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Preface

The main objective of this thesis is to investigate the properties of special solutions of
various partial differential equations based on dynamical systems theory and geometric
approaches. In particular, we use a unified method of clarifying the dynamics of sys-
tems of ordinary differential equations satisfied by special solutions of partial differential
equations, including those at infinity, by means of Poincaré-type compactification. The
result is a qualitative structure of solutions to partial differential equations with different
backgrounds, which has not been revealed before.

According to [45], originally, the term “dynamical system” meant only mechanical sys-
tems whose motion is described by differential equations derived from classical mechanics.
Basic results on such dynamical systems were obtained by Lyapunov and Poincaré at the
end of the nineteenth century. Later on, it became clear that a dynamical systems theory
is useful for the analysis of various evolutionary processes studied in different branches of
science and described by ordinary differential equations (for short, ODEs), partial differ-
ential equations (for short, PDEs), or explicitly defined iterated maps. Today, there are
many studies on dynamical systems theory and its related topics.

The PDEs treated in this thesis are developed as the model of chemical reactions,
competition for survival among species, solar flares and other astrophysical phenomena,
and the motion of elastic membranes in the micro-electro mechanical systems. These
phenomena have been formulated by extracting the essence from the complexity, and the
universality of the numerical formula has led to a new understanding of the phenomena,
predictions, hypotheses, and derived mathematical problems, and has also given rise to
new research. However, in general, it is not expected that exact solutions of nonlinear
PDEs can be obtained.

Then, for instance, studying the following problems is important;

(i) well-posedness, solvability, and regularity (including local existence of solutions).

(ii) the existence of special solutions (stationary solutions, traveling wave solutions, self-
similar solutions, etc.) and their profiles.

(iii) to develop the numerical schemes to visualize the solutions (including computer-
assisted proof for (i) and (ii) and so on).

There are many problems such as the following, and various studies have been conducted
so far. All of them are complementary and important problems. However, most of them
are derived from the characteristics of individual equations, and it is difficult to clarify
their structures and develop analytical methods from a unified viewpoint. To understand
the mechanism of phenomena, results for (ii) and (iii) could be required. Now analytical
methods and results that lead to the existence of special solutions and various properties,
which are the first step to understanding the phenomena from the mathematical point
of view have been presented in various models. However, we have not yet developed a
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method that can be applied to different equations or classification of special solutions
(i.e., a list of all those that exist), and the development of analytical methods to solve
these problems is an important and promising development. Therefore, the author aims to
obtain rich results by a unified method by first focusing on special solutions. Then, they
alm to provide new perspectives for extensions to the general theory, pure mathematical
research, and applications to phenomena.

According to [50], compactification is an embedding of the original phase space (R"”
in the present argument) into a compact manifold or its tangent space such that the
infinity corresponds to a point or the boundary of the manifold. In particular, the in-
finity is mapped to additional points or the boundary of compactified manifolds. The
most familiar ones are Bendixson’s compactification (embedding of R™ into the unit n-
sphere S® C R""1) and Poincaré’s one (embedding of R™ into the unit upper hemisphere
{(x1,.. s Tpt1) | Tne1r > 0,37 22 = 1}). Compactifications play key roles in un-
derstanding various natures of objects involving infinity. Nevertheless, compactification
should be chosen so that it is compactible with the scale invariance of vector fields and that
the scaling information of dynamical systems is kept through associated transformation.
Quasi-homogeneous type compactifications are therefore applied to studying the structure
of dynamics from the viewpoint of dynamical systems at infinity (e.g., [13]).

In this thesis, the aim is to propose the methods and applications of the Poincaré type
compactification and blow-up technique that is based on [49, 50] and revealed the exis-
tence, profile, and asymptotic behavior of the characteristic solutions for PDEs such as
a MEMS type reaction-diffusion equation, 1D degenerate nonlinear parabolic equations,
and certain chemotaxis systems. Here, the Poincaré type compactification includes the
Poincaré compactification in the case that the vector field is homogeneous and the Direc-
tional compactification (especially Poincaré-Lyapunov compactification) in the case that
the vector field is quasi-homogeneous. Furthermore, the results obtained in this paper
give us an abundance of information on typical solutions with detailed asymptotic behav-
ior by using the technique of compactifications which maps infinity to bounded regions
and time-scale desingularization. To the author’s knowledge, there have been no studies
of these equations with the dynamical system approach, therefore, our results will give
the first step for the studies of these from the viewpoint of the geometric (dynamical sys-
tem) approach. Moreover, we believe that our works contribute to new insights into these
equations.

The contents of this paper are summarized as follows. In Chapter 1, the author
explains the Poincaré type compactification and blow-up technique. They play important
roles in this paper, based on [1, 8, 14, 49, 50]. This chapter cites [1, 8, 14, 31, 32,
33, 34, 49, 50] and summarizes the necessary parts of this study to understand it. In
particular, the author introduces the explanation of the Poincaré compactification, the
definition of an asymptotic quasi-homogeneous vector field at infinity for the Poincaré-
Lyapunov compactification, and the explanation of the quasi-homogeneous type blow-up
that includes polar it and directional it, based on a method of the Newton diagram (Section
1.2).

The following chapters describe the results of applying the above methods to under-
stand the structure of special solutions to various partial differential equations. Chapters
2,4, 7, and 8 are duplicates of the authors’ master’s thesis [40]. Chapter 5 is also described
in [40], but was added and revised after the writing of [40].

Chapter 2 is devoted to studying the quasi traveling waves with quenching of a reaction-
diffusion equation in the presence of negative powers nonlinearity. This chapter is based
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on the published paper [31]. Namely, we consider the following equation:

1

—_— R N. A
A= wp’ >0, z€eR, «ae€ (A)

Ut = Ugg +

It is revealed that its equation possesses a family of “quasi traveling waves with quenching
on a finite interval”. We also give quenching rates and their profile. Note that the proof of
its existence is considering the restricted case of & € 2N. In the case that o € N, Matsue
[50] gave the proof by assuming the existence of the traveling wave solution and showing
the same quenching rates as our works.

Chapter 3 consider the traveling waves with singularities in a damped hyperbolic
MEMS type equation in the presence of negative powers nonlinearity. This equation
arises in the study of the Micro-Electro Mechanical System (MEMS) devices. We in-
vestigate how the behavior (shapes and asymptotic behavior) of traveling waves change
depending on whether an inertial term ?uy; is present or absent in the left-hand side of
[31] (see Chapter 2). In this chapter, we classify all traveling waves in this equation and
report their shapes and asymptotic behavior. These are studied by applying the Poincaré
compactification and basic theory of dynamical systems. In author knowledge, there has
been no studies of this equation with dynamical system approach, therefore, out results
will give first step for the studies of it from the viewpoint of geometric (dynamical system)
approach. This chapter is based on the published paper [37].

In Chapter 4, we consider the radial symmetric stationary solutions of the following
equation:

up = Au— |z|%u"P, t>0, zeR" (B)

with 3 <n € N, p € N and ¢ € R. This equation arises in the study of the dynamic de-
flection of an elastic membrane inside a micro-electro mechanical system (MEMS). Above
equation (A) is a special case of (B). This chapter is devoted to studying the radial sym-
metric stationary solution of (B). That is, we study the following equation (the radial
symmetric stationary problem):
" L_l U Py r_ i

u’ + —u =y =0, =0 (C)
where r = |z| > 0.

We first give a result on the existence of the negative value functions that satisfy the
radial symmetric stationary problem on a finite interval for p € 2N, ¢ € R. Moreover, we
give the asymptotic behavior of u(r) and u/(r) at both ends of the finite interval. Second,
we obtain the existence of the positive radial symmetric stationary solutions with the
singularity at » = 0 for p € N and ¢ > —2. In fact, the behavior of solutions for ¢ > —2
and ¢ = —2 are different. In each case of ¢ = —2 and g > —2, we derive the asymptotic
behavior for 7 — 0 and r — oo. This chapter is based on the published paper [33].

In Chapter 5, we consider the singular stationary solutions of following spatial one-
dimensional partial differential equation

1+ 6ul
ut:um—i—uﬁ, t>0, rzeR (D)
with a € 2N, 4 < 8 € 2N, u > 0, and § > 0. This chapter is based on the published paper
[35]. This equation arises in the study of the Micro-Electro Mechanical System (MEMS)
devices. In (A), this corresponds to the case where = 1 and 6 = 0. One of the main
purposes of this chapter is to prove the existence of (singular) stationary solutions of (D)
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and to give the asymptotic behavior. Here, the stationary solution with singularity here
means a solution that allows infinity or a solution with an infinite differential coefficient.
In this chapter, we obtain a whole phase portrait on R? with including infinity about a
two-dimensional ordinary differential equation that introduced the change of coordinates:
1 —u(z) = ¢(&), &= x. In addition, we focus on the connecting orbits on it and give a
result on the existence of the singular stationary solutions and detailed information about
the asymptotic behavior. However, there are some problems that could not be completely
solved.

Chapter 6 is based on the published paper [36]. This chapter is devoted to the study
of the following problem:

N=1,, p+sU)? _, ( d ) d2>

U” + U + = — and

- E
r 1-U dr dr? (E)

with U =U(r), r =]z >0,3< N €N, p>0and § > 0. (E) corresponds to a radial
symmetric stationary problem with the following equation:

p+8|VU|?
1-U 7

(F) is derived from the study of the Micro-Electro Mechanical System (for short, MEMS).
Motivated by the previous study [21], this manuscript considers the question of how far
we can investigate the structure of solutions in a unified way by applying the framework
framework that combines Poincaré type compactification, classical dynamical systems the-
ory, and geometric methods for desingularization of vector fields (blow-up technique).
Then, our framework allowed us to obtain results that were not obtained in this previous
work that is information about the shape and the asymptotic behavior and results that
were partially included in the results it. It is expected that these will lead to a deeper
understanding of the behavior of typical solutions to the MEMS equations. In authors
knowledge, there is no study that clarifies the structure of the typical and characteristic
solutions of (E) by the dynamical systems approach.

In Chapter 7, we consider the traveling wave solutions of the following degenerate
nonlinear parabolic equation:

U= AU + t>0, zeRY, U=U(txz) (F)

up = uP (Ugy + u), (G)

where p is a positive integer. This equation is derived from a model that reproduces a
number of phenomena. We also deal with the equation

vy = VP (Vg + v — v_p+1) (H)

related to it. We first give a result on the whole dynamics on the phase space R? with
including infinity about a two-dimensional ordinary differential equation that introduced
the traveling wave coordinates: £ = z — ct. Second, we focus on the connecting orbits on
it and give a result on the existence of the weak traveling wave solutions with quenching
for ¢ > 0 and p € 2N. Moreover, we give the detailed information about the asymptotic
behavior of u(§), v/ (£), v(§) and v'(§) for p € 2N. In the case that p € 2N + 1, some
singularities appear. However, we classify the connecting orbits and corresponding trav-
eling wave solutions and obtain their asymptotic behavior. This chapter is based on the
published paper [32].

In Chapter 8, we consider the asymptotic behavior of traveling wave solutions of the
following degenerate nonlinear parabolic equation:

up = uP(Ugy +u) —0u, (60=0 or 1) (I)

12



for £ = x—ct — —oo with ¢ > 0. We give a refined one of them, which was not obtained in
the previous chapter 7 (preceding work [32]), by an appropriate asymptotic study. During
our proof of the main theorem, we see that the Lambert W function plays a key role
in describing the asymptotic behavior. Evaluation of integrals including the Lambert W
function is necessary to obtain the asymptotic behavior in the present form. Our argument
here is based on an asymptotic study of solutions in a different form from that provided in
e.g. [32, 50], which can be applied to asymptotic analysis towards further applications in
various phenomena including their numerical calculations. We expect that our approach
can be applied to the asymptotic behavior of typical solutions as well as that of singular
solutions. This chapter is based on the published paper [30].

Chapter 9 discusses a classification (existence of (including a weak sense of meaning)
solutions, information about the shape, and asymptotic behavior) of nonnegative traveling
wave solutions of the space one-dimensional degenerate parabolic equations that derive
from many phenomena. This chapter is based on the published paper [38]. In this chapter,
the equations (G) and (H) treated in Chapter 7 and 8 (corresponding papers [32, 30]) are
summarized and generalized to the following equation:

U =UP(Upy +pU) —6U, t>0, z€R, (6=0or 1) (J)

with ¢ > 0. In chapter 7 and 8 above, the use of blow-up technique forced us to restrict
the parameter p in the equation to a natural number greater than 1. Therefore, in this
chapter we consider the following equation obtained by transformation v = UP for (J):

up = gy — Y(ug)? + ku? — dpu, t>0, zeR. (K)

Since the equation obtained by this transformation can be discussed without using the
blow-up technique, it can be discussed in the same way as in the above chapter 7 and
8 without the assumption of natural numbers in the previous studies. In other words,
in (K), we can obtain the classification of nonnegative traveling wave solutions for a real
numberp greater than 1. Then, by reflecting these results in the original problem with the
transformation U = u!'/?, we obtained results that generalize the result of the above two
chapters ([32, 30]), which is a major achievement.

Chapter 10 considers the radially symmetric stationary solutions of the following sys-
tems:

{ut:Au—V~(uVU), zeRN, t>0,

0=Av+u, zeRN, t>0
and
up = Au —aV - (uVp) + pV - (uVyg), zeRN, t>0,
0= Ap +u, zeRN, t>0,
0= Aq+ u, zeRN, ¢t>0,

where « and ( are positive constants. In addition, let NV be N > 3. Assume that a < 3
below. This chapter is based on the published paper [39].

The purpose of this chapter is to focus on the radially symmetric stationary solutions
of the above systems and to investigate what kind of the radially symmetric stationary
solutions exist, information about their shapes, and their asymptotic behavior. In par-
ticular, the construction of functions satisfying equations that diverge at the endpoints
of finite intervals is an interesting result. The key to the discussion is to derive a scalar
equation by using a transformation on the averaged mass for the equation satisfied by the
radially symmetric stationary solution and to investigate the infinity dynamics as geomet-
ric information for the two-dimensional ordinary differential equations derived from it. To
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achieve this, we use a method that combines classical results from the continuous dynam-
ical systems theory and Poincaré-Lyapunov compactification. In addition, the results for
singular solutions are discussed in light of the results of previous studies.

It is important to study the global behavior of solutions to systems of ordinary differ-
ential equations describing the transmission dynamics of infectious diseases. In chapter
11, we present a different approach from the Lyapunov function used in most of the study.
This approach is based on the Poincaré compactification. We then apply the method
to an SIR endemic model as a test case and discuss its effectiveness and the potential
applications of this approach. In addition, we refine the discussion of dynamics near the
equilibrium, derive the asymptotic behavior, and mention its relation to the basic re-
production number. This chapter follows the same method used to investigate various
properties of special solutions of partial differential equations. However, it also reveals the
global behavior of solutions to ordinary differential equations, providing a new perspective
on the analysis of mathematical models of infectious diseases. This result demonstrates
the broader potential of the author’s research. This chapter is based on the published
paper [34].
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Chapter 1

Preliminaries

Abstract

In this chapter, we briefly introduce the Poincaré type compactification (Poincaré compact-
ification and Poincaré-Lyapunov compactification), asymptotically quasi-homogeneous vec-
tor fields at infinity, and blow-up technique in order to use our works. This chapeter cites
[1, 8, 14, 31, 32, 33, 34, 49, 50] and summarizes the necessary parts of this study to under-
stand it. It should be noted that we refer [14] for more details of Poincaré compactification
and Newton diagram that find the coefficient (o, 3) to use in a quasi-homogineous blow-
up, [8] for the definition of quasi-homogeneous vector field of type (a1, aq,...a,) and
degree k and the Newton polyhedron method, [49] [50] for the definition of asymptotically
quasi-homogeneous vector fields and the Poincaré-Lyapunov compactification (directional
compactification). Further, we refer [1] for more details of blow-up technique.

1.1 Poincaré type compactification

In order to study the behavior of the trajectories of a planar differential system near in-
finity it is possible to use a compactifiction. One of the possible constructions relies on
stereographic projection of the sphere onto the plane, in which case a single “point at in-
finity” is adjoined to the plane. It is called the Bendixson compactification (i.e., one-point
compactification, see [14] and references therein). A better approach for studying the
behavior of trajectories near infinity is to use the so called Poincaré sphere, introduced by
Poincaré [60]. It has the advantage that the singular points at infinity are spread out along
the equator of the sphere and are therefore of a simpler nature than the singular points of
the Bendixson sphere. We call the compactification derived from this idea the Poincaré
type compactification. The Poincaré type compactification is one of the compactifications
of the original phase space (the embedding of R™ into the unit upper hemisphere of R"+1).
In the following, the Poincaré type compactification includes both the Poincaré compact-
ification and the Poincaré-Lyapunov compactification. The difference between the two is
that the vector field is either homogeneous or quasi-homogeneous, respectively. In this
section, we briefly introduce the Poincaré compactification and the Poincaré-Lyapunov
compactification (especially the directional compactification).

First, we present an overview of the Poincaré compactification applied to homogeneous
vector fields. It should be noted that we refer [14, 31, 32, 33, 60] for more details.

Let

9 9
X = P(a,b) 5+ Qla.b) 5
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Chapter 1 Preliminaries

Figure 1.1.1: Position of the points (a,b) € R? and f*(a,b) on the Poincaré sphere S?.

be a polynomial vector field on R?, or in other words

{ a= P(a,b),
b= Q(CL, b)7

where * denotes d/dt, and P, @) are polynomials of arbitrary degree in the variables a and
b.
First, we consider R? as the plane in R3 defined by

(yla Y2, yS) = ((I, bv 1)
We consider the sphere
S*={y e R®|yi +93 +y3 =1}
which we call the Poincaré sphere. We divide the sphere into
Hy ={y €S*|ys3 >0},
H_ = {yeS*|y3 <0}

and
St = {y € $?|y3 = 0},

Let us consider the embedding of vector field X from R? to S? given by
fHF:R?>>5S? and f:R?— S

where

a b 1
e =+ (505 50 567

with A(a,b) = va? + b + 1. This implies that f*(a,b) (resp. f~(a,b)) is the intersection
of the straight line passing through the point y and the origin with the northern (resp.
southern) hemisphere of S? (see also Figure 1.1.1).

Then, we consider six local charts on S? given by

Up={y€S?|yp >0} and Vi ={y eS|y, <0}
for k =1,2,3. Consider the local projection

g,j:Uk—>]R2 and g,;:Vk—>R2
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1.1 Poincaré type compactification

Figure 1.1.2: Locations of the Poincaré sphere and chart Us.

defined as
+ . _ [ Ym yn>
g Y1,Y2,Y3) = —G9;. \Y1,Y2,Y3) = Ty T
nom) =~ (o) = (22,2
for m < n and m,n # k. The projected vector fields are obtained as the vector fields on
the planes B
Up={y e R?|yp =1}

and o
Vi={y eR’ |y = —1}

for each local chart Uy, and Vj,. We denote by (z, \) the value of g,f(y) for any k.
For instance, it follows that

(6 o 1)@t = (G2 = ),

therefore, we can obtain the dynamics on the local chart U, by the change of variables
a = z/X and b = 1/X. The locations of the Poincaré sphere, (a,b)-plane, and Uy are
expressed as Figure 1.1.2.

Throughout this master thesis, we follow the notations used here for the Poincaré
compactification. It is sufficient to consider the dynamics on H, U S!, which is called
Poincaré disk, to obtain our main results.

Second, we consider the case that a vector field is quasi-homogeneous. In this case,
it should be noted that we choose appropriate compactifications to consider the informa-
tion about dynamics at infinity. That is, when the vector field is quasi-homogeneous, the
information at infinity may not be reflected correctly in the Poincaré compactification.
Then, we introduce the Poincaré-Lyapunov compactification (the directional compactifi-
cation) that is based on asymptotically quasi-homogeneous vector fields. Then we define
a class of vector fields that are quasi-homogeneous near infinity, which is determined by
types and orders. In the following, we reproduce the definitions given in [49] as an aid to
understanding the methods used in this thesis. See [49, 50] for details.

Definition 1.1.1 ([49], Definition 2.1)
Let f : R — R be a smooth function. Let ay,qo,...,q, > 0 with (a1, as,...q,) #
(0,0,...,0) be integers and k > 1. We say that f is a quasi-homogeneous function of type
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Chapter 1 Preliminaries

(1,09, ...,ap) and order k if
f(R®zy, R®xy, ..., R xy,) = REf(21,20,...,2,), VYzeR" ReR.
Next, let
§ fi(xy, o, . xp)
X:;mx)(f% o x| Pt
fo(z1, 20, .0 xy)

be a smooth vector field. We say that X, or f = (f1, f2,..., fn) iS a quasi-homogeneous
vector field of type (a1, aq,...,a,) and order k + 1 if each component f; is a quasi-
homogeneous function of type (o, aa, ..., ap) and order k + a;.

For applications to general vector fields, we define the following notion.

Definition 1.1.2 ([49], Definition 2.2)
Let o = (a1, 9, ..., ) be a set of nonnegative integers. Let the index set I, as

I,:={ie{1,2,...,n} | a; > 0},

which we shall call the set of homogeneity indices associated with o = (a1, ag,...,ap).
Let U C R™. We say the domain U C R" is admissible with respect to the sequence « if

U:={z=(x1,22,...,2n) €R" | 2; € R, ifi € I, (xj,,xjy,...,2j,_,) € U},

where {j1, 2, jni} ={1,2,...,n}\I, and U is an (n — l)-dimensional open set.

Assumptions in Definition 1.1.1 indicate I, # (). The notion of asymptotic quasi-
homogeneity defined below provides a systematic validity of scalings at infinity in many
practical applications.

Definition 1.1.3 ([49], Definition 2.3)

Let f = (f1, fa,.- -, fn) : U = R™ be a smooth function with an admissible domain U C R"
with respect to « such that f is uniformly bounded for each x; with i € I,, where I, is
the set of homogeneity indices associated with «. We say that

fl(:El,ZL'Q,...,:L‘n)
n 0 fg(wl,aﬁg,...,xn)
X = ij(x)—am = X: _
i=1 J -
fn($1,$2a~-axn)

or simply f is an asymptotically quasi-homogeneous vector field of type (a1, aq,. ..

and order k + 1 at infinity if

lim Ri(k+aj){fj(Ralxlu Ra2x27 R RanIn) - Rk+aj (fa,k)j(xh x2, ..

R—+o00

holds for any (z1,x2, ...
a quasi-homogeneous vector field of type (aq, g, ..

U1 = {SL‘: (:L‘l,xg,...

where {il,ig, e ,il} = Ia.

,7n) € U1, where for = ((fak)1, (fak)2, - -
.,ap) and order k + 1, and

,Tpn) € R" | (ziy, Tig, ..., 24) € st (jy, joy -y 2y, ,) €UY,

7an)

Ty) =0

o (fag)n) : U = R is

The geometric image of the locational relationship between the Poincaré-Lyapunov
sphere corresponding to the Poincaré sphere and the local coordinate U is the same as in
Figure 1.1.2. Using the type defined in Definition 1.1.3 in the case that n = 2, we consider
the dynamics on the local chart Us by the change of variables ¢ = x/\%, ¢ = 1/)\2.
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1.2 Blow-up technique

—0-&%

Figure 1.2.1: Schematic picture of the succession of blow-up (see [14] Fig. 3.3.).

1.2 Blow-up technique

In this chapter, we introduce the basic tool for studying nonelementary singularities of a
differential system in the plane. This tool is based on changes of variables called blow-ups.
We use this technique for classifying the singularities having both eigenvalues zero but
whose linear part is not identically zero. We refer the reader to [1], [8], [14] for more
detailed information.

According to [1], roughly speaking the idea behind the blow-up technique is to explode,
through a change of variables that is not a diffeomorphism, the singularity to a line or
circle. Then, for studying the original singular point one studies the new singular points
that appear on this line or circle and that will be, probably, simpler. If some of these
new singular points are degenerate the process is repeated. The succession of blow-up is
schematized in Figure 1.2.1 by [14].

Let

X = P(a, b)a% + O, b)% (1.2.1)

be a polynomial vector field on R?, or in other words

{ a = P(a,b),
b= Q(av b)v

where * denotes d/dt, and P, ) are polynomials of arbitrary degree in the variables a
and b again. We consider the case where the vector field is quasi-homogeneous vector
field of type (a1,aa,...,ay) and degree k (see Definition 1.1.1). Here, note that type
(a1, a9,...,qy) is restricted to (a1, a2, ..., o) € N (see [8]). Of course, we remark that
the homogeneous vector fields are included the quasi-homogeneous vector field.

The quasi-homogeneous polar blow-up (or the («, 3)-polar blow-up) is the mapping
(r,0) — (r®cosf,rPsinf) = (a,b) with 7 € R and 6 € [0,27), for some convenient
a, B € N. The case a = § = 1 is called the homogeneous polar blow-up. On the other hand,
the quasi-homogeneous directional blow-up in the positive (resp. negative) a direction is
the mapping (r,z) — (r®,7%b) = (a,b) (resp. (r,b) — (—r®,rPb) = (a,b)), where 7, b are
new variables. The quasi-homogeneous directional blow-up in the positive (resp. negative)
b direction is the mapping (r,a) — (r®a,r?) = (a,b) (vesp. (r,a) — (—r®a,r?) = (a,b)),
where r, a are new variables. The parameters a,5 € N are chosen conveniently. If
a = 3 =1, then we recover the (homogeneous) directional blow-up.

A question one might ask is how to effectively find the coefficient («, ) to use in a
quasi-homogenous blow-up. Of course we can use Definition 1.1.1 to determine («, f3),
but we will show how to find it more easily. This can be obtained by using the so called
Newton diagram. We first define the Newton diagram (see [1], [14] and references therein).
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Chapter 1 Preliminaries

This method is effective only for polynomial vector field on R?. Otherwise, Definition 1.1.1
will be used.
Let (1.2.1) be a polynomial vector field with an isolated singularity at the origin.

Let
sz]aw Q(a,b) = quabﬂ

i+j>1 i+5>1
The support of X is defined to be

S={(—1,7) | pis 0} U{(i,j — 1) | gij # 0} C R?,
and the Newton polygon of X is the convex hull I' of the set

pP= U {(r', 8" | >r 8 > s}

(r,8)eS

The Newton diagram of X is the union ~ of the compact faces 7 of the Newton polygon I,
which we enumerate from the left to the right. If there exists a face v, which lies completely
on the half-plane {r < 0}, then we start the enumeration with k& = 0, otherwise we start
with £ = 1. Since the origin is an isolated singularity we have that at least one of the
points (—1,s) or (0, s) is an element of S for some s, and also at least one of the points
(r,0) or (r,—1) is an element of S for some r. Hence there always exists a face v; in the
Newton diagram.

Suppose that 77 has equation ar + 8s = d, with ged(a, 8) = 1. As a first step in the
desingularization process we use a quasi-homogeneous blow-up of degree («, [3).

Example 1.2.1 ([14], Example 3.2)
As an example we calculate the Newton diagram of the following vector field:

0 9 0
b% + (a +ab)8b

providing the best choice of coefficients («, ().
The support of (1.2.2) surely contains (—1,1), (2,—1), and (1,0) coming, respectively,

+0((a,0)]), (1.2.2)

from ba—, a® % and ab—b Besides these three points it can contain many other points,
a
which are in fact not essential since they all lie in the convex hull Q) of Q1 U Q2 U Q3 with

Ql = {(’I",S) | r> _1>8 > 1}7 QZ = {(T‘,S) ‘ r> 275 > _1}7 and Q?) = {(7“,8) ‘ r> 175 >
0}. In Figurel.2.2 we represent Q; for i =1,2,3 in (a) as well as P = @ in (b).

S S

\.
Q3 ’ A r
Q2 q
() (b)

Figure 1.2.2: Calculating the Newton polygon (see [14] Fig. 3.12.).
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1.2 Blow-up technique

We see that the Newton diagram consists of one compact face, that we denote by 71
and which is the line segment joining the points p = (—1,1) to ¢ = (2,—1). The line
segment lies on the line of equation 2r + 3s = 1 including the choice («, 5) = (2, 3).
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Chapter 2

Quasi traveling waves with
quenching in a reaction-diffusion
equation in the presence of
negative powers nonlinearity

Abstract

The quasi traveling waves with quenching of u; = uz, + (1 —u)~* for a € 2N are consid-
ered. The existence of quasi traveling waves with quenching and their quenching rates are
studied by applying the Poincaré compactification. This chapter is based on the following
published paper ([31]):

Ichida, Y., Sakamoto, T.O.: Quasi traveling waves with quenching in a reaction-
diffusion equation in the presence of negative powers nonlinearity, Proc. Japan
Acad. Ser. A Math Sci. 96, 1-6 (2020).

2.1 Introduction

In this chapter, we consider the quasi traveling waves with quenching (see Definition 2.1.3)
of the following equation

1

— R . 2.1.1
A—ue’ >0, z€R, a€eN ( )

Up = Ugg +

First, we state the definition of “quenching” for the solution of (2.1.1).

Definition 2.1.1 ([50], Definition 4.19)
We say that a solution u(t,z) of (2.1.1) quenches at point (T, x) if

du

limu(t,xg) =1, lim T (t,z0)| = 0.

T T

In order to consider the traveling waves of (2.1.1), we introduce the following change
of variables:
#(&) =1—u(t,x), {=x—ct, c>0.
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Chapter 2 Quasi traveling waves with quenching in a reaction-diffusion equation in the
presence of negative powers nonlinearity

We then seek the solution ¢(&) of the following equation:

I /1 —« [ i
cp =—¢ +o° % EeR, = (2.1.2)
or
¢ =1,
{ W= et 6 (2.1.3)

Second, we state the definition of quasi traveling waves and quasi traveling waves with
quenching as follows.

Definition 2.1.2
We say that a function u(t,xz) = 1—¢(§) is a quasi traveling wave of (2.1.1) if the function
¢(§) is a solution of (2.1.2) on a finite interval or semi-infinite interval.

Definition 2.1.3

We say that a function u(t,x) = 1 — ¢(§) is a quasi traveling wave with quenching of
(2.1.1) if the function u(t,z) is a quasi traveling wave of (2.1.1) on a finite interval (resp.
semi-infinite interval) such that |¢'| becomes infinite (namely, ¢ reaches 0) at both ends of
the interval (resp. finite end point of the semi-infinite interval). More precisely, we have
the following three cases:

(I) the function ¢(§) is a solution of (2.1.2) on a semi-infinite interval (—oo, &) (p(§) €
C%(—00,£) NCO(—00,&.], |&| < 00), and satisfies

Jim 66 =0 and  lim [0(©)] = oo

(II) the function ¢(§) is a solution of (2.1.2) on a semi-infinite interval (&, +00) (¢(€) €
C2? (&, +00) N CVE,, +00), &4| < o0), and satisfies

Jim 66 =0 and  lim [0(©)] = oo

(ITI) the function ¢(&) is a solution of (2.1.2) on a finite interval (€_, &) (4(€) € C?(€_,6,)N
CO¢_,&4], —00 < € < &4 < +00), and satisfies the followings

lim ¢(£) = 0, lim ¢(&) =0,

E—&4—0 E—E_40
lim = 00, lim = Q.
i [9(©) = oo, lim 1)

Remark 2.1.1

The definition of quasi traveling wave (with quenching) implies that it satisfies (2.1.1) only
on semi-infinite interval or finite interval. In this chapter, we do not discuss the behavior
of the solutions of (2.1.3) after 1) becomes infinity. It is necessary that more detailed (and
hard) analysis in order to study the solutions after quenching (outside of the interval on
that ¢(&) satisfies (2.1.2)), and so we leave it open here.

In this setting, Matsue [50] proved the following theorem.

Theorem 2.1.1 ([50], Theorem 4.21)
Assume that o > 1 with a € N. Then, the quasi traveling waves with quenching for (2.1.1)
are, if exist, characterized by trajectories whose initial data are on the stable manifold of
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2.1 Introduction

an equilibrium at infinity (¢,1) = (0,400) of (2.1.3). The quenching rates, namely, the
extinction rate of ¢ and blow-up rate of ¢, are

1o as £ — &«

Y(E) ~ C(E — 7t om
with || < oo and C' # 0.

{ (&) ~ C&, — &) T

The proof is given in [50].

Remark 2.1.2

We can obtain the equilibria at infinity (of (2.1.3)) not only (¢,v) = (0,+00) but also
other equilibria by applying the Poincaré compactification (see [50] and Sec. 2.2 for the
detalils).

We note that the existence of the quasi traveling waves has not been proved yet. In
this chapter, we give the proof of the existence of them by considering the restricted case
of @ € 2N. The proof is based on Poincaré compactification (that is also used to prove
Theorem 2.1.1 in [50]) and basic theory of dynamical systems. We then state the main
theorem of this chapter (see also Figure 2.1.1).

Theorem 2.1.2

Assume that o € 2N. Then, the equation (2.1.1) possesses a family of “quasi traveling
waves with quenching on a finite interval”. Moreover, each quasi traveling wave with
quenching u(t,x) = 1 — ¢(§) (which satisfies (2.1.2) on a finite interval ({_,&,)) satisfies
the followings:

] 5_1%13_0 B(€) =0, 5—1?&0 $(§) =0,
edm V() =co  lm $(E)=—co

e »(£) <0 holds for £ € (§-,&4).

e There exists a constant &, € (§—,&+) such that the following holds: ¥(§) < 0 for
§ € (§-,8), ¥(&) =0 and (&) > 0 for § € (&, &4)-

In addition, quenching rates are

ac1 as E—=&4 -0

{ B(&) ~ —C(&y — )i
Y(E) ~ C (& — &) o

and

$(6) ~ —C(€ — & )art o B
{w(f)N—C(g—g)Z‘H 26 +0 (2.1.4)

with C > 0.

In order to prove Theorem 2.1.2, it is necessary to seek a family of orbits that connect
(¢,9) = (0,—00) and (0,400) of (2.1.3) (see Sec. 2.3 for the details). As shown in [14],
[50], the Poincaré compactification is useful, and applicable for this problem. Asymptotic
behaviors for both ¢(£) and (&) that are more accurate than in [31] were obtained after
publication of the paper. Note that this was obtained by refining the asymptotic form, as
will be discussed later in the proof.
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presence of negative powers nonlinearity

u(t,z) = 1—(¢)

Figure 2.1.1: Schematic picture of the quasi traveling wave with quenching on & € [¢_, &, ]
obtained in Theorem 2.1.2.

2.2 Dynamics on the Poincaré disk of (2.1.3)

In order to study the dynamics of (2.1.3) on the Poincaré disk, we desingularize it by the
time-scale desingularization

ds/d§ ={o(&)} ™ for «€2N. (2.2.1)

Since we assume that « is even, the direction of the time does not change via this desin-
gularization. Then we have

¢ = ¢, . d
{¢:—c¢a¢+1. ( _ds). (2.2.2)

It should be noted that the time scale desingularization (2.2.1) is simply multiplying
the vector field by ¢®. Then, with excepting the singularity {¢ = 0}, the solution curves
of the system (vector field) remain the same but are parameterized differently. Still,
we refer to Section 7.7 of [44] and references therein for the analytical treatments of
desingularization with the time rescaling. In what follows, we use the similar time rescaling
(re-parameterization of the solution curves) repeatedly to desingularize the vector fields.

Now we can consider the dynamics of (2.2.2) on the charts U; and V/;.

2.2.1 Dynamics on the chart U,

To obtain the dynamics on the chart Us, we introduce coordinates (), z) by the formulas
¢(s) = x(s)/A(s), ¥(s) =1/A(s).
Then we have )
A=A\ 22
T =x(cx® A\ = \) + z¥A 7

Time-scale desingularization dr/ds = A(s)™% yields

_ ay )2+«
{AT_“” A= AT, (2.2.3)

xr = cx®tt — \Hog 4 g
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2.2 Dynamics on the Poincaré disk of (2.1.3)

where A\ = d\/dr and =, = dz/dr. The system (2.2.3) has the equilibria
pg (A x) =(0,0) and p.: (A z)=(0,-1/c).

The Jacobian matrices at these equilibria are

0 0 = 0
+ . .
p0.<0 0> and pc.< 0 cl_o‘)'

Therefore, p. is a source, and par is not hyperbolic. In order to determine the dynamics
near par , we desingularize par by introducing the following blow-up coordinates:

A=7r"IN g =rotlz

(see Section 1.2 of this thesis and Section 3 of [14] for the desingularizations of vector
fields by the blow-up). Since we are interested in the dynamics on the Poincaré disk, we
consider the dynamics of blow-up vector fields on the charts {A =1} and {z = £1}.

Dynamics on the chart {\ =1}

By the change of coordinates A = r®~!, x = r®*1Z, we have

T _ 2_
r.= (C:L.ara(a+l) _pa 1) ’

a—1
2 (frO‘Q_l _ Cia+1ra(a+1)) 1 gope®-1,

a—1
The time-rescaling dn/dr = r(7)* ! yields

{ ry = (a—1)7! (=r + czr?te),

By = 2(a — 1)L (2 — caTrotl) 4z (2.2.4)

The equilibria of (2.2.4) on {r = 0} are

P (nE) = (0,0), Pl (rz) = (0, (a—_21>a11> .

The Jacobian matrices at these equilibria are

1

Do - 9 and pf:| a—1

Moreover, since |1/(a — 1)] < 2 holds, trajectories near p! are tangent to {z = [-2/(a —

1)]a=T,r > 0} as n — +o0. The solutions are approximated as

1

r(n) ~ Cre”a (1 + o(1), (2 \*1
{x(n)—ANCzeQ”(lJrO()), A (a—l) '
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a A N

.

/ \[ Blow-up of pyf | )

a A N

\l/

Dec pg_

u [Dynamics on Ugj )

T

Figure 2.2.1: Schematic pictures of the dynamics of the blow-up vector fields and Us.

Dynamics on the chart {z = —1}

+ )a2—1

By the change of coordinates A = r® '\, z = —r®*! and time-rescaling dn/dr = r(7

we have

)

= (a+ 1) (cro‘ir2 — AT — r), )
Ay =—(a+1)71 (20 — (a — DA — 2er*T1A) .

The equilibria on {r = 0} are

(r.2) = (0,0), (%) = (0, (e~ 1)/2]77).

By the further computations, we can see that (0,0) is a saddle, and (0, [(a — 1)/2]%+1) is
a sink.

Dynamics on the chart {z =1}

The change of coordinates A\ = r*~ 1\, 2 = r**! and time-rescaling dn/dr = r(T)QQ_l
yield
{ ry = (a+1)71 (erot2 — Ao )
Ap=—(a+1)71 (222 + (o — DA — 2er2TN)

The equilibrium on {r = 0, A > 0} is (0,0). The linearized eigenvalues are (a + 1)~! and
—(a—1)/(a+1) with corresponding eigenvectors (1,0) and (0, 1), respectively. Therefore,
(r,A) = (0,0) on the chart {Z = 1} is a saddle.

