;j >0), F: R" — R" is a smooth nonlinear function, K = K(x) € R™*",

Kin Kip -+ -+ Kin uy
Koy Kpp -+ -+ Kap Uz
(K xu)(t,x) := : N : * f (t,x)
Kn71 Kn,Z e Kn,n Un
n
D (K g xur) (L, x)
k=1
n
D (Ko g xur)(t, x)
B k=1
n
> (Ko ) (t, @)
k=1

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

Kjr € CR)NLY(R), K;i(z) = Kjr(—2) (z € R),

3.2
WeR [ IKuleNdy < o (3:2)
R

A typical example of K, is K;i(z) = e~ The first purpose of this thesis is to give
a mathematical criteria for the interaction between multiple pulse or front solutions for

(3.1).
We set
[:(171()\) [:(1’2()\) cee e [:(Ln()\)
Ko1(\) Kaa(\) -+ -+ Kan(\)
A(X) == : : :

where f(jjk()\) = [p Kjr(y)eMdy for j, k=1,2,...,N.
In this study, we impose the following assumptions on (3.1)

Assumption 3.1. We suppose for (3.1) 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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H?2) [Existence of traveling wave solutions]
There exist a constant 0, positive constants «, B and a function P(z) satisfying
the equation

0=DP,.— 0P, + K+ P+ F(P) (2€R),
|P(2) — PT| < O(e7**) (2 = +00), (3.3)
|P(2) — P7| < 0(P%) (2 = —0).

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

Lv =Dv,, — v, + K xv+ F'(P(2))v,
for v € {H*(R)}", where the domain D(L) is defined as
D(L) = {v ="(vi,v2,- ,va) € {L2(R)}" | fv € {H'(R)}", Dv € {H*(R)}"}.

This means that

H*(R) (if dj >0),
vj €S HYR) (if dj =0 and 0 #0),
L*R) (if d;j =0 and 6 =0)

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

We call P(z) satisfying the Hypothesis 3.1 for a constant 6 “(linearly) stable traveling
wave solution with velocity #”. Many models of reaction-diffusion systems and nonlocal
equations have linearly stable traveling wave solutions in this sense [7, 19, 28, 29, 48, 70,
73].

Transforming (3.1) by z := x + 0t, we have

u; = Du,, —Ou, + K xu+ F(u) =: L(u). (3.4)

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

The purpose of this thesis is to give a general criterion for (3.1) to analyze their
interaction together with applications under the above assumptions about the existence
and the stability of a single traveling wave solution.

3.3 Main results in the case of linear nonlocal effect

We present results on the weak interaction of the pulse solutions and the front solutions.
The proofs are given in Appendix A.
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Figure 7: The images of localized patterns. (a) Pulse solution when P = P~ = 0. (b) Front
solution when n =1 and PT > P~. (This figure is taken from [24].)

3.3.1 Interaction of pulse solutions

Let us consider the interaction of pulse solutions. Suppose that P(z) is a stable pulse so-
lution of (3.1) 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, we consider the
interaction of NV + 1 pulse solutions. We define

P(z;h) == P(2)+ P(z—21)+ -+ P(z — zn),
where h = (h1, ha, ..., hy) for h; > 0, 2o = 0 and
zj==zj(h)=zj1+h; (j=1,2,..,N).
Define the set
M(h*) ={E()P(z;h) |l € R, minh > h"},

where Z(1) is the 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 §(h) is sufficiently small as long as min h is large enough. In fact, 6(h)
satisfies d(h) — 0 as minh — +oo, since L(P(z — z;)) = 0 and £(0) = 0 for j =
0,1,...,N.

Furthermore, define functions

Hj(h) = (L(P(- + 2j; h)), ®7() )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

L*®* .= DO+ 00F + 'K » &* +'F/'(P(2))®* = 0. (3.5)
By applying the same line of argument in [22] based on the theory of infinite dimen-

sional dynamical systems, we obtain the following results.
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Theorem 3.2. [22] There exist positive constants h*, Cy and a neighborhood U = U (h*)
of M(h*) in {H?*(R)}" such that if u(0,-) € U, then there ewist functions I(t) € R and
h(t) € RN such that

[u(t,-) = EU@)P(; h(t)) [ < Cod(h(t)) (3.6)

holds as long as minh(t) > h*, where u(t,z) is a solution of (3.4) and || - ||cc is the
sup-norm on R. Functions I(t) € R and h(t) € RY satisfy

h = H(h)+ 0(%), (3.7)
I = —Hy(h)+0(?), (3.8)

where § = 0(h(t)) and H = (Hy — Hy,H; — Ha,--- ,Hn_1 — Hy).

Theorem 3.3. [22] Suppose all of the elements d; of D are positive. Then, there exist
positive constants Cy, C1 and h* such that if

h = H(h) (3.9)

has an equilblium h satisfying minh > h* and the set of eigenvalues L(H'(h)) C {z €
C | R(z) < —Cod(h)}, there exists a stable traveling wave solution P(z + 0t) of (3.1)
such that

IP() = PRl < C1d(h)

and 6 = Hyo(h)+O(6%(h)). Here, H'(h) denotes the linearized matriz of H with respect
to h.

If (3.9) has an equilblium h such that min h > h* and the set of eigenvalues X(H'(h)) C
{zeC|R(z) < -Cpo(h)} U{z € C| R(z) > Cod(h)} and at least one eigenvalue of
H'(h) is in {z € C | R(z) > Cod(h)}, there exists an unstable traveling wave solution
P(z+6t) of (3.1) such that

IP(-) = P(sh)|ls < C16(h)
and 6 = Ho(h) + O(6*(h)).

In [22], he constructed an attractive local invariant manifold giving the dynamics
of interacting localized patterns in the case of multi-component reaction-diffusion equa-
tions. In its proof, the integral manifold theory was used. The proof of [22] can be
also applied to multi-component reaction diffusion equations with perturbations given
by bounded operators in {L?(R)}". Now, the nonlocal term K *u is a bounded operator
on {L?(R)}". Therefore, we can extend theorems in [22].

From Theorem 3.2, when the distances between localized patterns are sufficiently
large, the motion of localized patterns can be reduced to the equation (3.7) for the
distances between them. However, it is difficult to analyze H;(h) directly. When the
pulse solution P(z) converges to 0 in an exponentially monotone way, H;(h) can be
represented by the explicit form approximately.
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Theorem 3.4. Suppose P(z) converges to 0 satisfying
P(z) = e “(a™+0(e 7)) (2 — +o0),
P(z) = €#(a™+0(?)) (2= —0)

for positive constants o, f and v and non-zero constant vectors a* € R™, and suppose
®*(2) also converges to 0 in an exponentially monotone way such that

d*(z) = e P(bT+0(?) (2 — 4),
P*(z) = e*(b” +0(7%)) (2= —o0)
for non-zero constant vectors b= € R™. Then, functions H;(h) are represented by

Hj(h) = (Mge ™"+t 4 Mue M) (14 O(e™" ™M) (j =1,2,--- ,N = 1), (3.10)

Ho(h) = Mge (14 O(e minky), (3.11)

Hy(h) = Mye "V (14 O(e™ minhy), (3.12)
for a constant ' > 0 and the constants My, Mg are given by

M, = {((2aD+ 60+ A'(a))a™,b7), (3.13)

Mg = ((28D — 61+ A'(B))a",b"), (3.14)

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

R0 K00 o o K0

RYO) B0 o KL
A'(N) = : : '

Roa() Ko o o KL

in which
eV = /R?JK',IC(Z/)e/\ydy, (j,k=1,2,...n).
Remark 3.5. Given a function G(z) : R — R", we write
G(z) = e *a+0(e7)) (z— +0)

for some positive constants o, v and a nonzero constant vector a € R™ if there exist a
positive real number Cy and a real number Cy such that

e*G(2) —al < Coe™ 7 (V2> C).
We also write
G(z) = e¥(a+0(€?)) (z— —x)
if there exist a positive real number Cy and a real number C1 such that

le”*G(z) — a|] < Cpe?* (V2 < ).
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(a)  P(z;h) (b)

Figure 8: The image of P(z;h). (a) (NT,N7) = (1,1). (b) (NT,N~) = (2,1). (This figure is
taken from [24].)
3.3.2 Interaction of front solutions

Next, let us consider the interaction of front solutions. We 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(z) is a stable front solution of (3.1) with § = 0. We note that P(—x)
is also a stable front solution of (3.1) connecting from PT to P~. We define the number
of front solutions as N +1 = Nt + N—, where N* and N~ are the numbers of front
solutions of the shapes P(x) and P(—x), 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(—(zx—z1))+ Pl —x3) + -
+P((-1)N(z —zn)) = {NTPT + (N~ —1)P"}
if Nt =N-,
P(z;h) = P(z)4 P(—(z—x1))+ P(z —z2) + - -
+P((-D)N(z —2n)) = {(N* —=1)P* + NP}

if NT—1= N~, where h = (hl,hg,--- ,h]v) S RN, Tj = Zzi{hk for j =1,2,---
and xo = 0. Moreover, we define functions H;(h) (j =0,1,--- ,N) by

Hj(h) = (L(P(z + 253 h)), @ ((=1)2)) 2.