Combining the dynamics on the charts {\ = 1} and {z = +1}, we obtain the dynamics
on Us (see Figure 2.2.1).

Still, we continue to study the dynamics on other charts in order to obtain the whole
dynamics on the Poincaré disk.
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2.2 Dynamics on the Poincaré disk of (2.1.3)

2.2.2 Dynamics on the chart V,

The change of coordinates

¢(s) = —x(s)/A(s), ¥(s) =—1/A(s)
give the projected dynamics of (2.1.3) on the chart Vs:

— « 24
{ Ar =N+ N9, (2.2.5)

Ty = 2% 4 cx®tl 4 Nty

where 7 is the new time introduced by dr/ds = A(s)~®. The system (2.2.5) can be
transformed into (2.2.3) by the change of coordinates (\,z) — (—A\,x). Therefore, it is
sufficient to consider the blow-up of singularity p, : (A, z) = (0,0) by the formulas

A=r"IN, z=r*tz with \A=1.

Then we have

{ ry = (a—=1)7" (r+ cz*rot?) (2.2.6)

where 7 satisfies dn/dr = {r(r)}**~1. The equilibria of (2.2.6) on {r = 0} are

By  (r,3) = (0,0), ﬁ;z(nsﬁ)—(o,(afl)“ll).

The equilibrium p, is a saddle with the eigenvalues (o — 1)~! and —2(a — 1)~! whose
corresponding eigenvectors are (1,0) and (0, 1), respectively. Further, p, is a source with
the eigenvalues (o — 1)~ and 2 whose corresponding eigenvectors are (1,0) and (0, 1),
respectively.

2.2.3 Dynamics on the chart U,

Let us study the dynamics on the chart U;. The transformations

¢(s) =1/A(s), ¥(s) =x(s)/A(s)
yield

Ar = —TA,
{ o = —cx 4 Ao _ g2 (2.2.7)

via time-rescaling d7/ds = {A(s)}~®. The equilibria of (2.2.7) are (0,0) and (0, —c) whose

Jacobian matrices are
0 0 and c 0
0 -c 0 ¢ ’

respectively. Then the center manifold theory is applicable to study the dynamics near
(0,0) (for instance, see [9]). It implies that there exists a function h(\) satisfying
dh
= 5(0) =0
such that the center manifold of (2.2.7) is represented as {(\,z)|x = h(\)} near (0,0).
Differentiating it with respect to 7, we have
dh

—AB(A) 2 (A) = —ch(X) + A (0}

h(0)
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Then we can obtain the approximation of the (graph of) center manifold as follows:
{\z) |z =X e+ 0 (N2},

Therefore, the dynamics of (2.2.7) near (0,0) is topologically equivalent to the dynamics
of the following equation:

)\T — _)\a+2/c+ O()\QOH_B).

These results give us the dynamics on the chart U;.

2.2.4 Dynamics on the chart 1,

The transformations
¢(s) = —1/A(s), 1(s) = —x(s)/A(s)
yield
{ Ar = =k, ) (2.2.8)

Ty =—cx— Nt — g

via time-rescaling dr/ds = {\(s)}~. We can see that the system (2.2.8) can be trans-
formed into the system (2.2.7) by the change of variables: (A, ) — (—A, z). Therefore, the
dynamics of (2.2.8) is equivalent to the reflected one of (2.2.7) with respect to {A = 0}.

2.3 Proof of Theorem 2.1.2

Since the point (y1,y2,y3) = (0,1,0) on the Poincaré disk corresponds to pg, we denote
it by pg as well. Similarly, we denote by py the point (y1,y2,y3) = (0,—1,0). In order
to prove Theorem 2.1.2, it is necessary to find the orbits that connect p; and pa” on the
Poincaré disk. The phase portrait on the Poincaré disk of (2.1.3) is shown in Figure 2.3.1
for the convenience of readers.

Proof. (I) : For a given compact subset W C H, there are no equilibria or closed orbits
in W. Therefore, by the Poincaré-Bendixson theorem, any trajectories starting from the
points in W can not stay in W with increasing s. This implies that the trajectories in H
go to S, which corresponds to {||(¢, )| = co}.

(IT): The line {¢ = 0} is invariant under the flow of (2.2.2). Therefore, any trajectories
start from the points in {y € Hy |y1 < 0} can not go to {y € Hy |y1 > 0}.

(ITI): Let W;g be a stable manifold of p} (which is the equilibrium of the system (2.2.4)).
We denote by W*(p!) the stable set, which corresponds to W;g on the blow-up vector filed
(2.2.4), of the equilibrium p§ of (2.2.3). Similarly, we denote by W¥(p,,) the unstable set
of p,, corresponding to the unstable manifold of p; on the blow-up vector field (2.2.6).
Consider the trajectories start from the points on W¥(p,) C {y € Hy|y1 < 0}. The
trajectories can not stay in any compact subset on H , and can not go to {y € H, |y; > 0},
therefore, they go to pj with lying on W*(p}). This implies that the system (2.2.2)
possesses the orbits that connect p; and p(f on the Poincaré disk. It is easy to see that
d¢/di) takes the same values on the vector fields defined by (2.2.2) and (2.1.3) by excepting
the singularity {¢ = 0}. Thus, there are orbits connecting (¢,1) = (0, —o0) and (0, +0o0)
on the original vector field (2.1.3).
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2.3 Proof of Theorem 2.1.2

(IV): As shown in [50], we can obtain the quenching rates of ¢(&) and (). Indeed,
dn _ds dr_dy
d¢ ~ de ds dr
=g\ ot

— ’l“_a_l LT

~Aee o)} {Cae 1+ o) + A}
~ Caea 1. {Che (1 4 o(1)) + A}

_ C Lﬂﬂ 1
- vae {Coe=21(1 + o(1)) + A}°
— Cyeatil. 1

{0267277(1 + 0(1))}a + « {0267277(1 + 0(1))}0‘71 A A

~ Ceo—1"T as 1 — 400

holds with constants C' and C;. Note that this argument is a refinement of [31]. Here,
f(z) ~ g(z) as © — a” means that f(z) — g(x) = o(g(x)) as * — a, equivalently,

f(z)

g(x)| b

lim
r—a

This yields
a+l ~
&) =Ce =-1"4C, (C€eR).

Set &, = ngrfoof(n), then we have

too
§+:C/ e o-1"dp < 0.
0

Therefore,
a+1
{4 —§~Ce a1l

holds. Finally, we obtain

=—T=1%
ra—1

d
A
2
~ {cle—ﬁ"(l + 0(1))} {Coe (1 + 0(1)) + A}
~ Cpe 5T {Coe™ (14 0(1)) + A}
2., 2
= Cse a-1'e T+Cy-A-e a1
20 2
= Cse_a—ln —+ C4 A e a1
2
~ —Ce a1",
Here, in last relation, since e a1 < g act" (n > 0) is satisfied by —2a/(a — 1) <

—2/(av — 1), we choose the term with the greater influence when 7 — +oco. Therefore, we
have

6() ~ —Ce a1~ —C(g4 =T (§— & —0).

Since the trajectories are lying on {a < 0}, it holds that C' > 0. Similarly, we can obtain
the quenching rates for ¢(§) as £ — &4 and (2.1.4).
This completes the proof. O
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Y2

+yl

Figure 2.3.1: Compactification of the system (2.1.3).

2.4 Conclusions and Remarks

In this chapter, we studied whole dynamics of (2.1.3) on the phase space R? U {(¢,1) |
|(¢,1)]] = +o0}, the existence of quasi traveling waves with quenching, and their quench-
ing rates on a finite interval ({_,&4) (—oo < - < &4 < +o00) of (2.1.1) by applying the
Poincaré compactification and dynamical system approach.

From the viewpoint of theory of partial differential equations, it should be considered
that how can we formulate the solutions of (2.1.1) obtained in Theorem 2.1.2. Namely, it
is necessary to construct the entire solution. As discussed previously, we do not discuss
the behavior of the solutions of (2.1.3) after ¢ becomes infinity since our interest in this
chapter is to study the solutions of (2.1.1) from the dynamical system view point. It
is necessary that more detailed (and hard) analysis in order to study the solutions after
quenching (outside of the interval on that ¢(§) satisfies (2.1.2)), and so we leave it open
here. Further, It should be noted that the mathematical formulation of the solution (in
weak sense) could be obtained by considering a suitable function space as shown in [51]
(it will be addressed in future works as well).

In addition, since the theory of blow-up (desingularization of the vector field) is not
applicable for the non-polynomial vector fields, we cannot deal with the general case that
a € R. Hence, we leave it open here.
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Chapter 3

Traveling waves with singularities
in a damped hyperbolic MEMS
type equation in the presence of

negative powers nonlinearity

Abstract

Traveling waves with singularities in a damped hyperbolic MEMS type equation in the
presence of negative powers nonlinearity are considered. The purpose of this chapter is to
investigate how the existence of the traveling waves, their shapes, and asymptotic behavior
change with the presence or absence of an inertial term. These are studied by applying the
framework that combines Poincaré compactification, classical dynamical systems theory,
and geometric methods for the desingularization of vector fields. These allow us to classify
all traveling waves and their properties since we know all the solution trajectories of the
equations they satisfy, including those to infinity. We report that the presence of this term
causes the shapes to change significantly for sufficiently large wave speeds. This chapter
is based on the following published paper ([37]):

Ichida, Y.: Traveling waves with singularities in a damped hyperbolic MEMS
type equation in the presence of negative powers nonlinearity, Electron. J.
Differ. Equ., 2023, 1-20 (2023).

3.1 Introduction

In this chapter, we consider the following damped hyperbolic MEMS type equation with
negative powers nonlinearity

52utt+ut:um+(1—u)_a, t>0, xzekR, (3.1.1)

where a € 2N and £ > 0. Here, € is a small constant and the ratio of the interaction due
to the inertial and damped terms (see [15, 23, 24, 25] and references therein).
The equation (3.1.1) is based on the equation

Ut =Ugy + (1 —u)™% ¢t>0, z€R, aeN (3.1.2)
treated in [31, 50], with the term e2uy added to the left-hand side. (3.1.1) is a type of

partial differential equation commonly referred to as a damped hyperbolic equation. Since
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(3.1.1) has aspects of both parabolic and hyperbolic types, it has recently attracted at-
tention from the viewpoint of partial differential equation theory (see [23, 18]). Guo [23]
considers both parabolic and hyperbolic type problem about MEMS, and provides some
quenching criteria. For MEMS, see below. In addition, it discusses the global existence
of solutions. The previous work [18] is concerned with the behavior of the solutions to
the nonlinear damped hyperbolic Allen-Cahn equation with appropriate boundary condi-
tions and initial data in a bounded domain. They argue that reaction-diffusion equations
have the lack of inertial and others. There are many ways to overcome these unphysical
properties; one of them is to consider hyperbolic reaction-diffusion equations.

Furthermore, (3.1.1) and (3.1.2) are special cases of the generalized MEMS type par-
tial differential equation (see [15, 24, 35] and references therein). The MEMS model
is the Micro-Electro Mechanical System devices and used in many machines around us
(for instance, see [68]). In general, the MEMS model is known to induce the touchdown
phenomenon (mathematically, quenching). Clarification of the structure of singularity for-
mation, such as quench, is one of the most important issues in MEMS type equations, and
there have been a lot of studies recently. However, since the nonlinear terms of MEMS
equations are not simple, then they have both hyperbolic and parabolic aspects, it is not
fully understood what kind of typical solutions exist.

In this chapter, we investigate how the behavior (shapes and asymptotic behavior)
of traveling waves change depending on whether the £2uy term is present or absent in
the left-hand side of [31]. More precisely, in the traveling wave framework, we compare
the family of functions satisfying (3.1.1) with the family of functions satisfying (3.1.2)
revealed in [31] in terms of the asymptotic behavior and shapes. The reason why we refer
to the traveling waves as families of functions satisfying the equations is that they cause
singularities at the endpoints of finite intervals despite the equations being defined over
the whole domain, which makes subsequent analysis difficult (see [31]). In addition, we
are interested in whether the asymptotic behavior obtained from (3.1.1) and that from
(3.1.2) coincide as ¢ — 0. Although it appears to be nothing more than adding £2uy
to the left-hand side of (3.1.2), this extension allows us to obtain conclusions from the
perspective of traveling waves that cannot be obtained in [31]. To the best of the author’s
knowledge, there has been no analysis of the existence, shapes and asymptotic behavior
of traveling waves in such a type of equation with both hyperbolic and parabolic forms.
We believe that this chapter will provide this abundant information through a dynamical
systems approach and give a new perspective on these types of equations.

In order to consider the traveling waves of (3.1.1), we introduce the following change
of variables:

o) =1—-u(t,x), E&=xz—ct, 0<ceR.
The equation of ¢(&) solving (3.1.1) is then reduced to
(1 -2 " = —c¢/ + ¢, <’ = jf) : (3.1.3)

The equation with € = 0 in (3.1.3) is discussed in [31]. In (3.1.3), there is a case classifi-
cation for 1 — &2¢? that did not appear in [31].
When 1 — €2¢2 = 0, i.e., ¢ = 1/¢, the following differential equation is obtained from
(3.1.3):
0=—c¢' + ¢ °.

This can be solved as follows:

9(§) = <a+1€+B)aL (3.1.4)

C
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with a constant B € R. In other words, we can express ¢(£) explicitly in this case. For a
discussion of this case, see Remark 3.2.4.
Hereinafter referred to as 1 — e2¢ # 0. Then, (3.1.3) is equivalent to

o=,
{w' — (1 - 2 ey + 670, (315

In (3.1.5), the dynamics to infinity in the equation with e = 0 has been studied in [31, 33].
In [33], although the partial differential equations are different, the ordinary differential
equations (ODEs for short) derived from them include the ODEs of [31]. As can be
seen from these previous studies, (3.1.5) is not easy to analyze. However, as shown in
[31, 33, 49, 50], it is possible to study the dynamics of this ODE to infinity in the framework
that combines Poincaré compactification (for instance, see Section 1.1 in this thesis and
[14, 49, 50] for the details of it), classical dynamical systems theory, and geometric methods
for desingularization of vector fields (see Section 1.2 in this thesis and Section 3 of [14] and
references therein). By using these methods, the whole dynamics on the phase space R?
including infinity (denoted by Poincaré disk) generated by the two-dimensional differential
equation (3.1.5) is obtained. In other words, from these dynamics, we expect to categorize
all traveling waves as in these previous studies. Furthermore, the strength of the analysis
in this framework is that the existence of connecting orbits in dynamical systems including
infinity not only proves the existence of these traveling waves, provides information about
their shapes but allows us to study their asymptotic behavior.

This chapter is organized as follows. In the next section, we reproduce the terminology
defined in [31] and the main results obtained, and state the main results of this chapter.
In Section 3.3, we obtain the dynamics of (3.1.5) on the Poincaré disk via Poincaré com-
pactification and basic theory of the dynamical systems. The proof of Theorems will be
completed in Section 3.4. Section 3.5 is devoted to the concluding remarks.

3.2 Known and Main results

Before we state the main results of this chapter, we reproduce the following definitions
of quasi traveling waves and quasi traveling waves with quenching. The reason for this is
that the main result in this chapter will be compared later with that in [31] (see Propo-
sition 3.2.1 and Theorem 3.2.1). Here, quenching in ODE (3.1.5) roughly means that the
following holds

$(§) =0, [¢'(§)] = +o0, as & —[&]
with || < +o0.

Definition 3.2.1 (Definition 2.1.2 (Definition 2, [31]))
We say that a function u(t,x) = 1—¢(&) is a quasi traveling wave of (3.1.2) if the function
¢(&) is a solution of (3.1.3) with € = 0 on a finite interval or semi-infinite interval.

Definition 3.2.2 (Definition 2.1.3 (Definition 3, [31]))

We say that a function u(t,x) = 1 — ¢(§) is a quasi traveling wave with quenching of
(3.1.2) if the function u(t,z) is a quasi traveling wave of (3.1.2) on a finite interval (resp.
semi-infinite interval) such that ¢ reaches 0 and |¢'| becomes infinite at both ends of the
interval (resp. finite end point of the semi-infinite interval). More precisely, we have the
following three cases:
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(I) The function ¢(§) is a solution of (3.1.3) with ¢ = 0 on a semi-infinite interval
(—00,&) (#(€) € C?(=00,8) N C%(—00,&], & < 00), and satisfies

lim ¢(¢) =0 and Ehm [Y(&)] =

E—E&«—0

(II) The function ¢(&) is a solution of (3.1.3) with e = 0 on a semi-infinite interval
(6*7 +OO) (¢(§) € 02(5*7 +OO) N 00[5*7 +OO)7 ‘5*’ < OO); and satisfies

lim ¢(¢) =0 and lim |4(&)| =

§—&«+0 £—E«+0

(IIT) The function ¢(§) is a solution of (3.1.3) with € = 0 on a finite interval (§_,&4)
(p(€) € C?(€_,6)NCO[E_ &4 ], —00 < € < €4 < +00), and satisfies the followings

. h£m P& = hgrfl , 06 =
&h{rffolw(ﬁ)l = o0, Agﬂ&lﬂ(&)\

With these definitions, we review the results obtained in [31]. Hereinafter, note that
the meaning of the symbol F(n) ~ G(n) as n — +oc is as follows:

(n
n—>+oo‘ 77 ‘
Proposition 3.2.1 (Theorem 2.1.2 (Theorem 2, [31]))

Assume that « € 2N. Then, the equation (3.1.2) possesses a family of quasi traveling waves
with quenching on a finite interval. Moreover, each quasi traveling wave with quenching
u(t,z) =1 — ¢(§) satisfies the followings:

gi?f ,8) = o 11£m+0 P(§) =
&ggow@) gggﬂ0¢@)=‘fw

e ¢(&) <0 holds for € € (§_,&4).

e There exists a constant &, € ({—,&+) such that the following holds: ¥(§) < 0 for
§ € (§-,8), ¥(&) =0 and (&) > 0 for § € (&, &)

In addition, the quenching rates are

(b(é.) ~ —C(§+ - é’)ﬁ_ll -0 3.2.1
{¢@~C@w%TLI% e -

and
{¢@~<m 5%;7%§ﬁ§+0 (3.2.2)
PE) ~—C(§—&-) oft
with C' > 0.

Remark 3.2.1

Note that the asymptotic behavior for (3.2.1) and (3.2.2) in Proposition 3.2.1 differs in
the exponential part from the asymptotic behavior obtained in Theorem 2 of [31] and
Proposition 1 of [33]. The reason for this is that, after the publication of [31, 33], we chose
more appropriate principal terms in the computational process of deriving the asymptotic
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behavior, which resulted in higher accuracy. This improvement is described in detail in
Subsection 3.4.1. Furthermore, this improvement has already been introduced into [35],
and the asymptotic behavior, which was previously difficult to derive, has been obtained.
However, the underlying idea is similar to the previous ones.

Next, the main results of this chapter are described. Figure 3.2.1, Figure 3.2.2, and
Figure 3.2.3 show the schematic pictures of traveling waves obtained by each theorem.

Theorem 3.2.1

Assume that o € 2N, ¢ > 0, and 1 — €2¢® > 0. Then, for a given positive constant
0 < ¢ < 1/e, there exists a family of the functions (which corresponds to a family of the
orbits of (3.1.5)) defined on the finite intervals such that each function u(t,z) satisfies
equation (3.1.1) on a finite interval ({_,&4) (—oo < - < &4 < +00). Moreover, each
function u(t,z) = 1 — ¢(&) satisfies the following:

Ag_ﬁ(f) =0, gi%r§+0¢(§) =0,
#?jﬂﬁQ) = o0, 5&{&&(5) = —o0.

e $(&) <0 holds for € € (§-,&4).

e There exists a constant & € (§—,&+) such that the following holds: ¥ (§) < 0 for
6 € (5775*)7 ?/)(5*) =0 and 1[)(5) > 0 for 5 € (5*7§+)

In addition, the asymptotic behavior for ¢ — {4 — 0 and £ — &_ + 0 are same as (3.2.1)
and (3.2.2).

On the other hand, assume that 1 — e?c> < 0. Then, for a given positive constant
¢ > 1/e, there exists a family of the functions (which corresponds to a family of the orbits
of (3.1.5)) defined on the finite intervals such that each function u(t,z) satisfies equation
(3.1.1) on a finite interval ({_,&y) (—oo < &- < & < +00). Moreover, each function
u(t,z) =1 — ¢(&) satisfies the following:

(Jim 6(6) =0, (Jm_(§) =0,
giégl70¢(€) = —0o0, £j21?+0¢(€) = +0o0.

e »(&) >0 holds for £ € (§-,&4).

e There exists a constant &, € (§—,&+) such that the following holds: ¥(§) > 0 for
£ € (§-,&), ¥(&) =0 and ¢(§) <0 for £ € (&, &4).

In addition, the asymptotic behavior for & — &4 — 0 and £ — &_ + 0 are

{¢<§>~c<5+5>—2‘+1 " 2

and

{Z@)w(s—f-)agl a5 o b 40 (3.2.4)

with C > 0.
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Chapter 3 Traveling waves with singularities in a damped hyperbolic MEMS type
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u=1—2¢ u=1-¢

A -~

u=1

0 = Er £

Figure 3.2.1: Schematic picture of the functions defined on the finite interval such that
each function u(t,x) = 1 — ¢(§) satisfies equation (3.1.1) on a finite interval (£_,&4)
in Theorem 3.2.1. Here it should be noted that the position of the singular points &_
and £ are not determined in our studies, however, they are shown in this figure for the
convenience. [Left: In the case that 1 — e2¢? > 0.] [Right: In the case that 1 —&2¢? < 0.]
Note that in the figure on the right, the trajectory in which the minimum of « is below the
&-axis is chosen from among the infinitely many trajectories that correspond to Theorem
3.2.1.

Remark 3.2.2

In Theorem 3.2.1, the result for the case 1 —e?c?> > 0 is almost the same as in Proposition
3.2.1. However, since (3.1.1) is a hyperbolic equation and there is room for consideration
in adopting Definition 3.2.2 as a rigorous discussion of the mathematical formulation of
the solution, Theorem 3.2.1 is phrased as the existence of a family of functions satisfying
the equation. Notable points in Theorem 3.2.1 are as follows:

(i) In addition, the asymptotic behavior obtained in the above theorem is the same as
Proposition 3.2.1, except for the difference in the sign of the coefficients. This means
that the behavior of these as € — 0 does not change. This may be due to the fact
that the principal part of the derived vector field (3.3.2) does not change.

(ii)) The most important point to be emphasized in this result is that a condition on the
wave speed that is not obtained in [31] appears, and when the wave speed exceeds
¢ = 1/e, that is, when the wave speed is sufficiently large, traveling waves that are
not seen in [31] are observed (see Figure 3.2.1 and Figure 1 of [31]).

Theorem 3.2.2

Assume that a € 2N, ¢ > 0, and 1 — €2c¢> > 0. Then, for a given positive constant 0 <
¢ < 1/e, there exists a family of the functions (which corresponds to a family of the orbits
of (3.1.5)) defined on the semi-infinite intervals such that each function u(t,x) satisfies
equation (3.1.1) on a semi-infinite interval (—oo,{4) (—oo < &4 < +00). Moreover, each
function u(t,x) = 1 — ¢(§) satisfies the following:

¢ Jim 9@ =0, Hm ¢(¢)=—o0  lm v()=oo.

o ¢(£) <0 holds for £ € (—00,&4).

In addition, the asymptotic behavior for £ — £, — 0 and & — —oo are (3.2.1) and
(&) ~ —Ce T3¢ ag £ — —o0 (3.2.5)

42



3.2 Known and Main results

with C > 0.

On the other hand, assume that 1 — e?c?> < 0. Then, for a given positive constant
¢ > 1/e, there exists a family of the functions (which corresponds to a family of the orbits
of (3.1.5)) defined on the semi-infinite intervals such that each function u(t,z) satisfies
equation (3.1.1) on a semi-infinite interval ({_,+00) (—oo < (- < 400). Moreover, each
function u(t,z) = 1 — ¢(&) satisfies the following:

¢ Jim 9E) =0, Jim (§) =00, lm $(E) =oo.

2

e ¢(&) > 0 holds for € € ({-,40).

In addition, the asymptotic behavior for ¢ — {_ + 0 and £ — +oo are (3.2.4) and

H(6) ~ Ce 225 ag € — +o00 (3.2.6)
with C' > 0.

Theorem 3.2.3

Assume that a € 2N, ¢ > 0, and 1 — €2¢> > 0. Then, for a given positive constant 0 <
¢ < 1/e, there exists a family of the functions (which corresponds to a family of the orbits
of (3.1.5)) defined on the semi-infinite intervals such that each function u(t,z) satisfies
equation (3.1.1) on a semi-infinite interval (—oo,{4) (—oo < &4 < +00). Moreover, each
function u(t,z) = 1 — ¢(&) satisfies the following:

¢ Mm@ =0, Hm ¢()=—oc0  lm v()=oo.

e 9(&) <0 holds for € € (—00,&4).

In addition, the asymptotic behavior for £ — {4 — 0 and £ — —oo are (3.2.1) and

{wo~0@ﬁm

o as —00. 3.2.7
B(E) ~ O((—€) =), ¢ nl

On the other hand, assume that 1 — e?c?> < 0. Then, for a given positive constant
¢ > 1/e, there exists a family of the functions (which corresponds to a family of the orbits
of (3.1.5)) defined on the semi-infinite intervals such that each function u(t,z) satisfies
equation (3.1.1) on a semi-infinite interval ({_,+00) (—oo < (- < 400). Moreover, each
function u(t,z) = 1 — ¢(&) satisfies the following:

¢ m @O =0, Mm ¢(§)=oo,  lim ()= oo

e (&) > 0 holds for £ € ({—,+00).

In addition, the asymptotic behavior for £ — £ 4+ 0 and £ — +oo are (3.2.4) and

a as & — +oo. (3.2.8)

Remark 3.2.3

Note that the families of functions satisfying the equations obtained in Theorem 3.2.2
and Theorem 3.2.3 are lumped together in a rough form in Figure 3.2.2, although their
asymptotic behavior is strictly different.
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u=1-—¢ u=1-¢

r A

u=1

0 €+ 3

Figure 3.2.2: Schematic pictures of the functions defined on the semi-infinite interval such
that each function u(t,x) = 1 — ¢(§) satisfies equation (3.1.1) on a semi-infinite interval
in Theorem 3.2.2 and Theorem 3.2.3. Here it should be noted that the position of the
singular point &, (or £_) are not determined in our studies, however, they are shown in
these figures for the convenience. [Left: In the case that 1 —&?c? > 0.] [Right: In the case
that 1 —&2c? < 0.]

Theorem 3.2.4

Assume that o € 2N, € > 0, and 1 — €2¢®> > 0. Then, for a given positive constant
0 < ¢ < 1/e, the equation (3.1.1) has a family of the traveling wave solutions (which
corresponds to a family of the orbits of (3.1.5)) with singularities at £ — —oo and { — +00.
Moreover, its each function u(t,x) =1 — ¢(§) satisfies the following:

e lim ¢(&) = +oo, gEIEloo (&) = +oo.

E—+o0
e (&) > 0 holds for £ € R.

e There exists a constant £, € R such that the following holds: (§) < 0 for £ €
(—OO,f*), ¢(£*) =0 and 1][)(5) > 0 for g € (5*,4—00)

In addition, the asymptotic behavior for £ — 400 and & — —o0 are

{zé)):g(i—a)) weT (329
and .
$(€) ~ Ce =775 a5 £ —o00 (3.2.10)
with C' > 0.

On the other hand, assume that 1 — e2c?> < 0. Then, for a given positive constant ¢ >
1/e, the equation (3.1.1) has a family of the traveling wave solutions (which corresponds
to a family of the orbits of (3.1.5)) with singularities at £ — —oc and §& — +00. Moreover,
its each function u(t,z) = 1 — ¢(&) satisfies the following:

o lim ¢(&) =—o0, lim ¢(§) = —oc.

{—+o0 §——o0
e $(&) < 0 holds for £ € R.

e There exists a constant &, € R such that the following holds: (§) > 0 for £ €
(—00,&x), ¥(&) = 0 and Y(§) < 0 for § € (&, +00).
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3.3 Dynamics on the Poincaré disk of (3.1.5)

u=1—¢ u=1-4¢
u=1
0 3
u=1
0 "¢

Figure 3.2.3: Schematic picture of the each traveling wave solutions with the singularities
at £ — —oo and & — 400 in obtained Theorem 3.2.4. [Left: In the case that 1 —&2¢? > 0.]
[Right: In the case that 1 — 2c? < 0.] Note that in the figure on the right, the trajectory
in which the maximum of u is above the £-axis is chosen from among the infinitely many
trajectories that correspond to Theorem 3.2.4.

In addition, the asymptotic behavior for £ — 400 and & — —o0 are
(&) ~ —Ce Tt ag £ — 400 (3.2.11)
with C' > 0, and

{¢(€) ~ O(ga), as £ — —oo. (3.2.12)

$(€) ~ O((=§) ™),

Remark 3.2.4

We mentioned that when 1 — e2¢? = 0, ¢(£) can be expressed explicitly as in (3.1.4).
This is the same as the number of order of ¢(£) in (3.2.7), (3.2.8), (3.2.9), and (3.2.12).
However, the detailed relationships and mathematical meanings of these are not known
yet, and will be the subject of future work.

Remark 3.2.5

Some functions obtained in the above Theorems satisfy the equation only on finite interval
or semi-infinite interval. In this chapter, we do not discuss the behavior of the solutions of
(3.1.5) after (&) becomes infinity (outside of the interval on that ¢(&) satisfies (3.1.3)).
It is necessary that more detailed (and hard) analysis in order to study the solutions
after () reaches the singularity. So we leave it open here. It should be noted that
equation (3.1.1) is invariant under translation for spatial coordinates, so many of the same
waves connected together should also satisfy the equation, except at the points where the
derivatives diverge. However, since our interest in this chapter is to study the traveling
waves of (3.1.5) from the viewpoint of dynamical systems, we do not discuss this chapter.

3.3 Dynamics on the Poincaré disk of (3.1.5)

In this section, we study R2U{(¢,¢) | ||(¢, )| = +oc}, i.e., the dynamics on the Poincaré
disk, by the Poincaré compactification. In order to study the dynamics of (3.1.5) on the
Poincaré disk, we desingularize it by the time-scale desingularization

ds/d¢ = ¢~ for € 2N. (3.3.1)
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Since that « is even, the direction of the time does not change via this desingularization.

Then, we have
¢ =6y, , d
{’d), — (]_ _ 6262)_1(—C¢O"(7Z} + 1)7 < - d8> (332)

with 1 — &2¢? # 0. This system (3.3.2) does not have equilibria.

It should be noted that the time scale desingularization (3.3.1) is simply multiplying
the vector field by ¢“. Then, except the singularity {¢ = 0}, the solution curves of the
system (vector field) remain the same but are parameterized differently. Still, we refer to
Section 7.7 of [44] and references therein for the analytical treatments of desingularization
with the time rescaling. In what follows, we use similar time rescaling (re-parameterization
of the solution curves) repeatedly to desingularize the vector fields.

Now we can consider the dynamics of (3.3.2) on the charts U; and V; (j = 1,2).
See [14, 31, 33] and their references for definitions of these local coordinates. Note that
these results described below are consistent with the process shown in Theorem 2 of [31]
and Proposition 1 of [33], assuming ¢ = 0. For the reader’s convenience, the calculation
process is described here considering the case where € > 0.

3.3.1 Dynamics on the chart U,
To obtain the dynamics on the chart Us, we introduce coordinates (), z) by the formulas
p=z/\, Y=1/\

In this chart, it corresponds to ¢ — 0 and ¥ — 400 and the direction in which x is positive
corresponds to the direction in which ¢ is positive. See Figure 2 in [31] for a geometric
image. Then, these transformations yield

{X = (1 -2 (eA otz — \2), ( d > |

o= AT 4 (1 — 2¢?) e x0T — \a),

By using the time-scale desingularization d7/ds = A™%, we have

{)\T = (1 -2~ (ehz™ — \*F2), (3.3.3)

e %+ (1 _ 6202)71(0330&1 _ /\oHrlx)7
where \; = d\/dr and 2z, = dz/dr. The system (3.3.3) has the equilibria
Ef :(\z)=(0,0), FE.:(\z)=(0,M), M =—(1-¢e*c*)c "

The Jacobian matrices of the vector field (3.3.3) at these equilibria are

0 0 M, 0 (1 —e2c?)ot
Ea_(o 0>7 EC:<0 M2>’ MQZT

Therefore, E, is a source when 1 —¢2¢? > 0, and a sink when 1 —¢2¢? < 0. The equilibrium
Ear is not hyperbolic. Thus, to determine the dynamics near EJ, we desingularize it by
introducing the following blow-up coordinates:

A=ro"1\, z=rotlz

(see [14]). Since we are interested in the dynamics on the Poincaré disk, we consider the
dynamics of blow-up vector fields on the charts {\ = 1} and {Z = £1} (see also [31, 33]).
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3.3 Dynamics on the Poincaré disk of (3.1.5)

Dynamics on the chart {\ =1}

1

By the change of coordinates A = r®~!, z = r®*1Z, we have

rr=r(a—1)"11 - 5262)_1(01“0‘(0‘*1):?0‘ — ra2_1),
Ty =2(a— 1)—1(1 _ 8202)—1(Ta2—1j _ C,r.a(oc—&-l)i,a—i-l) + ro’—lza

The time-rescaling dn/dr = r® ~1 yields

{rn = (o= 1)71(1 =2 ero 2z — ), (3.3.4)

Ty =2(a— 1)1 - &%)~ (z — erotizotl) + 2o,
where r, = dr/dn and Z, = dz/dn. The equilibria of (3.3.4) on {r = 0} are

+

ESF :(r,2) = (0,0), E.:(r,z)=(0,Ms), Msz=[-2(a—-1)"11- 52c2)_1]ﬁ,

Note that Mz < 0 when 1 — e2¢2 > 0 and M3 > 0 when 1 — ¢2¢? < 0. The Jacobian
matrices of the vector field (3.3.4) at these equilibria are

—+ [ ~nisee 0 =+ ( ~@woa=s O
Ey : (a— )(() —e2c2) ) , E.: (afl)(()lfz-: c?) e ‘
(a—1)(1—€%c?) T—e2c2

Therefore, ES_ is a saddle, and Ez is a sink in the case that 1 —¢2¢? > 0. In addition, ESF
is a saddle, and Ect is a source in the case that 1 — e2¢? < 0.

Furthermore, since | — (o — 1)71(1 — 2¢?) 71| < | — 2(1 — €2¢2)7!] holds, trajectories
near E;r are tangent to {z = Ms,r > 0} as n — +oo. The solutions around Ect are
approximated as

_ 1
r(n) = Cre @=00-2"(1 4 o(1)),

) 2 . as n — 400 (3.3.5)
z(n) = Cae =227 4 Mz(1 + o(1)),

with constants C7 and Cs.

Dynamics on the chart {z =1}
By the change of coordinates A = r®~!\, = r*1 and time-rescaling dn/dr = 7“0‘2_1, we
have

{rn =(a+ 1)+ (a+ 1)1 = 22) 7 Herat? — paatl),

S = —(a— D@+ DA+ (ot 1711 — 22 @ert1x -y O30

If 1 —2¢® > 0, then the equilibrium on {r = 0,\ > 0} is (r,\) = (0,0). The Jacobian
matrix of the vector field (3.3.6) at this equilibrium is

! 0
(0,0) : a+1 o1
a+1

Therefore, the equilibrium (0, 0) is a saddle. )
If 1 —e2¢? < 0, the system (3.3.6) has the equilibria on {r = 0, A > 0}

() = (0,0), (nA) =(0,My), My=[-2""(a—1)(1—c2)]a >0,
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The Jacobian matrices of the vector field (3.3.6) at these equilibria are

— 0
0,0:| a1 |, (0,M4):<2 )
_ 0 a—1
a+1

Therefore, the equilibrium (0, 0) is a saddle, and (0, My) is a source.

Dynamics on the chart {z = —1}

The change of coordinates A = r* 1\, x = —r%*! and time-rescaling dn/dr = pot=1 yield

{rn = —(a+ 1)+ (a+1) L1 = e2e2) Y (erot? — Aot (3.3.7)

A= (a—=D(a+ 1) N+ (a+ 1)1 — 2¢?) 7L (2era N — 229F2),
If 1 — 2¢? > 0, the system (3.3.7) has the equilibria on {r = 0, A > 0}
(r3) = (0,0), (rA) = (0, M), Ms=[2""(a—1)(1 —P)]a1 > 0.

The Jacobian matrices of the vector field (3.3.7) at these equilibria are

1 . R
(0,0) : atl ], O0M):| "2 .
0 ) 0 —a-1
(6%

Therefore, the equilibrium (0, 0) is a saddle, and (0, M5) is a sink.

If 1 —£2¢? < 0, then the equilibrium on {r = 0, A > 0} is (r, A) = (0,0). Eigenvalues of
the linearized matrix are —(a+1)"! and (o —1)(a+1)~! with corresponding eigenvectors
(1,0) and (0,1), respectively. Therefore, the equilibrium (0, 0) is a saddle.

Combining the dynamics on the charts {\ = 1} and {# = 41}, we can obtain the
dynamics on Uj (see Figure 3.3.1). The figure for the case 1 — 2¢? < 0 can be drawn in
the same way as for the case 1 — £2¢? > 0.

3.3.2 Dynamics on the chart V,

In this chart, it corresponds to ¢ — 0 and ¥ — —oo and the direction in which z is
negative corresponds to the direction in which ¢ is positive. The change of coordinates

¢=—x/A P=—1/A

give the projected dynamics of (3.3.2) on the chart Vs:

(3.3.8)

Ar = (1 —&2¢2) 7 edz® 4+ \2H9),
Ty = o 4 (1 o 5202)_1(0560‘“ + )\oz-i—lx)7

where 7 is the new variable introduced by dr/ds = A(s)™®. The system (3.3.8) has the
equilibria

E; :(\z)=(0,0), Es:(\z)=(0,M), M =—(1-e**)c"

The Jacobian matrices of the vector field (3.3.8) at these equilibria are the same as that
of Ug.
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[y
™
_J

| _________________
/ [ Blow-upof Bf ) )

SR

Bt r

9 [Dynamicsoon Ugj )

Figure 3.3.1: Schematic pictures of the dynamics of the blow-up vector fields and Us in
the case that 1 — &2¢? > 0.

The system (3.3.8) can be transformed into (3.3.3) by the change of coordinates
(A, x) = (=A,x). Therefore, it is sufficient to consider the blow-up of singularity E; :
(A, z) = (0,0) by the formulas

A=r1 z=r"tz with A=1.

Then, we have

{rn = (a = 171 = 2~ ero 2z + 1), (3.3.9)

Ty =2(a — D71 - 27—z — erotlzett) 4 79,

where 7 satisfies dn/dr = r**~!. The equilibria of (3.3.9) on {r = 0} are
1

Ey : (r,z) =(0,0), E,:(rz)=(0,Ms), Ms=[2(a—1)"11—e*?)"1]aT.

Note that Mg > 0 when 1 — e2¢? > 0 and Mg < 0 when 1 — e2¢? < 0. The equilibrium
E, is a saddle with the eigenvalues (o — 1)71(1 — &2¢?)7! and —2(a — 1)7}(1 — &2¢2) 7!
whose corresponding eigenvectors are (1,0) and (0, 1), respectively for both 1 —&2¢? > 0
and 1 —e2¢? < 0.

When 1 — £2¢2 > 0 holds, E,, is a source with the eigenvalues (o — 1)71(1 — g2¢?)~!
and 2(1 — £2¢?)~! whose corresponding eigenvectors are (1,0) and (0, 1), respectively.
Furthermore, F, is a sink in the case that 1 —&2¢? < 0.

The solutions around E, are approximated as

1
() = Crel T2 (1 + o(1)),

a #n as 17— —o0
z(n) = Coer1=<22" 4+ Mg(1 4+ o(1)),
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with constants C; and C5. This equation will be used later in Subsection 3.4.1 to derive
the asymptotic behavior for £ — £_ + 0.

3.3.3 Dynamics on the chart U,

Let us study the dynamics on the chart U;. In this chart, it corresponds to ¢ — 400 and
1) — 0. The transformations

¢=1/A v =z/A

Ar = AT, (3.3.10)
= (1 -2 H—cx + A\ — 22 o

yield

via time-rescaling dr/ds = A\~%. This system has the equilibria
eq (N z)=(0,0), ec:(\x)=(0,M;), M;=—c(1—e*?*)""

Note that M7 > 0 when 1 — £2¢? < 0 and M7 < 0 when 1 — £2¢? > 0. The Jacobian
matrices of the vector field (3.3.10) at these equilibria are

o - 0 O .- — M~ 0
O\ o0 M) ¢ 0 -M; )
Therefore, e, is a source when 1 — e2¢? > 0, and should matches E. When 1 —&2¢? < 0,
e 1s sink and should matches F..
In a similar way to [31, 33|, the dynamics near ear can be determined by the center

manifold theorem (for instance, see [9] for the details of it). The approximation of the
(graph of) center manifold can be obtained as follows:

{(A2) |z =2 e+ 0N )}

Further, we can see that the dynamics of (3.3.10) near (0, 0) is topologically equivalent to
the dynamics of the following equation:

)\’T — _)\a+2/c + O()\2a+3).
These results were also obtained in [31, 33]. However, we reproduce them since they will
be used in the proof of Theorem 3.2.4 later.

3.3.4 Dynamics on the chart V;

In this chart, it corresponds to ¢ — —oo and ¥ — 0. The transformations

¢=—1/A, ¢ =—x/A

yield

Ar = —AT, (3.3.11)
T, = (1—62 2)71(_cx_)\a+1)_x2 o

via time-rescaling d7/ds = A\~®. We can see that the system (3.3.11) can be transformed
into the system (3.3.10) by the change of variables: (A, z) — (—A,z). Thus, with the
exception of {\ = 0}, the dynamics of (3.3.11) is immediately obvious from the dynamics
of (3.3.10), however, we summarize the results for the derivation of the asymptotic behavior
(as it is necessary for the proof of Theorem 3.2.3).
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3.3 Dynamics on the Poincaré disk of (3.1.5)

By Ey

Figure 3.3.2: Schematic pictures of the dynamics on the Poincaré disk for (3.1.5) in the
case that o € 2N and € > 0. [Left: Case 1 —¢2¢? > 0.] [Right: Case 1 —&2¢? < 0.] See
also Fig. 3.3.1 for the dynamics around E(J{ for 1 —e2¢% > 0.

This system has the equilibria
eo : (N 2) =(0,0), ew:(\x)=(0,M7), M;=—c(l—e*?*)""

The Jacobian matrices of the vector field (3.3.11) at these equilibria are

. (0 0 o M0
o - 0M7 s oL 0 —M7 .

Therefore, e is a source when 1 — e2¢? > 0, and should matches E.. When 1 — £2¢? < 0,
e is sink and should matches E.. The dynamics near e; can be determined by the center
manifold theorem. In the same way as above, the approximation of the (graph of) center
manifold can be obtained as follows:

{\ )|z ==X e+ ON2T2)). (3.3.12)

Further, we can see that the dynamics of (3.3.11) near (0, 0) is topologically equivalent to
the dynamics of the following equation:

Ar = X2 /e 0N, (3.3.13)

3.3.5 Dynamics and connecting orbits on the Poincaré disk

Combining the dynamics on the charts U; and V; (j = 1,2), we obtain the dynamics on
the Poincaré disk that is equivalent to the dynamics of (3.1.5) (or (3.3.2)) in the case that
« is even as the following Proposition (see also Figure 3.3.2). We set the phase space ®
as follows:

= {(¢,%) | (¢,¢) e R2U{||(¢,9)|| = +00}}.
Note that in Figure 3.3.2, the circumference corresponds to {||(¢, )| = +oo}.

Proposition 3.3.1
Assume that « € 2N and ¢ > 0. Then, the dynamics on the Poincaré disk of the system
(3.1.5) is expressed as Figure 3.3.2 in both cases 1 — e%2¢? > 0 and 1 — &2¢? < 0.
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Proof. First, the dynamics on the Poincaré disk for the case 1 — e2¢? > 0 is immediately
shown by the results of [31, 33]. In exactly the same way as [31, 33], it is proved that there
exists connecting orbits between Ej; and EO+ . Therefore, we can conclude the existence of
orbits that connect e; and Ear , E. and Ear ,and E, and ea' .

Next, we prove it for the case where 1 — e%¢? < 0. In (3.1.5), the transformation of
reversing the positive and negative values of 1 —e2¢c? is equivalent to applying the following
transformation:

p—=—0, Y=, = =€ (3.3.14)
In fact, (3.1.5) becomes

¢ =1,
1/]/ — _(1 o 8262)_1(—C¢ + ¢—o¢)

by the transformation in (3.3.14). This equation corresponds to the reversal of the sign of
1—¢%¢?in (3.1.5). Thus, the dynamics on the Poincaré disk for 1 —e2¢? < 0 is a symmetry
transformation of (3.3.14) over that for 1 — e2¢? > 0. This completes the proof. O

3.4 Proof of Theorems

In this section, we prove the main theorems. If the initial data are located on ®\{¢ = 0},
the existence of the solutions follows from the standard theory for the ordinary differential
equations. Therefore, we consider the existence of the trajectories that connect equilibria
and the detailed dynamics near the equilibria on the Poincaré disk and their asymptotic
behavior. The table 3.1 shows the correspondence between each connecting orbit obtained
by the proposition and the traveling wave described in the theorem proved below.

Table 3.1: The correspondence between each connecting orbit obtained by the proposition
and the traveling wave described in the theorem proved below.

Theorem Connecting orbits
Theorem 3.2.1 between E; and EO+
Theorem 3.2.2 between E. and Ear

Theorem 3.2.3 | between e, and Ej for 1 —&2¢* > 0
between Ef and ef for 1 —&%c? < 0.
Theorem 3.2.4 | between E; and e for 1 —£2¢2 >0
between e, and E; for 1 —e%¢2 < 0.

3.4.1 Proof of Theorem 3.2.1

The proof of existence of the connecting orbits between E;,” and EJ in both cases 1—¢2¢? >
0 and 1 — e2¢? < 0 is obtained in [31], [33], and Proposition 3.3.1. Therefore, there exists
a family of the functions which corresponds to a family of the orbits of (3.1.5).

Next, we prove the existence of a constant &, € (£—,&4). It is sufficient to show the
connecting orbits pass through the line {1y = 0}. This is evident from the existence of
connecting orbits in both cases 1 — e2¢? > 0 and 1 — £2¢?> < 0. Furthermore, this means
that we are giving information about the increase or decrease of .

Finally, we compute the asymptotic behavior of the trajectories near the equilibria Ejy
and Ej as follows. This derivation is a refinement of the discussion in [31, 33]. Note that

52



3.4 Proof of Theorems

the basic idea is the same as the previous ones. However, the detailed principal part is
chosen as carefully as in [35] (see Remark 3.2.1).
Assume that 1 — £2¢? > 0. Using (3.3.5), we then have

dy _ds drdn_ oo
d¢ df ds dr
— ,r—a—l LT

I —a—1 9 —a
N {Cle (“‘”“‘5202>"<1+o<1>>} '{026 =271+ 0(1)) +M3}
&74-12277 2 n -
~ C3e(a—1)(1—5 c“) . {026 1—e2c2 (1 + 0(1)) + M3} as /'7 — +OO
a+1

036(0471)(178262)77

{cgaﬁf"u + 0(1)>}a ta {CQe‘ﬁ?"u + 0(1))}6H M+ -+ (M)

a+1 n
~ Cyele—D0-2) T a5 5 — 400

2

with constants C;. As a note, we emphasize that the last part “~” corresponds to an
improvement from [31, 33] (see Remark 3.2.1).
From this result, we can obtain
dé' a+1

== Cse @ 00-25"(1 4 0(1)) as n— +oo.
U

This yields
_ a1
é.(’]’l) ~ Cﬁe (oz—l)(1—5262)77 —|— 077 07 = R

Set
£y = nEToof(”)’
then we have
+o00 df +oo at1 n
& :/ —~dn = 05/ e (2=D0=2 Ndn < 400,
0 dn 0
Therefore,
a+1

£p —E~Ce @ -2 a5 5 400
holds. Finally, we obtain

x  roftlz

0O =5 ="y =r'm

A ra-l

1 2 o
= {Cl@ (a—1)(1—e2c2) (1+0(1))} .{028 1_5262n(1+0(1))+M3}

2 2
~ Cge (a-na=222)7. {026 =221 4+ o(1)) + M3} as 17— +00
_ 2a n ,%7]
— Cge (a—l)(1—52c2) + 08 . M3 .e (a—l)(1—52c2)
_én
~ _Ce (a—1)(1—e2c2) as n — +00.

Note that the process here is also different from the process in [31, 33], as we have chosen
a more appropriate principal term. Here, in the last relation, since

2a 2
e (a1a-2"T £ ¢ lamn-22) "
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S S
is satisfied by 1 > 0, we choose the term e (e-D1-2%)"

From the above results, we obtain

as n — +00.

B(E) ~ —Ce TN TA" o C(e, —OTT a5 £ 6, 0.

Since the trajectories are lying on {¢ < 0}, it holds that C' > 0. Similarly, the asymptotic
behavior of ¥(€) as € — &4 — 0 for 1 — e2¢? > 0 is also derived. Therefore, we can derive
(3.2.1) and (3.2.2). Furthermore, (3.2.3) and (3.2.4) for 1 —&%¢? < 0 are derived in exactly
the same way. This completes the proof. O

Remark 3.4.1
Rewriting the process of deriving the asymptotic behavior in the proof above, we can see
that

(&) ~Y(€) as £—& -0
holds. This implies that the first equation in (3.1.5) also holds in the sense of asymptotic
behavior. Since this relation does not hold in the results for Theorem 2 of [31] and
Proposition 1 of [33], we believe that this improvement may have improved the accuracy
of the asymptotic behavior.

3.4.2 Proof of Theorem 3.2.2

The proof of existence of the connecting orbits between E. and Ear in both cases 1 —%¢? >
0 and 1 — €2¢? < 0 is obtained in Proposition 3.3.1. That is, in the same way as in the
proof of Theorem 3.2.1, a family of the functions which corresponds to a family of the
orbits of (3.1.5) is shown.

Assume that 1 — e2¢? > 0. In this case, all that remains to be shown is to derive
(3.2.5). The solutions at the around e on the chart V; (matches E.) have the form

A ~ CreM17(1 4 o(1)), Ao — c
ar ~ Coe=M7(1 4 0(1)) + M, TT Tl 2
where C7 and C5 are constants. Then,
dr _drds _ oo,
d¢  dsd§
holds. This yields
E(r)y=17+0Cs, (C3€R).

We can see £ -+ —o0 as 7 — —oo. This relationship shows that
T(§) =6+ Cy (O3 €R)

holds. Therefore, we have

~— { Crei=27 (1 + o(1)) }_1

~ —05671752027
_45
=—Ce 1-<22> as £ — —©

with constants Cs5 > 0 and C' > 0. The reason why C > 0 (C5 > 0) is the trajectories are
lying on {¢ < 0}. Therefore, (3.2.5) can be derived.

Furthermore, (3.2.6) for 1 — 2¢2 < 0 are derived in exactly the same way. This
completes the proof. O
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3.5 Concluding remarks

3.4.3 Proof of Theorem 3.2.3

Assume that 1 — e2¢2 > 0. The existence of the orbits connecting e, and Ear is as

described in Proposition 3.3.1 above. Note that the same is true for 1 — e2¢? < 0. That
is, the existence of the orbits connecting ES“ and ear is as described in Proposition 3.3.1
above. As in the previous proofs of the Theorems, this implies the existence of a family
of the functions which corresponds to a family of the orbits of (3.1.5).

In this case, all that remains to be shown is to derive (3.2.7). The proof is almost
identical to the proof of Theorem 3 in [33]. However, there are some symbols and parts
that are different. We briefly reproduce the proof and describe it below for the reader’s
convenience.

If the initial value is on the center manifold, the solution at around e; on the chart
V1 has the form

A7) = 1 —o(r ),

a+1 1
—a+ T—(Oé+1)-A0
C

as 7T —> —0

z(1) = + 0O\ = O(r7 1)

(a+1)7 + cla+1)Ag
with a constant Ap. These results are derived (3.3.12) and (3.3.13). We then have
b _drds
A€~ ds de
This yields 7(£) = € + C with a constant C.

If ¢(€) is a solution of (3.1.3) (or (3.1.5)), then ¢(£ 4 6) is also solution for any 6 € R.
Therefore, there exists a solution ¢(§) such that the following holds:

&) = -1~ O(T#l) ~ O(&%I) as & — —oo.
In addition, we can obtain
(€)= —eA !~ —0(6557) - O(67Y) = O(6 1) as € — —oc.

Therefore, (3.2.7) can be derived.
Furthermore, (3.2.8) for 1 — e2¢2 < 0 are derived in exactly the same way. This
completes the proof. O

3.4.4 Proof of Theorem 3.2.4

The existence of the orbits connecting E. and ea' (resp. eg ) in the case that 1 —e%¢® > 0
(resp. 1—¢e2c? < 0) is as described in Proposition 3.3.1 above. By focusing on E./, (3.2.10)
and (3.2.11) can be proved in the same way as Theorem 3.2.2. Furthermore, we assume
that 1 —e2¢? > 0. By focusing on ear, (3.2.9) can be proved in the same way as Theorem
3.2.3. Similarly, by focusing on e, when 1 — £2¢? < 0, we obtain (3.2.12). This completes
the proof. O

3.5 Concluding remarks

The general MEMS type equation is a combination of hyperbolic and parabolic equa-
tions as shown in (3.1.1). In addition, the reaction-diffusion equation with ¢ = 0 is often
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considered for convenience of analysis and comparison. In this chapter, we studied the
existence, information about the shapes, and the asymptotic behavior of traveling waves
with the singularity of equation (3.1.1) by adding 2uy; to the left-hand side of the equa-
tion treated in [31]. Furthermore, by reviewing the process of deriving the asymptotic
behavior obtained in Theorem 2 of [31] and Proposition 1 of [33], and by carefully select-
ing the principal terms, we were able to obtain a better asymptotic behavior than these
results (see Remark 3.4.1). Even if we add e%uy, the asymptotic behavior obtained by
improving the derivation process does not change, and the condition for the wave speed
with respect to the shape, which did not appear in [31], is obtained. In other words,
the existence of this term and its coefficients have a significant effect on the wave speed
and the shapes of the traveling waves. These are studied by applying the framework that
combines Poincaré compactification, classical dynamical systems theory, and geometric
methods for the desingularization of vector fields.

Since the addition of this term changes the type of the equation from parabolic to
hyperbolic, a rigorous discussion of the mathematical formulation of the solution is nec-
essary. As previously mentioned, since the emphasis of this chapter is on discussing how
the behavior of traveling waves changes from the viewpoint of dynamical systems, we do
not discuss it here and leave it for future work.
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Chapter 4

Radial symmetric stationary
solutions for a MEMS type
reaction-diffusion equation with
spatially dependent nonlinearity

Abstract

We consider the radial symmetric stationary solutions of u; = Au — |x|%u"P. We first give
a result on the existence of the negative value functions that satisfy the radial symmetric
stationary problem on a finite interval for p € 2N, ¢ € R. Moreover, we give the asymptotic
behavior of u(r) and «/(r) at both ends of the finite interval. Second, we obtain the
existence of the positive radial symmetric stationary solutions with the singularity at
r =0 for p € N and ¢ > —2. In fact, the behavior of solutions for ¢ > —2 and ¢ = —2
are different. In each case of ¢ = —2 and ¢ > —2, we derive the asymptotic behavior for
r — 0 and r — oo. These facts are studied by applying the Poincaré compactification
and basic theory of dynamical systems. This chapter is based on the following published

paper ([33]):

Ichida, Y., Sakamoto, T.O.: Radial symmetric stationary solutions for a MEMS
type reaction-diffusion equation with spatially dependent nonlinearity, Jpn. J.
Ind. Appl. Math. 38, no. 1, 297-322 (2021).

4.1 Introduction

In this chapter, we consider the following MEMS type reaction-diffusion equation
up = Au— |z|%u”P, t>0, xeR", (4.1.1)

with 3 < n € N, p € N and ¢ € R. This equation arises in the study of the dynamic
deflection of an elastic membrane inside a micro-electro mechanical system (MEMS).

In the case of one-dimensional space, the function u represents the distance between
the membrane and the fixed bottom plate. The function |z|? is a particular choice of
the permittivity profile (the dielectric property of the membrane) (for instance see [27]
and references therein). Guo-Morita-Yotsutani [27] studied the self-similar solutions for
one-dimensional case of (4.1.1). It was proved the existence of backward solutions and
given a detailed analysis of the behavior of global solutions at the origin.
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Chapter 4 Radial symmetric stationary solutions for a MEMS type reaction-diffusion
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There have been a lot of research in the MEMS equation recently, especially, touchdown
(quenching) phenomena (see [15, 16] and references therein). Further, we refer the readers
to works [17, 59] and references therein for more details on the background and derivation
of the MEMS model.

We study the stationary solutions of (4.1.1), namely we consider the following equation:

Au—|z|fu"P =0, =xe€R"™

This chapter is devoted to the study of the radial symmetric stationary solution of (4.1.1).
That is, we study the following equation (the radial symmetric stationary problem):

n—1 _ d
W ——u =P =0, '

= — 4.1.2
r dr’ ( )

where r = |z| > 0.

From the results in [41], asymptotic behavior of the radial solutions and uniqueness of
singular ground states for a reaction-diffusion equation with spatially dependent nonlin-
earity are proved by applying the invariant manifold theory of dynamical systems. More
precisely, it was devoted to the study of positive solutions of semilinear elliptic equation

Au+ K(|z)u* =0, zeR" (4.1.3)

n 4+ 2

n—
existence of the radial symmetric stationary solutions of (4.1.3) and detailed information
about the asymptotic behavior of them. Further, we note that our problem corresponds
to (4.1.3) in the case that K(|z|) = —|z|? and 0 > ¢ (= —p) € Z.

As in [41], we introduce the following change of variables:

for

< ¢ € R, n > 3, where K(|z|) satisfies some conditions. They studied the

t=logr, a(t)=r"%u(r), a:=(q+2)/(p+1). (4.1.4)
Then, (4.1.2) is transformed into the following:

d d?
.. v B - ._a . an
i+ (2a+n—-2)a+ala+n—2)a—a? =0, < = and © = t2> . (4.1.5)

Since r — oo as t = logr — o0, to discuss the asymptotic behavior of the solutions
for (4.1.2) as r — oo, we study that of the solutions for (4.1.5) as t — oo. Similarly, to
discuss the asymptotic behavior for r — 0, we consider the following change of variables:

t=—logr, a(t)=r"%(r), a:=(q¢+2)/(p+1). (4.1.6)

Then, we have
i—(2a+n—-2)a+ala+n—2)a—a?=0. (4.1.7)

In order to study the solutions for (4.1.5) and (4.1.7), we consider the dynamics of the
following ordinary differential equation

a+Aa+Ba—aP?=0

or equivalently,

0=,
{ b=—Ab— Ba+a?, (4.1.8)

A=02a+n—-2), B=ala+n—2) and 6==l1.

where
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4.1 Introduction

We set

pri=—2—-(n—-2)(p+1) and p,:= —2—%(71—2)(294- 1).

Then, the sign of the constants A and B depend on the parameters ¢ and ¢ as shown in
Table 4.1.

) ‘AorBHq<p*‘q:p*‘p*<q<p* De < q < —2 q:—2\q>—2
1 A — — — - - +
1 B + 0 — — 0 +
-1 A + + + — — —
-1 B + 0 — — 0 +

Table 4.1: The sign of A and B.

We can see that there are the ranges of parameter ¢ such that A and B attain the
same sign on both of them. For instance, sign(A, B) = (4, +) holds for ¢ > —2,§ = 1 and
q<p*,d=-1.

The dynamical system approach works well to the equation (4.1.3) as shown in [41].
Similarly, we expect that it works well for our problem (4.1.8). However, the negative
powers nonlinear term a P could induce the singularity in finite time (see [49, 50]). There-
fore, we apply the Poincaré compactification (see Section 1.1) to the dynamical system of
(4.1.8) to obtain the detailed information of the solutions for (4.1.2). Then, the following
three theorems are main results of this chapter:

Theorem 4.1.1

Assume that n > 3, p € 2N and q € R. Then, there exists a family of the functions (which
corresponds to a family of the orbits of (4.1.8)) defined on the finite intervals such that each
function u(r) satisfies equation (4.1.2) on a finite interval (r_,ry) (0 <r_ <ry < +00).
Moreover, for each function u(r), the followings hold:

e
lim '(r) = oo, lim /(r) = —cc.
r—r4—0 r—r_+0

e u(r) <0 holds forr € (r_,ry).

e There exists a constant r, € (r_,r4) such that the following holds: u'(r) < 0 for
r € (r-,rs), v'(re) =0 and u/(r) > 0 for r € (ry,r4).

In addition, asymptotic behavior for r — r_ +0 and r — ry — 0 are

_2
u(r) ~ =Cr(logry — logr)ﬁl,i L as o7y —0
u'(r) ~ —Car® t(logry —logr)r+t 4+ Cr® (logr, —logr) »+i
(4.1.9)
and

_2
u(r) ~ =Cr (—logr_—l—logr)pH?L s 40
u'(r) ~ —Car® Y(—logr_ +logr)rl — Cr®(—logr_ +logr) »t |
(4.1.10)
with C > 0.
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Remark 4.1.1

In Theorem 4.1.1, each function u(r) satisfies (4.1.2) only on the finite interval. In this
chapter, we do not discuss the behavior of the functions of (4.1.2) after u'(r) becomes
infinity. It is necessary that more detailed (and hard) analysis in order to study the
functions after u'(r) blows up, and so we leave it open here. Asymptotic behaviors for
both u(r) and u'(r) that are more accurate than in [33] were obtained after publication
of the paper. Note that this was obtained by refining the asymptotic form, as will be
discussed later in the proof.

Theorem 4.1.2

Assume that n > 3, p € N and ¢ > —2. Then the equation (4.1.2) has a family of positive
radial symmetric stationary solutions (which corresponds to a family of the orbits of
(4.1.8)) with the singularity at r = 0. Moreover, each solution u(r) satisfies the followings:

o limu(r) =+oo, lim wu(r)=+oo.
r—0 r—-+00
e u(r) > 0 holds for r € (0,+00).

In addition, asymptotic behavior of u(r) are
u(r) ~Cr®¥™ as r—0
with C' > 0 and for r — 400, the following holds:
C1roto1 4 Corotoz 4 TaBP;Jrll, (F > 0),
—1
u(r) ~{ Cir*7logr + (Cy + Cs)r®™? + rBrit,  (F =0),
P Borl 4 po5" <C’4 - [sin 7"2D| logr] + Cj - [cos —V‘QD| logr]) , (F<0),

where C; are constants, and

~A++vVD ~-A-+VD A F
= 5 02 = ——(—, O = —— D:

o1 2 2 2 (p+ 12

with
F=mn-22p+1)2+4p(¢+2){-¢—2—(n—2)(p+1)}.

Here it should be noted that for F' < 0, we can observe that u(r) go to infinity with
damping oscillatory terms.

Theorem 4.1.3

Assume that n > 3, p € N and ¢ = —2. Then the equation (4.1.2) has a family of positive
radial symmetric stationary solutions (which corresponds to a family of the orbits of
(4.1.8)) with the singularity at r = 0. Moreover, each solution u(r) satisfies the followings:

m u(r) = +oo.

o limu(r)=-+oo, 1l
r—0 r—+400

e u(r) > 0 holds for r € (0,+00).
In addition, asymptotic behavior for r — +o0o and r — 0 are

u(r) ~ O({logr}™1) as r — +oo,

u(r) ~Cr®™ as r—0

with C' > 0.
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4.1 Introduction

For the case that ¢ = —2, we refer to [31] for the proof of Theorem 4.1.1 except the
asymptotic behavior (they will be discussed in Section5).

We note that the equation dealt with in the chapter [31] is actually a special case of
the MEMS type equation (4.1.1). More precisely, we studied the following equation:

U =Uge + (1—u)™?, t>0, z€R, peN. (4.1.11)

Here we see the relationship between (4.1.8) and (4.1.11) as follows. Substituting v(¢,x) =
1 —u(t,x) into (4.1.11), we have

Vp = Uggp — U P

and it gives (4.1.1) with n = 1 and ¢ = 0. We then consider the quasi traveling waves with
quenching (see [31] for the definition) of the above equation by introducing the following
change of variables:

a() =v(t,z), &€=x—ct, c¢>0.

The function a(§) satisfies the following equation:

d
a"+cd —a?=0, £€R, '=—

or

a =b,

This equation agrees with (4.1.8) (A = ¢ and B = 0). We then note that results in [31]
are included in Theorem 4.1.1.

Further, let us consider the radial symmetric problem of the multi-dimensional version
of (4.1.11) with spatially dependent nonlinearity:

_ || n
that is,
, n—1, rd
=0 0. 4.1.14
w + , w + (1 —’U))p ) r> ( )

In the case that ¢ = 0 of (4.1.13) is strictly corresponding to the multi-dimensional version
of (4.1.11). Then, we can see that the equation (4.1.14) is equivalent to (4.1.2) with
u(r) =1 —w(r). Therefore, the function u(r) obtained in Theorem 4.1.1 gives a positive
function w(r) =1 — u(r) > 1 that satisfies (4.1.14) on a finite interval and |w’(r)| goes to
infinity at both ends of the interval.

It should be noted again that (4.1.12) has a singularity in finite time, that is, a'(&)
blows up in finite time. From the viewpoint of the dynamical system approach, as shown
in [31], such solution corresponds to an orbit which goes to (+00,0) on R? > (a,b) in
finite time. In this chapter, we show that the similar approach works well and give the
information for the radial symmetric stationary solutions of (4.1.1) as stated in main
Theorems.

Indeed, we obtain whole phase portrait of (4.1.8) on R? U {|/(a,b)|| = oo} in the
latter section. Then each orbit should correspond to a function satisfying (4.1.2) on an
interval (r €)I C [0,00). Therefore, if it is possible to classify all orbits and compute the
asymptotic behavior for each class of orbits, we can classify all solutions for (4.1.2).

As we will note in Section 4.6, there are orbits for that we cannot obtain the asymptotic
behavior in this chapter. However, in authors knowledge, there has been no studies of
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(4.1.2) with dynamical system approach, therefore, our results will give first step for the
studies of (4.1.2) from the viewpoint of geometric (dynamical system) approach.

This chapter is organized as follows. In the next section, we study the dynamics
near the finite equilibria of (4.1.8). In Section 4.3, we obtain the dynamics of (4.1.8)
with p € 2N on the Poincaré disk via Poincaré compactification and basic theory of the
dynamical systems. Section 4.4 is devoted to showing the phase portraits of (4.1.8) on
the Poincaré disk in the case that p is odd. In Section 4.5, the asymptotic behavior of
the trajectories that corresponding to the function satisfying (4.1.2) on the finite interval
or (0,00) and the proofs of Theorems will be completed. Section 4.6 is devoted to the
conclusions and remarks.

4.2 Dynamics near finite equilibria of (4.1.8)

Before starting the detailed analysis, we study the dynamics near finite equilibrium of
(4.1.8). This gives a demonstration to see the relationship between the dynamics of (4.1.8)
and asymptotic behavior of the solutions for (4.1.2). If B # 0 and p is even (resp. p is
odd), then (4.1.8) has an equilibrium Ep : (a,b) = (BPTll,O) (resp. have the equilibria
+Ep : (a,b) = (£B71,0) ).

Let J be the Jacobian matrix of the vector field (4.1.8) at E. Then, the behavior of
the solution around Ep is different by the sign of F' (which is defined in Theorem 4.1.2).
For instance, the matrix J has the real distinct eigenvalues if F' > 0 and other cases can
be concluded similarly. In addition, if n > 3, ¢ > —2 and § = 1, then the real part
of all eigenvalues of J are negative. Even in cases other than ¢ > —2, we can similarly
determine the stability of the equilibrium Eg. Then, the stabilities of the equilibrium Epg
are obtained as in Table 4.2.

Ep |a<p |a=p"|p<qg<-2[qg=-2]q>-2
0=1 source — saddle — sink
0=-—1 sink — saddle — source

Table 4.2: The stabilities of the equilibrium Ep.

Remark 4.2.1
The equilibrium Ep does not exist in the case that ¢ = —2 and q = p*.

Therefore, we can obtain the asymptotic behavior of u(r) for r — +oo in Theorem
4.1.2 by considering the asymptotic dynamics near Ep via (4.1.4) or (4.1.6) (see Section
4.5 for more details).

4.3 Dynamics on the Poincaré disk of (4.1.8) : p is even

In order to study the dynamics of (4.1.8) on the Poincaré disk, we desingularize it by the
time-scale desingularization

ds/dt = {a(t)}"P for pe2N. (4.3.1)

Since we assume that p is even, the direction of the time does not change via this desin-
gularization. Then, we have

a’ = aPb, , o d
{ b/ = —AaPb — Bap+1 + 1’ < — d$> . (432)
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4.3 Dynamics on the Poincaré disk of (4.1.8) : p is even

In this section, we only discuss the case that p is even. The odd case is discussed in the
next section.

It should be noted that the time scale desingularization (4.3.1) is simply multiplying the
vector field by aP. Then, except the singularity {a = 0}, the solution curves of the system
(vector field) remain the same but are parameterized differently. Still, we refer to Section
7.7 of [44] and references therein for the analytical treatments of desingularization with
the time rescaling. In what follows, we use the similar time rescaling (re-parameterization
of the solution curves) repeatedly to desingularize the vector fields.

Now we can consider the dynamics of (4.3.2) on the charts U; and V/;.

4.3.1 Dynamics on the chart U,

To obtain the dynamics on the chart Us, we introduce coordinates (), z) by the formulas

a(s) = z(s)/A(s),  b(s) = 1/A(s).

Then, we have
N = AgPA"P 4 BaPHINI=P _ )2
{ ' = xPATP + AxPTINTP 4 BaPT2)\7P — g\,

Time-scale desingularization d7/ds = A(s)™P yields

{ Ar = AzP\ + BaPtI)\ — \PF2,

zy = 2P + APt 4 BagPt2 — gt (4.3.3)

where A; = d\/dr and =, = dz/dr. When the parameter ¢ is other than ¢ = p*, ¢ = -2,
the system (4.3.3) has the equilibria

Ef - (\x) = (0,0),

. (g A (n—2) , A+ (n—2)
Ei:(\x)= <O, 5B ) and Fo:(\x)= (0, 5B .
The Jacobian matrices of the vector field (4.3.3) at these equilibria are
—A—(n—2)\P A—(n—2)
foral 00 jo ( 2B ) 2 0
0 - 0 0 ) 1- 0 (7147(”72));)—1 (n—2)(n—2+A) ’
2B 2B
—A+(n—=2)\P A+ n—2)
( 253 )> (2 0

EQZ

(—A+(n—2))p*1 (n—2)(n—2—A)
2B 2B

Therefore, the stabilities of the equilibria E; and Es5 are determined as shown in Table
4.3.

FEy Hq<p* pr<g<=2|q>-2

=1 sink sink saddle
6 = —1 | saddle sink sink
FEy qg<p* | pr<qg< =2 qg>-2
6=1 saddle source source
6 = —1 | source source saddle

Table 4.3: The stabilities of the equilibria Fq and FEs.
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If ¢ = p* and ¢ = —2, then the system (4.3.3) has the equilibria
Ef :(\z)=(0,0) and E.:(\z)=(0,—[1/d(n—2)]).

The Jacobian matrices of the vector field (4.3.3) at these equilibria are

0 0 §(n —2)t-P 0
EJ:( 0 0 > and Ec:< 0 5(71—2)1_7’)'

In the case that ¢ = —2, if 6 = 1 (resp. 6 = —1), then E. is a source (resp. sink). We
note that A < 0 and B = 0 hold in both cases of ¢ = —2 and ¢ = p* (see Table 4.1).

The equilibrium EO+ is not hyperbolic for ¢ € R. Therefore, to determine the dynamics
near Ear , we desingularize Ear by introducing the following blow-up coordinates:

A=elP I\, z=ePtz

(see Section 1.2 of this thesis and Section 3 of [14] for the desingularizations of vector
fields by the blow-up). Since we are interested in the dynamics on the Poincaré disk, we
consider the dynamics of blow-up vector fields on the charts {\ = 1} and {z = £1}. We
note that they are independent of ¢ € R.

Dynamics on the chart {\ =1}

By the change of coordinates A = eP~!, x = P!z, we have

2 _ 2 _ 2
er = (p—1)71(A4eP “’jlx” + BeP +212’+2:z:p+1 —eP), i .
F, = 2p — 1)~} (= AP Hpgptl _ Ber gt | =1y 4 ort-lgp

21

The time-rescaling dn/dr = e(7)P"~* yields

{ ey = (p — 1) (AeP+2aP + BeWH3rt! —¢), (4.3.4)

Ty = 2(p — 1) (—AePTlgptl — Be%+2zpt2 4 3) 4 7P

The equilibria of (4.3.4) on {¢ = 0} are
By (e,2) = (0,0, By :(e,2) = (0,[-2/(p— 1] 7).

1
Here it should be noted that since Z(n) is real valued, [-2/(p — 1)]?=T denotes the real
solution of the equation: 2(p—1)~'+zP~! = 0. The Jacobian matrices of the vector fields
(4.3.4) at these equilibria are

p—1

Therefore, Eg is a saddle, and E;r is a sink.

Moreover, since |1/(p — 1)] < 2 holds, trajectories near E; are tangent to {T =

1
[-2/(p—1)]*~T,e > 0} as n — +o0. The solutions are approximated as

e(n) ~ Cre 7 1(1 + o(1)), (4.3.5)
(1) ~ Coe (1 +o(1) + A, A= (—2) ﬁ. (4.3.6)
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4.3 Dynamics on the Poincaré disk of (4.1.8) : p is even

Dynamics on the chart {z = —1}

By the change of coordinates A = eP~1\, z = —P™L, and time-rescaling dn/dr = (7)P" 1,
we have

ep = —(p+1)71(e — AePT2 + Be?Pt3 4 e )P,
A= @—=1D@+1)" A+ 2(p+ 1)1 (AePIN — B2} — W +2),

The equilibria on {¢ = 0} are

(=) = (0,0), (€3 = (0,[(p—1)/277).

By the further computations, we can see that (0,0) is a saddle, and (0, [(p — 1)/2]#) is
a sink.

Dynamics on the chart {z =1}

The change of coordinates A = eP~!\,  z = Pt and time-rescaling dn/dr = 5(7)p2_1
yield
ey = (p+1)7 (e + AePT2 4 B T3 — o \PHL),
{ A== =1DE+ 1) A +2(p+ 1) (APTIN 4 BeP TN — WF2),

The equilibrium on {&¢ = 0,A > 0} is (0,0). Eigenvalues of the linearized matrix are
(p+1)~tand —(p—1)/(p+1) with corresponding eigenvectors (1,0) and (0, 1), respectively.
Therefore, (g,\) = (0,0) on the chart {Z = 1} is a saddle.

Combining the dynamics on the charts {\ = 1} and {# = +1}, we obtain the dynamics
on Us (see Figure 4.3.1).

- Q\ M_:\ - A N

k[ Blow-up of Ej ]J
a 7 )

+
E E; X

C

u [ Dynamics on Uzj )

Figure 4.3.1: Schematic pictures of the dynamics of the blow-up vector fields and Us in
the case that n > 3, p€ 2N, g = —2 and § = 1.
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4.3.2 Dynamics on the chart V,

The change of coordinates

a(s) = —x(s)/A(s), b(s) = —1/A(s)

give the projected dynamics of (4.3.2) on the chart Vs:

= D p+1 p+2
{)\T AP+ BaPT )\ 4 NP2, (4.3.7)

x,r = aP + APt 4 BaPt2 4 g rtl

where 7 is the new time introduced by dr/ds = A(s)™P. The system (4.3.7) can be
transformed into (4.3.3) by the change of coordinates (A,z) — (—A,z). Therefore, it is
sufficient to consider the blow-up of singularity E; : (A, z) = (0,0) by the formulas

AN=eP I\, z=eP"z with A=1.

Then, we have

{ ey = (p— 1) (APt 2aP 4 B Hiprtl 4 ¢), (4.3.8)

577 — 2(p _ 1)71(_A€P+1jp+1 o Bng+2;ij+2 _ ,f') + P,

where 7 satisfies dn/dT = {e(7)}?"~L. The equilibria of (4.3.8) on {¢ = 0} are

By i (5,3) = (0,0), E, : (&) = (0,12/(p—1]77).