By applying the same line of argument in [22], we can also obtain the following result.

Theorem 3.6. [22] Theorems 3.2 and 3.3 hold in the same statements but

hj = (=177 (Hj-1(h) + Hj(h)) + O(6%) (j = 1,2,--- , N), (3.15)
[ = —Hy(h)+0(s%), (3.16)

and

H = (Hy+ Hy,—(Hy + Hy), -+, (~1)N " (Hy_1 + Hy)).

39



Same as Theorem 3.4, H;(h) can be represented by the explicit form approximately,
when the front solution P(z) converges to P* in an exponentially monotone way.

Theorem 3.7. Suppose P(x) converges to P* as

P(x) - Pt = e *(a™+0(e ) (z— +00),
P(z)— P~ = a4+ 0() (x— —o0)

for positive constants o, f and v and non-zero constant vectors a* € R™, and suppose
®*(z) converges to 0 in an exponentially monotone way such that

O*(x) = e (bt +0(e ) (z— +o0),
o (z) = eﬁx(b7 +0(™)) (x— o0)

for non-zero constant vectors b= € R™. Then, functions H;(h) are represented by

Haj 1(h) = (M*te ®h2i—1 — M~e=Ph2i) (1 4 O(e™ minh)) (3.17)
(.7 = ]-72>"' 7N+)7
Haj(h) = (MTeoh2itt — N=ePh2i)(1 4 O(e™ minhy) (3.18)
(j:1727"'aN_)3
Ho(h) = Mte ®M(14 0(e 7 ™inh)), (3.19)
MTe—ahn(q —~' min h F Nt = N—
M~e PN (1 4 O(e™ ' ™inhY))  (if NT —1=N7)
for a constant ' > 0 and the constants M* are given by
Mt = {((2aD+ A'(a))a™,b"), (3.21)
M~ = ((28D+A'(B))a,b"). (3.22)

3.4 Applications I

In this subsection, we analyze the interaction of two stationary front solutions to the
nonlocal scalar equation
up = dugy + K xu+ f(u), (3.23)

where d > 0, K € C'(R), K’ € L*(R), £ = [ K(y)dy and g(u) := f(u) + ku is a
smooth function satisfying

g(#1) = g(a) = 0,¢'(+1) < 0 < ¢(a), [, g(u)du =0,

g<0in (—-1,a)U(1,00), g > 0in (—o0,0) U (a,1),

g >0in [r,ro], ¢ <0in [—1,1]\[r1, 2]

for some constants a, ri, ro € (—1,1) with 71 < r9. A typical example of g is g(u) =
u(l —u?).
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3.4.1 Case of a nonnegative integral kernel

We first consider the interaction of two stationary front solutions when K is nonnegative.
In this case, there exists a strictly increasing stable stationary front solution to the
equation (3.23) such that satisfying P(+o0) = +1 [7, 13, 73]. Furthermore, when K
satisfies

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

it is reported that P(z) converges to £1 in an exponentially monotone way by [73].
Thus, we assume that P(x) converges to 1 as

Plz) —1=¢ (" 4+ 0(e ")) (x — +00) (3.24)

for some positive constant v and a non-zero constant a*. Then, « is a positive solution

of
G(\) :=d\* + A(\) + f'(1) = 0.

From the non-negativity of K, we immediately deduce that G(\) is strictly monotonically
increasing function for A > 0. Hence, we have G'(\) = 2d\ + A’(\) > 0 for A > 0.
Moreover, since ®* is give by

1 aa™
" () = ——5P(x)— — e (xr — 400),
1P 7 1P 17
we obtain o
Mt = MG'(@) <0. (3.25)
[Pel7

Thus, the equations of [ and h are given as

[ =—Hy(h) +0(6%) ~ —Mte o > 0,
h = Hy(h) + Hy(h) + O(5?) ~ 2M e~ < 0.

This means the attractivity of two front solutions (Figure 9).

3.4.2 Interaction of very slow front solutions

We next focus on the interaction of two front solutions with very slow wave speed when
K is nonnegative. Let us consider the equation (3.23) with small perturbation like

up = dugy + K xu+ f(u) +efi(u, Ky xu), (3.26)

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

flEL = /R Ky (y)dy) = 0.
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Figure 9: The image of the interaction of two standing fronts, when the kernel is a non-negative
function. (This figure is taken from [24].)

Let us consider the solution of (3.26) with the initial function (0, z) close to P(x —
1(0),h(0)) for sufficiently large h(0). By a quite similar proof in [22, 27], when ¢ is
sufficiently small, we can show that the solution u(t,z) is close to P(x — I(t), h(t)) and

| — —MTe—ah _ 2 2
{l e eCr+ O(6° +€7), (3.27)

h=2Mteoh 4 2:Cr + O(6% + %)

holds as long as h(t) is sufficiently large, where M™ is the constant given by (3.25) and
Cr= e ( fi(P,Ky%P), Py ). In the case that eCy > 0, two front solutions moves
€T

attractively. When eCy < 0, we can prove that (3.27) has an unstable equilibrium.
Thus, in this case, we can find an unstable stationary solution by a quite similar way to
the proof of Theorem 3.6.

As example, we give fi(u,v) = v and an odd function K;(z) satisfying

K; < 0in (0,00).

1

12212
Since P(x) is monotonically increasing, we obtain

Then, we have Cy = (Ki%P,Py)a.

(K, * P)(x) = /R Ky (y)P(z — y)dy = /0 T K () (P(x — ) — P(x+ y))dy > 0

and C'y > 0. From this, we can show that the existence of an unstable stationary solution
for (3.26) if ¢ is a sufficiently small negative constant.

3.4.3 Case of a sign-changing integral kernel

There are few results on front solutions to the equation (3.23) when the integral kernel
has a negative part. When d = 0, the existence of stationary front solutions to (3.23)
was proved in [8] using variational method under the assumptions that K satisfies k > 0,
K@) = Jp K (z)e"™8dx < K(0) = & for all £ € R and some conditions. However, to the
best of our knowledge, there are no results on linearized stability.
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On the other hand, J. Siebert and E. Scholl [60] numerically suggested the existence
of a front solution with an oscillating tail when the integral kernel has a negative part.
From the result, we expect that there are cases when the front solutions of (3.23) with
sign changing integral kernels have oscillatory tails. However, 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.

In the following, we suppose that the existence of a single stationary front solution
for (3.23) with a sign-changing integral kernel and analyze formally the interaction of
two stationary front solutions.

At first, let us consider the interaction of two stationary front solutions with ex-
ponentially decaying oscillatory tails. Assume that there is a stable stationary front
solution of (3.23) with an oscillatory tail satisfying

Px)—1— 3‘3(6)‘+xa+(1 +0(e ) (x = +00),

where at € C\{0} and At = —a + iv" for constants @ > 0 and v # 0. Applying
Theorem 3.6, the equation for the distance h between front solutions is represented as

iL:HQ+H1.

We know that Hy(h) = Hy(h) from the definition of H;(h) (j = 0,1). Moreover, we can
calculate as

Hoh) = o (L(PL). Po)ys
= o (AP = FPO) = F(P(=( = h) + F(1). Pr s

by using the fact that P(£(z — h)) are front solutions to (3.23) for any constant h € R
and g(1) = k + f(1) = 0. From a quite similar argument to Subsection 4.5 in [22], we
obtain

Ho(h) = Hi(h) = R(MTe* (1 4+ 0(e™ ™))

for a constant 7/ > 0 as long as h is sufficiently large, where

at

- ||P:v||2 /_OO e_)\+$Px(13){f,(P(13)) - f/(l)}d:p

+

We note that the constant M ™ is well-defined because the integral is represented by the
Fourier transformation due to the form of A™. Let M = A" 4+ iB™. Then,

Hy(h) = Hy(h) ~ e (AT cos(vth) + B sin(v"h))
holds. Hence, the equation of A is given as

h = Hy + Hy + O(6%(h)) ~ 2e " (A* cos(vth) + B sin(vh)) (3.28)
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for sufficiently large h. We can immediately understand that stable and unstable equilib-
ria appear alternatively in (3.28). Thus, we can easily give the proof of the existence and
the stability for multiple front solutions from Theorem 3.6 if there is a stable stationary
front solution with oscillatory tails satisfying Assumption 3.1.