The equilibrium E, is a saddle with the eigenvalues (p — 1)~! and —2(p — 1)~! whose
corresponding eigenvectors are (1,0) and (0, 1), respectively. Further, E; is a source with
the eigenvalues (p — 1)~! and 2 whose corresponding eigenvectors are (1,0) and (0, 1),
respectively.

4.3.3 Dynamics on the chart U,

Let us study the dynamics on the chart U;. The transformations

a(s) =1/A(s), bls) = 2(s)/A(s)

yield

Ar = —ZTA,
{ z; = —Ax — B+ AP — 22 (4.3.9)

via time-rescaling dr/ds = {\(s)}P. If ¢ < p* and ¢ > —2 hold, then the system (4.3.9)
has the equilibria
1
Ep: (A z)=(B»1,0),

Es:(\z) = (o, W) and Ey:(\ )= (0, W)

The stabilities of the equilibrium Ep are same as Table 4.2. If p* < ¢ < —2, then the
system (4.3.9) has only the equilibria E3 and FEj.
The Jacobian matrices of the vector field (4.3.9) at these equilibria are

At(n=2) A—(n-2) 0
Es: 2 , and Ej: 2 .
0 n—2 0 —(n—2)
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Therefore, the stabilities of the equilibria F3 and E4 are determined as shown in Table 4.4
with corresponding the equilibria Fs and FE7, respectively.

Es Hq<p* \p*<q<—2\q>—2

0=1 saddle source source
6 = —1 || source source saddle
Ey Hq<p*\p*<q<—2\q>—2
=1 sink sink saddle
6 = —1 || saddle sink sink

Table 4.4: The stabilities of the equilibrium E3 and Fjy.

The solutions at F4 are approximated as

A—(n—2)

A7)~ Ce 2 T(1+0(1)),
z(1) ~ Ce=(=27(1 4+ o(1)) +

—-A+(n—2)
—

These results will be used to prove Theorem 4.1.2.
If ¢ = p* or ¢ = —2, then the system (4.3.9) has the equilibria

Ep:(A\z)=(0,00) and E.:(\z)=(0,—0(n—2)).

The Jacobian matrices of the vector field (4.3.9) at these equilibria are

B (0 - ) B (0 sy )

In the case that ¢ = —2,if 6 = 1 (resp. § = —1), then E. is a source (resp. sink). Note
that if ¢ = —2 (resp. ¢ = p*), then sign(A4, B) = (£,0) holds for § = £1 (resp. § = F1)
(see Table 4.1).

The solutions at E. are approximated as

A7) ~ Ce=M7(1 4 0(1)),
{ z(1) ~ Ce=M7(1 4 0(1)) + (n — 2).

These results will be used to prove Theorem 4.1.3.

Then, the center manifold theory is applicable to study the dynamics near (0,0) (for
instance, see [9]). It implies that there exists a function h(\) satisfying
_dh
Y
such that the center manifold of (4.3.9) is represented as {(\,z)|x = h(\)} near (0,0).
We shall recall B = 0 holds in both cases of ¢ = —2 and ¢ = p*. Differentiating it with
respect to 7, we have

h(0) 0)=0

dh
=) () = —d(n = 2)h(A) + AP (N}
Then, we can obtain the approximation of the (graph of) center manifold as follows:
{\z) |z =N NT/[5(n—2)]+ 0 (N*2)}. (4.3.10)

Therefore, the dynamics of (4.3.9) near (0,0) is topologically equivalent to the dynamics
of the following equation:

Ar = —XNT2/[5(n — 2)] + O(NPPT3), (4.3.11)

These results give us the dynamics on the chart U;.
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4.3.4 Dynamics on the chart V;,

The transformations
a(s) = =1/A(s), b(s) = —z(s)/A(s)
yield

{ Ar =2, (4.3.12)

zy = —Ax — B — \Pt1 — 22

via time-rescaling d7/ds = {A(s)}P. We can see that the system (4.3.12) can be trans-
formed into the system (4.3.9) by the change of variables: (A, x) — (—A\, z). Therefore, the
dynamics of (4.3.12) is equivalent to the reflected one of (4.3.9) with respect to {\ = 0}.

4.3.5 Dynamics and connecting orbits on the Poincaré disk

Combining the dynamics on the chart U; and V;, we obtain the dynamics on the Poincaré
disk in the case that p is even (see Figure 4.3.2). If Ep is asymptotically stable, then Ep
is stable node for I > 0 and is a stable focus (spiral sink) for £ < 0.

p:even
n>3 g<-2-m=-2)(p+D|-2--2)(p+1)<g<-2 qg=-2 -2<gq

6=1 >
a

bA blf
6=—-1 » e > l >
a a a

ES==y
-
"\

Figure 4.3.2: Schematic pictures of the dynamics on the Poincaré disk in the case that p
is even and F' > 0.

We note that ¢ — oo of § =1 is corresponding to t - —oo of § = —1.

If there exist the connecting orbits between the equilibria at infinity, then they corre-
spond to the functions that satisfy (4.1.2) on a finite interval or (0,00). In particular, if
q = —2, then there exits a family of the connecting orbits corresponding to a family of the
functions such that each function a(t) satisfies (4.1.8) on a finite interval and a(t) go to
infinity in finite time (see [31]). Indeed, these connecting orbits can be parameterized by
position of the intersection of the each connecting orbit and a-axis i.e., let (a*,0) be an
intersection of the each connecting orbit and a-axis, then the connecting orbits between
Ey and Ej are parameterized by a* < 0. Figure 4.3.3 (which is similar one shown in [31])
shows a family of the connecting orbits in the case that ¢ = —2.

Similarly, for ¢ € R, there exists a family of functions that corresponds to a family of
connecting orbits from (a, b) = (0, —o0) to (0, +00). More precisely, we have the following
Proposition.
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4.3 Dynamics on the Poincaré disk of (4.1.8) : p is even

Ef b
’ +a

Ey

Figure 4.3.3: Schematic picture of the dynamics on the Poincaré disk in the case that
p is even and ¢ = —2. The orbits drawn in the black curves correspond to a family of
connecting orbits between Ear and E;. The other orbits and equilibria are drawn in
grayscale.

Proposition 4.3.1
Assume that n > 3, p € 2N and q € R. Then, there exists a family of the functions such
that the each function a(t) satisfies the followings:

(I) a(t) is a continuous function on a finite interval [t_,t;] and it satisfies the equation
(4.1.8) on (t_,ty) (a(t) € C?(t_,t,)NCOt_,ty], —co <t_ <ty < +00).

(II) a(t) has a(t) < 0 (t— <t < ty) and satisfies the following:

lim a(t) =0, lim a(t) = +oo,

t—=t4+—0 t—t4+—0
0 =0, 0 = e

(I1I) a(t) satisfies the following with constant C > 0:
_2

alt) ~ —Clt+ - t)g as t—ty —0,
a(t) ~ C (ty —t) »Hl

2
a(t) ~ —Ct=t-)7 ;_1 as t—t_+0.
a(t) ~ —C (t —t_) »rt

Proof. Since the point (y1,y2,y3) = (0,1,0) on the Poincaré disk corresponds to Ej , we
denote it by Ej as well. Similarly, we denote by E; the point (y1,ys,y3) = (0,—1,0) (see
also Figure 4.3.2). In order to prove Proposition 4.3.1, it is necessary to find the orbits
that connect E; and Ej on the Poincaré disks (see Figure 4.3.2). Moreover, they are
symmetric in § = 1 and 6 = —1. For instance, theoneind =1 and ¢ < —2—(n—2)(p+1)
and the one in § = —1 and ¢ > —2 are the same. Therefore, we need to prove the case of
the four disk in § = 1.

(I) Except for —2 — (n — 2)(p+ 1) < ¢ < —2, the proof of the existence of the connecting
orbits is given in [31]. In the case that —2 — (n — 2)(p + 1) < ¢ < —2, the flow on
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{(a,b) € HL US?|a > 0} and {(a,b) € H; US?|a < 0} are separated by the line {a = 0}
that is invariant under the flow of (4.3.2), and da/db takes the same values except {a = 0}
(see [31]).

Let W*(Ep) and W"(Epg) be the stable and unstable manifolds of Ep, respectively.
Then, there exists a connecting orbit from E; to the stable manifold of Ep (Ep is a
saddle). Similarly, there exists an orbit that connects W*(Eg) and Ej. In the region
surrounded by these orbits and the line {a = 0}, there are trajectories connecting E; and
Ef.

(IT) As shown in [31], we can obtain the asymptotic behavior of a(t) at E:,_ and E; as
follows. We have
dn ds dr dn x

ol P D G I e SN —p.<f)_p
dt dt ds dr ATe c A )

R e s I (rpHa’c)*p

e €—p—1 . i‘_p

~ {cle—ﬁ”u +o(1))}
NCgep =L {Cae™"(1 + of ))—i—A}_p as 1 — 400

TG (1t 01)) + A}

c L}n 1

— p— .

S G (1 + o(1)) + AV

= 036%77 L

{Cae21(1 + o(1) Y + p{Cre21(1 + o(1) P - A+ -+ AP
~ Cer1" as n— +oo

holds with constants C' and C;. Note that this argument is a refinement of [33]. Here,
f(z) ~ g(x) as * — a” means that f(x) — g(z) = o(g(z)) as * — a, equivalently,

This yields

Set t4 = lim ¢(n), then we have

17— —+00
OO dt T pht
ty = / —dn = C’/ e iflndn < 4-00.
0 dn 0

Therefore,

= ——T =€
ep—

x
A
1
N{Cle‘pfl"(uo } {Coe (1 + 0(1)) + A}
~ Cye »— =yl {026 277( +o(1 +A}
=Cse p—177€*277_|_c4.A.6 p7177
_2p __2

=Cse 1"+ Cy-A-e 1"

_2
~ —Ce »17,
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4.4 Dynamics on the Poincaré disk of (4.1.8) : p is odd

p:odd

n>3 g<=-2—-n=-2)(p+D|-2--D(p+1)<g<-2 qg=-2 -2<gq
b4 bA ba bA
5:1 s l > -->- ‘ >
* a a a a
‘
ba bA bf bA

O
C
Je

C

=

=

Figure 4.4.1: Schematic pictures of the dynamics on the Poincaré disk when the parameter
p is odd and F' > 0.

2 2
Here, in last relation, since e < eTp (n > 0) is satisfied by —2p/(p — 1) <
—2/(p — 1), we choose the term with the greater influence when 7 — +o00. Therefore, we
have

2

a(t) ~ —Ce 71" o —C(ty —t)741  (t—t; —0).

Since the trajectories are lying on {a < 0}, it holds that C' > 0. Similarly, we can obtain
the rates for a(t) as t — t_ and a(t) = b(t) as t — ti. This completes the proof of
Proposition 4.3.1. O

4.4 Dynamics on the Poincaré disk of (4.1.8) : p is odd

In this section, we consider the dynamics (4.1.8) on the Poincaré disk in the case that p
is odd. We desingularize it by the time-scale desingularization

ds/dt = {a(t)} P71

Then, we have
a' = aPtlh, , d
{ Y = —AaPT1h — BaPt2 +a, < = d8> . (4.4.1)

As in the previous section, we can consider the dynamics of (4.4.1) on the charts U, and
V. Since the direction of the time does not change via (4.3.1) on H(4 ,~¢) := {(a,b) €
H, US'|a > 0} for both even and odd cases, the flow of (4.4.1) on H( ,~) for p € 2N—1
is similar to that of (4.3.2) on H({ ,~0) for p € 2N. Moreover, (4.4.1) is invariant under
the mapping:(a, b) — —(a,b). Therefore, we can draw the phase portraits on the Poincaré
disk of (4.1.8) when p is odd as shown in Figure 4.4.1 (cf. the flow on {a > 0} of Figure
4.3.2).

The trajectories that connect equilibria on the Poincaré disk correspond to the solutions
(which includes the functions satisfying the equation on the finite intervals) to (4.1.2).
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Hence, it is possible to compute the asymptotic behavior of them as in the even case. The
detailed dynamics of (4.1.8) around the equilibria, which gives asymptotic behavior, on
the Poincaré disk is discussed in the next section.

4.5 Proof of the Theorems

In this section, we prove our main results. If the initial data are located on Hy \ {a = 0},
the existence of the solutions follows from the standard theory of ordinary differential
equations. Therefore, we only consider the existence of the trajectories that connect
equilibria and the detailed dynamics near the equilibria on the Poincaré disk.

4.5.1 Proof of Theorem 4.1.1

We first give the proof of Theorem 4.1.1 as follows.
Proof. The results are immediately follows by Proposition 4.3.1 and [31]. Still, we note
that

u'(r) = dir{raa(é logr)} =r* Haa+b) for &=+l

holds and the computations of asymptotic behavior for r — r— +0 and r — r; — 0 as
follows. Using u(r) = r®a(t), t = +logr, we have

2
u(r) ~ =Cr%(logry —logr)r*1 as r—ry —0

and )
u(r) ~ —Cr*(—logr_ +logr)r+T as r—r_+0.

Similarly, we can obtain the rates for b(t) as t — ¢, and asymptotic behavior (4.1.9)
and (4.1.10). This completes the proof. O

4.5.2 Proof of Theorem 4.1.2

Next, we give the proof of Theorem 4.1.2 as follows.
Proof. Suppose that ¢ > —2 and p € N. First, we note that the flow on {(a,b) €
H,US%*|a > 0} and {(a,b) € Hy US?|a < 0} are separated by the line {a = 0}. In
other words, any trajectories start from the point on the unstable manifold W"(Ey) of
E, cannot go to {(a,b) € Hy US?|a < 0} in the case that § = 1 (see Figures 4.3.2,
4.4.1). We can observe that any trajectories that start from the point on W*(Ey) must go
to the equilibrium Ep by considering the dimension numbers of the stable and unstable
manifolds. Then it holds that there exist the connecting orbits from F, to Ep.
Similarly, we obtain the connecting orbits from Ep to E4 in the case that § = —1.
Therefore, we conclude the existence of the positive radial symmetric stationary solutions.
Second, we derive the asymptotic behavior for r — oco. We focus our attention on the
dynamics around Ep. It is divided into three cases by the value of F. We define

1
a:=a—B »1 and b:=0.
Then, there are three cases to consider:

(I) Let us consider the case that F' > 0, namely, the matrix J has the real distinct

eigenvalues
—A++vVD —A—-+D
= —_—, 0'2 = —\

a1 2 2
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(1)

The eigenvectors corresponding to each eigenvalue are

a=(3) (2

We then obtain the following asymptotic behavior:

(1) -0(2)meo(2)

with any constants C; and Cs. Therefore, the solution around the equilibrium Ep
is

—1
a(t) ~ Cre?tt + Coe2t 4 Bl
b(t) ~ Cro1e7tt + Cooge?t,

Using (4.1.4), we can derive the following:
—1
u(r) ~ C1r@e”™ + Cor®e! 4 r*Brtl
—1
~ Crroto 4 Cor®to2 L p®Brtl  as 7 — oo,
Since ¢ > —2, it hold that

2—n—+vVD
a+o01 <0, and a+02:n2xﬁ<0‘

Consider the case that F' = 0, namely, the matrix J has a multiple real eigenvalue o =

—3 The eigenvector and generalized eigenvector corresponding to the eigenvalue

are
1 c
V] = —A y Vo = A )
- 1-2¢
2 2

with c is arbitrary constant. Therefore, the solution around the equilibrium Eg is

a(t) ~ (Cit + Cy + cCh)e” + Bp;+11,
A A
b(t) ~ —5(C1t + Cy)e’t + Cy <1 — 2> oot
Then, we can derive the following:
u(r) ~ Cit - 77 4 (Cy + cC)re” + r*Biit

—1
=C -1 logr + (Cy + cC)r*t 4 r*BrHl  as r — 00.

Note that we can determine o + o = %n < 0 and
1
lim (r*t7logr) = lim 8T _ g
r—00 r—oo o0

by the L’Hopital’s Rule.
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(ITT) Consider the case that F' < 0, namely, the matrix J has the complex eigenvalues
-A 1
c=putiv= - + ZEV‘DL The eigenvectors corresponding to each eigenvalue are

(1))

The function a(t) and b(t) are expressed as following:

(80 =0 (avm ) =0 1)
(o )= (ot ) (o) )

Therefore, the solution a(t) around the equilibrium Ep is

D D L
a(t) = e 2t (Z(O) sin \/|27t + w(0) cos | ’t) + Bbp 11,

z@z

where

Using (4.1.4), we can derive the following:

u(r) = ree= 3t (z(()) - 8in \/?t + w(0) - cos J?t) + O BPET

—1
+ 7Bt as r — oo.

Last, we can derive the asymptotic behavior for » — 0. Indeed,

dr dr ds
PN N PqP — NP — 1.
G dsa T EATA

This yields 7 = ¢t + C' with a constant C. Therefore, using the approximation of the
solution at Fy4, we have

1 Ak
alt) = § ~ Ce™ 3T = gelrtno2r

— Ce(a+n72)(t+0) _ Ce(a+n72)t.

Since the trajectories are lying on {a > 0}, it follows that C' > 0. Using (4.1.6), we can
obtain as following :

u(r) ~r® - Celt=2t — Op27" a5 0.
This completes the proof of Theorem 4.1.2. O

Remark 4.5.1
It is possible to take the parameters n, p and q so that F' = 0 holds. For instance, ' =0

holds if n = 3, p = 2 and q = (3v/6 — 14)/4. Similarly, there are sets of the parameters
such that F' < 0 and F > 0 holds, respectively.
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4.5.3 Proof of Theorem 4.1.3

Last, we give the proof of Theorem 4.1.3 as follows.
Proof. Suppose that ¢ = —2 and p € N. The proof of existence of the connecting orbits
between E. and Ey at chart U is obtained in [31] with using the Poincaré-Bendixson
theorem. Therefore, we conclude the existence of the singular positive radial symmetric
stationary solutions.

To do this, we compute the asymptotic behavior for r — oo and r — 0 as follows.

(i) If the initial value is on the center manifold, the solution at the around Ej on chart
U4 has the form

1 1
AT = Pl iy M ~ (A
n—o p 1
1
= ML L O(\2pt2

o(r) = o O
for 6 = 1. These results are derived (4.3.10) and (4.3.11). We then obtain the
following:

1

+0(r72) ~ (My + Ms7) ™"

.’L‘(T) - (n — 2)M2 + (n — 2)M37’
with the constants M; (1 < j < 5). We then have
dr drds 1\ 7"
@ dsat 0 =A ()\) L

This yields 7(t) = t + C with a constant C.

If a(t) is a solution of (4.1.8), then a(t+0) is also solution for any 6 € R. Therefore,
there exists a solution a(t) such that the following holds

a(t) = AL~ O(tFT) as t— oo
Since it hold that ¢t = logr and u(r) = a(t) for ¢ = —2, we have
u(r) = a(t) ~ O(tr}rl) = O({logr}ﬁ) as T — 00.
This completes the derivation of rate for r — oo.

(ii) It follows that

dt  ds dt A

This yields 7(t) = ¢t + C with a constant C. Therefore, we use the approximation of
the solution at F,

b e (B

a(t) = % ~ Cem=2T — =2 (t+C) _ oo (n=2)t

with C" > 0. The sign of the constant C’ can be determined by considering the
geometric situations on the Poincaré disk (the orbits starting from the point on
{a > 0} cannot go to the set {a < 0}). We then have

u(r) = a(t) ~ Cem2t = Cp2=" a5 r — 0.
We obtain the derivation of rate for r — 0.

Finally, we can complete the proof of Theorem 4.1.3. O
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4.6 Conclusions and Remarks

In this chapter, we studied whole dynamics of (4.1.8) on the phase space R2U{(a,b) ; ||(a,b)|| =
+oo} and asymptotic behavior of the solutions on an interval I C (0,00) of (4.1.2) by ap-
plying the Poincaré compactification and dynamical system approach. However, there are
connecting orbits whose asymptotic behavior are not discussed (for instance, the orbits on
{(a,b) |a > 0} for ¢ < —2 are not discussed). The reason for that is more detailed analysis

is necessary to obtain the asymptotic behavior, therefore, they will be addressed in future
works.

From the viewpoint of theory of partial differential equations, it should be considered
that how can we formulate the solutions of (4.1.2) on r € [0,00) (or (0,00)) with the
functions u(r) obtained in Theorem 4.1.1. However, since our interest in this chapter is to
study the solutions of (4.1.2) from the dynamical system view point, we did not discuss
it. It should be noted that the mathematical formulation of the solution (in weak sense)
could be obtained by considering a suitable function space as shown in [51] (it will be
addressed in future works as well).

In addition, since the theory of blow-up (desingularization of the vector fields) is not
applicable for the non-polynomial vector fields, we cannot deal with the general case that
p € R. Hence, we leave it open here.
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Chapter 5

Stationary solutions for a 1D pde
problem with gradient term and
negative powers nonlinearity

Abstract

Stationary solutions for the one-dimensional partial differential equation with gradient
term and negative powers nonlinearity are considered. This equation is a kind of MEMS
equation that has the phenomena of MEMS (Micro-Electro Mechanical System) devices
as its background. However, it is not easy to understand the behavior of the solution from
the effect of the nonlinear term. Therefore, the purpose of this chapter is to investigate the
properties of a stationary solution that is a typical solution. That is, we prove the existence
of stationary solutions including singularities, and give information about their shapes
and the asymptotic behavior. Here, the stationary solution with singularity here means a
solution that allows infinity or a solution with an infinite differential coefficient. These are
studied by applying the framework that combines the Poincaré-Lyapunov compactification
and classical dynamical systems theory. The key to use these methods is to reveal the
dynamics including infinity of an ordinary differential equation satisfied by stationary
solutions. This chapter is based on the following published paper ([35]):

Ichida Y., Sakamoto, T.O.: Stationary solutions for a 1D pde problem with
gradient term and negative powers nonlinearity, J . Elliptic Parabol. Equ, 8
(2022) , 885-918.

5.1 Introduction

In this chapter, we consider the following spatial one-dimensional partial differential equa-
tion:

1+ 5u£
(1 —u)*’
where a € 2N, 4 < 8 € 2N, > 0, and § > 0. The equation (5.1.1) arises from the work of
the Micro-Electro Mechanical System (for short, MEMS) model, which has been studied
extensively in recent years, but we generalize the nonlinear terms for mathematical interest
(see [17, 19, 26, 54, 69, 68] and references therein). From the viewpoint of the phenomena
in MEMS devices, the Dirichlet boundary condition is imposed. In general, the MEMS
model is known to induce a touchdown phenomenon (mathematically, quenching). Thus,

Ut = Ugy + t>0, xz€R, (5.1.1)
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clarifying the structure of singularity formation is one of the key problems in this type of
equation. However, the equation (5.1.1) is not easy to analyze since it has gradient term
and negative powers nonlinearity. Since it is not fully understood what kind of solutions
the equation has in the first place, it is also important to clarify this point.

The authors have used a kind of compactification of phase space called the Poincaré
type compactification to investigate the structure of characteristic solutions (e.g. the sta-
tionary solution, the traveling wave solution) of partial differential equations with negative
powers nonlinearity and degenerate parabolic equation ([31, 32, 33]). The Poincaré type
compactification is one of the compactifications of the original phase space (the embed-
ding of R” into the unit upper hemisphere of R"1). See [14, 31, 32, 33, 49, 50] and its
references for details. A brief overview is given in Section 1.1 in this thesis. As noted in
[49, 50], via these compactifications, the infinity for the original phase space corresponds to
the boundary of compact manifolds. For the ordinary differential equations derived from
these partial differential equations, the most important feature of this method is that it
can reveal the dynamics including infinity. Here, we split the boundary and project each
of them to some local charts, and study the dynamics. By combining this information
from some local charts, we can obtain the dynamics including infinity. In the following,
the Poincaré type compactification includes both the Poincaré compactification and the
Poincaré-Lyapunov compactification. The difference between the two is that the vector
field is either homogeneous or quasi-homogeneous, respectively. For the quasi-homogeneity
of a vector field, see Section 1.1 and [49, 50]. In addition, the dynamics including infinity,
obtained by Poincaré-Lyapunov’s one is hereafter referred to as Poincaré-Lyapunov disk.
Here, the Poincaré-Lyapunov compactification is also employed in [13], and corresponds
to the directional compactification in [49, 50].

We note that the equation dealt with in [31] is actually a special case of this equation
(5.1.1). In (5.1.1), this corresponds to the case where y = 1 and 6 = 0. In [31], we
study the quasi traveling waves with quenching of a reaction-diffusion equation in the
presence of negative powers nonlinearity. These are studied by applying the Poincaré
compactification. From the viewpoint of the dynamical system approach, as shown in
[31], such a solution corresponds to an orbit which goes to (0,400) on R? in finite time.
This approach should also be applicable to (5.1.1).

A stationary solution is a typical and characteristic solution in dynamical systems
theory. However, there are limited results on the structure of such solutions for this type
of equation. For instance, in [26], they studied the structure of stationary solutions of
(5.1.1) with zero Dirichlet boundary condition in the case that 8 = 2. It was discussed the
existence of exactly two solutions and the stability of the smaller stationary solutions for
w € (0, "), where u* is a positive finite critical value. In [26], the equation is transformed
using the key transformation proposed in [69] and they have investigated mainly using the
comparison principle.

In this chapter, the purpose is to prove the existence of stationary solutions of (5.1.1)
and to give information about their shapes and the asymptotic behavior. Note that the
stationary solutions include those with singularity. Here, the stationary solution with sin-
gularity here means a solution that allows infinity or a solution with an infinite differential
coefficient. Although this chapter is an extension of [26] in terms of the equation, the em-
phasis is on investigating the shape and asymptotic behavior of stationary solutions from
the viewpoint of dynamical systems theory. Furthermore, by using the Poincaré-Lyapunov
compactification, if it is possible to list the connecting orbits on the Poincaré-Lyapunov
disk corresponding to all the stationary solutions, it will lead to a deeper understanding
of the structure of the stationary solutions. As we will see later (see Subsection 5.3.5,
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Remark 5.3.2, Section 5.5), we did not reach a complete classification of the connecting
orbits, but it is true that they provide many suggestions. With this motivation, we first
consider the problem without any additional boundary conditions. It should be noted that
this method is not used in [26] and is essentially a different approach from it.

We study the stationary solutions of (5.1.1), namely we consider the following equation:

1+ oul

Further, we introduce the following change of variables:

¢ =1-uz), &=w

We then seek the solution ¢(&) of the following equation:

d
¢ =p{1+6(¢)r-07, feR, "= & (5.1.3)
equivalently
¢ =1,
{ W = (1 + 60)p. (5:14)

Note that for any ¢(§) except ¢ = 0, ¢’(§) satisfies the following:
Y’ > 0. (5.1.5)

The equation (5.1.4) is not easy to analyze since it contains the negative powers nonlinear
term ¢~ that yields singularity at ¢ = 0. However, as shown in [31, 33, 32, 49, 50], it is
possible to study the dynamics of (5.1.4) including infinity in a framework that combines
the Poincaré-Lyapunov compactification (see Section 1.1), classical dynamical systems
theory, and geometric methods for desingularization of vector fields (blow-up technique,
see Section 1.2 in this thesis and [14] and references therein).

This chapter is organized as follows. In the next section, we state the main results
of this chapter. In Section 5.3, we obtain the dynamics of (5.1.4) with a € 2N on the
Poincaré-Lyapunov disk via Poincaré-Lyapunov compactification and basic theory of the
dynamical systems. The proof of Theorems will be completed in Section 5.4. Section 5.5
is devoted to the conclusions and remarks.

5.2 Main results

Before explaining the main results, we first give some remarks on the whole. The main
key to obtaining the main results is the availability of a phase portrait corresponding to
the Poincaré-Lyapunov disk in (5.1.4), which will be explained in detail in a later section
(see Section 5.3). Then each orbit should correspond to a solution of (5.1.2). This allows
us to obtain the existence of stationary solutions, their shapes, and asymptotic behavior.
However, some solutions obtained in the following theorems satisfy the equation only on
the finite interval (£_,£4) (—oo < €~ < &4 < 400) or semi-infinite interval. That is, even
though we are considering the equation in the whole domain, we are constructing solutions
that cause singularity at the endpoints of a finite (or semi-infinite) interval. This has also
been reported in [31]. In this chapter, we do not discuss the behavior of the solutions of
(5.1.4) after ¥(§) becomes infinity (outside of the interval on which ¢(&) satisfies (5.1.3)).
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bo=1-u

Figure 5.2.1: Schematic picture of the functions defined on the finite interval such that
each function u(z) satisfies equation (5.1.2) on a finite interval ({_,&4) in Theorem 5.2.1.

It is necessary that a more detailed (and hard) analysis in order to study the solutions
after 1(£) reaches singularity, and so we leave it open here.

From the above discussion, the following theorems were obtained. Hereinafter, note
that the meaning of the symbol (&) ~ g(&) as & — a is as follows:

f@‘ _
9(8)

lim
E—a

Theorem 5.2.1

Assume that o € 2N and 4 < 3 € 2N. Then, there exists a family of the functions (which
corresponds to a family of the orbits of (5.1.4)) defined on the finite interval such that each
function u(x) satisfies equation (5.1.2) on a finite interval (§_,&4) (—oo < £- < &4 < +00).
Moreover, for each function u(x) = 1 — ¢(§), the following holds:

éi%T0¢f§) =0, (m ¢,(§) =0,
(Jim ¢ (§) = +oo, (Jim ¢ (§) = —oo.

e »(£) <0 holds for £ € (§-,&4).

e There exists a constant &, € (§_,&4) such that the following holds: ¢'(§) < 0 for
£ € (§-.&), ¢'(&) =0 and ¢/(£) > 0 for £ € (&, &4).

In addition, asymptotic behaviors for € — &, — 0 and & — £_ 4+ 0 are

B—2
P(§) ~ —A1(&+ — f)rj as €& —0 (5.2.1)
{ F(E) ~ AolEy — &) 7T '

and

B—2
{ P(&) ~ —A3(€ — f—)B’; as £ €10, (5.2.2)
¢(E) ~ —Au(§ = &) 71

where A; >0 (1 < j <4) is a constant.

Remark 5.2.1
Some notes on Theorem 5.2.1 are given. We impose a € 2N and 4 < 3 € 2N for the conve-
nience of the analysis described below. The schematic picture of the function constructed
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to=1-u

A

Figure 5.2.2: Schematic pictures of the functions defined on the semi-infinite interval such
that each function u(z) satisfies equation (5.1.2) on a semi-infinite interval (£_,+00) in
Theorem 5.2.2.

in Theorem 5.2.1 is shown in Figure 5.2.1. No specific evaluation has been obtained for
the endpoints £_ and & of this finite interval. However, they are shown in this figure for
convenience.

Theorem 5.2.2

Assume that o € 2N and 4 < 3 € 2N. Then, there exists a family of the functions (which
corresponds to a family of the orbits of (5.1.4)) defined on the semi-infinite intervals
such that each function u(x) satisfies equation (5.1.2) on a semi-infinite interval (§_,+00)
(—o0 < €_ < +00). Moreover, for each function u(z) = 1 — ¢(§), the following holds:

g—l>i£1+0 ¢(€) = —oo.
e #(&) <0 holds for € € (§-,40).

In addition, asymptotic behaviors are (5.2.2) and

2
— A5\ art
¢ 2> as & — 400, (5.2.3)

P(§) ~ —As < "

in the case that trajectory whose initial data are on a stable manifold of equilibrium at
infinity (¢,1) = (—00,0) of (5.1.4), and

P(&) ~ —As (5 ;A5> as & — +00, (5.2.4)
4

in the case that initial data are not on a stable manifold of equilibrium at infinity (¢, ) =
(—00,0) of (5.1.4) and the trajectories enter (¢,1) = (—00,0). Here, A; € R are constants
and Ay, Az, Ay, Ag > 0.

The schematic picture of the function constructed in Theorem 5.2.2 is shown in Figure
5.2.2. Here it should be noted that the position of the singular point £_ is not determined
in our studies, however, it is shown in these figures for convenience.
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v

Figure 5.2.3: Schematic pictures of the functions defined on the semi-infinite interval such
that each function u(z) satisfies equation (5.1.2) on a semi-infinite interval (—oo, &) in
Theorem 5.2.3.

Theorem 5.2.3

Assume that o € 2N and 4 < € 2N. Then, there exists a family of the functions (which
corresponds to a family of the orbits of (5.1.4)) defined on the semi-infinite intervals
such that each function u(z) satisfies equation (5.1.2) on a semi-infinite interval (—oo, )
(—o0 < &4 < +00). Moreover, for each function u(z) = 1 — ¢(&), the following holds:

(Jim ¢ (§) = +oo.

e »(£) <0 holds for £ € (—00,&4).

In addition, asymptotic behaviors are (5.2.1) and

&= A2> T as £o oo, (5.2.5)

50 ~ s (-4

in the case that trajectory whose initial data are on an unstable manifold of equilibrium
at infinity (¢,1) = (—00,0) of (5.1.4), and

§—As
Ay

P(§) ~ —4s <— ) as {— —o0, (5.2.6)

in the case that initial data are not on an unstable manifold of equilibrium at infinity
(¢,) = (—00,0) of (5.1.4) and the trajectories exit (¢,v) = (—o00,0). Here, Aj € R are
constants and Ay, Az, Ay, Ag > 0.

The schematic picture of the function constructed in Theorem 5.2.3 is shown in Figure
5.2.3. Here it should be noted that the position of the singular point £, is not determined
in our studies, however, it is shown in these figures for convenience.

Theorem 5.2.4

Assume that o € 2N and 4 < 8 € 2N. In the case that o > 8 —1, there exists the function
(which corresponds to the orbit of (5.1.4)) defined on the finite interval such that each
function u(x) satisfies equation (5.1.2) on a finite interval (§_,&4) (—oo < {- < &4 < +00).
Moreover, for each function u(zx) = 1 — ¢(§), the following holds:
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li - li
. &lgrf_oczﬁ(&) oo, lim

e »(£) > 0 holds for £ € (§&-,&4).

e There exists a constant &, € (§_,&4) such that the following holds: ¢'(§) < 0 for
£ € (§-,&), (&) =0 and ¢'(§) > 0 for £ € (&, &4).

In addition, asymptotic behaviors for £ — £y — 0 and £ — £_ + 0 are

¢(&) = +oo.

H(E) ~ Ar(E4 — ) TFT as £ €, —0 (5.2.7)

and
3

B(E) ~ Ag(€ =€) T as €= €40 (5.2.8)

with a constant A; > 0.

On the other hand, in the case that o <  — 1, the equation (5.1.1) has a stationary
solution (which corresponds to the orbit of (5.1.4)) with the singularities at £ — —oo and
& — 400. Moreover, its solution u(x) = 1 — ¢(§), the following holds:

e lim ¢(&) = +o0, 521(5100 (&) = +o0.

E—+o00
e $(&) > 0 holds for £ € R,

e There exists a constant & € R such that the following holds: ¢'(§) < 0 for £ €
(—00,&), ¢'(§) = 0 and ¢'(§) > 0 for & € (&, +00).

In addition, asymptotic behaviors for & — 400 and £ — —o0 are

§— A"
¢(§)~C<B> as & — 400 (5.2.9)
and
£— A\
¢(£)~C<—B> as & — —o0 (5.2.10)
with A€ R, B> 0,C >0, M3 > 0, and we set
1
My B2 a—p+1 < a—1 )ﬁ—2
My=-—=—-—"—"—- My=——7——M, M=|———= _
3 M2 Oé—ﬁ+].’ 2 6—2 1, 1 (5_2)[“8

The schematic picture of the function constructed in Theorem 5.2.4 is shown in Figure
5.2.4. Here it should be noted that the positions of the singular points £_ and &4 are not
determined in our studies, however, they are shown in these figures for convenience.

Corollary 5.2.1
The asymptotic behaviors of ¢'(§) = 1(€) obtained in Theorem 5.2.4 are

W(E) ~ Ag(Es —€) T BT as £ &y —0,

and .
P(E) ~—Ag(§—&) T as (= -0, (5.2.11)
with A; >0 and o > 8 — 1.
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bo=1—u

0 ¢ & & 0 G

Figure 5.2.4: Schematic pictures of the functions defined on the finite interval (resp.
infinite interval) such that each function u(z) satisfies equation (5.1.2) on a finite (resp.
infinite) interval ({_,&4+) (resp. (—o00,400)) in Theorem 5.2.4. [Left: In the case that
a > (3 —1.] [Right: In the case that « < § — 1.]

On the other hand,

— A\ M
wo~C(550) 7w e,
and
£— A\
WY€) ~ —C <_ = ) as & — —oo, (5.2.12)
‘ a—1 a—1
with AE€R, 5>0,0>0,a<f-1 and My = 5— My = —————.

In addition, let W’ (eg) be a stable manifold of ej (which is the equilibrium of the
system (5.3.11)). We denote by W?*(eJ) the stable set, which corresponds to W’ (es) on
the blow-up vector field (5.3.11), of the equilibrium e; of (5.3.7). Similarly, we denote
by W“(ef) the unstable set of ef, corresponding to the unstable manifold of ef on the
blow-up vector field (5.3.10), of the equilibrium el of (5.3.7).

Theorem 5.2.5

Assume that o € 2N and 4 < 8 € 2N. If there exists a connecting orbit that connects
Wt(ef) and W?(e5), then the equation (5.1.1) has a stationary solution (which corre-
sponds to the orbit of (5.1.4)) with the singularities at £ — —oco and £ — +o00. Moreover,
its solution u(x) = 1 — ¢(§), the following holds:

. SETOOQS(&) = +o00, gggloo P(&) = +oo.

e ¢(&) > 0 holds for £ € R.

e There exists a constant & € R such that the following holds: ¢'(§) < 0 for £ €
(_Ooag*% ¢/(€*) = O and ¢,(§) > 0 fOI' € € (5*7_‘_00)

In addition, asymptotic behaviors for & — 400 and £ — —o0 are
E— A
~C|>—

$(¢) ( 5

P(&) ~C <—§_BA> as  { — —oo, (5.2.14)

) as & — 400, (5.2.13)
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A¢:1—u

Figure 5.2.5: Schematic picture of the stationary solution with the singularities at £ — —oo
and £ — +00 in obtained Theorem 5.2.5.

where A € R, B > 0, and C > 0 are constants.

The schematic picture of the stationary solution with the singularities at £ — —oo and
& — +00 in obtained Theorem 5.2.5 is shown in Figure 5.2.5. Here it should be noted that
the positions of the singular points £_ and &4 are not determined in our studies, however,
they are shown in these figures for convenience.

5.3 Dynamics on the Poincaré-Lyapunov disk (5.1.4)

In order to study the dynamics of (5.1.4) on the Poincaré-Lyapunov disk, we desingularize
it by the time-scale desingularization

ds/d¢ = {$()} ™™ for € 2N, (5.3.1)

Since we assume that « is even, the direction of the time does not change via this desin-
gularization. As we will discuss in Section 5.5, we do not discuss the case of @ € 2N + 1
in this chapter, since it is difficult to capture the dynamics near the singularity. Then we

ave ¢(s) = 679 d
s) = ¢™, y_ d
{w’(s)zuwéwﬁ, <_ds). (53.2)

It should be noted that the time scale desingularization (5.3.1) is simply multiplying
the vector field by ¢®. Then, except for the singularity {¢ = 0}, the solution curves
of the system (vector field) remain the same but are parameterized differently. Still,
we refer to Section 7.7 of [44] and references therein for the analytical treatments of
desingularization with the time rescaling. In what follows, we use a similar time rescaling
(re-parameterization of the solution curves) repeatedly to desingularize the vector fields.
Also, we note that the system (5.3.2) has no equilibrium.

Before we consider the dynamics of (5.3.2) on the charts U; and V;, we state the type
and order of this vector field (5.3.2). See Appendix for the definition of local charts. Let
f(¢7 w) = (fl(d)vq/})? f2(¢71/})) be f1(¢7¢) = </>a¢ and f?((ba W =p+ WMB Then we have

the following observation (see Section 1.2 and [49, 50] for more details).

Lemma 5.3.1

The vector field f is asymptotically quasi-homogeneous of type (6 — 2, — 1) and order
(8 —1)(a — 1) + 1 at infinity. See Definition 1.1.3 in Section 1.2 for a definition of this
term.
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Proof. Let a type be (a1, a2), R € R and an order be k+1 with k£ > 1. For all (¢, ) € R?,
the following holds:

(R ¢, R**) = RFF1Lf1 (¢, 0),
fo(R*1 ¢, R*v) = RFT2 fo(¢, 9)).

The left hand side above is calculated as:

fi(R¥ ¢, R*2¢)) = RO T2,
fo(R* ¢, R**Y) = pu+ pd RP*2y)P.

By comparing the order parts, we get

aal +as =k + o,
0=Fk+ ao,
Bas =k + as.

Therefore, we can see that ay = -2, ag = a—1, and k = (f—1)(a—1) hold by ignoring
the second equation. The reason for ignoring the second equation is that it is smaller than
the third equation. Furthermore, they satisfy the following:

im BT (R, RO) — R (f01(6,0) }=0,

lim R-kFea)f f(Royy RO2yo) — RFFO2(f, 1Yoy, y0) }= 0,
R—+o00
where (fox)1 and (fax)2 are (fox)1 := ¢ and (fax)2 = pdb?. From the above results,
we can see that the vector field f is asymptotically quasi-homogeneous of type (5—2,a—1)
and order (f — 1)(a — 1) + 1 at infinity. O

Therefore, we should consider the Poincaré-Lyapunov compactification (the directional
compactification) rather than Poincaré compactification that corresponds to homogeneous
vector fields. Furthermore, from Lemma 5.3.1, we can see that we need to exclude § = 2
in this case. Since the solution structure for the case § = 2 has been studied in [26], we
only need to study the case 4 < 8 € 2N in this chapter. The reasons for not considering
8 = 4 are discussed later in Remark 5.3.1.

Now, we can consider the dynamics of (5.3.2) on the charts U; and V.

5.3.1 Dynamics on the chart U,

To obtain the dynamics on the chart Us, we introduce coordinates (), z) by the formulas

o(s) = z(s)/{IM) 72 w(s) = /{7

Here, note that the exponents of A are derived from the type found in Lemma 5.3.1. The
image of the geometric position of these local coordinates is almost the same as in Figure
1.1.2. Then we have

N = —pla —1)7HA® £ sA—oB+ath)

7 = )\—aﬁ-&-a—&-ﬁ—lxa _ M(B _ 2)(a _ 1)—1()\04—1x + 5)\—o¢ﬂ+a+ﬁ—1x)‘
Note that —af+a+ 8 —1 = —(a—1)( —1) < 0 holds. Time-scale desingularization
dr/ds = \~B+etB-1 yvields

{ A = —pa — D)7 (A0F+L 4 6x),

tr = a® — (B~ 2)(a— 17 (AP + ba), (5.3.3)
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where A; = d\/dr and z, = dx/dr. Here, we can solve for A\. \ satisfies

__ 1
A7) = (Cleuéﬁf — ;) o (5.3.4)

Since we are considering A(7) > 0, C is a sufficiently large positive constant.
Further, the system (5.3.3) has the equilibria

_1
By (\x)=(0,0), By :(\z)=(0,[(8—2)ud/(a—1)]a-T).
The Jacobian matrices of the vector field (5.3.3) at these equilibria are

1o 0 p6
Ef : a—1 B—2 , EI: a—1

0 ——uo 0 uo (B — 2)
a—1

Therefore, Ej is a sink and EJ is a saddle. Moreover, since | — (o — 1)~ 1ud| < | — (8 —
2)(a — 1)~ pud| holds, trajectories near Ej are tangent to {z = 0,\ > 0} as 7 — +oo0.
The solution for x near EO+ is approximated as

2(7) = Coe™ =TT (14 0(1)) as T 4o (5.3.5)

with a constant Cs.

5.3.2 Dynamics on the chart V,

The change of coordinates

3(s) = —a(s) /{2 vls) = —1/{As)}* !
give the projected dynamics of (5.3.2) on the chart V:

{ Ar = e — 1)L A0 4 5,

e = 2%+ p(B - 2)(a — 1)1 Fr + o), (5.3.6)

where 7 is the new time introduced by dr/ds = A\=*#+2+5~1 Here, we can solve for A. \

satisfies )
1\ aB=8
)\(7') = (Cle_udﬁT — 5)

with a sufficiently large positive constant C;.
Further, the system (5.3.6) has the equilibria

1
Ey :(Ax)=(0,0), Eg :(Ax) = (0,[=(8=2)pd/(a—1)]a-T).
The Jacobian matrices of the vector field (5.3.6) at these equilibria are

uo

Therefore, F; is a source and E_ is a saddle.
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5.3.3 Dynamics on the chart U,

Let us study the dynamics on the chart U;. The transformations

o(s) = L/{A()}7 72 (s) = a(s)/{A(s)}*

yield

)\T = _(B - 2)_1)\1‘7
{ z, = pAPP 4 b — (o —1)(B — 2)a?, (5.3.7)

via time-rescaling dr/ds = A=®f+t2+8=1 The system (5.3.7) has the equilibria
1
GSr (A z) =(0,0), E:?: t(Az) = (0,£My), M= [(a—1)/{(B—2)ud}t]5-2.

The Jacobian matrices of the vector field (5.3.7) at these equilibria are

1
0 0 o F—=M 0
eS‘:(O 0>, EY 8—2 !
0 +(a—1)M;

Therefore, E is a saddle and ear is not hyperbolic. The solutions near E¢ are approxi-
mated as

{ A(T) = CleiﬁMlT(l + 0(1))’ as T — +00 (5'3'8)

x(1) — My = C’ge(o‘_l)MlT(l +0o(1)),

with constants C7 > 0 and Cb.
In order to determine the dynamics near ear, we desingularize it by introducing the
following blow-up coordinates:

A=71\, == plaB=B)/25

(see Section 1.2 in this thesis and Section 3 of [14] for the desingularizations of vector fields
by the blow-up). Since we are interested in the dynamics on the Poincaré-Lyapunov disk,
we consider the dynamics of blow-up vector fields on the charts {A =1} and {z = £1}.
Dynamics on the chart {\ =1}

By the change of coordinates A = r, z = r(@#=8)/2z and time-rescaling dn/dr = rleB=8)/2,

we have ( -
/r'r] - — ﬂ — 2 - Tf,
{ Ty =27 (o = )72 + p + porPle-DB=-2)/276 (5.3.9)

The system (5.3.9) has not the equilibrium.

Dynamics on the chart {7 = —1}

By the change of coordinates A\ = 7\, = —r(®#=#/2 and time-rescaling dn/dr =
r(@8=P)/2 we have

_ 1/, q1y—=1,. BB B(a—1)(6-2)/2 —1/p3 _ 9)—1
{rn 2u~ (= )7 (A 6 ) +287(B=2"r 5540)

Ny = 2uB (o — 1)L QYT 4 gpBla-1(B-2)/2)) 4 g-1X,

The equilibrium on {r = 0} is
el : (r,A) = (0,0).
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The Jacobian matrix of the vector field (5.3.10) at its equilibrium is

_2
+. | B(B-2)
0

=~ O

Therefore, we can see that ef is a source.

Dynamics on the chart {7 =1}

The change of coordinates A\ = r\, z = r(®#=#)/2 and time-rescaling dn/dr = rlaB=5)/2
yield

ry = 2uB (o — 1) (X7 4 orBla=D(B-2)/2) _ 95-1(3 — 2)~1y, (53.11)
Ny = —2uB (o — 1) QYT 4 gpflaD(B-2)/2%) — g1} -
The equilibrium on {r = 0} is
ey : (r,A) = (0,0).
The Jacobian matrix of the vector field (5.3.11) at its equilibrium is
2
SR
ot BB —2)
2 0 1
B
Therefore, ej is a sink. Moreover, since | — 871 > | — 2871(8 — 2)7!| holds, trajectories

near e; are tangent to {X =0} as n — 4o00. The solutions near e; are approximated as

{ r(n) :Cefﬁn(lJrO(l)), as 1 — 400 (5.3.12)

Xn) = Ce™3(1 4 o(1)),

with constants C'; > 0. B
Combining the dynamics on the charts {\ = 1} and {Z = £1}, we obtain the dynamics
on U; (see Figure 5.3.1).

Remark 5.3.1
Considering 8 = 4, | — 71| = | —287Y(8—2)"!| holds. Therefore, we assume 4 < 3 € 2N.

5.3.4 Dynamics on the chart V,

The transformations

¢(s) = —1/{M)}772, W(s) = —a(s)/{A(s)}*
yield X

s S P (5:5.13)
via time-rescaling d7/ds = A~*#T+B=1 The system (5.3.13) has the equilibrium

ey : (A, z) =(0,0),
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T [
/ k[ Blow-up of eg ] )
| 7 ~

_ [ Dynamics on UJ )

Figure 5.3.1: Schematic pictures of the dynamics of the blow-up vector fields and Uj.

where we note that 4 < § € 2N. The Jacobian matrix of the vector field (5.3.13) at its
equilibrium is

- (00

)

Therefore, e; is not hyperbolic. Similarly as Uy, in order to determine the dynamics near
ey , we desingularize it by introducing the following blow-up coordinates:

A=rx, =8B
Since we are interested in the dynamics on the Poincaré-Lyapunov disk, we consider the
dynamics of blow-up vector fields on the charts {\ =1} and {z = £1}.
Dynamics on the chart {\ =1}

By the change of coordinates A = r, z = r(@#=8)/2z and time-rescaling dn/dr = rleB=B)/2,
we have ( -
ry=—(8—2)""rz,
{ Ty = 2 Ha— )72 — p — porPa-D(5-2)/255, (5:3.14)
The equilibria of (5.3.14) on {r = 0} are
_ _ _ _ 1
S (7",.%'): (07 _K)7 €y - (Tax) = (OvK)7 K = [(2#)/(0&-1)]2
The Jacobian matrices of the vector fields (5.3.14) at these equilibria are
1 1
—K -——K
e 1| B—2 0 , €y B —2 0
0 —(a—1K 0 (o — 1)K

Therefore, both e; and e; are saddles. The solutions near e, are approximated as

{ r(n) = Cre” 725(1 4 o(1)),

as n — 400 (5.3.15)
Z(n) — K = Coel®DEN(1 4 0(1))
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with constants C7 > 0 and Cs.

Dynamics on the chart {7 = —1}

By the change of coordinates A = rX, & = —r(@#=5/2 and time-rescaling dn/dr =
r(@B=B)/2 we have

9, 3=1(y _ 1)L (BB Bla—1)(6-2)/2 “1(g—2)"t
{rn 208 Yo — 1) (A" 4 or ) +287(6-2)" (5.3.16)

Xy = —2uB~ (o — 1)L 4 gpla=D(8-2/2%) 4 g-1X,

The equilibria of (5.3.16) on {r = 0} are

BY 1
ez : (r,A)=(0,0), ep :(r,A)=(0,[(a—1)/(2u)]F5).
The Jacobian matrices of the vector fields (5.3.16) at these equilibria are

2

63: . 6(5_2)
0

™I~ O

Therefore, e3 is a source and e, is a saddle.

Dynamics on the chart {7z = 1}

By the change of coordinates A = r\, z = r(®#=5)/2 and time-rescaling dn/dr = rlaB=B)/2,
we have

98— 1)1 (3P 4 5pBla=1)(8-2)/2) _ 93-1(g _ 9)-1
{rn 20~ (o = 1) (A" - or ) =287 8= 550y

Xy = 208 — )T (NP T 4 sl (8-2)/2%) _ g1,

The equilibria of (5.3.17) on {r = 0} are

e5 1 (nN) = (0,0), g (r,X) = (0, [(c —1)/(2)]77 ).

The Jacobian matrices of the vector fields (5.3.17) at these equilibria are

2
— 0 1
es BB =2) . _ﬂ—2 0
0 —— 0 a—1

Therefore, e5 is a sink and eg is a saddle. Moreover, since | —2/8(8 —2)| < | —1/p

holds, trajectories near ey are tangent to {\ = 0,7 > 0} as n — +oo. Considering = 4,

| —2/B(8 —2)| =| —1/p]| holds. The solutions near e; are approximated as

2

= Cie BB

2(77) Cle_l (1+o(1)), as 1 — +oo (5.3.18)
A(n) = Coe” B"(1 + 0(1))

with positive constants Cj;. _
‘Combining the dynamics on the charts {\ = 1} and {Z = £1}, we obtain the dynamics
on Vi (see Figure 5.3.2).
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Figure 5.3.2: Schematic pictures of the dynamics of the blow-up vector fields and V.

5.3.5 Dynamics on the Poincaré-Lyapunov disk

Combining dynamics on the charts U; and Vj, we obtain the dynamics on the Poincaré-
Lyapunov disk of the system (5.1.4) in the case that « is even (see Figure 5.3.3).

We explain why the connecting orbits can be represented as shown in Figure 5.3.3.
(I): We set @ as follows:

© = {(6,¥) | (¢,¥) € R2U{[|(¢,9)l| = o0} }.

For a given compact subset W C @, there is no equilibrium or closed orbit in W. Therefore,
by the Poincaré-Bendixson theorem, any trajectories starting from the points in W cannot
stay in W with increasing s. This implies that the trajectories in ® go to S', which
corresponds to {||(¢,9)|| = oo}. Since the line {¢ = 0} is invariant under the flow of
(5.3.2), therefore, any trajectories start from the points in {(¢,9) € ® | ¢ < 0} cannot go
to {(¢,9) € ® | ¢ > 0}. Namely, we conclude that the flow on {(¢,9) € ® | » < 0} and
{(¢,9) € @ | ¢ > 0} are separated by the line {¢ = 0}.

(IT): It is easy to see that d¢/diy takes the same values on the vector fields defined by
(5.3.2) and (5.1.4) by excepting the singularity {¢p = 0}. Therefore, note that the solution
curves in the variable s (vector field (5.3.2)) draw the same solution curves in the original
vector field (5.1.4), the variable &.

(IIT): We determine the dynamics on {(¢,9) € ® | ¢ < 0}. Note that we have the
following;:

¢ =0 on =0,
' >0 on ¥=0, ¢<0.

Let WS(E{) be a stable manifold of E; (which is the equilibrium of the system
(5.3.3)). Similarly, let W*(E; ) be an unstable manifold of E; (which is the equilibrium
of the system (5.3.6)).

In addition, let W’(e5 ), W’(e5 ), and W’(eg ) be stable manifolds of e, (which is the
equilibrium of the system (5.3.14)), e; and e; (which are the equilibria of the system
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Figure 5.3.3: Schematic pictures of the dynamics on the Poincaré-Lyapunov disk in the
case that « is even.

(5.3.17)), respectively. We denote by W#(e; ), W*(eg ), and W?*(ey ) the stable sets, which
correspond to W’(e; ), W’(es), and W’(eg ) on the blow-up vector fields (5.3.14) and
(5.3.17), of the equilibrium e; of (5.3.13). Similarly, we denote by W"(e; ), W*(e3 ), and
Wt (e, ) the unstable sets of e}, e3, and e, , corresponding to the unstable manifolds of
e, es, and e; on the blow-up vector fields (5.3.14) and (5.3.16), of the equilibrium e; of
(5.3.13).

Consider the trajectories start from the points on W"(e; ), W*(e3 ) or W*(ey ). These
trajectories cannot stay in any compact subset on ®, and cannot go to {(¢,9) € ® | ¢ > 0}
from the discussion in (I) and (IT). Furthermore, since these orbits cannot cross the
axis, they must go to the points on W*(Ey).

Next, we consider the trajectories start from the points on W*(E; ) C {(¢,¢) € @ |
¢ < 0}. Since the equilibrium E|; is source, these trajectories must go to the points
on Wé(ey ), Wi(es) or Wé(eg) and the points on WH(Ey) C {(¢,9) € ® | ¢ < 0} by
considering the dimension numbers of the stable and unstable manifolds, the discussion in
(I) and (IT).

From the discussion so far, we can fully determine the dynamics on {(¢,9) € ® | ¢ <
0}.

(IV): We determine the dynamics on {(¢,v) € ® | ¢ > 0}. Note that (5.1.4) is invariant
under the mapping: ¢ — —1, £ — —¢& and we remember (5.1.5).

Let W*(E¢) be a stable manifold of E¢ (which is the equilibrium of the system (5.3.7)).
Similarly, let W*(E?®) be an unstable manifold of E% (which is the equilibrium of the
system (5.3.7)).

Consider the trajectory start from the points on W*(E). Since we have the discussion
in (I)(IT) and the invariant under ¢ — —1, £ — —¢, and (5.1.5), this orbit must go to
the points on W*(E$). This implies that system (5.1.4) possesses the orbits that connect
E? and E¢ on the Poincaré-Lyapunov disk.

Remark 5.3.2
Any trajectories that start from the point on W*(e) go to the region {(¢,9) | ¢ > 0,% <
0}, that is, 1 should decrease. On the other hand, since (5.1.5) holds, any trajectories
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that start from the point on {(¢,v) | ¢ > 0,9 < 0} should satisfy that 1) increases.
Additionally, we can see a similar situation on W*(eg ). Therefore, the dynamics around eg
(which corresponds to (¢, 1) = (4+00,0)) cannot be determined. Similarly, any trajectories
that start from the point on {(¢,v) | ¢ > 0,9 > 0} should satisfy that ¢ increase, but,
this does not match the dynamics near EJ (which corresponds to (¢,) = (0,+00)) on
the chart Uy. Also, the dynamics near (¢,1) = (0, —00) cannot be determined. This is
the reason why we only show the direction of the vector fields (arrows) in Figure 5.3.3
near (¢,1) = (0, £00) and (+00,0).

5.4 Proof of the Theorems

In this section, we prove our main results. If the initial data are located on ® \ {¢ = 0},
the existence of the solutions follows from the standard theory for the ordinary differential
equations. Therefore, we consider the existence of the trajectories that connect equilibria
and the detailed dynamics near the equilibria on the Poincaré-Lyapunov disk and their
asymptotic behavior.

5.4.1 Proof of Theorem 5.2.1
We first give the proof of Theorem 5.2.1 as follows.

Proof. The proof of the existence of the connecting orbits between E, and Ej for
{(¢,9) € ® | ¢ < 0} is obtained in Subsection 5.3.5. Therefore, there exists a family of
the functions which corresponds to a family of the orbits of (5.1.4).

Next, we prove the existence of a constant &, € (§—,&4). It is sufficient to show the
connecting orbits pass through the line {¢) = 0}. Considering (5.1.4),

=0 on =0, ¢¥V=pp"*>0 on 2 =0.

Therefore, when the orbits that connect F; and Ear passes through the ¢ axis, ¢ is
&«. From the above discussion, we conclude that we prove the existence of a constant
&€ (E.0).

Finally, we compute the asymptotic behavior of the trajectories near the equilibria £
and Ea' as follows. The solution around the Ea' on chart Us has the form

__ 1
aB—p

A(r) = (clewﬁf - ;) ,
x(1) = 026_%'“67(1 +o(1)) as 7T — o0,

where C1 > 0 and Cy are constants. These results are derived from (5.3.4) and (5.3.5).
Then,
dr dr ds

— = — \BtatB-1 g-a _ y—atf-1 —a
A~ ds de ¢

x

—at+pB-1
1\ Bla-D _B=2 -«
= (Cle“‘wT — 5) : <C’26 a—1“57(1 + 0(1))) as T — +00

a—FB+1
1 B(a—1) a(f—2)
~ (Cle“wT - 5) - Cae -1 o7 as T — 400

a—LB+1
a(Bf—2) a—pB+1 1 Bla—T1)
= Cye o1 Mg a1 MT L] 4 (- rIPT
Cho
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holds. Since we are focusing on 7 — 400, using the generalized binomial theorem under

[1/C16]e BT < 1,
00 a—pFB+1 k
dr a(B—2) §r a=B+1l s — 1 _
~ Che a1 MTe a1 HOT 011 ¢ (,B(a 1)) <_ ,U55T>

d¢

a(B—-2)

a—pB+1
~ 046 a—1

e a—1

uoT HoT

as T — +o0
= Oy elB-Dudr

holds. Note that C} is positive constant. Here, we have

(c;> _ a(a—l)(a—22!-~-(a—k+1)’

Integrating d¢/dr ~ Cy te=(B=DHT on [0, 4-00], we have

a € R.

e —c0)= [ T o1 4 o(1)) dr,

where £, = TETOOg (7). Without loss of generality, we may set £(0) = 0. This yields

£y = 05/ e~ B=DmT(1 4 o(1)) dr < o0
0

with C5 > 0. Therefore,
&L —E~ Coe~B=DHT a5 75 400

holds with positive constant C. Finally, we obtain

H(6) = 9(E) = samg =X

1

1\~ —a+1 1 %
= { (C’le‘“mT - 5) } = <C’16“5BT - 5)

1

1 B
— uoT - —uépT
Cre {1 + ( 01(56 > }
2 \k)\" Cwo

~ CreM™ as T — +00

1

~Ax(&y =€) P T as =&y —0.
Since the trajectories are lying on {¢» > 0}, it holds that Ay > 0. In addition, using
&' (&) ~ (), we can obtain

P(€) ~ —A1(&+ — )

Since the trajectories are lying on {¢ < 0}, it holds that A; > 0.
Similarly, we can obtain (5.2.2). This completes the proof of Theorem 5.2.1. O

=)
[

i

1 as £€—=&L—0.

Remark 5.4.1

We note how to derive the asymptotic behavior of ¢(£). In the above proof of Theorem
5.2.1, the asymptotic behavior of ¢(§) was found by integrating the asymptotic behavior
of ¥(&) using the fact that ¢'(§) ~ (&) is satisfied. In order to derive the asymptotic
behavior of ¢(&£) directly, we need information on the higher-order terms of x(7) in the
solution around E(')".
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5.4.2 Proof of Theorem 5.2.2

Next, we give the proof of Theorem 5.2.2 as follows.

Proof. The proof of the existence of the connecting orbits between E; and e, for {(¢,v) €
® | ¢ < 0} is obtained in Subsection 5.3.5. Therefore, there exists a family of the functions
which corresponds to a family of the orbits of (5.1.4) and it is sufficient for us to prove
(5.2.3) and (5.2.4).

Next, we derive (5.2.3). Note that we consider the case that trajectory whose initial
data are on a stable manifold of equilibrium at infinity (¢,1) = (—00,0) of (5.1.4). Using
(5.3.15), we then have

@ — @ . dl . @ — T# . )\7&54’(14*571 '(;Sia
d¢ dr ds d¢
(a41)(B—2)
=17 2

) (at1)(8-2)
= {Cume"(l + 0(1))} ’ as 1 — 400

_otl
~Ce 2 K1 a5 = 400

with constant C' > 0. This yields

a+1

() ~Aje 2 K14 Ay (K >0,4; >0,42€R) as 7 — +oo

We can see £(n) — +oo as 7 — oo since we focus on the points on W#9(e; ). This
relationship shows that

n(&) ~ (210g <f 74:42) as & — 400

holds. Therefore, we have

P(€) = B2 . —(8-2)
— (-2
=— {ClefﬁK"(l + 0(1))} = as 1 — 400

~ —A3efT as n— o0

2 £~ Ay
i 2 ()

_2
n () e

with constants A; > 0, Ao, and A3 > 0. The reason why As > 0 is the trajectories are
lying on {¢ < 0}.

Finally, we derive (5.2.4). Note that we consider the case that trajectory whose initial
data are not on a stable manifold of equilibrium at infinity (¢,v) = (—00,0) of (5.1.4).
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Using (5.3.18), we then have

dn _dn dr ds _ po5E \—aptatf-1 5o

¢~ dr ds df
(a+1)2(/3—2)x—a+,3—1

=r
) (ot 1)(8-2) L —a+B-1
= {Cle_ﬁ(ﬁ—z)n(l + 0(1))} . {C2€7BTI(1 4 0(1>)}
_atl _—atB=1
~Cse” B¢ 5T as p— 4oo
== 036_77

with constant C3 > 0. This yields
§) ~ Ase" + A5 as n— +oo, (A4>0, A5 €R).

We can see £(n) — +oo as n — oo since we focus on the points on W?*(e; ). This
relationship shows that

n(€) ~ log <£ 1_4;45> as 17 — 400

holds. Therefore, we have

B(€) = A2 (B2~ (8-2)

R ~(5-2) ~(8-2
_ {Cle (1 4 0(1))} {cge*%m + 0(1))} D as o oo
~ —Aﬁen
~ —Ag <§—A5> as & — 4o

Ay

with constants A4 > 0, As, and Ag > 0. The reason why Ag > 0 is the trajectories are
lying on {¢ < 0}.

Therefore, we can complete the proof of Theorem 5.2.2. O
5.4.3 Proof of Theorem 5.2.3

Next, we give the proof of Theorem 5.2.3 as follows.

Proof. The proof of existence of the connecting orbits between e, and Ej for {(¢,v) €
® | ¢ < 0} is obtained in Subsection 5.3.5. Furthermore, the asymptotic behavior (5.2.5)
and (5.2.6) can be obtained by similar computations in the proof of Theorem 5.2.3. O

5.4.4 Proof of Theorem 5.2.4

Next, we give the proof of Theorem 5.2.4 as follows.

Proof. The proof of the existence of the connecting orbit between £ and E$ for {(¢, ) €
® | ¢ > 0} is obtained in Subsection 5.3.5. In addition, this orbit passes through the line
{1y = 0}. Thus, there exists a function (which corresponds to the orbit of (5.1.4)) such
that (5.1.2) is satisfied in a finite interval (or £ € R) and we prove the existence of a
constant &, and it is sufficient for us to prove (5.2.7), (5.2.8), (5.2.9), and (5.2.10).
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Using (5.3.8), we then have

dr _dr ds _ A—eBtatBl, yoa _ y—atp-l

d¢  ds d§
1 —a+p-1
:{Cle sileT(1+o(1))} ¢
a—fB+1
~ Bie 72 M7 a5 1 4o,

where By and M are positive constants. This yields

77047[73;11\417_
&(T) ~ Bye B +A as 7—+o0, (B2>0, AeR).

Since the sign of & — 5 + 1 cannot be determined, we consider the following cases. Here,
« and (3 are even, so they can never be a = 8 — 1.

(i) Let us consider the case that a > § — 1. We can see {(7) — A as 7 — +oo. Then,
setting &4 = lil}rl &(7), we have
T—+00

+00 a—pB+1
& = Bg/ e MT(1 4+ 0(1)) dr < o
0

(see also Subsection 5.4.1). Therefore,

_a75+1M
§, —E~Bye 72 Y as T — 400

holds. Finally, we have
ﬂ_
B(E) = X2~ CMT Ay (6 —€) TP s €64 =0
with a constant A;. Since the trajectories are lying on {¢ > 0}, it holds that 4; > 0.

(ii) Consider the case that o < f — 1. We can see {(7) — +o00 as T — 400 since we
focus on the points on W*(E¢). This relationship shows that

1 E—A
~—1
7(§) A 08 5 as & — 4o
holds. Here, we set
a—F0+1
My = — My >0
2 5_2 1

Therefore, we have

. M E—A E—A\T?
= 5+2 ~ M ~ 71 _ = _—
o) = A Ce Cexp (M2 log 5 ) C < 5 ) ,

where C is a constant and
My 68—2

My——L___P—2
3 Mo a—F0+1

Since the trajectories are lying on {¢ > 0}, it holds that C > 0. Similarly, we can obtain
(5.2.8) and (5.2.10). This completes the proof of Theorem 5.2.4. m

Remark 5.4.2

E} and E< are equilibria of different charts, Uy and U, respectively, but they overlap on
the Poincaré-Lyapunov disk. Similarly, E, and E® are the same point on this disk. In
other words, the calculation of asymptotic behavior can also be done by focusing on the
connecting orbits between E7} and E, . However, we adopt E¢ and E® since it provides
better information, including the relationship between E} and E .
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5.4.5 Proof of Corollary 5.2.1

Next, we give the proof of Corollary 5.2.1 as follows.

Proof. We recall from (5.3.8) that the solutions near a saddle point E< are approximated
as

as T — 400,

A7) = Cre” 72M7(1 4 (1)),
z(1) — My = Coel@=DMi7(1 4 o(1)),

where M; = [(a — 1)/{(8 — 2)u6}]"/#=2). Note that we focus on the direction of stable
manifold W*(E¢). We choose Cre~(B=271MiT 5g “principal term”.

From the results of Subsection 5.4.4, we consider the following cases.

(i) Let us consider the case that a > § — 1. We have

_a—ﬁH—lM
£, —&~DBe 72 7T as 17— 4oo.

The asymptotic behavior of ¥)(£) can be calculated as follows:
P(E) =AM
—a+1
= {2 M (1 o) )T {Coe M (1 4 o(1)) + My}
~ Cyefa M {02e<a*1>M17(1 +o(1)) + Ml}

a—1
a=lyy
~ Cep—2"1T  as T = 400.

Note that the last “~” ignores the x term in order to extract the components in the
stable manifold direction, as described above. Therefore, we obtain

-1
(&) ~ CeF= M
_04*['3+1M 704551,1
=C (e B2 IT)

~A3(Er —€)TFFT as £ €y —0

with a constant As. Since the trajectories are lying on {¢» > 0}, it holds that
As > 0. Furthermore, together with (5.2.7), we find that ¢'(§) ~¥(§) as§ — &+ —0
is satisfied.

Similarly, we can obtain (5.2.11).
(ii) Consider the case that a < § — 1. We have

—A
T(E)NJ\/;l()g5

(& = +00)

with A € R, B > 0, and My = —[(a — + 1)/(8 — 2)]M; > 0. Using the same
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concept as in (i), the asymptotic behavior of ¥(£) can be calculated as follows:
Y(E) ="
—a+1
:{agﬁ%M”u+oa»} {QMW”M”G+OGN+AQ}

a—1
o=l
~ Cer2"1T as T — 400

— Ce%Ml'ﬁ'bg(%)
= C’el()g(%)lw4
_ A\ Ma
= (5 B ) as & — 400

with a constant C' and My := [(aw — 1) M1 /(8 — 2) M3] > 0. Since the trajectories are
lying on {¢) > 0}, it holds that C' > 0. Furthermore, together with (5.2.9), we find
that ¢/(&) ~ ¥ (§) as € — oo is satisfied.

Similarly, we can obtain (5.2.12).

This completes the proof of Corollary 5.2.1. O

5.4.6 Proof of Theorem 5.2.5
Finally, we give the proof of Theorem 5.2.5 as follows.

Proof. We assume that there exists a connecting orbit that connect ea' and ear for
{(¢,90) € ® | ¢ > 0}. This orbit passes through the line {¢) = 0}. Thus, there exists
a stationary solution (which corresponds to the orbit of (5.1.4)) with the singularities at
& — —oo and £ = +o0 and we prove the existence of a constant &, and it is sufficient for
us to prove (5.2.13) and (5.2.14).

Using (5.3.12), we then have
dn _dn dr ds _ Pl \mafratfol y—a
de ~ dr ds de

T<(¥+1>2</3*2>X—a+ﬁ—1

(a+1)(B—2)
2

_ {Cle‘ﬁn(l + 0(1))}

_—a+p-1
B

: {026*%"(1 + 0(1))}_“5_1

a+l
~ Ble_%” e "= Bie™" as n— +oo
with a constant By > 0. This yields

€(n) ~ Bae"+ A as n— +oo, (B2>0, AeR).

We can see £(n) — +oo as 7 — 00 since we focus on the points on W*(ef). This
relationship shows that

n(&)wloggg as & — 400
holds. Therefore, we have
B(€) = A2 = p=(B-D3-3-2) L Ce . (f‘BA>
with a constant C. Since the trajectories are lying on {¢ > 0}, it holds that C' > 0.
Similarly, we can obtain (5.2.14). O
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5.5 Conclusions and Remarks

In this chapter, we studied the stationary problem (5.1.2) on the bases of the theory
of dynamical systems. The Poincaré-Lyapunov compactification gives the information
on the dynamics around the equilibria at infinity, and then we obtain the existence and
asymptotic behavior of the stationary solutions of (5.1.1).

From the viewpoint of the theory of partial differential equations, it should be con-
sidered how we can formulate the solutions of (5.1.2) on a finite-interval or semi-infinite
interval or R with the functions obtained in Theorems. However, since our interest in
this chapter is to study the solutions of (5.1.2) from the dynamical system viewpoint, we
did not discuss it. It should be noted that the mathematical formulation of the solution
(in a weak sense) could be obtained by considering a suitable function space as shown in
[32] (it will be addressed in future works as well). Furthermore, in the MEMS equation,
the solution u is meaningful in the range 0 < u < 1, and the behavior at u = 1 is of
interest. However, our results constitute solutions outside of this range. This chapter does
not approach the aspect of singularity formation at u = 1 in (5.1.1) from the viewpoint of
stationary problems. These suggest that further analysis is needed to clarify the behavior
of (5.1.1) at u = 1.

In addition, since the theory of blow-up (desingularization of the vector fields) is not
applicable for the non-polynomial vector fields, we cannot deal with the general case that
a € R. Furthermore, in the case that «, 8 € 2N—+1, it is too complicated to determine the
dynamics near the singularities on the Poincaré-Lyapunov disk. Hence, we leave it open
here.

Furthermore, we discuss a property of (5.1.4) as follows. The function

— _ 1 —a+l _ ¢
H(00) =~ o7 = [ s

is a conserved quantity of (5.1.4). In fact,

do _dojde b,

dy  dp/dE p(l+ oY)
holds. However, the integral part of this conserved quantity cannot be represented explic-
itly. The derivation of the conserved quantity for the general case is going to be a future
work.

As mentioned in Remark 5.3.2, we only show the direction of vector fields (arrows) in
Figure 5.3.3 and have not been able to give a mathematically rigorous explanation for the
closed orbits from eg to ef{. We leave it open here as well.

We could raise the question of whether the results of classical dynamical systems hold
in dynamical systems at infinity (we can see a similar situation in equation (5.13) of [14]).
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Chapter 6

Radially symmetric stationary
solutions for a MEMS type
reaction-diffusion equation with
fringing field

Abstract

Radially symmetric stationary solutions for a MEMS type reaction-diffusion equation with
fringing field are considered. This equation arises in the study of the Micro-Electro-
Mechanical System (MEMS) devices. This chapter is devoted to the study of the existence
of these solutions, information about their shape, and their asymptotic behavior. These
are studied by applying the framework that combines Poincaré type compactification,
classical dynamical systems theory, and geometric methods for desingularization of vector
fields called the blow-up technique. This chapter is based on the following published paper

([36]):

Ichida, Y., Sakamoto, T.O.: Radially symmetric stationary solutions for a
MEMS type reaction-diffusion equation with fringing field, Nonlinearity, 36,
71-109 (2023).

6.1 Introduction

6.1.1 Known results and motivation

In this chapter, we consider the following MEMS type reaction-diffusion equation

p+8|VU|?

=A
U, U+ —U

t>0, zeRY, U=U(tx) (6.1.1)
with 3 < N € N, u > 0, and é6 > 0. In addition, § is not a continuous value, however,
a discrete value that satisfies certain conditions for analytical convenience, as described
later. (6.1.1) is derived from the study of the Micro-Electro-Mechanical System (for short,
MEMS). Here, u represents the applied voltage, and the nonlinear and gradient term
§|VU|? is due to an effect called the fringing field. There has been a lot of research on the
MEMS equation. We refer the readers to works [17, 59] and references therein for more
details on the background and derivation of the MEMS model. For instance, we also refer
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[19, 21, 26, 35, 54, 68, 69] and references therein for a detailed description of the fringing
field and equations of this type.
The spatial one-dimensional version of (6.1.1):

1+5ug
(1 —u)o’

is studied in Chapter 5 ([35]). Here, o € 2N, 2 # 3 € 2N, > 0, and § > 0. In Chapter 5
([35]), the existence, profiles, and asymptotic behavior of the stationary solutions of (6.1.2)
are studied by applying Poincaré-Lyapunov compactification and dynamical systems the-
ory. Additionally, we note that the results follow from the analysis of the dynamics at
infinity.

Not only these results but also studies in [21] have motivated us to study the mul-
tidimensional version of (6.1.2). Indeed, Ghergu-Miyamoto [21] considered the following
problem

Up = Ugg + 4 t>0, zekR, (6.1.2)

2
A AHSUR

U=0 on 0B,

where B ¢ RY (N > 2) denotes the open ball and A\,§ > 0 are real numbers. This
equation is an elliptic equation representing the steady-state of (6.1.1). The singularity
at the origin and the bifurcation structure of the radial regular / rupture solution were
discussed. According to [21], regular solution is to satisfy 0 < U < 1 in B and rupture
solution is to satisfy U(0) = 1. They showed a clear difference from the result in [69],
considered the case separation by the value taken by § (0 < § < 1,0 =1, and § > 1),
discussed the solution structure. Also, Joseph-Lundgren [42] studied a related ODE:

(6.1.3)

(r" Y + X" E (u) = 0, (6.1.4)

where
Fu)=(1+au)’, af>0 (6.1.5)
F(u) = e". (6.1.6)

with the boundary conditions u(1) = u/(0
of the positive solutions for (6.1.4) (cf. [2
shown in the next subsection.