Next, we analyze the interaction of two stationary front solutions with exponentially
and monotonically decaying tails. Assume that there is a stable stationary front solution
of (3.23) satisfying (3.24). By same calculation in Subsection 3.4.1, the equation of h is
give as

ho~2Mte
where

—ala™)?
MT = ”PiH%iG’(a).

To check the sign of M*, we focus on G'(«). We remark that o satisfies G(«) = 0.
When the integral kernel is sign-changing, G(\) is not always monotonically increasing.
For example, when

€ 1 =% 1 _IQ}
Klx)=—(¢—e ‘a0 ———e *a €,q1,q2 > 0), 3.29
@)= { =R w0 (3:29

we have
AN) =« {e‘“)‘2 - qu’\z} .
Thus, we obtain
GO = dx? e {en — eV L4 p(0),

By setting d = 1.0, ¢ = 0.01, ¢; = 1.0, ¢2 = 2.0, f'(1) = —1, we are able to observe
that there are two positive solutions a; and ag of G(A) = 0 (Figure 10 (b)), where a4
and ag denote the first and second positive root of G(\) = 0, respectively. If o = ay,
then

—Oz(a+)2 ,

M* = G'(a) <0

P

holds by G'(a1) > 0, which means the attractivity of two front solutions. In the case
that a = ag, we see

+ —Oé(a+)2G/
= —— >0
1B, ¢ @

by G'(a2) < 0. This implies the repulsiveness of two front solutions.
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Figure 10: (a) The graph of (3.29) when € = 0.01, ¢; = 1.0, g2 = 2.0. (b) The graph of G())
when d = 1.0, f/(1) = —1 and the integral kernel is same as Figure 10 (a). (This figure is taken
from [24].)

By numerical simulations, aj,as can be calculated approximately as a; = 1.0264
... and ap = 1.6022.... When we solve (3.23) numerically on the interval (0,40) in the
same parameters as Figure 10, the stable standing front solution is observed (Figure 11
(a)). In fact, we expect that the numerical solution converges to 1 in an exponentially
monotone way with the decay exponent a = 1.0260... at = 32.0, because Figure 11
(b) is the graph of log |u(t, z) — 1| at the place where u(t, ) is close to 1 looks like linear.
Here, the decay exponent at = = a is calculated as

log |u(t,a +n) — 1| — log |u(t,a) — 1|
r=a n ’

o~ — - (logfult, ) 1)
in which 7 is a sufficiently small constant. Thus, we think that the front solution with
the exponential decay rate «; is a stable one. Therefore, we expect that two stable front
solutions are interacting attractively in this example.

In general, we expect that the decay rate « is given by @ = min{A > 0 | G(\) = 0}
if there exists a stable stationary front solution of (3.23) satisfying (3.24). Under this
expectation, G'(a) > 0 always holds by the property of G(0) = ¢’(1) < 0. Thus, we find
that the attractive motion will generally appear and suspect that the repulsive motion
will not in most case.

3.5 The case of scalar equations with the nonliner nonlocal term
We also explain the results for the more general case of nonlocal effect:
ur = duge + f(u, K x g(u)), t >0, z € R, (3.30)

where, u = u(t,z) € R, d > 0, f(u,v) : R? = R and g(u) : R — R are smooth nonlinear
functions. Assume that K satisfies (3.2).
We impose the following similar assumption to the equation (3.30):

Assumption 3.8. The equation (3.30) satisfies the followings:
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log |u(t, z) — 1]

Figure 11: (a) The numerical solution of (3.23) on the interval (0,40) when ¢ = 100.0, where

f(u) = 2u(1 — u?) and the other parameters are same as that in Figure 10. (b) The graph of

log |u(t, x) — 1| on the interval (20, 35) when ¢ = 100.0, where u(¢, x) is the numerical solution of
(3.23). (This figure is taken from [24].)
(H1) The equation (3.30) has linearly stable equilibria P*.

(H2) There exist a constant 0, positive constants e, 8 and a function P(z) such that
0=dP,, — 0P, + f(P,K xg(P)), z€R,

|P(z) — PT| < O(e™**) (2 — +0), (3.31)
|P(x) — P~| < O(e?%) (z = —00).

(H3) Let L be a linear operator around the stationary front solution P(z), that is, for
v € H?(R), we define
Lv := dv,, — Ov, +n(2)v + C(2)[K * (¢ (P)v)],

where n(x) = fu(P(z), K % g(P(2))), ((2) :== fu(P(2),K % g(P(z))). Then, the
spectrum (L) of L is given by X(L) = X9 U {0}, where 0 is a simple eigenvalue
with an eigenfunction P, and there exists a positive constant py > 0 such that
Yo C{zeC|R(z) < —po}.

Other notations are given in the same way as in the previous subsection. In this
case, the following theorem is obtained in the same way.

Theorem 3.9. [22]| Let Assumption 3.8 be enforced.
(i) When Pt = P~ Theorem 3.2 and Theorem 3.3 hold in the same statements;
(i1) When Pt > P~ and 6 =0, Theorem 3.6 holds in the same statements;
Furthermore, if min h is sufficiently large, H;(h) for the pulse solution can be ap-

proximated as follows.
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Theorem 3.10. Assume that P = P~ = 0. Suppose P(z) converges to P* as
P(z) = e (@™ +0( ) (z— +ox),
P(z) = €%(a™+0(®) (2 — —o0)

+

for positive constants o, 8 and vy and non-zero constants a* € R, and suppose ®*(z)

converges to 0 in an exponentially monotone way such that

O (z) = e T +0(e?) (2= +00),
D (z) = b +0(E?) (2= —o0)

for non-zero constants b* € R. Then, functions H;(h) are represented by (3.10), (3.11)
and (3.12) for a constant v' > 0 and the constants My, Mg are given by

M, = [2ad+0+ f,(0,K(0)g(0))g'(0)K'(a)]atd™, (3.32)
Mg = [26d—0+ f,(0,K(0)9(0)g'(0)K'(B))a™b", (3.33)

In the case of the stationary front solution, we obtain the following.

Theorem 3.11. Assume that P* > P~ and 0 = 0. Suppose P(x) converges to P* as

P(z)— Pt = e *(a"+0(e™) (x— +00),
P(x)— P~ = %(a +0() (x— —o0)

for positive constants o, B and v and non-zero constants a* € R, and suppose ®*(z)
converges to 0 in an exponentially monotone way such that

O*(x) = e T +0(e) (v — +00),
d*(x) = PO+ 0(*) (2 — —o0)

for non-zero constants b* € R. Then, functions H;(h) are represented by (3.17), (3.18),
(3.19) and (3.20) for a constant o' > 0 and the constants M* are given by

M* = Rad+ f,(PT,K(0)g(PT))g' (PT)K'(a)]a"b", (3.34)
M~ = [28d+ fo(P~,K(0)g(P™))g' (P7)K'(B)]a b (3.35)

We omit the proof because the discussion is similar to the case of a linear convolution.

3.6 Applications II

In this subsection, we present applications for interaction between two localized patterns
to mathematical models with nonlinear nonlocal effect. The applications here are not all
mathematically rigorous, but are partly formal arguments. A mathematically rigorous
proof is a future work.
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3.6.1 Interaction of stationary solutions with nonngative kernel

In this section, we consider the interaction between two stationary front solutions for
the equation
up = dugy + f(K xg(u)) —u, t>0, z€R, (3.36)

where d > 0, K € C'(R) is nonnegative and satisfies ||K||;1 # 0, f(u) and g(u) are
monotonically non-decreasing smooth functions. (3.36) are proposed mathematical mod-
els with the local diffusion of phase separations [52] when g(u) = u, and neural fields [2]
when f(u) = u.

It is known that if (H1) in Assumption 3.8 and appropriate assumptions on K, f, and
g are given, then traveling wave solutions to (3.36) exist when P™ > P~ and the profiles
are strictly monotone [13]. Furthermore, linearized stability is also analyzed by [7] when
D(L) is continuous and converges to zero at infinity, and by [73] when D(L) = H%(R)
and g(u) = u. In addition, it has been investigated in [73] that the traveling wave
solutions decay exponentially to P* at infinity, at least when g(u) = u. Although not
all results have been obtained in general form, we shall proceed to discussion under the
hypothesis that (3.36) satisfies Assumption 3.8 with § = 0.