In this chapter, we study the radially symmetric solutions for (6.1.1) using Poincaré
type compactification and dynamical systems theory. Here, we refer to [31, 33, 32] for the
details of the Poincaré type compactification.

Here we note that for the 1-dimensional case (6.1.2), the results stated in Chapter 5
([35]) can not be obtained by applying the computations shown in the later sections of
this chapter straightforwardly (see Chapter 5 ([35]) for the details). Moreover, for N = 2,
the dynamics associated with the radially symmetric stationary problem of (6.1.1) is not
topologically equivalent to the case with N > 3. For instance, in Subsection 6.3.1, the
equilibria Fo and F; are the same for N = 2, and the center manifolds may exist near
the equilibrium. Then a more careful analysis is necessary for N = 2, therefore, it will be
addressed in future work.

The next subsection presents the mathematical settings to consider the dynamical
systems associated with the radially symmetric stationary problem of (6.1.1). The main
results of this chapter are shown in Section 6.2. The relations between our results and
that of [21] are discussed in Section 6.7 as well as Remarks in Section 6.2.

~—

= 0. They discuss the uniqueness properties
]). The relation between (6.1.4) and (6.1.3) is

—_
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6.1.2 Preliminaries

The stationary problem of (6.1.1) is

2
U:u+5|VU\

—-A
1-U

reRY, U=U(z). (6.1.7)
This chapter is devoted to the study of the radially symmetric solutions of (6.1.7):

N -1 S(U"? d d?
U//+ , U,—F ,U"il__(U) :0, (/: % and "= d’l‘2> (618)

with U = U(r) and r = |z| > 0. In elliptic equations, it is important to consider radially
symmetric solutions when we investigate the structure of these solutions. By considering
radially symmetric stationary solutions, we are led to the problem of considering ODEs.
However, problems such as the existence of solutions are not easy to solve. Following [21],
we divide the cases by the value of § as follows:

(I) Case 1: 0 <0 < 1. Let u(r) =1— (1 —=U(r))*% and ji = (1 — 6)pu > 0. Then, u(r)
satisfies N1 146
u”+T_u'+[L(1—u)_p:O, p= 1—:5 > 1. (6.1.9)

Note that since U < 1 from this transformation, u < 1.
(IT) Case 2: 6 = 1. Let u(r) = —2log(1 — U(r)) and i = 2u > 0. Then, (6.1.8) becomes
the following:
" N -1 / ~ u
'+ ———u + e = 0. (6.1.10)
r

From the antilogarithm condition, U < 1 must be satisfied.
(IMT) Case 3: 6 > 1. Let u(r) = (1—U(r))~ Y —1and i = (6§ — 1) > 0. From (6.1.8),

N -1 §+1
u" + ——u + f(u+1)P =0, 1)27+

" s > 1 (6.1.11)

holds. Note that since U < 1 from this transformation, u > —1.

Here we note that (6.1.9) and (6.1.11) correspond to (6.1.4)-(6.1.5) in the case that
(o, ) = (—1,—p) and (1,p), respectively. Additionally, (6.1.10) corresponds to (6.1.4)-
(6.1.6). Still, the difference between them and our problem is the range of radius r, that
is, we consider the solutions on 0 < r < oo.

(6.1.9), (6.1.10), and (6.1.11) are non-autonomous systems, especially, » = 0 is a
singular point. In order to study their solutions with the dynamical systems approach, we
consider the following transformations that transform (6.1.9), (6.1.10), and (6.1.11) into
the autonomous systems on R? and remove the singularity » = 0 for each case.

(I) Case 1: 0 < < 1. As in [33, 41], we introduce the following change of variables:
t==rlogr, a(t)=r"*1-u), a=1-6>0, k==1. (6.1.12)

Then, (6.1.9) is transformed into the following:

d d?
; A o ep_ _ad . a4
i+ Aa+ Ba — fia 0, < o and dt2> , (6.1.13)
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(IT)

(111)

equivalently

a="b, .o d
. i ==, (6.1.14)
b=—Ab— Ba+ fia™ P, dt

where we set

A=k(Ra+ N —-2)=r(N —2)), k==I1,
B=ala+N-2)=(1-90)(N—-6—-1)>0.

Note that A > 0 holds when k = 1, and A < 0 holds when k = —1. If kK = 1, then
r — oo as t = logr — oo holds. Therefore, to discuss the behavior of the solution to
(6.1.9) as r — o0, it is necessary to study the asymptotic behavior of the solutions
of (6.1.13) as t — oo. Similarly, 7 — 0 as ¢ — oo in the case that Kk = —1.

Case 2: § = 1. Consider the following change of variables:
t=rlogr, a(t)=r%", r==l. (6.1.15)

Note that since a(t) = r2e* > 0, we only need to consider a(t) > 0. If we consider
r — 0, then a — 0. Then we have

a=>b, d
1 g I 6.1.16
b= abZ—Ab—[LaQ—I—Q(N—Q)a, ( dt) ( )

where

Note that A > 0 in the case that k = 1, and A < 0 in the case that x = —1.

Case 3: § > 1. We make the following change of variables:
t=rlogr, a(t)=r"*14+u), a=1-0<0, k==I, (6.1.17)

then (6.1.11) is transformed to the following ODE:

b
@ ) <': d), (6.1.18)
b= —Ab— Ba — fiaP, dt
where
A=k(2a+ N —-2)=kr(N —2)), r==I1,
B=ala+N—-2)=(1-0)(N-65-1).

Here, the sign of the constants A and B depends on the parameters  and  as shown
in Table 6.1.

Then, by introducing transformations (6.1.12), (6.1.15), and (6.1.17) that remove
the singularity of » = 0, we are led to the problem of studying the behavior of the
two-dimensional ODE systems (6.1.14), (6.1.16), and (6.1.18). Further, as shown in
[31, 33, 32, ?, 49, 50], it is expected that there are solutions (a(t),b(t)) of (6.1.14)),
(6.1.16) and (6.1.18) that blow up, i.e., ||(a(t),b(t))|| — oo as t — oo. To study the
behavior of them, it is necessary to study the dynamics of (6.1.14), (6.1.16) and (6.1.18)
on R2 U {||(a(t),b(t))|] = co}. Then, we can apply the Poincaré type compactification
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N N[ N
Kk | Aor B 1<6<5 5:5 5<5<N—1 0=N-1|6>N-1
1 A + 0 — — —
1 B - — — 0 +
-1 A - 0 + + +
-1 B — — - 0 +

Table 6.1: The sign of A and B.

(Poincaré compactification, Poincaré-Lyapunov compactification) and geometric methods
for desingularization of vector fields (blow-up technique) for (6.1.14), (6.1.16), and (6.1.18).
Here we refer to [14, 31, 33, 32, 49] for the Poincaré type compactification, and [1, 14] for
the blow-up technique. In other words, we expect that all solutions of (6.1.8) are classified
in a similar way as in these previous studies. Furthermore, it is expected that the existence
of connecting orbits in the dynamical systems including infinity not only proves the exis-
tence of the solutions of (6.1.8) corresponding to the connecting orbits but also provides
its profiles. Additionally, the asymptotic behavior of the solutions of (6.1.8) as r — oo
and 7 — 0 can be studied. As in [31, 49, 50], the dynamics obtained by the Poincaré
compactification, which includes the dynamics at infinity, is represented by the dynamics
on the Poincaré disk. Similarly, the corresponding one obtained by Poincaré-Lyapunov
compactification is represented by the dynamics on the Poincaré-Lyapunov disk.

However, the classical results on the blow-up technique in this framework require us
to impose the restriction p € N (see [1, 8, 14] and references therein). Then, as shown
in Casel and Case 3, we consider (6.1.1) with the restriction that § takes discrete values.
More precisely, we consider (6.1.1) with the following situations.

e Case 1; Since p = (1 4+ 0)/(1 — §) as defined in (6.1.9), ¢ takes a discrete value so
that p € Nand § = (p—1)/(p+ 1) are satisfied. For instance, if p =2,3,4,---, then
§=1/3,1/2,3/5, .

e Case 3; If pe N, p = (0 +1)/(0 — 1), then ¢ is a discrete value satisfying § =
(p+1)/(p—1). For instance, if p=2,3,4,---, then § = 3,2,5/3,---. Moreover, for
each J range, a restriction on N (and p) is added as follows (see also Table 6.1).

(i) If 1 < 6§ < N/2 holds, then one needs to impose that for p = 2,3,4,---,
N>7, N>5 N >4,---, respectively.

(ii) If 6 = N/2 holds, then (p, N) = (2,6),(3,4), (5,3), and there is no N > 3 that
satisfies § = N/2.

(iii) If N/2 <6 < N — 1, we only need to consider the case that p = 2,4, and for
N >3, N/2<§ < N —1 holds if and only if N =5 or 3.

(iv) 6 = N — 1 holds if and only if (p, N) = (2,4), (3, 3).
(v) If § > N — 1, we can only consider the case that (p, N) = (2, 3).

Under these restrictions, the objective is to classify all solutions of (6.1.8). In particu-
lar, we use a different Poincaré type compactification than in [21] to reveal the shapes and
asymptotic behavior of the solutions. And this problem is a multi-dimensional version of
Chapter 5 ([35]). It is expected that this will lead to a deeper understanding of the be-
havior of typical solutions to the MEMS equations. In addition, the authors have clarified
the behavior and properties of (typical) solutions of various equations in the framework

107



Chapter 6 Radially symmetric stationary solutions for a MEMS type reaction-diffusion
equation with fringing field

described above (see [31, 33, 32, 35]). In this chapter, we are also investigating the ques-
tion of how far we can investigate the structure of solutions in a unified way using this
framework.

This chapter is organized as follows. In the next section, we state the main results
of this chapter. In Section 6.3, we obtain the dynamics of (6.1.14) on the Poincaré disk
via Poincaré compactification and blow-up technique. The dynamics on the Poincaré-
Lyapunov disk in (6.1.16) corresponding to Case 2 are discussed in Section 6.4. Similarly,
those discussions for Case 3 are in Section 6.5. The proof of Theorems will be completed
in Section 6.6. Section 6.7 is devoted to the concluding remarks.

6.2 Main results

In this section, the main results of this chapter are described. Hereinafter, note that the
meaning of the symbol F(n) ~ G(n) as n — 400 is as follows:

| G0 1.

n—+oo
First, the following two results are obtained for Case 1 with 0 < § < 1.

Theorem 6.2.1

Assume that 3 < N € N, u >0, pe Nyand 0 < 6 < 1 withd = (p—1)/(p + 1).
Then (6.1.8) has a radially symmetric stationary solution (which corresponds to an orbit
of (6.1.14)) with the singularity at r — 4o00. Moreover, this solution U(r) satisfies the
following:

e limU(r)=1-C (C>0), limU'(r)=0 lim U(r) = —cc.

r—0 r—0 r—+00
e U(r) <1andU'(r) <0 hold for r € (0,400).

In addition, the asymptotic behavior for r — —+o00 is

1 — {Kyro+on 4 Korotoe 4 M@}, (D > 0),

YO ) e} <o)

(6.2.1)

Here, a =1—-96 >0, i =(1—0)u >0, and the following hold:

 -A+VD  -A-VD
=5 o m=T g
My = (i/B)7T >0, D= (N—2)2—4(6+1)(N —2)+4(6+1)(6 - 1),

K(r) = Ks sin[\/’ﬁ| VID|

2 2

o1 02

log r] + K4 cos| log ],

where K; (1 < j < 4) are constants.

Remark 6.2.1

In this Theorem 6.2.1, no specific evaluation of the position of 1 — C' has been obtained.
We also do not have an evaluation of rg € (0,+00), where U(rg) = 0. Note that the
asymptotic behavior of U(r) and U'(r) in r — 0 cannot be shown explicitly. This requires
information up to the higher-order terms of the ODE, which is difficult to analyze, so this
is an open problem. Also note that there is no N and § such that D = 0, as described
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later in Remark 6.3.1. This result should be related to the result on regular solutions in
[21]. However, since the constants mentioned above have not been evaluated, we cannot
conclude the relations precisely. We leave it open here.

Theorem 6.2.2

Assume that 3< N € N, uy >0, pe N, and 0 < d <1 witho = (p—1)/(p+1). Then
(6.1.8) has a family of radially symmetric stationary solutions (which corresponds to a
family of the orbits of (6.1.14)) with the singularities at r = 0 and r — +o00. Moreover,
each solution U (r) satisfies the following:

o limU(r) = —oco, limU'(r)=+o0 lim U(r) = —ooc.

r—0 r—0 r—+00

e U(r) <1 holds for r € (0,400).

e There exists a constant r, € (0,+00) such that the following holds: U'(r) > 0 for
r € (0,r4), U'(ry) =0 and U'(r) < 0 for r € (rs, +00).

In addition, the asymptotic behavior of U(r) and U'(r) for r — 0 are

Ne1—5 as r—0 (6.2.2)
U'(r) ~ Agr™ 175

N-2
{U(r) ~1— Ay 1

with positive constants A and As, and the asymptotic behavior for r — +oc is (6.2.1).

Remark 6.2.2

In Theorem 6.2.2, there is no specific evaluation of the position of v, and U(r,). We also
know that there exists r4 € (0,4+00) such that U(ry) = 0, however, we do not have a
specific evaluation for this either. A note on the shape of U is in order. We only know that
the value U(ry) at the extreme point r, is less than 1. However, since we are considering
a family of trajectories connecting the equilibria of the source point and sink point, we
should be able to choose a trajectory that realizes 0 < U(r,) < 1. It should be noted that
this is a new result not mentioned in [21].

Second, the following result is obtained for Case 2 with é = 1.

Theorem 6.2.3

Assume that 3 < N € N, uy > 0, and 6 = 1. Then (6.1.8) has a radially symmetric
stationary solution (which corresponds to the orbit of (6.1.16)) with the singularity at
r — 400. Moreover, its solution U (r) satisfies the following:

e limU(r)=1-C, limU'(r)=0, lim U(r)=—oco, withC >0.

r—0 r—0 r—-+00

e U(r) <1 holds for r € (0,+00).
In addition, the asymptotic behavior for r — +00 is
1
1 —exp (logr — ilog(Klr"l + Koro2 + M4)> , (N >11)

1
U(r)~<1—exp|logr— 5 log{ K3r?logr + K417 + M4}> , (N =10) (6.2.3)

1
1 —exp {logr - Elog {r‘gK(r) + M4}} . (N<9)
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Here, i = 2 > 0, and the following hold:

—A+VP ~A—+P A
ol=—F7—, O02= oc=——,
2 2 2
My=23""(N-2)>0, P=(N-2)(N-10).
VIP P
K(r) = Kssin| ’ | log r] + K¢ cos| ’2 | log 7],

where K; (1 < j < 6) are constants.

We can impose the same remarks on this theorem as on Remark 6.2.1. Next, we state
the following result was obtained in Case 3, i.e., when 1 < § < N/2.

Theorem 6.2.4

Assume that 3 < N e N, p >0, pe N, and1 < < N/2 withé = (p+1)/(p—1).
Then (6.1.8) has a radially symmetric stationary solution (which corresponds to the orbit
of (6.1.18)) with the singularity at r — +oo. Moreover, its solution U(r) satisfies the
following:

e limU(r)=1-C, 1limU'(r)=0, lim U(r)=—oco, withC > 0.

r—0 r—0 r—+00

e U(r) <1 holds for r € (0,+00).

In addition, the asymptotic behavior for r — —+o00 is

1
1 — (Kot 4 Koroto2 4 L@} 51 (D > 0)

Uty = 1-— {T‘%K(T‘) + Llro‘}

—sL (6.2.4)

(D <0)

Here, o =1—-6 <0, i =(6—1)u > 0, and the following hold:

Ty 2T 2
D =D(N,§)=(N—2)? =40+ 1)(N —2) +4(5 + 1)(6 — 1),

K(r) = Ks sin[\/Lﬁ| [\/?

~A++D ~A-+D < B)ﬁ
==V = >0

log ] + K4 cos log ],

where K; (1 < j < 4) are constants.

We can impose the same remarks on this theorem as on Remark 6.2.1. Next, we state
the theorem obtained for the case § = N/2. For this case, the following result is shown in
[21].

Theorem 6.2.5 ([21], Theorem 1.2 (iii))
Let N > 2. Assume 6 = N/2. Then all the radial regular solutions of (6.1.3) can be
described as

(1, U(r)) = 2Na(l —a),a(l —r?), 0<a<l.

Further, for § = N/2, we obtain the behavior of the radially symmetric solutions of (6.1.8)
in the case that
u#2Na(l — «)

as follows.
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6.2 Main results

Theorem 6.2.6
Assume that 3 < N € N, 4 > 0, p € N, and 6§ = N/2 with § = (p+1)/(p —1). As
mentioned earlier, in this case, we only need to consider p = 2,3,5, and correspondingly
N =6,4,3. Then (6.1.8) has a radially symmetric stationary solution (which corresponds
to the orbit of (6.1.18)) with the singularity at r — +o0o0. Moreover, its solution U(r)
satisfies the following:

e limU(r)=1-C, l1_r>r[1) U(ry=0, lim U(r)= lim U'(r)=—-o0o withC > 0.

r—0 r—-+00 r——+00
e U(r) <1 holds for r € (0,400).

In addition, the asymptotic behavior of U(r) and U'(r) for r — oo are

{U(T‘) ~1—Kr?,

, as 1 — 00, (6.2.5)
U'(r) ~ —Kor,

with positive constants K; (j = 1,2).

Note that no specific evaluation of the position of 1 — C' has been obtained. We also
do not have an evaluation of 7y € (0,400), where U(rg) = 0. It can be seen that the
behavior of the solution as r — 0 is qualitatively the same for Theorem 6.2.1, Theorem
6.2.3, Theorem 6.2.4, and Theorem 6.2.6. It should be noted that the asymptotic behavior
of U(r) as r — 0 has the same form as the exact solution at y = 2Na(1 — «) in [21].

Finally, we state the theorem obtained for the case N/2 < § < N —1. The claim of this
theorem gives not only (6.2.7), such that the asymptotic behavior as  — 0 is completely
consistent with that of [21], but also (6.2.8), which is more detailed.

Theorem 6.2.7

Assume that 3< N € N, 4y >0,pe N, and N/2<0 < N —1witho=(p+1)/(p—1).
As mentioned earlier, in this case, we only need to consider p = 2,4 and correspondingly
N =5,3. Then (6.1.8) has a radially symmetric stationary solution (which corresponds to
the orbit of (6.1.18)) with the singularity at r — 0 and r — +o00. Moreover, its solution
U(r) satisfies the following:

. i (1= P ) =1 U = —
'E%U(”—l%(l N—1—6T> Lo iU \/:

. _ . / _
AU = U = e

e U(r) <1 holds for r € (0,+00).

In addition, the asymptotic behavior of U(r) and U'(r) for r — oo are

N-—2

U(r) ~1— Ajrit

(r) 117:_5,1’ as T — 00 (6.2.6)
Ur)~—Agr 51 |

with positive constants A; (j = 1,2). Furthermore, the asymptotic behavior U(r) for
r — 0 are

I

U(T) ~1-— m r as r—0 (627)
1 — {Kyro=9 4 Kpr@=o2 4 [;r®} 51 (D > 0)
~ 2-N -5 (6.2.8)
1 {TTK(T) + Llra} , (D<0)
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Here, o =1—-6 <0, i = (6 —1)u > 0, and the following hold:
—A+VD —A-VD B\t
- 3 g2 = ) Ll = T > 0

01

2 2
D=D(N,§)=(N—2)? =40+ 1)(N —2) +4(6 + 1)(6 — 1),
v/ |D v/ |D
K(r) = Ks sin[’Q‘ ‘2|
where K; (1 < j < 4) are constants.

log ] + K4 cos| log ],

Remark 6.2.3

In Theorem 6.2.7, note that there is no N and § such that D = 0, as described later in
Subsection 6.5.4. By deriving the asymptotic behavior in a similar way as [33, 32] in the
derivation process, we obtain (6.2.8). As can be seen from the proof of this theorem, which
is omitted in the statement of the theorem, the asymptotic behavior of U'(r) in r — 0 can
be displayed explicitly. Furthermore, by selecting the principal terms in the derivation
process, we can obtain (6.2.7).

Remark 6.2.4

In Theorem 6.2.7, the asymptotic behavior (6.2.7) is in perfect agreement with the results
obtained in (1.10) of [21], indicating that we have followed up the results of previous studies
with an approach based on different ideas. Here, [21] investigates the global behavior by
considering Lyapunov functions for ODE systems derived with different transformations
than (6.1.17) (in Section 6.1 of this chapter), while this chapter uses Poincaré-Lyapunov
compactification to investigate the dynamics of (6.1.18) to infinity.

As described in Section 6.7, we did not obtain a clear result in 6 > N — 1. The reason
for this is that there is a restriction on the range of existence of the transformations U
and u, and v and a.

6.3 Dynamics of (6.1.14) to infinity

In this section, all the dynamics of (6.1.14) on R? U {||(a,b)|| = +oc} will be obtained
by using Poincaré compactification. n other words, we can enumerate all the solutions to
(6.1.8) that satisfy 0 < 0 < 1 by revealing all the trajectories, including those to infinity.
In fact, for the case of i = 1 in (6.1.14), the objective has already been achieved by
Ichida-Sakamoto [33] (see Chapter 4). However, for the sake of clarity in the description
of the proof of the theorem that follows, and for the convenience of the reader, we give
brief details as a general i > 0.

Before starting the detailed analysis, we study the dynamics near finite equilibrium of
(6.1.14). If p is even (resp. p is odd), then (6.1.14) has an equilibrium Ey4 : (a,b) = (M;,0)
(resp. have the equilibria £F4 : (a,b) = (£M;,0)) with M; = (ﬂ/B)P%

Let J4 be the Jacobian matrix of the vector field (6.1.14) at E4. J4 is

Ja = ( B(f+p) 1,4)'

Then, the behavior of the solution around Ey4 is different by the sign of D (which is defined
in Theorem 6.2.1). For instance, the matrix J4 has the real distinct eigenvalues if D > 0,
and other cases can be concluded similarly. In addition, if x = 1, then the real parts of all
eigenvalues of J4 are negative. Therefore, we conclude that E4 is a sink in the case that
k = 1. Similarly, we can determine that F 4 is a source in the case that k = —1.
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6.3 Dynamics of (6.1.14) to infinity

Remark 6.3.1
As defined in Theorem 6.2.1, D is

D=(N—-2?-4(1+40)(N—-06-1)=(N—-2)2 =45+ 1)(N —2) +4(6 + 1)(6 — 1).
By setting Q = N — 2 > 0, we get
D(Q)=Q*—4(5 +1)Q +4(6 +1)(6 — 1).

By examining the solution of this quadratic equation, we know that D(Q) < 0 and D(Q) >
0 hold. However, since @ and 0 are discrete values, we need to verify that D(Q) = 0. Since

4p [ P p—1
=2004+1)+2y2(0+1) = —+4,/—, 6= ——
@ ( ) ( ) p+1 p+1 ( p—l—l)
holds, it is not possible to go from 1 < p € N to @ € N. In other words, D(Q) = D(N,0) =

0 is never true. Correspondingly, the case of D = 0 is eliminated in Theorem 6.2.1. Note
that the equation of () obtained here agrees with the one obtained in [42].

In order to study the dynamics of (6.1.14) on the Poincaré disk, we desingularize it by
the time-scale desingularization

ds/dt =a P for pe2N. (6.3.1)

Since we assume that p is even, the direction of the time does not change via this desin-
gularization. Then, we have

a' = aPb, , d
=—]. 6.3.2
{b’ = —AaPb — BaP* + i, < ds) ( :

First, we only discuss the case that p is even. The odd case is discussed in the later
subsection (see Subsection 6.3.6).

Remark 6.3.2

It should be noted that the time scale desingularization (6.3.1) is simply multiplying
the vector field by aP. Then, except for the singularity {a = 0}, the solution curves
of the system (vector field) remain the same but are parameterized differently. Still,
we refer to Section 7.7 of [44] and references therein for the analytical treatments of
desingularization with the time rescaling. In what follows, we use the similar time rescaling
(re-parameterization of the solution curves) repeatedly to desingularize the vector fields.

Now we can consider the dynamics of (6.3.2) on the charts U; and V.

6.3.1 Dynamics on the chart U,

To obtain the dynamics on the chart Us, we introduce coordinates (), ) by the formulas

a(s) = x(s)/A(s), b(s)=1/A(s).

In this chart, it corresponds to a — 0 and b — +o00, and the direction in which x is positive
corresponds to the direction in which a is positive. For a geometric image, see Section 1.1
in this thesis and the figure in Section 2 of [31, 33, 32]. Then,

N = A)\—p—l-l p B)\—p—l—l p+1 ~)\2 d
{ v A (’ > (6.3.3)

x' = ANPxP + AN PPt 4 BAPaPT2 — [i)x,
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holds. Time-scale desingularization dr/ds = A7P yields

Ar = AXNxP 4+ BAzPTL — iaPT2, (6.3.4)
x, = aP + APl 4 BaPt? — gty o
where A\ = d\/dr and =, = dz/dr. The system (6.3.4) has the equilibria
Ef : (A x) = (0,0),
‘ B —A—(N-2) ' B —A+(N-2)
El.()\,l‘)— (0,2B>, EQ()\,QE)— (0,2B .
The Jacobian matrices of the vector field (6.3.4) at these equilibria are
—A—(N-2)\P 4—(N-2
ETf . 00 E. - < 2(B )> (2 : 0
©\oo) T 0 (—A—(N—2))p‘1 (N=2)(N—2+4) |’
2B 2B
(—A+(N72))p A+(N-2) 0
o, 2B 2
2 0 (—A+(N72)>p71 (N—2)(N—2—A)
2B 2B
Therefore, if kK = 1, then Fj is a saddle and Fs is a source. Similarly, if K = —1, then

FEy is a sink and Es is a saddle. However, the equilibrium Ear is not hyperbolic. The
desingularization of vector fields by the blow-up technique is an effective method to study
the behavior near its equilibrium (see Section 1.2 in this thesis and Section 3 of [14] and
references therein). That is, we desingularize Ear by introducing the following blow-up
coordinates:
A=ePIN, z =Ptz

Since we are interested in the dynamics on the Poincaré disk, we consider the dynamics
of blow-up vector fields on the chart {\ = 1} and {7 = +1}.

Dynamics on the chart {\ =1}

By the change of coordinates A = eP~1, x = ePHlz,

er = (p— 1) V(AP tPH1gp 4 BeP*+20+2zp+1 _ ),
Tr = €p271j.p + 2(p — 1)*1(_A6p2+p{zp+1 — B€p2+2p+lfp+2 + Iaé.prli,) (635)
holds. The time-rescaling dn/dr = S yields
ey = (p—1)71(AePT2zP + B3Pl — [ie),
= _ = 1 1op+1 2p+2-p4+2 | 5 (6.3.6)
Ty, =P +2(p — 1) (—AePTigPtl — Be2PT2zPt2 4 L7,
where e, = de/dn and Z,, = dz/dn. The equilibria of (6.3.6) on {¢ = 0} are
By : (e,2) =(0,0), B, :(5,7)=(0,Mp), Mp=—|—2ji/(p— 1)} <0,

The Jacobian matrices of the vector fields (6.3.6) at these equilibria are

2/:2 5 p: p—l

0
p—1

Therefore, the equilibrium E(J)r is a saddle, and EZ is a sink.
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l .................
/K[ Blow-up of Eg ]J

SR

Bt r

9 [Dynamicsoon Ugj )

Figure 6.3.1: Schematic pictures of the dynamics of the blow-up vector fields and Us.

Dynamics on the chart {z =1}

The change of coordinates A = e~ x = P! and time-rescaling dn/dr = ep~1 yields

{fin = (p+1)"Y(e + APt + B+ — [iehHL), (6.3.7)

M=+ 1) =(p— 1A+ 24ePTIN 4 2Be?PT2)\ — 2\PF2).

The equilibrium on {¢ = 0, A > 0} is (¢,\) = (0,0). Eigenvalues of the Jacobian matrix
are (p +1)"t and —(p — 1)/(p + 1) with corresponding eigenvectors (1,0)” and (0,1)7,
respectively. Therefore, the equilibrium (0, 0) is a saddle.

Dynamics on the chart {z = —1}

The change of coordinates A = e?P 71\, x = —eP*! and time-rescaling dn/dr = ep’~1 yields

{57 = —(p+1)7(e — AePT2 + Be?P+3 + fieAPHL), (6.3.8)

A= (p+ 1)1 ((p — DA + 24ePTIX — 2B2PT2X — 270 +2),
The equilibria on {e = 0, A > 0} are
- - 1
(2.2 = (0,0), (e,3) = (0,[(p — 1)/20]77)
By the further computations, the equilibrium (0,0) is a saddle, and (0, [(p— 1)/2,&]#)
is a sink.
Combining the dynamics on the charts {\ = 1} and {z = 41}, the dynamics on the

chart Us can be obtained (see Figure 6.3.1).
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6.3.2 Dynamics on the chart V,

In this chart, it corresponds to a — 0 and b — —oo and the direction in which x is negative
corresponds to the direction in which «a is positive. The change of coordinates

a(s) = —x(s)/A(s), b(s) = =1/A(s)

give the projected dynamics of (6.3.2) on the chart Vs:

Ar = AN2P + BAzPT! 4 AP+
{ P BATET A AT (6.3.9)

z; = aP + AzPTt + BaPt? 4 APty

where 7 is the new time introduced by dr/ds = A\™P. The system (6.3.9) can be trans-
formed into (6.3.4) by the change of coordinates Therefore, it is sufficient to consider the
blow-up singularity £, : (A,2) = (0,0) by the formulas

AN=ePl z=¢P"7 with X=1.
Then,

(6.3.10)

en = (p— 1)71(AePT22P + Be?P 3zt + [ig),
Ty = 7P 4 2(p — 1)} (—AePTlzPtl — Be2rH23P+2 — 7))

holds. Here, note that 7 satisfies dn/dr = e?”~1. The equilibria of (6.3.10) on {& = 0} are

Ey : (e,2) = (0,0), E, :(c,7) = (0,[2/(p — 1)]"/¥7V).

The equilibrium FE, is a saddle with the eigenvalues fi(p — 1)~! and —2fi(p — 1)~! whose
corresponding eigenvectors are (1,0)7 and (0,1)7, respectively. Further, the equilibrium
E; is a source with the eigenvalues ji(p — 1)~! and 2/i whose corresponding eigenvectors
are (1,0) and (0,1)7, respectively.

6.3.3 Dynamics on the chart U,

Let us study the dynamics on the chart U;. In this chart, it corresponds to a — 400 and
b — 0. The transformations

a(s) = 1/A(s), b(s) = x(s)/A(s)

yield

fa= 6.3.11
T, = —Ar — B+ g\PT — 22 (6.3.11)

via time-rescaling dr/ds = A™P. The system (6.3.11) has the equilibria
Ey:(\z)= (0,27 [-A— (N =2)]), Es:(\z)=(0,2""[-A+ (N -2)]).

If k is k = 1, then the Jacobian matrices of the vector field (6.3.11) at these equilibria are

a+N -2 0 o' 0
g (M0 ) me (6 iy )

Therefore, E3 is a source, and Ej is a saddle.
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Similarly, if kK = —1, then

E3:<_0a N0—2>’ E4:<_(a+0N_2) —(N0—2))

holds. Therefore, F5 is a saddle, and E4 is a sink. Here, the solutions near FEs are
approximated as

MT) = Cie 7 (1 1
()= e (N+ o as T — 4o0. (6.3.12)
() — a = Coe™V =27 (1 4 0(1)),
If  — —1, then 271[_14 — (N — 2)] = « holds. Further, the solutions near Fj are
approximated as
A7) = Cye—(@tN=2)7(1 1
(1) 1€ N (1+o(1)), as T — +00 (6.3.13)
2(7) — M3 = Cae”N=27(1 4 o(1)),

with Ms = (—A + (N — 2))/2.

6.3.4 Dynamics on the chart V,

In this chart, it corresponds to a — —oo and b — 0. The transformations

a(s) = —=1/A(s), b(s) = —x(s)/A(s)
yield

Ar = —Az, 6.3.14
r; = —Ax — B — APt — 22, (6:3.14)

via time-rescaling d7/ds = A\™P. We can see that the system (6.3.14) can be transformed
into the system (6.3.11) by the change of coordinates:

()‘7 $) = (_)‘7 i’)
Therefore, the dynamics (6.3.14) is equivalent to the reflected one of (6.3.11) with respect
to {\=0}.
6.3.5 Dynamics and connecting orbits on the Poincaré disk

Combining the dynamics on the charts U; and V; (j = 1,2), we obtain the dynamics on
the Poincaré disk that is equivalent to the dynamics of (6.1.14) on R? U {||(a,b)|| = +oo}
in the case that p is even as following Proposition (see Figure 6.3.2). Note that in Figure
6.3.2, the circumference corresponds to {||(a,b)|| = +oo}. We set ®; as follows:

®1 = {(a,b) € R U{|[(a,b)]| = +o0}}.

Proposition 6.3.1
Assume that 3< N €N, u>0,peN,and0< § <1 withd = (p—1)/(p+1). Then, the
dynamics on the Poincaré disk of the system (6.1.14) is expressed as Figure 6.3.2.

Proof. The proof of the connected orbit is exactly similar to that in [31, 33]. O

The proof is based on the Poincaré-Bendixson theorem. There are two notes on con-
necting orbits.
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Ef b

Ey

El (E4)

Ey(FEs)
Ey Ey

Figure 6.3.2: Schematic pictures of the dynamics on the Poincaré disk in the case that
0<d<1,pe2N, D >0. In other words, these pictures are the dynamics of (6.1.14) on
R2 U {||(a,b)|| = +oo}. [Left: Case x = 1.] [Right: Case k = —1.]

Remark 6.3.3

The key to the proof of this proposition is that da/db takes the same value except for
{a = 0}, as mentioned in [31, 33]. That is, the flow on {(a,b) € ®; | a > 0} and
{(a,b) € &1 | a < 0} are separated by the line {a = 0}.

Remark 6.3.4

Note that t — oo of the picture in the case that x = 1 is corresponding to t — —oo of
it in the case that k = —1. The reverse is also true. As mentioned in [33], the existence
of connecting orbits in Figure 6.3.2 corresponds to the existence of a function satisfying
(6.1.8) on a finite interval or (0,4o00) with parameter r. Furthermore, since all connecting
orbits are known, all candidate solutions are enumerated such that (6.1.8) is satisfied.
With this information, the asymptotic behavior corresponding to each connecting orbit
can be studied.

6.3.6 Dynamics on the Poincaré disk in the case that p is odd

In this subsection, we consider the dynamics (6.1.14) on the Poincaré disk in the case that
p is odd. We desingularize it by the time-scale desingularization

ds/dt = a P71,

Then,

I gty d
@y ) =4 (6.3.15)
¥ = —AaPtb — BaPt? + fia, ds

holds. In a similar argument as [33], since the direction of the time does not change via
(6.3.1) on @450 = {(a,b) € ®; | a > 0} for both even and odd cases, the flow of (6.3.15) on
.~ for p € 2N — 1 is similar to that of (6.3.2) on ®,~ for p € 2N. Moreover, (6.3.15) is
invariant under the mapping (a, b) — —(a,b). Therefore, we can draw the phase portraits
on the Poincaré disk of (6.1.14) (or (6.3.15)) when p is odd as shown in Figure 6.3.3 (cf.
the flow on {a > 0} of Figure 6.3.2).
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E4 Ey4

Ea
Ea

Figure 6.3.3: Schematic pictures of the dynamics on the Poincaré disk in the case that
0<éd<1,D>0,and pis odd. [Left: Case k = 1.] [Right: Case k = —1.]

Remark 6.3.5

In this section, we have obtained all the dynamics on the Poincare disk of (6.1.14) with
p € N. As mentioned in Remark 6.3.4, now that we understand the dynamics including
infinity, we can discuss the existence of functions that satisfy (6.1.8) corresponding to each
orbit and the asymptotic behavior of their solutions. However, in the present problem, U
and u are not defined in the entire domain, and a restriction is imposed on the range in
which each exists. Therefore, even if we know the behavior of a(t) or b(t), when we restore
it to u or U, it may not be suitable for the range of its existence. This is also true for the
other cases, Case 2 and Case 3.

Remark 6.3.6

In this Case 1, we consider the dynamics of the system obtained by introducing a transfor-
mation such as (6.1.12). Based on the transformation given in [41], we can also introduce
the following transformation:

t=rlogr, at)=r"1-u), bt)=r @Yy, a=1-6>0 r==1

In other words, from the above transformation, we can also consider the following system:

. _ b
¢ Thea T, M=a+N-2
b= —xMb— kfia™P,

Note that this system gives the same results as Theorem 6.2.1 and Theorem 6.2.2, although
a different transformation is applied.

6.4 Dynamics of (6.1.16) to infinity

In this section, the dynamics of (6.1.16) on R? U {||(a,b)|| = +oo}\{a < 0} are studied
in a similar way as in Section 6.3. The reason for excluding a < 0 is that it is necessary
to consider a region where the transformation (6.1.15), which will be introduced later,
does not change the direction of time. However, we will use “the Poincaré-Lyapunov
compactification” (the directional compactification) instead of “the Poincaré compactifi-
cation” in order to consider the quasi-homogeneity of the vector field. Considering the
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quasi-homogeneity, we need to retain the original vector field information. In order to cor-
rectly extract the structure at infinity, we use the Poincaré-Lyapunov compactification,
which is an extension of the Poincaré compactification idea (see [35, 49, 50]). Note that
the geometric image can be regarded as similar to Poincaré compactification (for instance,
Figure 2 of [31]), namely, the Poncaré disk is called the Poincaré-Lyapunov one.

Before starting the detailed analysis, (6.1.16) has a finite equilibrium Ep : (a,b) =
(My,0) with My = 23~ 1(N — 2). Let Jp be the Jacobian matrix of the vector field
(6.1.16) at Ep. Jp is the following:

B = < —2(]3—2) —1A>‘

The eigenvalues are 271(—A 4 /(N — 2)(N — 10)). Then, the behavior of the solution
around E'p is different by the sign of N — 10. In other words, the behavior of the solution
changes depending on the number of dimensions N. For instance, the matrix Jp has the
real distinct eigenvalues if N — 10 > 0, i.e., 3 < N <9, and other cases can be concluded
similarly. This classification by the number of dimensions, such as 3 < N <9 and N = 10,
and N > 11, is consistent with that of bifurcation carves in [21]. In addition, if k = 1,
then the real parts of all eigenvalues of Jp are negative. Therefore, we conclude that Ep
is a sink in the case that x = 1. Similarly, we can determine that Fp is a source in the
case that k = —1.