From now on, we assume that a linearly stable stationary front solution exists in
(3.36). Then, the linearized operator is given by

Lv = dvg, + /(K % g(P))(K x (¢'(P)v)) — v

for v € H?(R). In this case, it is shown by [63] that if inf,cg f/(K * P(z)) and
inf,cr ¢’ (P(x))) are positive and K’ € L'(R), then there exists an eigenfunction ®* > 0
corresponding to the eigenvalue 0 of L* that satisfies ( P,, ®* ) = 1. Henceforth, ®* is
assumed to be a positive value function. It is not clear whether the exponential decay
occurs at infinity or not, but this is a future issue that should be properly considered.
However, we will assume exponential decay for the sake of discussion.

Let us consider the interaction between two stationary front solutions. In this case,
we obtain an approximation to the equation

[ = —Hy(h) +0(0%) ~ —Mteah,
h = Hy(h) + Hy(h) + O(6%) ~ 2MTe—oh

in the same way as in Application I, where
M* = [2ad+ f'(K(0)g(P"))g'(P*)K'(a)]a"b".

Here, from the monotonicity of P(x) and the positivity of ®*, we expect a™ < 0 < b
and deduce M* < 0. This conjecture means that the two front solutions interact in
moving attractively.

Although formal, we found that an attractive interaction is expected when the inte-
gral kernel is nonnegative. On the other hand, the case where the integral kernel has a
negative part is interesting and should be considered, but in this case it is difficult to
even show the existence of localized patterns, and there are few results for (3.36). While
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deviating from the assumptions of this study, localized patterns have been analyzed as
a mathematical model of the neural field when d = 0 and f(u) = u,

g(u) = {1 (w2 w)

0 (U < uo)

for ug > 0, the existence and stability of stationary pulse solutions have been analyzed,
and their weak interactions also have been formally analyzed [2, 10, 11, 35, 36, 37].
It is well known that in this case the stationary pulse solution can be expressed as an
indefinite integral of the integral kernel. In particular, the ordinary differential system of
pulse solution positions was derived by [11], and it was suggested that the time evolution
of each position can be represented by a stationary pulse solution. In other words, the
interaction between the pulse solutions is expected to change depending on the shape of
the integral kernel.

We expect the interaction to change depending on the shape of the integral kernel
even under the assumptions of this study. However, due to technical problems, the
properties of the localization pattern when the integral kernel has a negative part are
not well understood analytically. Therefore, I would like to continue my research with
the hope that future developments in mathematical analysis techniques will reveal such
structures.

3.6.2 Mathematical model for describing emergence and evolution of bio-
logical species

Here, we consider the following reaction-diffusion equation with nonlocal effect [65, 66,
67, 68]:
Uy = dugy + au’(1 — Ko xu) —ou, t>0, z€R, (3.37)

where a,d, o are positive constants and K.(z) := K(ex) for ¢ > 0. (3.37) is proposed
by [67] as a mathematical model for describing emergence and evolution of biological
species.

In [68], they considered the case that

_ ) (2l <),
K(z) = {0 (2] > 1) (3.38)

for h > 0 and proved the existence of stationary pulse solutions for (3.37) if ¢ is suffi-
ciently small. Furthermore, Volpert [66] suggested the existence of stable pulse solutions
by using numerical simulations.

First, we present their results here and extend the result on the existence of pulse
solutions based on the argument in [68]. Let us consider the stationary problems to
(3.37)

0=dv" +v*°(1 - K. %v)—ov, z€R. (3.39)
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If v € LY(R), then we get

(K. *0)(z) = /R K(ey)o(z — y)dy — K(0) /R o(y)dy = K(0) (v)

by taking the limit as ¢ — 40, so (3.39) is attributed to
0=dv" +a?(l-K(©0)(v))—ov, xR (3.40)
Then, the following lemma holds.

Lemma 3.12. Suppose that 0 < K(0) < Then,

a
24\ do
v1(z) := pysech?(qz), wva(z) := posech?(qx)

[o
are two positive solutions of (3.40), where ¢ = 4/— and p1 > pa > 0 are roots of

4d
2K (0 30
Apz —p+ —

=0.
2a

From Lemma 3.12, we expect that there are two stationary pulse solutions for (3.39)
by using the implicit function theorem when ¢ is sufficiently small. To apply the implicit
function theorem based on the above conjecture, the right side of (3.39) was analyzed to
be continuous around € = 0 and bounded in the weighted Holder space Cﬁ*"(R) with the
weight function pu(z) := 1+ z? in [68]. In addition, when P(z) = v; or P(x) = vg, they
considered linearized eigenvalue problem to (3.40) in the suitable subset of C"(R):

Low := dw” +2aP(z)(1 — ( P ))w — aP?(w ) — ow = \w.

It was shown that Lg has a simple eigenvalue A = 0 and the corresponding eigenfunction
is P'(z) in the appropriate space. Furthermore, they also considered the properties of
eigenfunction corresponding to A = 0 for the adjoint operator L{ of Lo in the suitable
space:

Liw = dw" + 2aP(z)(1 — ( P ))w — a{ P*w ) — ow = 0.

As a result, they proved that Liw = 0 has a unique solution w = P’(x) except for
constant multiples. With the above preparations, the following result is obtained by
applying the implicit function theorem.

Proposition 3.13. Suppose that K (x) satisfies (3.2) and 0 < K(0) < . Further-

a
24/ do

more, assume that K € C"(R) for some r € (0,1). Then, for sufficiently small € > 0,

there exist two non-trivial stationary even pulse solutions of (3.39) converges to 0 at
+o00.

Remark 3.14. If K(x) is a even function, satisfies K =0 on (R,+0o0) for some R >
0 and belongs to C"([—R, R]) for some r € (0,1), then the conclusion of Proposition
3.13 also holds by same argument. Taking this into consideration, the conditions of
Proposition 3.13 can be put in a form that also includes (3.38)
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In the following, at least one of the pulse solutions obtained by Proposition 3.13 is
assumed to be linearly stable, and to converge to 0 in an exponentially monotone way at
+o00. In the rest, we formally discuss the interaction between the two stationary pulse
solutions. We can assume that o = 8, a* = a~ and b™ = —b~ hold in Theorem 3.10
because P(z) is even. From Theorem 3.10 with f(u,v) = a?u(1 —v) — ou and g(u) = u,
we obtain an approximation to the equation

[ = —Hy(h) + O(0?) ~ —Mpe ",
h = Hy(h) — Hy(h) + O(62) ~ 2M e,

where M, = 2ada™b™. Based on the idea of the proof of Proposition 3.13, we expect

1 /

P(r) ~wvj(z), @ (r)~ EAEA
Sl

()

for 5 = 1,2 to hold in some sense as long as & > 0 is sufficiently small. Thus, assuming
that a™ > 0 > b™ holds if € > 0 is sufficiently small, we have M, < 0. This consideration
means that the two pulse solutions interact in moving attractively.

3.7 Summary

This study introduced a method to analyze weak interactions between localized patterns
for reaction-diffusion equations with nonlocal effect. These methods can be applied to
the analysis of various mathematical models, and the results are general. However,
information on the shape of the eigenfunction corresponding to the 0 eigenvalue in the
adjoint operator of the linearized operator is necessary to apply the results of this study,
and their analysis is very difficult. To avoid that analysis in this thesis. we have also
analyzed formally the weak interaction for the equations (3.26), (3.36), (3.37) as concrete
applications. In the case of (3.26), we showed that when the tail of the front solution
oscillates, both repulsive and attractive behaviors can be seen, and also conjectured that
when the tail is monotonic, only the attractive behavior can be seen regardless of the
shape of the integral kernels. Since the analysis of the weak interaction in this study
focused on the behavior in the situation where the integral kernel was fully decayed, it
is expected that the behavior would have been attractive in the case of a monotonic tail
independent of the integral kernel.

In connection with this research, we are currently analyzing the behavior of solutions
to the following equation:

1
up = E2Ugy + §u(1 —u?)+ (K xu+1), t>0, xR, (3.41)

where u = u(t,z) € R, ¢+ € R and ¢,7 are sufficiently small constants. This problem
is the Allen-Cahn equation when n = 0 and is related to the stationary problem of the
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three-component Fitz-Hugh Nagumo equation [20]

1
U = €Uz + §u(1 —u?) + n(a1v + agw + 1),
ToUt = dyUgy +u — 0,

ToWt = dypWee + U — U

when n = ¢, where a1,a2 € R and d,, dy, 7y, Ty are positive constants.

If 7 = 0, then the equation (3.41) has a stationary front solution p(x) = tanh(s).
Thus, when 7 is sufficiently small, We can show that a superposition of the front solutions
can approximate the solution by considering n(K * u + ) as a perturbation term, and
also derive the ordinary differential equation of the distance between the front solutions.
Furthermore, when ¢ is sufficiently small, the stationary front solution can be approxi-
mated as the Heaviside step function, and the derived ordinary differential equation can
be approximated so that the indefinite integral of the integral kernel appears explicitly.
Through such analysis, it can be formally shown that the spatial pattern changes in time
depending on the shape of the integral kernel depending on the relationship between 7
and €. However, a mathematically rigorous proof of 7 in a form that includes the &
dependence has not yet been given, and this is one of the studies currently underway.
I’ll do my best to analyze it, so please stay tuned for future developments.
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4 Movement of zero points of solutions to the diffusion
equation and the fractional diffusion equation

The content of Subsection 4.2 is based on the papers [46]. The results in Subsection 4.3
are newly introduced in this thesis.

4.1 Background and motivation

The analysis of the time evolution of the shape of the solution is one of the most critical
issues in the study of parabolic equations such as reaction-diffusion equations. In the case
of reaction-diffusion equations, when an initial function is given that is slightly perturbed
near an equilibrium, its dynamics is expected to be approximated by the solution of an
equation linearized near the equilibrium, as long as the solution is close enough to the
equilibrium. With appropriate variable transformations, the linearized equation often
results in a partial differential equation describing the diffusion phenomenon, such as
the diffusion equation and the fractional diffusion equation. Therefore, to consider the
effect of spatial propagation due to nonlocal effect near an equilibrium, we analyze the
linear partial differential equation describing the diffusion phenomenon in this section.

The shape of the solution can be understood to a certain extent if the behavior of
the solution’s zero points, maximum and minimum points, and extreme points can be
understood. In general, how the solutions of parabolic equations behave asymptotically
is a subject of interest and has been studied. The asymptotic shape of the solution can be
analyzed in different ways depending on whether the domain is bounded or unbounded
[41]. For example, let us consider the case of the diffusion equation.

Ut = Ugy

In the case of bounded domains, the eigenvalues of the Laplace operator are discrete
under appropriate boundary conditions. The solution of the diffusion equation can be
expressed by a Fourier series expansion using the eigenfunctions of the Laplace operator.
Therefore, by analyzing the shape of the eigenfunction corresponding to the smallest
non-zero eigenvalue, it is possible to understand the asymptotic shape of the solution.

On the other hand, in the case of unbounded domains, the same method as in the
case of bounded domains is not applicable. Therefore, the method of analysis by writing
down the solution using the fundamental solution and the method of analysis using
the conserved quantity using the solution are used. With these analytical methods,
the behavior of the maximum point is well analyzed for linear parabolic equations, and
results are obtained for particular unbounded domains such as whole space, half-space,
and regions outside the unit circle [15, 47, 42, 43]. To understand the asymptotic shape
of the solution, information such as the critical points and the zero points of the solution
is also essential, but these have not yet been fully analyzed.

This section first considers the Cauchy problem for the diffusion equation in the
whole space and the behavior of the zero points of its solution. We present results on
the behavior of the zero points of the diffusion equation based on the results of [46].
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After that, we analyze the behavior of the zero points in the case of the fractional
diffusion equation, which is one of the diffusion equations with nonlocal effect, and
compare the results with those of the diffusion equation. Note that in the case of the
fractional diffusion equation, this is the first result to be rigorously analyzed in this
thesis.

4.2 The case of the diffusion equation
4.2.1 Setting and previous studies

Let us consider a Cauchy problem

u 92
6—“:8—2 (t>0, z € R),
¢t Oz (4.1)

u(0,2) = uo(z) (z €R),

where ug € L'(R) N L>°(R). Throughout this section, we assume that ||ug| ;1 # 0.
Let us analyze the movement of the zero level set Z(t) := {z € R | u(t,xz) = 0},
where u(t, x) is the explicitly represented solution

u(t.) = (GO v u)@) = [ Glto—yuoldy (¢>0.0€R)  (@2)
R
of (4.1). Here, G(t, ) is the heat kernel defined as

o L —x? /4t
G(t,x): \/me . (4.3)

There are several results on the time variation and asymptotic behavior of Z(t). In
the case of parabolic equations, Angenent showed that Z(t) is discrete [4]. It is also
known that the number of elements in Z(¢) is non-increasing with time [21, 53].

In the case of the diffusion equation, the asymptotic behavior of the zero points
(elements of Z(t)) has also been analyzed. Mizoguchi evaluated the upper bound of Z(t)
in the case that ug(z) is sign-changing at finite time, and showed that Z(t) C [—Cot, Cyt]
holds with some Cy > 0 when enough time has passed [55]. Moreover, it has been
reported that there are up(x) and x*(t) € Z(t) such that 2*(¢) > Cit holds for sufficiently
large ¢ > 0 with some C; > 0. Chung [17] reported the asymptotic behavior of zero points
when ug(z) belongs to L*(R, 1 + |z|¥*1) for some k € N and satisfies

Aﬂm@@=002&huﬁ—m Aﬁw@@#ﬁ (4.4)
Then, there exist 27(t) € Z(t) (j = 1,2,...,k) for sufficiently large ¢ > 0 such that

2 ()

hj,
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where h; (j =1,2,...,k) are mutually different zero points of the Hermite polynomial
Hj,(x) with the order k defined as

dk
Hy(z) == (—1)ke” —
k(@) = (=1)%" 7

e
The proof is based on the Hermite polynomial approximation based on the asymptotic
expansion for the heat equation. Especially, if ug(x) belongs to L'(R,1 + |z|**1) for
some k € N and satisfies (4.4), then it is well-known that (4¢)*+1/24(t, 2v/tx) converges

uniformly to

\(;;l:! < /R ykuo(y)dy> H, (2)

as t — +oo (see [17] and the references therein).

We expect from these results that the elements of Z(t) have various asymptotic
profiles. However, there is no result for asymptotic profiles without the condition (4.4).
Furthermore, even though there is a case that the asymptotic behavior of an element
of Z(t) is O(t) as t — 400, the characterization of its coefficient has not been given.
Therefore, the purpose of this subsection is to give asymptotic profiles of the elements
of Z(t) in detail.

4.2.2 Main results

Suppose that ug(x) satisfies
VA e R, / eMug(y)|dy < oo. (H1)
R
Define the bilateral Laplace transform of ug(x) and the zero level set on R as
o) 1= [ muolu)dy, N(Uo) = {n € R | Ualo) = 0},

When 19 € N(F) satisfies

U9 m) = [ vemundy =0 (=0, k1),

R
UF o) = | yFe™uo(y)dy # 0
o (m) = [ ve uo(y)dy #

for some k € N, we say that g € N (Up) has multiplicity k. Uy(n) is analytic on C and
Up # 0, and N (Uy) is thus discrete. Moreover, for any 1y € N(Uy), there exists k € N
such that ng has multiplicity k.

We then obtain the following results:
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Theorem 4.1. Suppose that ug € L'(R)N L>®(R) satisfies (H1). Assume that N'(Uy) #
(0. Then, for all ng € N (Up) with multiplicity k € N, there exist T > 0 and x;‘(t) €
Z(t) (j=1,...,k) fort > T satisfying

U (o)

2% (t) = 2tno + 2V'th; +
’ T+ UM (o)

+o(1) (t— 400)

forj=1,...,k, where hj (j =1,...,k) are mutually different zero points of the Hermite
polynomial Hy(x) with the order k.

Remark 4.2. We can compose x}(t) € Z(t) (j = 1,...,k) obtained in Theorem 4.1 as
z; € C(T,00) (j =1,...,k) by applying the argument and results of [4].

From Theorem 4.1, for any ny € Uy(F) and sufficiently large ¢ > 0, there exists
x*(t) € Z(t) such that

lim (1)
t—=+oo 2t

= To-

Thus, if ny # 0, then z*(t) diverges with order ¢ as time passes. In the case that
0 € N (Up) with multiplicity k > 1, for sufficiently large ¢ > 0, there exists x*(t) € Z(t)
such that

lim ~ ®) = h,
t——4o00 2\/%
where h is a zero point of Hy(z). When 0 € N (Up) with multiplicity & and & is odd, for
sufficiently large t > 0, there is 2*(t) € Z(t) satisfying

k+1
U(k+1)(0>0 /]Ry uo(y)dy

lim z*(t) = —

t—+00 (k + 1)Uék)(0) (k+1) / ykuo(y)dy'
R

Hence, by analyzing the zero points of Uy(n) and their multiplicity, we can understand
the long time behavior of elements of Z(t)
We next give the result of the asymptotic behavior of an element of Z(t).