In order to study the dynamics of (6.1.16) on the Poincaré-Lyapunov disk, we desin-
gularize it by the time-scale desingularization

ds/dt = a™ . (6.4.1)

Note that since we are considering a > 0, this transformation does not change the direction
of time. By the same argument as in Remark 6.3.3, we note that this dynamics is closed
in the region {a > 0}. Then,

a’ = ab, , d
2 ~ 2 = 5 (642)
V =b? — Aab — fia® + 2(N — 2)a?, ds

holds. The system (6.4.2) has the equilibrium Ep : (a,b) = (0,0). The Jacobian matrix
of the vector field (6.4.2) at Ep is
0 0
fr(19),

The equilibrium Eg is not hyperbolic.

6.4.1 Dynamics of (6.4.2) near (0,0)

As before, in order to determine the dynamics near Fp, we desingularize it by introducing
the following blow-up coordinates:

a=c¢a, b=ceb.

Since we are interested in the dynamics near Eop, we consider the dynamics of blow-up
vector fields on the charts {@a = 1} and {b = £1}. The reason we do not consider the case
{a = —1} is that we are considering a > 0.
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Dynamics on the chart {a = 1}

By the change of coordinates a = ¢, b = eb and time-rescaling do/ds = €, we have

o= 67
fr = (6.4.3)
be = —Ab — fie + 2(N —2),

where ¢, and b, are e, = de /do, by = di)/ do, respectively. The equilibria can be classified
according to the value of xk = £1 as follows:

e When k = 1, this system has the equilibrium E}) 2 (,0) = (0,2).
e When k = —1, it is E?) : (e,b) = (0,-2).

The Jacobian matrices of the vector field (6.4.3) at these equilibria are

(2 W) (2,0,

Therefore, E}) and E2O are saddles.

We now derive the solution around E?) (k = —1) for later use. Let z(0) :=¢(o) — 0
and w(o) := b(0) + 2. Then, they satisfy the following:

d ([ z(o) N\ _ [ -2 0 z(o)
do \ w(e) ]\ —p N-2 w(o) )
By solving these differential equations, we obtain

z(0) = Cre™7,

w(o) = %036_20 + CoeN727 L CoeNT27 a0 - +o0,

. -2 .
where C; are constants. Therefore, the solution at E, are approximated as

e(o) = Cre (14 o(1)),
{B(O’) +2= 026(N72)0'(1 + 0(1))’ as o — +00. (644)

Dynamics on the chart {b =1}

By the change of coordinates a = ea, b= ¢ and time-rescaling do/ds = ¢, we have

{EU = ¢ — Aea — fie?a® + 2(N — 2)ea?, (6.4.5)

Gy = a*(A + jica® — 2(N — 2)a)
The equilibria can be classified according to the value of kK = £1 as follows:

e When k = 1, this system has the equilibria E?E) : (e,a) = (0,0) and Eé c(g,a) =
(0,271).

e When x = —1, the equilibrium on {¢ = 0,a > 0} is By : (¢,a) = (0,0).
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The Jacobian matrices of the vector field (6.4.5) at these equilibria are
1 0
=3 10 —4
Es5: Eq: (i 1
© <0 0)’ © (“ —<N—2>>
16 2

Therefore, Eé is a saddle, and the center manifold theory is applicable to study the dynam-
ics near E?(’) (for instance, see [9]). However, it is not possible to obtain the approximation
of the (graph of) center manifold explicitly. This is due to the fact that a = 0 is invariant,
so the center manifold is not unique. From

1
o lemo et = 2(N — 2)a <2 _ a) >0,
a o (1
ol p=1 = —2(N = 2)a* ( 5 +a ) <0

hold with 0 < @ < 1/2, the dynamics near E‘?) restricted on € = 0 (i.e. the line of {b = 1})
can be determined (see Figure 6.4.1 and Figure 6.4.2).

Dynamics on the chart {b = —1}

By the change of coordinates a = ea, b = —e and time-rescaling do/ds = ¢, we have

{aa = —¢ — Aca+ fie?a® — 2(N — 2)ea?, (6.4.6)

dy = Aa? — fiea* + 2(N — 2)a’.
The equilibria can be classified according to the value of kK = £1 as follows:
e When k = 1, the equilibrium on {¢ = 0,a > 0} is E5O : (e,a) = (0,0).

e When xk = —1, this system has the equilibria E‘Z : (e,a) = (0,0) and Eg :(e,a) =
(0,271).

The Jacobian matrices of the vector field (6.4.6) at these equilibria are

Therefore, Eg is a saddle. As with F3O above, the center manifold theory is applicable
to study the dynamics near E50- Although the approximation of the (graph of) center

manifold is not obtained, the dynamics near Eg restricted on € = 0 (i.e. the line of
{b =1}) can be determined from the following calculations:

1
Zsz|£:0,,‘£:1 = 2(N - 2)@2 <2 + CL> >0
i} (1
aa’ezo,ﬁ:—l = _2(N — 2)@ 5 —a] <0
with 0 < a < 1/2 (see Figure 6.4.1 and Figure 6.4.2).

Combining the dynamics on the charts {@ = 1} and {b = +1}, we can obtain the
dynamics near Eo (see Figure 6.4.1 and Figure 6.4.2).
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e

S

~ Eo k=1

{b=-1} Tj k[Blow—up of (a,b) = (O’OUJ

Figure 6.4.1: Schematic picture of the dynamics near Ep in the case that x = 1.

6.4.2 Asymptotically quasi-homogeneous vector field

Before we consider the dynamics of (6.4.2) on the charts Uj and Vj, we state the type
and order of this vector field (6.4.2). Let f = (fi(a,b), fo(a,b)) be fi(a,b) = ab and
fa(a,b) = b> — Aab — jia® + 2(N — 2)a®. Then, we have the following observation (see
[35, 49, 50] for more details).

Lemma 6.4.1
The vector field f is asymptotically quasi-homogeneous of type (2, 3) and order 4 at infinity.

Proof. Let a type be (a1, a2), R € R and an order be k+ 1 with k > 1. For all (a,b) € R?
the following holds:

fi(R*a, R2b) = R*T1 f1(a, b),
f2(R%a, R2b) = RF* 2 fy(a,b).

Using (6.4.2), the left-hand sides above are calculated as:

fl (Rala, R2 b) — Roitaz ab,
f2(R*a, R*?b) = R**?b* — AR *2ab — iR**a® 4+ 2(N — 2)R**'a”.

By comparing the order parts, we get

a1 +oag =k + aq,

2000 = k + a9,
a1+ as =k + as, (6.4.7)
3a1 = k+ as,
2&1 = k+0¢2.
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g

/ . k[Blow—up of (a,b) =(0,0) ]J

S
—_—
0H
v
/‘V

— i 5 T a
“.Eo ./ Eo k=—1
{b=-1} ‘\*{’ k[Blow—up of (a,b) = (0, 0)]j
Figure 6.4.2: Schematic picture of the dynamics near Ep in the case that k = —1.

Here, since the first and fourth equations in (6.4.7) correspond to the maximum order in
(6.4.2), (a1,a2) = (2,3) and k = 3 are obtained from them. These then satisfy the second
equation in (6.4.7). Furthermore, they satisfy as follows:

G RTEELf (R a, RO20) = R (fo )1 (a,b) }=0,

li —(k+az2) ai azp) _ Retoe p) \—
R—1>IEOOR {fQ(R CL,R ) R (fa,k)Q(a) )} 0)

where (fo )1 and (far)2 are (fax)1 = ab and (far)2 = b* — fia®, respectively. From the
above results, we can see that the vector field f is asymptotically quasi-homogeneous of
type (2,3) and order 4 at infinity. O

Note that if we follow a similar procedure in (6.3.2), the type becomes (1,1). Now
we can consider the dynamics of (6.4.2) on the charts U; (j = 1,2) and V3 since we are
considering a > 0.

6.4.3 Dynamics on the chart U,
To obtain the dynamics on the chart Us, we introduce coordinates (), z) by the formulas

a(s) = x(s)/{A(s)}*,  b(s) = 1/{A(s)}*.

Here, note that the exponents of A are derived from the type found in Lemma 6.4.1. The
discussion on the directionality of the a and z-axis of the local coordinates is the same as
in Subsection 6.3.1. Then, these transformations yield

{AT =371\ + ANz dad — 2(N — 2)A%?), (6.4.8)

zr = 37Nz + 24022 + 22t — 4(N — 2)\223),
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via time-rescaling dr/ds = A~3. This system has the equilibrium
Es5: (A, z) = (0,0)

on {x > 0}. The Jacobian matrix of the vector field (6.4.8) at Ej is

-3 0
E5‘< 0 3—1>'

Therefore, E5 is a saddle.

6.4.4 Dynamics on the chart V,

The change of coordinates

a(s) = —x(s)/{A(s)}?, b(s) = —1/{A(s)}?

give the projected dynamics of (6.4.2) on the chart Vs:

Ar = 37\ — AN2x + ida® 4 2(N — 2)A322
{ ( o+ fira® + 2N — 2)Xa?), 6.49)

Ty =37 (—x — 2422 + 2zt + 4(N — 2)\223),
where 7 is the new time introduced by dr/ds = A~3. This system has the equilibrium
Egs: (A, x) =(0,0)

on {x < 0}. The Jacobian matrix of the vector field (6.4.9) at Eg is

31 0

Therefore, Fg is a saddle.

6.4.5 Dynamics on the chart U,

Let us study the dynamics on the chart U;. The transformations

a(s) = 1/{X(s)}?,  b(s) = 2(s)/{A(s)}’
yield

Ar = =271z,
{ N (6.4.10)

v, =—2"12% — Az — i +2(N — 2)\2,

via time-rescaling d7/ds = A~3. This system has no equilibria. It is important to note
that the following holds:
1

Trlysg = —57" — A <0,
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Ey

=)

Es Es

Figure 6.4.3: Roughly sketch of the dynamics on the Poincaré-Lyapunov disk in the Case
2 for the convenience. [Left: Case x = 1.] [Right: Case xk = —1.]

6.4.6 Dynamics and connecting orbits on the Poincaré-Lyapunov disk

Combining the dynamics on the chart U; (j = 1,2) and V3, we obtain the Poincaré-
Lyapunov disk that is equivalent to the dynamics of (6.1.16) on R2U{||(a, b)| = +oo}\{a <
0} as following Proposition.

Let us prepare the symbols used in this subsection as follows:

e We set &5 and P53 as follows:
®y = {(a,b) € R*U{|(a,b)|| = +00}}

and
O3 = {(a,b) € &3 | a > 0}.

e W#(Ep) denotes the stable manifold of Ep in the dynamical system (6.1.16) in the
case that k = 1.

e WY(Ep) denotes the unstable manifold of Ep in the dynamical system (6.1.16) in
the case that x = —1.

. WM(EIO) denotes the unstable manifold of Elo in the dynamical system (6.4.3).
W’ (EQO) denotes the stable manifold of E?) in the dynamical system (6.4.3).

o We denote by W* (Elo) the unstable set, which corresponds to WU(EE)) on the blow-
up vector field (6.4.3) of the equilibrium Ep of (6.4.2) (see Figure 6.4.1).

e We denote by W?* (EQO) the stable set, which corresponds to W’ (E?)) on the blow-up
vector field (6.4.3) of the equilibrium Ep of (6.4.2) (see Figure 6.4.2).

Proposition 6.4.1
Assume that N > 3, 0 = 1, and i > 0. Then, there exists a connecting orbit between

the points of W*(Ep) (resp. W*(Ep)) and the points of WS(E?)) (resp. W“(Elo)) on the
Poincaré-Lyapunov disk in the case that k = —1 (resp. kK = 1) (see Figure 6.4.3).
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Proof. (I) Since the line {a = 0} is invariant under the flow of (6.4.2), any trajectories
start from the points in {(a,b) € ®2 | a > 0} cannot go to {(a,b) € ®2 | a < 0}.
Similarly, any trajectories start from the points in {(a,b) € ®2 | a < 0} cannot go to
{(a,b) € &3 | a > 0}. In other words, in (6.4.2) only a > 0 completes the behavior.

(IT) When we consider the parameter s on the disk, the point Ep is the equilibrium of
(6.4.2). However, Fo is a point on the line {a = 0} with singularity about the parameter
t. We can see that da/db takes the same values on the vector fields defined by (6.1.16) and
(6.4.2) by excepting the singularity {a = 0}. If the trajectories start from (resp. come in)
the equilibrium Eo about the parameter s, then they start from (resp. come in) it about
t.

(III) What we show here is the existence of a connecting orbit between the points of
WY(Ep) and the points of WS(E?)) in the case that kK = —1. Assume that x = —1. If
0 < a < My, then we obtain

b|b:0,0<a<M4 = —[mQ + 2(N — 2)& > 0.

The only unstable point in the region a > 0 is Ep. Then the trajectory starting from the
point on W*(Epg) can only go to Ep on the b < 0 sides from the above (IT) argument and
the nullcline. Therefore, among the trajectories that depart from a point on W*(Epg), there
must be a trajectory that goes to a point on W? (EZO) All other trajectories eventually
reach the region bounded by the stable manifold and the b < 0 sides of the b-axis and go
to the origin along the b-axis. Thus, there exists a connecting orbit between the points of
W"(Epg) and the points of W?* (EQO) in the case that kK = —1. This stable manifold plays
the role of a boundary at b < 0 near the origin.

(IV) What remains to be shown is the existence of a trajectory connecting the points on
W“(Elo) and the points on W*¥(Ep) for k = 1. In (6.1.16), switching x = £1 is equivalent
to introducing the following transformation:

b— —b, t— —t.

In fact, the change from k = —1 to K = 1 in (6.1.16) causes only the sign of A to switch.
On the other hand, even if we introduce the above transformation, it only changes the
sign of A in (6.1.16). Thus, we conclude that the connecting orbits at K = —1 obtained
in (ITII) also exist at k = 1 due to the symmetry of the transformation b — —b, t — —t.
Therefore, there exists a connecting orbit between Ep and Ep on the Poincaré-Lyapunov
disk for both k = 1 and kK = —1. This completes the proof of Proposition 6.4.1. O

6.5 Dynamics of (6.1.18) to infinity

In this section, we study the dynamics of (6.1.18) on R2U{||(a,b)|| = +oo} (i.e., Poincaré-
Lyapunov disk) using the Poincaré-Lyapunov compactification as in Section 6.4. In the
following, let set ®4 be as follows:

B4 = {(a,b) € R2U {||(a, b)]| = +00}}.
Note that (6.1.18) is invariant under the following transformation if and only if p is odd.
(a,b) — —(a,b).

Furthermore, there is a clear difference between the detailed analysis in (6.1.18) and that
in Section 6.4. This difference is that this equation does not have a singularity, so there
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is no need to apply time-scale desingularization. That is, unlike Proposition 6.3.1 in
Section 6.3 and Proposition 6.4.1 in Section 6.4, a trajectory starting from a point on
{(a,b) € ®4 | a < 0} may pass through the line {a = 0} and reach {(a,b) € ®4 | a > 0}.
This implies that there may be a sign-changing solution for a as the corresponding solution.

However, due to the relationship between U and u transformations in Case 3, the
constraint u > —1 is imposed in this problem. Accordingly, from the relationship between
u and a, we obtain

u>—-1 <<= 1+u>0 < a=r"1+u) >0.

From this argument, we can study all dynamics on ®4 by Poincaré-Lyapunov compactifi-
cation, however, we can only focus on the trajectories that are attracted to the equilibrium
on ®4\{a < 0} in deriving the asymptotic behavior of U(r) for the solution corresponding
to each connecting orbit. In order to find possible trajectories to study, we first consider
the dynamics of (6.1.18) on the local coordinates U; (j = 1,2) and V5 using that. Re-
versing the order of discussion in Section 6.4, the discussion on finite equilibria in this
equation will be presented later.

Before performing the Poincaré-Lyapunov compactification, we study the type and
order of the vector field (6.1.18) similarly to Lemma 6.4.1 in Subsection 6.4.2. Let f =
(f1(a,b), f2(a, b)) be fi(a,b) =b and fz(a,b) = —Ab— Ba — ia”.

Lemma 6.5.1
The vector field f is asymptotically quasi-homogeneous of type (2,p + 1) and order p at
infinity.

Proof. It is shown similarly to Lemma 6.4.1. O

6.5.1 Dynamics on the chart U,

The transformations

a(t) = z(t)/{A0)},  b(t) = 1/{At) 1
yield

Ar = 1)~L(ANP + BA?PL aAxP
{ (p+1) 71 (AN + x4 fide?), 65.1)

2y =1+42(p+ 1) Y AN o + BAP7222 4 1P T,

via time-scaling dr/dt = A"P*!. The equilibria of this system can be classified according
to whether p is even or odd as follows:

e When p is even, the equilibrium is E; : (A, z) = (0,Ls) with Ly = —| — (p +
1)/ /D <o,

e If p is an odd greater than or equal to 3, then this system has no equilibria.
Through further computations, we determine that the equilibrium F~ is a source. However,
this equilibrium is infinitely far in the region ®4\{a > 0}, which is not consistent with the

objective stated at the beginning of Section 6.5.
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6.5.2 Dynamics on the chart V,

By the transformations

a(t) = —z(t)/{AD}, () = —1/{AE)}FF,

and time-scaling dr/dt = AP+, we have

{AT = (p+ 1)"H AN + BAP "Lz — (—1)PjidaP), (6.5.2)

vy =14+2(p+ 1) H AN o + BAP7222 — (—1)PaPth).

The equilibria of this system can be classified according to whether p is even or odd as
follows:

e When pis even, the equilibrium is Fg : (A, z) = (0, L3) with Lz = {(p+1)/(2)}1/®+1) >
0.

e If p is an odd greater than or equal to 3, this system has no equilibria.

By a similar calculation as before, we find that the equilibrium Ej is a sink. Note, however,
that Fjg is not our objective equilibrium, since it also exists in the region where ®4\{a > 0},
as in Subsection 6.5.1.

6.5.3 Dynamics on the chart U,

The transformations

a(t) = 1/{A®)}?,  b(t) = z(t)/{A(t) "
yield

Ar = =271z,
{ v (6.5.3)

rr = ANz — BA?P72 — [ — 271 (p + 1)22,

via time-scaling d7/dt = A7PT!. This system has no equilibria. It is important to note
that the following holds:

2|y =—0—2"(p+1)2* <0.
Combining the dynamics on the chart Uj (j = 1,2) and V3, it is clear that there are
no infinitely far equilibrium on ®4\{a < 0} when p is both even and odd.

6.5.4 Dynamics near finite equilibria

Based on the conclusions given at the end of Subsections 6.5.1, 6.5.2, and 6.5.3, we now
investigate the finite equilibria in (6.1.18). In the Poincaré-Lyapunov compactification,
we did not need to consider the case of the range of 9§, as shown in Table 6.1. However,
when discussing finite equilibria, it is necessary to consider this.

The case 1 < § < N/2

For 1 < 6 < N/2, (6.1.18) has the following finite equilibria, depending on whether p is
even or odd:

e When p is even, the equilibria are Eos : (a,b) = (0,0), E¢ : (a,b) = (L1,0) with
Ly = (—=B/p)Y/®=1 > 0.
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e If p is an odd greater than or equal to 3, the equilibria are Eo/ : (a,b) = (0,0),
Ec : (a,b) = (+L1,0).

The Jacobian matrices of the vector field (6.1.18) at these equilibria are

0 1 0 1
EO/Z(—B _A>:J1, iEC:((p—l)B _A):JQ.

First, the eigenvalues of the matrix J; are —a > 0 and —a — N + 2 < 0 when k = 1, and
the corresponding eigenvectors are (1, —a) and (1, —a — N + 2), respectively. Therefore,
when £ = 1, the equilibrium Fo is a saddle. On the other hand, when x = —1, we
determine that this equilibrium is a saddle similarly.

Then, the behavior of the solution around E¢ depends on the sign of D from the
calculation of the eigenvalues of the matrix J (D is defined in Theorem 6.2.4). In addition,
if Kk = 1, then the real parts of all eigenvalues of J, are negative. Therefore, we can conclude
that E¢ is asymptotically stable when « = 1. Similarly, we can determine that E¢ can
be unstable when kK = —1.

Since equilibria at infinity do not exist on ®4\{a < 0}, the existence of a connecting
orbit connecting Eo and F¢ in this region is expected in order to satisfy the restriction
on the range of existence of the solution U(r) described at the beginning of this section,
whether p is even or odd. The existence of connecting orbits will be proved in Subsection
6.5.5 (see Proposition 6.5.1).

Remark 6.5.1
As defined in Theorem 6.2.4, D is

D =D(N,§) = (N —2)* =45 +1)(N —2) +4(6 + 1)(6 — 1).
By setting @ = N — 2 > 0 in a similar way as in Remark 6.3.1, we obtain
D(Q)=Q* -4+ 1)Q +4(5 +1)(5 — 1).

From a similar argument as in Remark 6.3.1, it is not possible to have D(Q) = D(N,6) = 0.
Correspondingly, the case of D = 0 is eliminated in Theorem 6.2.4.

The case 6 = N/2

For § = N/2, (6.1.18) has the following finite equilibrium, depending on whether p is even
or odd:

e When p is even, the equilibria are Eo : (a,b) = (0,0), E¢ : (a,b) = (L1,0) with
Li = (-B/p)Y/®=1) > 0,

e If p is an odd greater than or equal to 3, the equilibria are Eo/ : (a,b) = (0,0),
Ec : (a,b) = (£L41,0).

By a similar argument as in Subsection 6.5.4, the existence of a connecting orbit connecting
FEor and E¢ in this region is expected in order to satisfy the restriction on the range of
existence of the solution U(r) described at the beginning of this section, whether p is
even or odd. The existence of connecting orbits will be proved in Subsection 6.5.5 (see
Proposition 6.5.2). The Jacobian matrices of the vector field (6.1.18) at these equilibria

are
0 1 0 1
Foi( S o )=t ( 5 o ) =
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The eigenvalues of the matrix J3 are 271(N —2) > 0 and —27}(N — 2) < 0 from
B = —47YN — 2)2 < 0, and the corresponding eigenvectors are (1,271(N — 2)) and
(1,—27Y(N — 2)), respectively. Therefore, the equilibrium E¢/ is a saddle. On the other
hand, the eigenvalues of the matrix Jy are £1/—(p — 1) Bi. Hence, it is generally difficult
to determine the dynamics around the equilibrium E¢ at § = N/2 since the eigenvalues
are purely imaginary numbers.

However, in this 6 = N/2 case, (6.1.18) turns out to be a Hamiltonian system, and
we can understand the dynamics around this equilibrium. In fact, let H = H(a,b) be the
constant C' as follows:

1 i 1
H —_RB 2 P p+l —12 ]
(a,b) 5 Ba +p+1a —|—2b +C
Then,
OH
= _p
ob ’
OH
— = Ba + fia?
da

holds. Therefore, H is a conserved quantity of this equation. From these, we can conclude
that the dynamics around E¢.

Remark 6.5.2

In Section 5 of [21], the existence of periodic orbits is claimed by presenting conserved
quantity for equations derived by a different transformation from ours in the case that
d = N/2. Note that the existence of the periodic orbits agrees with the result of [21].

The case N/2<d <N —1

As mentioned in Section 6.1, for N/2 < § < N — 1, we can only consider the cases p = 2
and p = 4. The system (6.1.18) has the equilibria

Eor : (a,b) =(0,0), Ec:(a,b) =(L1,0).

The Jacobian matrices of this vector field at these equilibria are

for(l ) e (e )

Compared to the case of 1 < § < N/2, the sign reversal of A and the switch of k =
+1 correspond (see Table 6.1). A similar calculation as in Subsection 6.5.4 shows that
the equilibrium Eo is a saddle. In addition, E¢ is unstable when x = 1, and FE¢ is
asymptotically stable when £ = —1. Thus, as in the above subsection, p € N, and in the
region where ®,U{a > 0}, we are interested in the existence of a connecting orbit between
FEor and E¢ and the asymptotic behavior of the corresponding solution derived from it.
The existence of connecting orbits will be proved in Subsection 6.5.5 (see Proposition
6.5.3).

From a similar argument as in Remark 6.5.1, note that it is not possible to have
D(Q) = D(N,d0) = 0. Correspondingly, note that the case of D = 0 is eliminated in
Theorem 6.2.7.
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The case § = N — 1

For 6 = N — 1, (6.1.18) has only finite equilibrium (a,b) = (0,0). Therefore, there are no
trajectories connecting equilibria in ®4\{a < 0} including equilibria at infinity. Although
each orbit in this region may imply the existence of solutions to (6.1.8), this analysis
method does not investigate detailed information on the shape and asymptotic behavior
of the solutions. We leave it open here.

The case § > N —1

As mentioned in Section 6.1, for this case, we can only consider the case p = 2. The
system (6.1.18) has the equilibria

(CL, b) = (O)O)u (CL, b) = (L4’0)7 L4 = _’ - B[z—1|1/(17—1) <0.

Therefore, there are no trajectories connecting equilibria in ®4\{a < 0} including equi-
libria at infinity. Therefore, there are no trajectories connecting equilibria in ®4\{a < 0}
including equilibria at infinity.

6.5.5 Dynamics and connecting orbits on the Poincaré-Lyapunov disk

By combining the previous arguments in local coordinates and finite equilibria, we obtain
the following propositions.

Proposition 6.5.1

Assume that 3 < N € N, i >0, pe Nand 1 <6 < N/2 withd = (p+1)/(p—1).
Then, there exists a connecting orbit between the points of W*(Eo) (resp. W*(Eor)) on
the region of ®4\{a < 0}, and the points of W*(E¢) (resp. W"(E¢)) on the Poincaré-
Lyapunov disk in the case that kK =1 (resp. kK = —1).

Proof. (I) First, assume that p € 2N and x = 1. This is shown by the proof by
contradiction. We assume that the trajectory starting from a point on W*(Eo/) in the
region ®4\{a < 0} never reaches a point on W*(E¢). Then, since it is a two-dimensional
system, the trajectory starting from a point on it can only go to a point on W#(Es).
However, the trajectory to reach a point on W*(E¢) will intersect this trajectory, which
is a contradiction. Therefore, a trajectory starting from a point on W*(E¢/) in the region
®4\{a < 0} must reach a point on W*(E¢).

(IT) Next, assume that p € 2N and k = —1. As in Proposition 6.4.1, switching k = +1 is
equivalent to performing the following transformation:

b— —b, t— —t.

Thus, the existence of a connecting orbit between the equilibrium E¢ and Eo is proved
even in the case of Kk = —1.

(IIT) Finally, this is proved for the case where p is odd in a similar way as the argument
for the even case. O

Furthermore, in the cases that § = N/2 and N/2 < 6 < N — 1, we can prove the
existence of connecting orbits between equilibrium at ®4\{a < 0} in a similar way as for
Proposition 6.4.1 and Proposition 6.5.1.
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Proposition 6.5.2

Assume that 3 < N € N, i > 0, p € Nand 6§ = N/2 with§ = (p+1)/(p —1). As
mentioned earlier, in this case, we only need to consider p = 2,3,5, and correspondingly
N = 6,4,3. Then, there exists a connecting orbit between the points of W*(E¢o/) in the
region of ®4\{a < 0}, and the points of W*(E¢/) in this region.

Proposition 6.5.3

Assume that 3< N €N, i >0,peNand N/2<d< N—-1withd=(p+1)/(p—1).
As mentioned earlier, in this case, we only need to consider p = 2,4 and correspondingly
N = 5,3. Then, there exists a connecting orbit between the points of W*(Eqo:) (resp.
W?*(Eo)) on the region of ®4\{a < 0}, and the points of W*(E¢) (resp. W"(E¢)) on the
Poincaré-Lyapunov disk in the case that k = —1 (resp. K =1).

6.6 Proof of Theorem

In this section, the proofs of our main results are given. If the initial data are located on
R?\{a = 0}, the existence of the solutions follows from the standard theory of ordinary
differential equations. Therefore, we only consider the existence of the trajectories that
connect equilibria and the detailed dynamics near the equilibria on ®; (see Subsection
6.3.5).

6.6.1 Proof of Theorem 6.2.1

Proof. The proof of the existence of the connecting orbits between E4 and Ej (resp.
E3) on the chart U; for p € 2N, p € 2N+ 1, and k = 1 (resp. K = —1) is obtained in
Proposition 6.3.1 and Subsection 6.3.6. That is, equation (6.1.8) has a family of radially
symmetric stationary solutions which corresponds to a family of the orbits of (6.1.14).
Furthermore, since these trajectories exist for {(a,b) € ®; | a > 0}, the expression for the
transformation in Case 1 shows that U(r) < 1 (r € (0,400)).
Therefore, it is sufficient to show that (6.2.1) and
limU(r)=1-C (C >0), lmU'(r)=0.
r—0

r—0

Note that if we can derive (6.2.1), then the following is also proved.
lim U(r) = —oo.

r—+00

Next, the asymptotic behavior for r — 0 is derived as follows. We recall from (6.3.12)
that the solutions near a saddle point F3 are approximated

A1) =Cie (14 0(1)),
{{L‘(T) —a = CoeN=27(1 + 0(1)), T e

where a = (—A— (N —2))/2, C; and C5 are constants. Note that we focus on the direction
of stable manifold W?*(E3). We choose C1e™*7 as “the principal term”. Using (6.3.12),
we then have

dr drds

— = = )\P.g7P = 1.

dft “dsde 0 C
This yields (1) = 7+ C3 (C3 € R). We can see t(7) — 400 as 7 — +00 since we focus
on the points on W#(Ej3), and we get

T(t) =t+Cs, (Cs€R).
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Therefore, we obtain

I -1

a(t) = A AT~ {Crem (1 +0(1))}
~ 52T = Cre®tHC1) = Cge®  as t — +00,
where C; are constants. Since, the trajectories are lying on {a > 0}, it follows that Cs > 0.
On the other hand, we obtain
b(t) = A"z
~{C1e (1 + o(1))} 1 {Coe™N (1 4 o(1)) + o
~ Cre.
Note that the last “~” ignore the x term in order to extract the components in the stable

manifold direction, as described above. This idea has already been adopted in [35] and is
effective for obtaining more accurate asymptotic behavior. Thus,

b(t) ~ Cge® as t — +oo.

Since, the trajectories are lying on {b > 0}, it follows that Cs > 0. From these arguments,
the following follows
a~b as t— 400

and Cg = QC@

From these results, we can obtain

li = lim(1 — r%a) = lim (1 — r*Cee™) = 1 —
rl_I)I(l)u(?“) rl_I)I[l)( r“a) Tl_I}I(l)( r*Cge™) Cs

and

lim o/ (r) = lim{r* ' (—aa + b)} = lirrtl){ro‘*l(—aCG +Cs)r =0
T—

r—0 r—0
with Cg > 0. Therefore, we derive the following from the relationship between v and U

transformations in Case 1.

limU(r)=1-C (C >0), lmU'(r)=0.

r—0 r—0

Finally, we derive the asymptotic behavior for r — +o00. The idea of this proof has
already been used in [33, 32], see also. We focus our attention on the dynamics around E 4.
It is divided into two cases by the value of D = D(N, ). Then, we derive the asymptotic
behavior for the two cases D > 0 and D < 0, respectively. Note that Remark 6.3.1 states
that the case D = 0 cannot occur. We define

a=a—M, b=b—0.
(i) Let us consider the case that D > 0, namely, the matrix J4 has the real distinct

eigenvalues
_-A+VD ~A-VD
2 -2
The eigenvectors corresponding to each eigenvalues are

a=(3) (2
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(i)

We then obtain the following asymptotic behavior:

(i ) =0 Joem(, )

with any constants K1 and Ks. Therefore, the solution around the equilibrium F 4
is

S QY

1
{ a(t) ~ K1 + Kqe®2! + My, Iy (ﬁ)pﬂ
1= .

b(t) ~ chfle’alt + KQO'QBUQt, E

Moreover, by using x = 1 in (6.1.12), we have

u(r)=1-r%
~1— Ta(Kleglt =+ K2€U2t + Ml)
=1— KlT’anl logr Kz,raeaglogr _ eroz

=1— Kro — Koroto2 — Mir® as r — +o0.
Since 0 < § < 1, it holds that
a+o1 <0, a+oy<0.

Hence, from the relationship between v and U transformations in Casel, we obtain
as follows:

U(r)=1—(1—u)T5
1
~1-— {Klro‘Jr”l + Koroto2 4 era}m as 1 — +oo
where K7 and Ky are constants.

Consider the case that D < 0, namely, the matrix J4 has the complex eigenvalues

—A 1

The eigenvectors corresponding to each eigenvalue are

oo ()i (1)

The function a(t) and b(t) are expressed as follows:

( i) ) = z(ha+w(t)p==(t) | 1 ) +w(t) 4
b(t) 5 VIDI -5 )

(a0 )= (o ) ()

Therefore, the solution a(t) around the equilibrium E4 is

a(t) = e 2! (z(O) sin \/?t + w(0) cos |Dt> + M.

where
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Using x = 1 in (6.1.12), we can derive the following:

u(r)=1—-r%

_ \/|D v |D
=1-r7 <Kgsin[ | |logr]+K4cos[ | |log7’]>—M1ra as 1 — 00

2 2

with K3 = 2(0) and K4 = w(0). Hence, from the relationship between u and U
transformations in Case 1, the asymptotic behavior for r — 400 is

1
_ VID VID B
U(r)~1-— {r22N <K3 sin| D) log r] + K4 cos| D) logr]> + ero‘} .

2 2

Therefore, we obtain (6.2.1). This completes the proof of Theorem 6.2.1. O

Remark 6.6.1

The existence of a trajectory such that it passes through the line b = —aa on the disk
corresponds to the existence of r = r, such that U'(r,) = 0. In fact, the equation of this
line can be derived as follows:

U=0 = 4=0 <= rY-aa—-b)=0 < b= —aa.

FErom the conclusion of Theorem 6.2.1, this line is the line passing through the origin and
Es5 on this disk. And we know that E3 for k = —1 is the point at infinity on this line (see
Figure 6.3.2 and Figure 6.3.3).

6.6.2 Proof of Theorem 6.2.2

As in the proof of Theorem 6.2.1, the proof of the existence of the connecting orbits
between E4 and E3 (resp. FEj) on the chart Uy for p € 2N, p € 2N+ 1, and x = 1
(resp. k = —1) is obtained. Therefore, these trajectories correspond to the radially
symmetric stationary solution in (6.1.8). Moreover, these trajectories exist in {a > 0}, so
U(r) <1 (r € (0,4+00)) from the transformation in Case 1. The existence of a constant
7« € (0,+00) such that U’(r.) is shown from Remark 6.6.1. This is because the connecting
orbits between F4 and F, pass through a straight line that passes through the origin and
Es for k = —1 (see Figure 6.3.2).

Therefore, it is sufficient to show that (6.2.2). If these are proved, then the following
is also shown

limU(r) = —oo, limU'(r) = .

r—0 r—0

Using (6.3.13), we then have

dr drds 1\ 77
a7 _ 4T85 v\ P(Z) =
@ dsar ¢ EA <>\> L

This yields ¢(7) = 7 + C3 with a constant C3 € R. We can see t(7) — +00 as 7 — +00
since we focus on the points on W?*(Ey). This relationship shows that

T(t) =t+Cys, (CyeR)
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holds. Therefore, we obtain

and

b(t) = T ~ {Cre= N1 4 0(1))}_1 A Coem YT+ 0(1)) + M3

~ Crel@tN=27 . {026—<N—2>T<1 +o(1)) + Mg}
~ C7M3€(a+N_2)T
= Cgel®tN=2 49 t 5 o0

where C; are constants. Since, the trajectories are lying on {a > 0}, it follows that Cs > 0.
From these arguments, the following follows

a~b as t— +oo

and Cg = Cs(a+ N —2) > 0.
By using k = —1 in (6.1.12), we have

uw(r)=1—-r%~1—Csr V=2 as r—0,

W(r) =r* H—aa+b) ~ Cor V1 as 0

with a positive constant Cy. Hence, from the relationship between v and U transformations
in Case 1, we obtain (6.2.2). This completes the proof of Theorem 6.2.2. O

6.6.3 Proof of Theorem 6.2.3

Next, the proof of our main result related to Case 2 is given. It should be noted that if
the initial data are located on R?\{a < 0}, the existence of the solutions follows from the
standard theory of ordinary differential equations.

Proof. The proof of the existence of the connecting orbit between the points of W*(Ep)
(resp. W?*(Ep)) and the points of WS(EQO) (resp. W“(Eg)) is obtained in Proposition
6.4.1. That is, (6.1.8) has a radially symmetric stationary solution that corresponds to the
orbit of (6.1.16). Moreover, these trajectories exist in {a > 0}, so U(r) < 1 (r € (0,+00))
from the transformation in Case 2. Therefore, it is sufficient to show that (6.2.3) and
lmU(r)=1-C, limU'(r)=0
r—0 r—0
Let us derive the asymptotic behavior for r — 0. The idea of the proof is almost

similar to the proof of Theorem 6.2.1. Using (6.4.4), we then have do/dt = 1. It shows
that o(t) =t + A; holds. Therefore, we can obtain

{a(t) ~ Age™2t,

b(t) ~ Age—2, as t— +o00
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with A3 = —2A45 < 0. By using kK = —1 in (6.1.15), we have

lim u(r) = lim(—2logr 4 loga) = Ay,

r—0 r—0 1 11
lim u/(r) = lim (—2 - éz) =
r—0 r—0 r ra

with a constant A4. Hence, from the relationship between v and U transformations in
Case 2, we can obtain as follows:

limU(r)=1-C, lLmU'(r)=0
r—0 r—0
The derivation process of (6.2.3) is similar to the proof of Theorem 6.2.1 and can be
divided into three cases according to the sign of N — 10. In particular, see [33, 32] for
the derivation process of the asymptotic behavior in the case of N = 10. Therefore, this
completes the proof of Theorem 6.2.3. O

6.6.4 Proof of Theorem 6.2.4

Proof. The proof of the existence of the connecting orbit between E¢ and E¢ is obtained
in Proposition 6.5.1. Therefore, the existence of a radially symmetric stationary solution
can be shown by similar arguments as before. (6.2.4) is derived in much the same way as
in Theorem 6.2.1 and Theorem 6.2.3. The same applies to the proof of

lmU(r)=1-C, limU'(r)=0.

r—0 r—0

Therefore, this completes the proof of Theorem 6.2.4. O

6.6.5 Proof of Theorem 6.2.6

The existence of a connecting orbit starting from the points on the unstable manifold of
FEor and reaching the points on the stable manifold of Ep, was obtained in Proposition
6.5.2. Therefore, the existence of a radially symmetric stationary solution can be shown
by similar arguments as before. (6.2.5) and

. - B . / _
}nl_I)I%)U(T)—l K, ;%U(r) 0

are derived by a similar procedure as before arguments. Therefore, this completes the
proof of Theorem 6.2.6. a

6.6.6 Proof of Theorem 6.2.7

The proof of the existence of the connecting orbit between Fp and E¢ is obtained in
Proposition 6.5.3. The existence of a radially symmetric stationary solution can be shown
by similar arguments as before. Therefore, it is sufficient to show that (6.2.6), (6.2.7),

(6.2.8), and
: R N L
lim, U7 (r) = VN -—1-4

Note that (6.2.8) is derived in much the same way as in Theorem 6.2.1, Theorem
6.2.3, and Theorem 6.2.4. In addition, (6.2.6) is derived by a similar procedure as before
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arguments. Then, all we need to do is derive (6.2.7). This can be derived by performing
the work of selecting the principal term in the calculation process to derive (6.2.8). The
same is true for the behavior of U'(r) as r — 0.