Theorem 4.3. Suppose that ug € L'(R) N L>(R) satisfies (H1). Assume that there
exist T > 0 and x*(t) € Z(t) fort > T satisfying z* € C(T,00) and

’x*m

lim sup of

t—+00

' < 00. (4.5)

Then, 0 := lim x2it) exists and belongs to N'(Up).

t——+o0
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Finally, we mention the case that N'(F) = (). Before stating the result, we introduce
a notation. For a function f on R with f(x) # 0, let z(f) be the number of sign changes;
i.e. the supremum of j such that

f(xl)f(l‘l-i-l) <0) 1215277j

for some —oco < x1 < w2 < ... < w11 < +oo.

If up(z) satisfies z(ug) < +oo, then (4.5) in the statement of Theorem 4.3 always
holds by Theorem 1.1 in [55]. We thus deduce the following result from a proof by
contradiction.

Corollary 4.4. Suppose that ug € L*(R)NL®(R) satisfies (H1). Assume that N'(Up) =
0 and z(ug) < co. There then exists T > 0 such that Z(t) = 0 for any t > T. Further-
more, for all v € R and t > T, u(t,x) has the same sign as [ uo(y)dy.

The proof of Theorem 4.1 is based on the asymptotic expansion of the solution
using the fundamental solution. However, since the self-similarity of the heat kernel is
O(V/1), it is difficult to find the zero points that diverge at O(t) by simply applying the
asymptotic expansion. For this reason, we introduced a moving coordinate and rewrote
the equation well. We then applied asymptotic expansion to the equation, and succeeded
in showing the existence of a zero point that diverges at O(t). For the proof of Theorem
4.3, since the solution can be written as a convolution of the fundamental solution, we
can transform the solution well and take the limit at ¢ — 4o0.

The detail of the proofs is explained in Appendix B.1.

4.3 The case of the fractional diffusion equation

We next consider a Cauchy problem to the fractional diffusion euqation:

O LAYy =0 (150, 2 €R),
ot (4.6)

u(0,2) = up(z) (x €R),
where s € (0,2) and we recall

I((1+s)/2)
25y /m0(—s/2)]

Here, we always assume that ug € L (R) is compactly supported and satisfies ||ugl|;1 #
0 in this subsection. Furthermore, from the pseudo-differential operator:

FU=2)?u)(t,€) = [¢]°a(t, €)
for ¢ € RY, we define the fundamental solution G*(t,z) as
Go(t, ) = e M,

The following properties of the basic solution are known.

s/2 ty) .
( A) / t x C / ’(E—y’l—"_s dy; Cs =
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Lemma 4.5 ([33]). For s € (0,2), the following statements hold:
(1) G* € C*((0,+00) x R);
(2) G5(t,z) =t~ Y*G3(1, z/tY/*);
(3) G*(1,x) is positive, even and monotone decreasing with respect to x;
(4) For any k € NU {0}, ‘xllirﬁoo 2|7 |ak G (1, )| = Co(s, k) holds, where Co(s, k)

is a positive constant defined by

o(1+2s)/2,
Co(s,0) = sm F ( > )
s
Co(s,k) = Co(s,k— 1)(8—{—k: (k>
As a difference from the basic solution G?(t,z) := ﬁe‘ﬁ/ 4 of the diffusion equa-

tion, G?(1,z) decays exponentially at infinity in the case of the diffusion equation,
while G*(1,z) (s € (0,2)) decays algebraically in the case of the fractional diffusion
equation from Lemma 4.5 (4). Furthermore, unlike the case of the diffusion equation,
okGs(1,x) (s € (0,2)) decay faster as k € NU{0} increases. This difference allows us to
derive an evaluation that is not possible in the case of the diffusion equation. It will be
discussed later.

Let us analyze the movement of the zero level set Z*(t), where u(t, z) is the explicitly
represented solution

u(t,z) = (G(1) /Gstx— f)dy (>0, 7 €R) (@7)
of (4.6).
First, we introduce the main result.

Theorem 4.6. Let s € (0,2). Suppose that ug € L>®(R) is compactly supported. Then,
there is a positive constant C such that Z°(t) C [~Ct'/s,CtY/*] for sufficiently large
t>0.

In the case of the diffusion equation, there exists a zero point whose asymptotic
behavior is O(t), whereas in the case of fractional diffusion equation, the upper bound
of the zero level set is O(tl/s). In other words, even if s — 2 — 0, the upper bound is
discontinuous.

Finally, we present results on the asymptotic behavior of the zero point.

Theorem 4.7. Let s € (0,2). Suppose that ug € L (R) is compactly supported. Let
k € NU{0} satisfying

[vuswiy =0 =01 k-1, [Fusldy 2o (4.8)

Then, the following statements hold:
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(1) If k =0, then for sufficiently large t > 0, we have Z(t) = 0;

(2) When k > 0, let us define Ni(G®) := {z € R | 9*G*(1,z) =0, 9F+1G*(1,2) # 0}.
Then, for each g € Ni(G?), there exist T > 0 and z* € Z5(t) for t > T satisfying

lim a:;‘(t) =
t——+o00 tl/s =9

Remark 4.8. N (G*) is discrete, because OFG*(1,z) for k € NU{0} can be represented
as
1 s
0hee (o) = o [ e Tt
2w R
and it is analytic by extending the spatial variable x to C. We can show that for any
k€N, 08G%(1,z) has at least one or more zero points, but it is not certain that the zero

points are simple. However, as we will see later, there is a spectal case in which all zero
points are simple.

When [ ug(y)dy # 0, the zero point may still exist after a long enough time in the
case of the diffusion equation, but in the case of the fractional diffusion equation, the
zero point will disappear after a finite time. On the other hand, when fR uo(y)dy = 0,
there is a zero point that tends to asymptote according to the self-similarity scale for
the fractional diffusion equation as well as for the diffusion equation. However, since the
basic solutions of the fractional diffusion equation cannot generally be written down in
a concrete form like a Gaussian kernel without the case that s = 1, the properties of the
derivatives were not well understood, so the set Ny (G*) was introduced.

1
In the case that s = 1, we know that G!(1,2) = g So, we immediately
T T
deduce that
2j —k— 1)\ | .
G°) =<t —_— =1,2,...,k

because it is well-known that
dk { 1

k+1)m
dak |1+ 22 >

] = k! cos* 1 (tan~! z) sin <(k: + 1) tan"t 2 + ( 5

holds for all &k € N. Thus, the following corollary is obtained.

Corollary 4.9. Suppose that uy € L*>°(R) is compactly supported. Let s = 1 and
k € NU{0} satisfying (4.8). If k > 0, then there exist T > 0 and x; € Z5(t) (j=1,...,k)
fort > T satisfying

0 (St

forg=1,...k

The proofs of main results are in Appendix B.2.
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4.3.1 Key Lemma
Here, we introduce the key lemma needed to obtain the main result.

Lemma 4.10. Let s € (0,2). Suppose that ug € L°(R) is compactly supported. Then,
for alln € NU {0}, there is C > 0 such that

W ut,z) = (_1,)j </Ryjuo(y)dy) PGtz <Cct B (4.9)

=0 7
l1+s+n

1
holds for anyt > 1 and v € R, where A= ——, B (n+2—-A) =

—— 1
1+s s {+

s(1+s)
s+ sn}.

Remark 4.11. The inequality (4.9) is derived in the paper [44] when A =0 and B =
(n+2)/s, and in the paper [64] when n =0 and A =1, B = 1/s. Note that Lemma
4.10 is an extension of those results.

As mentioned in the paper [64], Lemma 4.10 is not expected to be obtained in the
case of the diffusion equation. In fact, if we consider

i 1t = ([ watian) 67100

G5(t,x)
for s € (0,2] and the solution u(t,z) = G*(t,z — h) of the diffusion equation (s = 2) or
the fractional diffusion equation (s € (0,2)) for h > 0, then in the case of the diffusion
equation (s = 2),

(2zh—h2%)/4t 1]

G5 (t, x) u(t, z) — (/UO(y)dy> G (t,z)

holds and is unbounded with respect to « € R for all ¢ > 0. On the other hand, in the
case of the fractional diffusion equation (s € (0,2)),

o)~ ([ wiy) &*(e.0

:‘e

-1

G5(t,x)

| GE(t, 2 —h)
B G*(t,x)
is bounded because

lim G*(t,z — h)

=1
|z| =400 G* (t, l’)

holds for Lemma 4.5. From above consideration, it can be expected that the decay of
the basic solution at infinity is largely determined whether the inequality (4.9) holds or
not.

The proof of Lemma 4.10 is also in Appendix B.2.

Remark 4.12. We note that using the results of [44] and [64], we can derive at least the
result of Theorem 4.7. However, it is not obvious whether the theorem 4.6 immediately
follows, therefore in this study, we derive a new evaluation of higher-order asymptotic
expansions such as Lemma 4.10.
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4.4 Summary

In this section, the behavior of the zero points of the solutions in the diffusion equation
and the fractional diffusion equation is discussed to investigate the effect of spatial
propagation. As a result, we clarified some properties different from those of the diffusion
equation, such as the upper bound of the zero level set and the condition that the zero
level set becomes empty at a finite time. These properties imply that similar behavior
occurs when the solution of a nonlinear parabolic equation is near an equilibrium.

Note that the analysis method of the zero level set can be extended to the Euclidean
space R™. For the case of the diffusion equation, the treatment is given in [46], and for
the case of the fractional diffusion equation, we only need to extend Lemma 4.10. An
analytical method using asymptotic expansion is effective even in the case of R™. To
simplify the content of this thesis, I will refrain from giving a detailed introduction.

One of the future studies is to analyze the behavior of solutions near the equilibrium
of the reaction-diffusion equation

Mizoguchi [55] discussed the upper bound of the zero level set when f(u) = |u[P~ u for
p > 1, and reported that it has similar properties to the diffusion equation if p > 3
and the decay of the global solution is sufficiently fast. If the equilibrium is stable in
some sense, the behavior of the level set at the equilibrium is expected to be similar to
that of the zero level set in the diffusion equation, but this will be clarified in future
studies. The similar conjecture can be made for the case of nonlinear fractional diffusion
equations,

e+ (=A)*Pu = f(u),

and clarification of the conjecture is also a future problem.
Another future work is to analyze the behavior of the zero level set of nonlocal
diffusion equations

u=Kxu—u, t>0, xz€R,

where K € C(R) N L*(R) is non-negative and even, and satisfies | K||;1 = 1. In the case
of the diffusion equation and the fractional should-diffusion equation, we were able to an-
alyze the asymptotic behavior of the zero level set by applying the asymptotic expansion
using the fundamental solution, as described in Appendix B. Asymptotic expansions of
solutions using the basic solution have been reported for the case of nonlocal diffusion
equations [3, 39, 40], but the fundamental solution Gk (t,z) of the nonlocal diffusion
equations is defined as

GAK(tv é-) = eit + e*t(etk(f) - 1)7

which makes self-similarity and evaluation of decay in the spatial direction technically
difficult. We expect the behavior of the zero level set to behave like a diffusion equa-
tion when the integral kernel decays fast enough at infinity and like a fractional power
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diffusion equation when the integral kernel algebraically decays slowly. This conjecture
is also an important issue to be solved in the future, and we look forward to furthering
research on it.
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A  Proofs of main results in Section 3

A.1 Proof of Theorem 3.4
From the same calculation in [22], we gain (3.10), (3.11) and (3.12), where

My = [ eTUPPE) - F0)at 2 ()
R
My = [ FUPPE) - FlO)a (),

First, we consider M,. Since positive constants a, 3 and non-zero vectors a* € R"
satisfy

0 = a’Da* + afa™ + A(a)a™ + F'(0)a™,
0= fB?Da~ — ffa™ + A(B)a™ + F'(0)a",

we obtain

(F'(0)a*,®"(2)) = —({aD+ abl + A(a)}a*,®*(2))
= —(a",{a2D + afl + ' A(0)}B*(2)).

From the equation (3.5), we have

(F'(P(2))a®, @(2)) = (a",'F'(P(2)®"(2))
= —(aT,D®;, +0®% + 'K * 0*).

Therefore, M, is represented as

Mo = [ @t DoP () = 0L s+ [ e @t 0{ad(2) - B:(2)))d

+/ e " {"A(@)®"(2) = 'K % ®*})dz =: [ + I + I.
R

Since we know that

lim e?*D®!(z) = —fDbT,  lim e “*Dd*(z) = aDb™,
Z——00

Z—+00

we have
L = /eaz<a+,D{a2<I>*(z)—@;Z(z)}>dz
R

= — /R diz [e=**(a™, D®}(z) + aDP*(2))] dz

= 2al{a®,Db”) =2a(Da’,b").
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Similary, we obtain
I, = /e_az<a+,c9{a<1>*(z)—<I>j(z)}>dz
R
_ _9/Rjz e (a®, 8*(2))] d=

= 0lat,b7).

Finally, to compute I3, we consider [p e~ Ky j()pi(2) — (Kij * ¢})(2)}dz for
g,k =1,2,--- ,n, where ®* = (¢}, ¢5,...,¢%). Since Kj; is an even function, the
integrand can be rewritten as

e’az{Kw(?)goZ(Z) — (Krj * 1) (2)}
=e “{Kjj(—a)pp(2) — (Kkj * ¢r)(2)}

= [ Ky {2 gi) - i - ) fdy
R
Y d —al(ZTS8 *
= / Kky(y)/ s [6 (= )wk(z —y+s)] dsdy.
R o as

Notice that
d

- [6*”‘(”5)902(2' —y+ 8)} = d% [6’0‘(“8)@2(2 —y+ 8)} ,

we obtain

/R e Ry ;(0)gh(2) — (Kij * 9}) (2)}dz

Yy d
= / Kkj(y)/ / — [6_“(Z+3)902(2 —y+5)] dzdsdy
R o Jrdz
= —b; /Rka,j(y)eaydy = by, K}, (o),
where b~ = (b7, b5 ,...,b, ). Therefore,
I3 = / e {at {'A()®*(z) - 'K * ®*}) dz = (a™,"A'(a)b™) = (A'(a)a™,b7).
R

From above calculation, we gain (3.13). We also obtain (3.14) by the same argument.

A.2 Proof of Theorem 3.7
From the same calculation in [22], we can gain (3.17), (3.18), (3.19) and (3.20), where

Mt = [P P@) - F(P)a" @ (@)
R
M = [ PP P@) - F(P))a” @ (@)
R
By the argument similar to the proof of Theorem 3.4, we obtain (3.21) and (3.22).
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B Proofs of main results in Section 4

B.1 Proofs of main results in the case of the diffusion equation

Let u(t,x) be the solution (4.2) to (4.1). Throughout this subsection, suppose that
up € L'(R) N L*°(R) satisfying (H1).

B.1.1 Proof of Theorem 4.1

Let us explain the proof of Theorem 4.1. In characterizing the coefficient of O(t), we
consider the behavior of u(t, z+2tng) for all ny € N (Up) and sufficiently large ¢ > 0. This
argument is important to obtaining asymptotic profiles and is an important difference
from previous studies.

We apply the following result to prove Theorem 4.1.

Theorem B.1. [17, Theorem 2.2] Let u be the solution (4.2) to the heat equation (4.1)
with initial data ug € LY(R; 1+ |z|" 1) for some nonnegative integer n. There is then a
positive constant C' = C(n,ug) such that

fRyjuﬂ z —n/2—1
ulh Z iz \avi) | =

for allz € R and t > 0.

Let n9 € R. By setting, v(t,z) := e”0$+”gtu(t,aﬁ + 2tng). Then, v(t,x) is the solution
to the heat equation and the initial data vo(z) := e™%uy(x) satisfies (H1), and we can
thus apply Theorem B.1 to v(t,x) for any n € N. Using Uéj)(no) = /yje""yuo(y)dy

R
and Theorem B.1, the following lemma is obtained.
Lemma B.2. Let u be the solution (4.2) to the heat equation (4.1) with initial data

up € L'(R) N L>(R) satisfying (H1). Suppose that ng € R. Then, for any integer n > 0,
there is a positive constant C' = C(n,ug) such that

Ty (2 + 2tno) — G(t, x) E U(J)( )H < :1: ) <2l
) 0) — ) j >
(@i \2vi

for any x € R and t > 0.

Proof of Theorem 4.1. Suppose that N (Uy) # 0. Let ny € N (Uy) with the multiplicity
k € N. We deduce from Lemma B.2 with n = k that (4¢t)**+D/2y(t,2v/tz) converges
uniformly to

2 U (o)

x Hy(x)

i4-
('b
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as t — +o0o. Thus, for each zero point h of the Hermite polynomial Hy(x), there exist
T > 0 and z(t) for ¢t > T such that v(¢, z(t)) = 0 for any ¢t > T and

lim @ =
t—4o00 2\/7E
We next deduce the coefficient of O(1). Let h be a zero point of the Hermite poly-

nomial Hy(z). We consider w(t,z) = (4t)¥/>*o(t, x 4+ 2v/th). Using Lemma B.2 with
n =k + 1, we obtain

K+l o (
v(t,z) — G(t, x) i: Ué])(no‘) H; < x > < O (k+1)/2-1
= (4)irzj! 2Vt) |~

for all z € R. Multiplying (4t)*/2*1 and replacing x by x 4+ 2v/th, the above inequality
is rewritten as

1

t,x) — K(t,x + 2Vth ¢ ) (3, <t 12
w(t,x) — K(t,z + )Z(4t)(j—1)/2(j+k)! AV ARIE 7

J=0

1
where K(t,z) := Te_xZ/‘“. We remark that K (t,z + 2v/th) converges pointwise to
™

—h?
7\/776 as t — +oo. We have
1 (j+k)
: _iy2Us (o) x
1 4y -2 Vo) 1 <+h>
oo jzo( ) G+R! 7\ 2vk

_ Hyqa(h) (k) (k+1)
= gy kDU )+ Ug™ ()}

for any € R from the fact that Hj(h) = 2hHy(h) — Hgy1(h) = —Hpq1(h) # 0, and
w(t, z) converges thus pointwise to

e " Hyy1(h)

(k+1)! {=(k+ 1)U (o) + Ug™ " (10)}

as ¢ = +00. On this basis, there exist T > 0 and 2(t) for t > T such that w(t, 2(t)) = 0
for any ¢ > T and

(k+1)
lim 3(t) = — 0 ((,17)0) .
e (k+ 1)Uy (no)

Therefore, Theorem 4.1 is proved because

w(t,z) = ()2 0(t, z + 2Vth) = (4)F/2H1em0mH8 (4 0 4+ 2tng + 2v/2h).
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B.1.2 Proof of Theorem 4.3

To prove Theorem 4.3, we prepare a notation and lemma. u (¢, x) is now expressed as

u(t,z) = G(t,2)Q (t, 2%) ,

where P(t,n) is defined by

Qlt.m) = /R MV g () dy.

We remark that Q(¢,7) is well-defined on (0,00) x R and belongs to C*°((0,00) x R),
because we know that u(t, z) belongs to C*°((0,00) x R) [31]. u(t,z) has the same sign

as @ (t, %), and we thus analyze Q(t,n) in the following. We deduce the following

lemma from the dominated convergence theorem and (H1).

Lemma B.3. For any M > 0, Q(t,n) converges uniformly to Uy(n) on [—M,M] as
t — +o00.

Proof of Theorem 4.3. Define

5o () 2 ()

0:=limsup ==, 0:=lminf =,
Fix 6y € [0,0]. Because z*(t) € C(T,0), there exists {t;}jen C (T,00) such that
tj = +oo and n; = 2*(tj)/2t; — 6p hold as j — +oo. From the assumption that
x*(t) € Z(t) for t > T, we have Q(t;,n;) = 0 for all j € N. Using Lemma B.3 and taking
a limit as k — 400, we obtain Up(fy) = 0. This means that § = 0 = 0 and 6 € N (Up),
because N (U)) is discrete. O

B.2 Proofs of main results in the case of the fractional diffusion equa-
tion

B.2.1 Proof of Lemma 4.10

We fix n € NU {0} arbitrary, From Taylor’s theorem, we have

utta) -y ([ wuatay) et

|
=0 7

n

S/ Gtz —y Z jg'/ 6 (1,3) { wolo)| dy
= !

/ / TG (1, — Oy)y™ o ()| (1 — 0)"ddy
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for all € R and ¢ > 0. Since we know that #G*(t,z) = t~UHD/550Gs(1, xt=1/%), we
obtain

u(t,x) — Zn: (_j]:)j (/R yqu(y)dy> 01G*(t, )

7=0
1 1 s - )
= t<n+2>/sm/R/0 077G (1L, X — 0Y)y" " uo(y)|(1 — 0)"dody

for all z € R and t > 0. where X = zt~%/% and Y = yt~'/5. Here, we remark that
G*(t,x) = t~1/5G*(1,X). Then,

n

! (17 ([ -
{Gs(t, )} ult, x)_z ! </R?/Ju0(y)dy) G (t, x)

S

MG (L, X —0Y) 0y

eoxpr !
holds. We fix R > 0 satisfying suppug C [—R, R]. We deduce that Y € [—R, R] for all
t>1and

()| (1~ 0)"dby

lim | X [P on TG (1, X)| = Co(s,n+1),
| X |—+o0
lim [ X[MG (L, X)) = Lim {XPEGE(1, X)) = Co(s, 004
| X |—+o0 | X|—+o00

from Lemma 4.5, we thus obtain

=0

lim

oG (1, X — 0Y) ‘ i | X|1Fstn | X — oY |2t ontiGe (1, X — 0Y)
= 1m
[X|o+oo |  {G(1,X)}A

 X|Soo [ X — 0Y[2Fetn {IX[HHGa(1, X) 1A
for all (,y) € [0,1] x [-R, R], and

OEH1Gs(1, X — 0Y)
{G#(1,X)}A

sup
X€ER,Y€[-R,R],0€[0,1]

‘<—|—oo.

holds. Therefore, for all x € R and ¢ > 1,

! Y (_1)j ] j S _
@A [0S ([ vuww) sicr.n| < o

holds with some C' > 0 depending on s, n, ug.
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B.2.2 Proof of Theorem 4.6

Using Lemma 4.10, we analyze the zero level set Z*(¢) of the solution (4.7).

Suppose that ug € L*(R) is compactly supported. We remark that there is k €
N U {0} satisfying (4.8). In fact, if we consider the Laplace transform Uy(n) (n € R) of
uo(z), then by its analyticity, when it satisfies

Uék) (0) = / aFug(z)de =0
R

for all k € NU {0}, Uy = 0 holds, i.e. we have ug = 0.
We fix k € NU {0} satisfying (4.8). By applying Lemma 4.10 with n = k, we have

uttea) S ([ ustoran) oo

for all x € R and t > 1. Here, we fix 2*(t) € Z5(t) arbitrary for ¢ > 1. Then,

-
{Go(t,z)}A

<Ct B

1
KN Gs(t, z*(t))}A

</R kaO(y)dy> 8’;Gs(t,x*(t))’ <ot B

holds for all ¢ > 1. Using &.G*(t,z) = ¢t~ U+tD/s9Gs(1, 2t~ 1/%) for j € N U {0}, The
inequality is reformulated as

1
EHGs(1, z*(t)t—1/5)}A

<Cct /s (B.1)

(/R ykuo(y)dy> OEGS (1, 2 (1))

Since we deduce that

105G (1, X)) XS RGRGE (1, X)) Co(s, k)
M TGSLX)A s (is I~ a0
1X|=+oo {G5(L, X))} [ X|otoo {|XIF25G5(1,X)} {Co(s,0)}

the inequality (B.1) implies that there exists C' > 0 such that |2*(¢)t~/*| < C holds for
sufficiently large ¢t > 0. Thus, the theorem is proved.

B.2.3 Proof of Theorem 4.7

(i) By using Lemma (4.10) with n = 0, we have

u(t, x)
G3(t,x)

—/uo(y)dy’ <ot/
If there exists z*(t) € Z*(t) for ¢ > 1, then ug(x) satisfies
‘/uo(y)dy’ < ot

However, [ uo(y)dy # 0 from the assumption. Thus, Z°(t) =  holds for sufficiently
large ¢ > 0.
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(ii) We fix an arbitrary g € Ni(G*). Then, there is 6 > 0 such that
hG(L,g+0)05G(1,9—0) <0 and Np(G*) N (g — 0,9+ 0) = {g}-

Using Lemma (4.10) with n = k and multiplying the inequality (4.9) by {G*(t,z)}4,

—1 i s —1/s — s s —1/s
ut,0) = iyt [ 7o)y ) 05GPt )| < O G 1A

holds for all (,z) € (1,+00)R. This means that t(1+%)/sy(t, zt1/%) converges unifomly

to
(_kll)k (/R y’“uO(y)dy) 9G(1, )

as t — 4o00. Thus, for sufficiently large ¢ > 0, there exists z* € Z*(¢) such that

e
1 =
t—gi-%o t1/s
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