In order to derive (6.2.7), we focus our attention on the dynamics around E¢ in the
case that N/2 < 6 < N —1 and k = —1. Similarly, as in Subsection 6.6.1, the solution
around this equilibrium is

£) ~ Kiemt + Ko™ 4+ Ly ~ L B\71
{a() €7 + Kge™ + Uy 1 L1_<_>P >0, as - o0

b(t) ~ Klale"lt + K202€U2t, i

when D > 0. The same is true for the solution around it when D < 0. Note that we have
chosen the principal term in the expression for a(¢). By using xk = —1in (6.1.17), we have

as r—0

ulr)=r*—1~ Lir*—1
W (r)=(1—=8)rCa—r"Cbh~(1-08)rL

for both D > 0 and D < 0. From this result, we can conclude that

U(T)Nl—(Llra)fﬁzl— ﬁr as r—0

N

1
with L, °7' = (M> . Thus, (6.2.7) can be derived. Similarly,

N—-1-9§
lim U'(r) = lim L(1 — U)‘su’ N S
r—0 r—0d — 1 N—-1-9§
holds. Therefore, this completes the proof of Theorem 6.2.7. O

6.7 Concluding remarks

In this chapter, we studied the existence, information about their shape, and the asymp-
totic behavior of radially symmetric stationary solutions of (6.1.1). These are studied by
applying the framework that combines Poincaré type compactification, classical dynami-
cal systems theory, and geometric methods for desingularization of vector fields (blow-up
technique).

Motivated by the previous study [21], this chapter considers the question of how far
we can investigate the structure of solutions in a unified way by applying this framework.
Then, our framework allowed us to obtain results that were not obtained in [21] (mainly,
Theorem 6.2.2, (6.2.8) in Theorem 6.2.7) and results that were partially included in the
results there (Theorem 6.2.1, 6.2.3, 6.2.4, 6.2.6).

As mentioned in Section 6.1, one of the advantages of using these methods is that it
is possible to reveal all the dynamics of the ODEs of interest, including infinity. That is,
we expect to enumerate all solutions of (6.1.8).

However, in this problem, restrictions are imposed on the range of existence of each
of the conversions from U to u and from u to a. This also restricts the possible regions
in these ODEs, and we were not able to study the case of § > N — 1. The structure of
the solution in this range has been obtained by [21]. It remains to be seen how close we
can get to this conclusion in the framework of this chapter, or whether we can extend this
conclusion.
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Since the theory of blow-up (desingularization of the vector fields) is not applicable
for the non-polynomial vector fields, we cannot deal with the general case that p € R.
Therefore, the need to impose p € N led us to consider discrete values for §. Hence, we
leave it open here.
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Chapter 7

Traveling wave solutions for
degenerate nonlinear parabolic
equations

Abstract

We consider the traveling wave solutions of the degenerate nonlinear parabolic equation
up = uP (uy, +u) which arises in the model of heat combustion, solar flares in astrophysics,
plane curve evolution problems and the resistive diffusion of a force-free magnetic field in a
plasma confined between two walls. We also deal with the equation v, = vP (vm—i—v—v_pﬂ)
related with it. We first give a result on the whole dynamics on the phase space R? with
including infinity about two-dimensional ordinary differential equation that introduced
the traveling wave coordinates: & = x — ¢t by applying the Poincaré compactification
and dynamical system approach. Second, we focus on the connecting orbits on it and
give a result on the existence of the weak traveling wave solutions with quenching for
¢ > 0 and p € 2N. Moreover, we give the detailed information about the asymptotic
behavior of u(§), u/(§), v(§) and v'(§) for p € 2N. In the case that p € 2N + 1, it is
too complicated to determine the dynamics near the singularities on the Poincaré disk,
however, we classify the connecting orbits and corresponding traveling wave solutions and
obtain their asymptotic behavior. This chapter is based on the following published paper

([32]):

Ichida, Y., Sakamoto, T.O.: Traveling wave solutions for degenerate nonlinear
parabolic equations, J. Elliptic Parabol. Equ. 6, 795-832 (2020).

7.1 Introduction

In this chapter, we consider the following degenerate nonlinear parabolic equation
up = uP(uze +u), (t,z) €(0,7) xR, (7.1.1)

where p € N and 0 < T < oco. This equation arises in the modeling of heat combustion,
solar flares in astrophysics, plane curve evolution problems and the resistive diffusion of
a force-free magnetic field in a plasma confined between two walls (see [4], [46], [47], [62]
and references therein).

In particular, we briefly introduce the derivation from plane curve evolution prob-
lems. Let C(t) be a smooth Jordan curve at time ¢ in the plane R?. The curve C(t) is
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parameterized by X (u,t) for u € [0, 1] and moves by
X = V(u,t)N(u,t) + W(u,t)T(u, ), (X - 8X/8t> .

Here T is the unit tangent vector, N = —T is the unit outward normal vector, V is
the normal velocity in IN-direction and W is the tangent velocity in T-direction. Also,
we denote by k and 6 the curvature and tangential angle of the curve C(t), respectively.
Then, we can see that the classical curvature flow equation V' = —& corresponds to (7.1.1)
in the case that p = 2 (see [71] for the details).

Poon [62] (and references therein) considered the following equation:

up = uP (uge +u), (t,z) € (0,T)x (=L, L), (7.1.2)

where p € R and 7' < oco. He studied that the non-negative solutions with either the
Dirichlet boundary condition or periodic boundary condition. As a result, the upper
bound and lower bound of the blow-up rate were obtained if a non-negative solution of
(7.1.2) blows up of type II in finite time. In these studies, the rescaled function

v(r,x) = (pT)%e_Tu(t,x), t=T(1—e?), 7€][0,+00)

plays important role. One can see that if u(¢,z) is a solution of (7.1.2), then v(7,z) is a
non-negative solution of the rescaled equation

vr = VP (g + v — v P (1,2) € (0,400) x (=L, L). (7.1.3)

In [62], the lower bound of the blow-up rate is obtained with considering the traveling wave
solutions of (7.1.3). Similarly, the equation (7.1.1) can be transformed into the following
equation

vy = VP (Vg + v — v P, (7,2) € (0,00) X R. (7.1.4)

Since the traveling wave solutions are not only upper (or lower) solutions as discussed in
[62] but also the entire solutions of the equations, we study that of (7.1.1) and (7.1.4).

In order to consider the traveling waves of (7.1.1), we introduce the following change
of variables:

ult,r) = 6€), E=x—ct, ¢>0.
We seek the solution ¢(§) of the following equation:

_C¢/ — ¢p¢// + ¢p+1’ f € R, r_ jg, (7.1'5)
or equivalently,
¢ =1,
{ wl — —C¢7p’(/1 _ ¢ (716)

Similarly, in terms of (7.1.4), we introduce the following change of variables:
v(r,z) =¢), &=xz—cr, ¢>0.

We also seek the solution ¢(€) of the following equation:

d
_C¢/ = ¢p¢” + ¢p+1 - ¢7 5 € R? = digv (717)
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or equivalently,

{ Z// z lﬁ’Cgb—% — ¢+ ¢PHL (7.1.8)
Combining the equation (7.1.5) and (7.1.7), we obtain the following equation:
—ef =P+ P 69, EeR =T
or equivalently, /
{ il i %ﬁ’c(ﬁpw R Ay (7.1.9)

where § = 0 or 1. Here we note that the case when 6 = 0 corresponds to (7.1.6) and the
case that 0 = 1 corresponds to (7.1.8).

We expect that the negative powers nonlinear term ¢~? and §¢P+! could induce
the singularity in finite time (see [31, 33, 49, 50]). Therefore, we apply the Poincaré
compactification (see Section 1.1) to the dynamical system of (7.1.9) to obtain the detailed
information of the traveling wave solutions (in weak sense) for (7.1.1) and (7.1.4).

Before we state the main results of this chapter, we state the Definition of weak trav-
eling wave solutions with quenching for (7.1.1) and (7.1.4) as follows.

Definition 7.1.1
Let u(§) be a quasi traveling waves with quenching of (7.1.1) on a semi-infinite interval
(&, 00) satisfying

lim [u/(§)]=00c and lim u(£) =0

(see Definition 2.1.3 or Definition 3 of [31]). Then, we say that a function

* _ 07 EE (—OO,f*],
©={ o, € (ees

is a weak traveling wave solution with quenching of (7.1.1).

The above Definition implies that u*(§) satisfies
/ [C ugp' + p(up_lu/SO —uPy’ )’ — up+1(90// + ‘P)] d¢=0
R

for all ¢ € C§°(R). We define a weak traveling wave solution with quenching of (7.1.4)
similarly.
We then state the main results of this chapter:

Theorem 7.1.1

Assume that p € 2N. Then, for a given positive constant c, the equation (7.1.1) has a
family of weak traveling wave solutions with quenching (which corresponds to a family of
the orbits of (7.1.6)). Moreover, each weak traveling wave solution with quenching u(&)
satisfies the following:

1 I 1 9
1 — +(>O, 1 — 0.

e u(§) > 0 holds for & € (&, +00) and u(§) = 0 holds for £ € (—00,&,].
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e There exists a constant & € (&, +00) such that the following holds: u'(§) > 0 for
€€ (&, &), u'(&) =0 and v (£) <0 for € € (&, +0).

In addition, asymptotic behavior of u(§) are

u() ~ AE — &)7 L, as .+ 0 7.1.10
{u’@va(g—g*)"% e (7140

and

{““)’“(pﬁ/@_iw a5 £ 4o, (7.1.11)
W(€) ~ e(pgfe)” v

where A > 0 is a constant.

Asymptotic behavior of u/(§) for £ — &, + 0 that is more accurate than in [32] was
obtained after publication of the paper. Note that this was obtained by refining the
asymptotic form, as will be discussed later in the proof.

u

0 & ¢ 0 3

Figure 7.1.1: Schematic picture of the traveling wave solutions obtained in Theorems.
Here it should be noted that the position of the quenching point &, is not determined in
our studies, however, they are shown in the figures for the convenience. [Left: The weak
traveling wave solution with quenching in Theorem 7.1.1.] [Middle: The weak traveling
wave solution with quenching in Theorem 7.1.2 in the case that D < 0.] [Right: The
traveling wave solution on £ € R obtained in Theorem 7.1.3 in the case that D > 0.]

Theorem 7.1.2

Assume that p € 2N. Then, for a given positive constant c, the equation (7.1.4) has a
family of weak traveling wave solutions with quenching (which corresponds to a family of
the orbits of (7.1.8)). Moreover, each weak traveling wave solution with quenching v(&)
satisfies the following:

lim v(§) =0, lim v(§) =1,

° §—&«+0 ,(5) §—+oo ,(5)
li = +0o0, li = 0.

c 16111+Ov (€) 00 c 151_1 v'(&)

e v(§) > 0 holds for &£ € (&, +00) and v(§) = 0 holds for £ € (—o0, &].
Furthermore, the asymptotic behavior of v(§) and v'(€) for & — 400 are

B1e¥1€ + Boe*2¢ +1 (D > 0),
(B3¢ + By)e** +1 (D =0),

v(§) ~
o5 <B5 [sin VIP¢] 4 Bgleos V'f'g]) +1 (D<0),

(7.1.12)
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and
(B 1e*1¢ + Bowse™t) (D > 0),
{2 (Bag + Bes + By (1- Sa) et} (D=0)
5 2 2 ’
/ ~ c _c . \I|D D
v'(§) ) |D| - e 2¢ <B5 - [sin ‘2 lf] — Bg - [cos |2 §]> (7.1.13)
03 c . \|D \VI|D
5 e 28 <B5 - [sin %5} + Bg - [cos |2|§]> (D <0),
where B; are constants and
¢+ VD —¢—D
o= ZeEVD o _mem VD e h_p gy,
2 2 2
In addition, the asymptotic behavior of v(€) and v'(§) for £ — &, + 0 are
1
{ ”,(5) MACSL)T s es e o, (7.1.14)
V() ~ A &) 7

Asymptotic behavior of v/(§) for & — & + 0 that is more accurate than in [32] was
obtained after publication of the paper. Note that this was obtained by refining the
asymptotic form, as will be discussed later in the proof.

Theorem 7.1.3
Assume that p € 2N. Then, for a given positive constant c¢, the equation (7.1.4) has a
family of traveling wave solutions (which corresponds to a family of the orbits of (7.1.8)).
Each traveling wave solution v(§) satisfies the following:
Jm 0@ =0, lim v(§)=1,
lim /(&) =0, lim o'(£) = 0.
£——o0 =400

e v(&) > 0 holds for £ € R.

In addition, the asymptotic behavior of v(§) and v'(§) for & — +oo are expressed as
(7.1.12) and (7.1.13).

This chapter is organized as follows. In the next section, we obtain the dynamics of
(7.1.9) with p € 2N on the Poincaré disk via Poincaré compactification and basic theory
of the dynamical systems. The proof of Theorems will be completed in Section 7.3. In
Section 7.4, we consider the case that p € 2N+ 1. Section 7.5 is devoted to the conclusions
and remarks.

7.2 Dynamics on the Poincaré disk of (7.1.9) with p € 2N

In order to study the dynamics of (7.1.9) on the Poincaré disk, we desingularize it by the
time-scale desingularization

ds/d§ ={o(&)} P for pe2N. (7.2.1)

Since we assume that p is even, the direction of the time does not change via this desin-
gularization. Then we have

& =y, ,_d
{2 s (1 =3). (7.2.2)
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Chapter 7 Traveling wave solutions for degenerate nonlinear parabolic equations

where 0 =0 or 6 = 1.

It should be noted that the time scale desingularization (7.2.1) is simply multiplying the
vector field by ¢P. Then, except the singularity {¢ = 0}, the solution curves of the system
(vector field) remain the same but are parameterized differently. Still, we refer to Section
7.7 of [44] and references therein for the analytical treatments of desingularization with
the time rescaling. In what follows, we use the similar time rescaling (re-parameterization
of the solution curves) repeatedly to desingularize the vector fields.

The system (7.2.2) has the equilibrium FEp : (¢,1) = (0,0) for § = 0. Also, it has the
equilibria Fp and Ejs for 6 = 1. We will determine the stability of Ey in Section 3.7. We
study the stability of Ep. The behavior of solutions for § = 0 and § = 1 are different.

7.2.1 Dynamics of (7.2.2) near (0,0) : the case § =0

When the parameter 0 is § = 0, the Jacobian matrix of the vector field (7.2.2) at Ep is

0 0
fe(00)
Then, the center manifold theory is applicable to study the dynamics near Ep (for instance,

see [9]). It implies that there exists a function h(¢) satisfying

h(0) = ZZ(O) =0

such that the center manifold of (7.2.2) is represented as {(¢,v) |9 = h(¢)} near (0,0).
Differentiating it with respect to s, we have

dh
—ch(¢) — P! = 7 PPh(9).

Then, we can obtain the approximation of the (graph of) center manifold as follows:

{(0.0) | ==t /e +O(67P )} (7.2.3)

Therefore, the dynamics of (7.2.2) near (0,0) is topologically equivalent to the dynamics
of the following equation:

¢ = =T c+ O(pP ). (7.2.4)

These results give us the dynamics of (7.2.2) near (0,0) for § = 0.

7.2.2 Dynamics of (7.2.2) near (0,0) : the case § =1

When the parameter 6 is § = 1, the Jacobian matrix of the vector field (7.2.2) at Ep is

0 0
B0 (00,

It has the real distinct eigenvalues 0 and —c. The eigenvectors corresponding to each

eigenvalue are
c 0
v = , Vo= )



7.2 Dynamics on the Poincaré disk of (7.1.9) with p € 2N

We set matrix T as T' = (v1,ve). Then, we can obtain the following;:
<¢'(8)>_<0 0><¢(8)>+( ¢p¢>
¥'(s) 1 —c )\ ¥(s) —grt!

SR EHNES]

By multiplying 7! to both sides from left,

S ()-8 ) () ()
We set ( :ZEZ)) ) — 71 ( zii; ) Then, we can see the following equations:

P = Cpq}pﬂ + cpquﬁ, _¢p+1 _ _cerl(;)erl.
Therefore, the equation (7.2.5) is

) (8 ) () (2 )

namely,
QE/(S) — Cpi];(q’gp+1 + gpilépqza o ~ ! i (7 2 6)
J(s) = —ct — TIGHL _ pm1gg) — artigeel, Tds) -
As in the case that 6 = 0, the center manifold theory is applicable to study the

dynamics of (7.2.6). It implies that there exists a function h(¢) satisfying

dh

de
such that the center manifold of (7.2.6) is represented as {(¢, )| ¢(s) = h(¢(s))} near
(0,0). Differentiating it with respect to s, we have

h(0)

—eh(§) 1 = ) - = T (g ).
Then, we can obtain the approximation of the (graph of) center manifold as follows:
{(@.9)[9(s) = —"2(* + 1) + 0672 } (7.2.7)

Therefore, the dynamics of (7.2.6) near (0,0) is topologically equivalent to the dynamics
of the following equation:
qZI(S) — cpflq';erl o C2p73(02 + 1)&2p+1.

Note that gg and LZ are QNS =¢/c, 1; =1 — ¢/c. We conclude that the approximation of the
(graph of) center manifold are

U(s) = ¢/c—[( +1)eP /e’ (7.2.8)

and the dynamics of (7.2.2) near (0,0) is topologically equivalent to the dynamics of the
following equation:

¢'(s) = ¢ e —[(* + 1)/, (7.2.9)

These results give us the dynamics of (7.2.2) near (0,0) for 6 = 1. Now we can consider

the dynamics of (7.2.2) on the charts U; and V/;.
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Chapter 7 Traveling wave solutions for degenerate nonlinear parabolic equations

7.2.3 Dynamics on the chart U,

To obtain the dynamics on the chart Us, we introduce coordinates (), z) by the formulas

¢(s) = z(s)/A(s), ¥(s) = 1/A(s).

Then we have
N =ch+ APl )z,
' = \"PaP + cx + A\ PxPt? — 522

Time-scale desingularization do/ds = \(s) P yields

Ao = NPT 4 \gptl 6)\p+1m’

{ To = 2P 4+ cNPx + 2P — §APa2, (7.2.10)

where A\, = d\/do and z, = dx/do. The system (7.2.10) has the equilibrium
Eg : (A x) = (0,0).

The Jacobian matrix of the vector field (7.2.10) at its equilibrium is

0 0
Ef: .
(0 0)
The equilibrium E(‘)F is not hyperbolic. Therefore, to determine the dynamics near Ea' , we
desingularize it by introducing the following blow-up coordinates:
A=rP7IN, =Pz

(see Section 1.2 in this thesis and Section 3 of [14] for the desingularizations of vector
fields by the blow-up). Since we are interested in the dynamics on the Poincaré disk, we
consider the dynamics of blow-up vector fields on the charts {A\ = 1} and {z = +1}.

Dynamics on the chart {\ = 1}

By the change of coordinates A = r?~1, 2 = rPZ, we have

re = (p— 1)_1(67“”2_p+1 + rPP P+l gptl 5rp2+193),

Ty = (p— 1) (—crP* Pz — P’ TPgPT2 4 50" 72) 4 pp PP,
The time-rescaling dn/do = PP yields

ry = (p—1)"Yer + r2PTigrtt — §pptiz),
Ty = (p—1)"Y—cx — r?PzPT? + 5rPz?%) + 2P.

The equilibria of (7.2.11) on {r = 0} are

By : (@) = (0,0), By :(0,[c/(p—1)]71).

The Jacobian matrices of the vector field (7.2.11) at these equilibria are

C
S0 c
Eg.| Pl c |, B p-1 .
0 — 0 c

p—1

(7.2.11)

Therefore, E(T is a saddle, and E;r is a source for ¢ > 0.
The solutions are approximated as

r(n) ~ A1€P%177(1 +o0(1)), - c \ 1
L P oty = (550)

with constants A;.
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7.2 Dynamics on the Poincaré disk of (7.1.9) with p € 2N

Dynamics on the chart {z =1}

By the change of coordinates A = r?~!\ 2 = 7P, and time-rescaling dn/do = 7“7’2*”, we
have

rp=p  (r 4 erAP 4GPt
Ny = H—(p— DA+ cAPFL 4 2P\ — §ppprt)

The equilibria on {r = 0} are

(r,3) = (0,0), (r,X) = (0,[p—1/d7).

By the further computations, we can see that (0,0) is a saddle, and (0, [p — 1/(:]%) is a
source.

Dynamics on the chart {z = —1}

By the change of coordinates A = r?~'\, x = —rP, and time-rescaling dn/do = PP , We
have B B
Ty =p (=1 + crAP — p2P L §pp TN
{ Ay =p H(p— DA+ AP — p2PX 4 GrPAPHLY

The equilibrium on {r = 0,\ > 0} is (0,0). The linearized eigenvalues are —p~! and
(p—1)/p with corresponding eigenvectors (1,0) and (0, 1), respectively. Therefore, (r, \) =
(0,0) on the chart {z = —1} is a saddle.

Combining the dynamics on the charts {\ = 1} and {# = +1}, we obtain the dynamics
on Us (see Figure 7.2.1).

7.2.4 Dynamics on the chart V,

The change of coordinates

¢(s) = —x(s)/A(s), ¥(s) =—1/A(s)
gives the projected dynamics of (7.2.2) on the chart Vs:

{ Ao = cAPTL 4 AgPTL — AP+

Ty = xP + NPz 4+ 2PT2 — §AP22, (7.2.12)

where o is the new time introduced by do/ds = A(s)™P. We can see that the system
(7.2.12) and (7.2.10) are same.
7.2.5 Dynamics on the chart U,

Let us study the dynamics on the chart U;. The transformations

o(s) = 1/A(s),  ¥(s) = z(s)/A(s)

yield

Ao = — Az,
{ To = —cA\Px 4+ 6N — 1 — 22 (7.2.13)

via time-rescaling do/ds = A(s)"P. When the parameter ¢ is § = 0, the system (7.2.13)
has no equilibria. If 6 = 1, then the equilibrium of (7.2.13) is (A, z) = (1, 0) that coincides
with the equilibrium (¢, ) = (1,0) of (7.1.9).
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Chapter 7 Traveling wave solutions for degenerate nonlinear parabolic equations

(e>0 A N

vV —
E(;f X

L[ Dynamics on UJ )

Figure 7.2.1: Schematic pictures of the dynamics of the blow-up vector fields and Us in
the case that ¢ > 0 and p € 2N.

7.2.6 Dynamics on the chart V,

The transformations
P(s) = —1/A(s),  ¥(s) = —z(s)/A(s)
yield

Ao = — Az,
{ Ty = —CAPx + 6N — 1 — 22 (7.2.14)

via time-rescaling do/ds = A(s)7P. We can see that the system (7.2.14) can be coincided
with (7.2.13).

7.2.7 Dynamics on the Poincaré disk

In order to see the dynamics on the Poincaré disk, we study the dynamics near finite-
equilibria of (7.1.9). If § = 1 and p is even , then (7.1.9) has the equilibria +Ej : (¢, ) =
(£1,0). Let J; be the Jacobian matrix of the vector field (7.1.9) at E5. Then, the behavior
of the solution around FEj is different by the sign of D (which is defined in Theorem 7.1.2).
For instance, the matrix J; has the real distinct eigenvalues if D > 0 and other cases can
be concluded similarly. In addition, if ¢ > 0, then the real part of all eigenvalues of J; are
negative. Therefore, we determine that the the equilibria +Fs : (¢,v) = (+1,0) are sink.

Combining dynamics on the chart U; and Vj, we obtain the dynamics on the Poincaré
disk in the case that p is even (see Figure 7.2.2). If the Ejs is asymptotically stable, then
Ejs is a stable node for D > 0 and is a stable focus (spiral sink) for D < 0.
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7.3 Proof of the Theorems

Figure 7.2.2: Schematic picture of the dynamics on the Poincaré disk and corresponding
(weak) traveling wave solutions in the case that p is even with D < 0 and ¢ > 0.

Remark 7.2.1

In Figure7.2.2, we need to be careful about the handling of the point Eo : (¢,4) = (0,0)
for =0 and § = 1. When we consider the parameter s on the disk, the point E¢ is the
equilibrium of (7.2.2). However, Eo is a point on the line {¢ = 0} with singularity about
the parameter . We can see that d¢/di takes the same values on the vector fields defined
by (7.2.2) and (7.1.9) by excepting the singularity {¢ = 0}. If the trajectories start (resp.
come in ) the equilibrium Eo about the parameter s, then they start from (resp. come
in) the point Eo about &.

7.3 Proof of the Theorems

In this section, we prove our main results. If the initial data are located on H;\{¢ = 0},
the existence of the solutions follows from the standard theory for the ordinary differential
equations. Therefore, we consider the existence of the trajectories that connect equilibria
and the detailed dynamics near the equilibria on the Poincaré disk and their asymptotic
behavior.

Proof of Theorem 7.1.1

Since the point (y1,y2,¥3) = (0,1,0) on the Poincaré disk corresponds to Eg : (¢,1) =
(0, +00), we denote it by Ej as well. Similarly, we denote (y1,v2,y3) = (0,0,1) by Eop,
which corresponds to the equilibrium (¢,1) = (0,0).

First, we prove the existence of connecting orbit between Ear and Fp on the Poincaré
disk (see Figure 7.2.2).

For a given compact subset W C H, there are no equilibrium or closed orbit in W.
Therefore, by the Poincaré-Bendixson theorem, any trajectories starting from the points
in W cannot stay in W with increasing s. This implies that the trajectories in H4 go to
Eo : (¢,%) = (0,0) from S!, which corresponds to {||(#,1)|| = co}. Since the line {¢ = 0}
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Chapter 7 Traveling wave solutions for degenerate nonlinear parabolic equations

is invariant under the flow of (7.2.2), therefore, any trajectories start from the points in
{y € Hy |y1 > 0} cannot go to {y € Hy |y1 < 0}.
Then, let WU(E; ) be a unstable manifold of E: (which is the equilibrium of the

system (7.2.11)). We denote by W“(E;_ ) the unstable set, which corresponds to W(E; )
on the blow-up vector filed (7.2.11) of the equilibrium Ej of (7.2.10). Similarly, we denote
by W¢(Ep) the stable set of Fp, corresponding to the stable center manifold of Ep on
the blow-up vector field (7.2.2).

Consider the trajectories start from the points on W“(E; ) C{y € Hy|y1 > 0}. The
trajectories cannot stay in any compact subset on H, and cannot go to {y € H4 |y < 0},
therefore, they go to Ep with lying on W¢(Ep). This implies that the system (7.1.9) and
(7.2.2) possess the orbits that connect Ej and Ep on the Poincaré disk. Also we recall
Remark 7.2.1. Thus, there are orbits connecting (¢, ) = (0, +00) and (0, 0) on the original
vector field (7.1.9).

Second, we prove the existence of a constant §y € (&, +00). It is sufficient to show the
connecting orbits pass through the line {¢) = 0}. Considering (7.1.9) for 6 = 0, ¢/|y=0 =0
and ¢'|y—0 = —¢. Note that we focus on {y € Hy |y1 > 0}, ¥'|y—o satisfies 9’|~ < 0 for
¢ > 0. Therefore, any trajectories start from the points on W“(E;,r) C{ye Hy|yr >0}
must pass ¢ = 0, and go to Fp with lying on W¢(Ep).

Finally, we compute the asymptotic behavior of the trajectories near the equilibria Ear
and Fp as follows:

(i) As shown in [31] and [33], we can obtain the asymptotic behavior of u(&) and u/(§)
at Ear . Indeed,

dn ds do dn —p - 2_
S/ N I
G dE ds do "

~ (Alep%”(l n 0(1)))7” (Ape(1 + o(1)) + P) P

~ Azer 1" (Age(1 + o(1)) + P) 7P
—pe 1

_ /A

= A3€p 1 (A2ec77(1 +O(1)) + P)p

1
{Ase1(1 4 0o(1)} + p{Ase?(1 4+ o(1)) YL P+ ... 4 PP

—pc
~ Aer-1" as n— —o0

—pc
= Aggp—l77 .

holds with constants A and A;. Note that this argument is a refinement of [33]. Here,
“ f(z) ~ g(x) as x — a” means that f(x) — g(z) = o(g(z)) as z — a, equivalently,
f(x)

lim
g(x

r—a

This yields

£(n) ~ Aer1"+ A, (A€R),
Set & = lim &(n), then we have
n——00

0 e
& = A/ er—1"dn < +o0.

—00
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(i)

Therefore,
pc

§—& ~Aer1" (n— —o0)

holds. Finally, we obtain

u(§) = ¢(§) = rz
~ {Aleﬁl"u + 0(1))} {Ape®(1 + o(1)) + P}
~ Ager 1T {Age(1 4 o(1)) + P}
= Aser 17 + Ay - P e 1"
_pc_ _c_
= 14561’*177 =+ A4 -P- 61’*177

c

~ Aer—1",

Here, in last relation, since e7-1" < ¢ 1" (n < 0) is satisfied by pc/(p—1) > ¢/(p—1),
we choose the term with the greater influence when 1 — —oo. Therefore, we have

() = B(&) ~ AeT T~ A(E —£)F (€ — £+ 0).

Since the trajectories are lying on {¢ > 0}, it holds that A > 0.

Similarly, we can obtain the rate for u/(¢) = c2(€) as € — &,.

If the initial value is on the center manifold, the solution at the around Ep on
Poincaré disk has the form
1
8) = P/ ——,
o(s) §/3p52pA
(7.3.1)

Since the initial value ¢(0) is located on {¢ > 0}, it holds that A < 0. These results
follow from (7.2.3) and (7.2.4). We then have

Therefore, there exists a solution s(§) such that the following holds

_ p&? + 2Bp€ + 24c% + B?%p
2c

s(¢)

with a constant B. Substituting (7.3.2) into (7.3.1), we have

(7.3.2)

1

G(§) ~ (p€/c) 7

_ptl as & — +oo.

H(©) ~ [~ /o) Je

Therefore, we can obtain the asymptotic behavior (7.1.10) and (7.1.11). We then obtain
the weak traveling wave solutions with quenching that consist of the functions u(x —ct) =
¢(€) on (&, 00) and u(x — ct) = 0 on (—o0,&,] (see Figure 7.1.1).

This completes the proof. O
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Proof of Theorem 7.1.2

As in the previous proof of Theorem 7.1.1, it is necessary to find the orbits that connect
Ef and Es on the Poincaré disk (see Figure 7.2.2). We note that the flow on {(¢,1) €
H,US?|¢ > 0} and {(¢,7) € Hy US?|¢ < 0} are separated by the line {¢p = 0}. In
other words, any trajectories start from the point on the unstable manifold YW* (E; ) of E;_
which corresponds the equilibrium Ej of (7.2.10) cannot go to {(¢,¢) € Hy US?*| ¢ < 0}
in the case that § = 1. Since Eo is unstable, any trajectories start from the point on
VV“(E;r ) must go to the equilibrium Egz. Then it holds that there exist the connecting
orbits from EO+ to Es.

As in the proof of Theorem 7.1.1, we can obtain the rates (7.1.14) for v(£) and v/(§)
as & — &, in the case that p € 2N, therefore, we only consider the dynamics near E5. We
define

() :==o(§) =1 and  W¥(E) = ¥(§).

Then, there are three cases to consider:

(i) Let us consider the case that D > 0, namely, the matrix .J; has the real distinct

eigenvalues
—c++VD —c—+D

2 w2= Ty

The eigenvectors corresponding to each eigenvalue are

a=(2) we(2)

We then obtain the following behavior:

(igg > :Bl<(jl >6°’15+BQ<L32 >ew2§

with any constants By and By. Therefore, the solution around the equilibrium Ej is

w1 =

¢(§) ~ Blew1§ + B2€w2§ + ]_,
w(f) ~ B1w16”15 + nggewzg.

Using v(€) = ¢(¢) and v/(€) = c?, we can derive the following:

v(€) ~ B1e*'¢ + Bope¥2t + 1,
V(&) ~ c(Biw1 €1 4 Bowoe®2%).

Since ¢ > 0, it hold that w; < 0 and w9 < 0.

(ii) Consider the case that D = 0, namely, the matrix J; has a multiple real eigenvalue

c
w=—c. The eigenvector vi and the generalized eigenvector corresponding to the

( 1 ) ( ! )
V] = C , Vo = C
- 1— =

2 2%

with « is arbitrary constant. Therefore, the solution around the equilibrium FEj is

P(&) ~ (B3€ + By)e¥s +1,
P(E) ~ —%(335 + By)e*s + Bs (1 - ga> et

eigenvalue vy are
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(iii)

Then, we can derive the following;:

v(€) ~ (B3 + Ba)e* +1,
V(E) ~ { (Bs€ + Ba)e¥t + By (1 . ga) ewé} .

Since ¢ > 0, it holds that w < 0. Note that we can determine

¢
2

lim (B3¢ + By)e* =0
E—+o00
by the L’Hopital’s rule.

Consider the case that D < 0, namely, the matrix J; has the complex eigenvalues

c 1
w=ptiv=—==+ ZEV‘DL The eigenvectors corresponding to each eigenvalue are

2
= ()=,

The function ®(¢) and W(&) are expressed as following:

(%6 ) =0 o ) o (),

(28) = (e ) (20)

Therefore, the solution ¢(&) around the equilibrium FEj is

P(&) = e 2¢ ([sin @ﬁ] -2(0) + [cos @5] : w(O)) + 1.

2

where

Similarly, () is

Then, we can derive the following:

v(€) ~ e 28 ([sin @5] - 2(0) + [cos \/?5] . w(O)) +1,
02 c
we(©) ~ ST ((sin YPle] - 5(0) - o Y7l -ui0))

03 c
e ([sm VIDle) . (0) + [eos YIPlg) -w(0)> .

Therefore, we can obtain the asymptotic behavior (7.1.12), (7.1.13), (7.1.14). We then
obtain the weak traveling wave solutions with quenching that consist of the functions
v(x —cr) = ¢(€) on (&, 00) and v(x — ¢7) = 0 on (—00,&,] (see Figure 7.1.1).

This completes the proof. O
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Proof of Theorem 7.1.3

As in the previous proofs of Theorem 7.1.1 and 7.1.2, it is necessary to find the orbits that
connect Ep and Ejs on the Poincaré disk (see Figure 7.2.2). Note that the point Fo exists
on the singularity line {¢ = 0} about the parameter {. By Remark 7.2.1, the trajectories
start from the point on W¢(Ep) must go to the equilibrium Ejs. Then it holds that there
exist the connecting orbits from Fp to Ejs.
To complete the proof, we have to show that
lim v(¢) = lim /'(¢) = 0. (7.3.3)
E——o0 E——o0
Consider the dynamics near Ep : (¢,%) = (0,0) with 6 = 1 that given by (7.2.9) and

(7.2.8). That is, dynamics on the center manifold (7.2.7) is locally topologically equivalent
to the dynamics of the following equation:

¢ =P e —[( 4+ 1)/ + hoott.

Let us consider the equation up to lower order terms that determine the dynamics near
the equilibrium:
¢ =t /e.
This yields
_1

¢(s) = [=p(A+s/c)] v

with a constant A. Then, we have

This yields
Finally, we have
with a constant C' . This yields (7.3.3). O

7.4 Dynamics on the Poincaré disk of (7.1.9) : p is odd

We complete the proof of main Theorems, still, we continue to consider the case that
p € 2N + 1. Similarly as in the even case, we consider the dynamics (7.1.9) near (0,0)
and the dynamics (7.1.9) on the Poincaré disk. We desingularize it by the time-scale
desingularization

ds/d¢ = {p(¢)} 7.

¢'(s) = Py, , d
{ P(s) = —chtp — PPT2 + 5%, ( B ds) ) (7.4.1)

Then, we have

where 6 =0 or § = 1. B
As in the previous section, we can consider the dynamics of (7.4.1) on the charts U
and V. Here we note that the flow of (7.4.1) on {¢ > 0} is the same to that of (7.1.9)

on {¢ > 0}.
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7.4 Dynamics on the Poincaré disk of (7.1.9) : p is odd

The system (7.4.1) has the equilibrium Ep : (¢,%) = (0,0) for § = 0 and 6 = 1. The
Jacobian matrix of the vector field (7.4.1) at Ep is

00
B (10)

The equilibrium FEp is not hyperbolic. In order to determine the dynamics near Ep, we

desingularize it by introducing the following blow-up coordinates. Since the terms of §¢?

is the principal part of (7.4.1), the blow-up coordinates for 6 = 0 and § = 1 are different.
Also, we note that if § = 1 and p is odd, then (7.1.9) has the equilibrium

Es : (¢7¢) = (170)

and the Jacobian matrix and stability around it are the same as in the even case.

7.4.1 Dynamics of (7.4.1) near (0,0) : the case § =0

In order to determine the dynamics near Ep, we desingularize it by introducing the fol-
lowing blow-up coordinates for § = 0O:

¢=co, ¢=c".
Since we are interested in the dynamics near (0,0), we consider the dynamics of blow-up
vector fields on the charts {¢ = £1} and {¢ = £1}.

Dynamics on the chart {¢ = 1}

By the change of coordinates ¢ = ¢, ¢ = eP*14) and time-rescaling do/ds = ¢, we have

€o = €2p+11;7
{ Yo = —(p+1)e?Pp? —cp — 1, (7.4.2)

where e, = de/do and 1), = dip/do. This system has the equilibrium on {e = 0}

Eb (e, d) = <0,—1> .

C

The Jacobian matrix of the vector field (7.4.2) at Eg is

=+ (0 0
g (00

In order to apply the center manifold theory, we set

(o) = 0+ U(0), (o) = —% +V (o).

Then, we can obtain the following equation:

{ U, = —UPH jc + UPHLY,

V, = —[(p+ DU/ + [2(p + 1)UV /e — (p + 1)UV — cV. (7.4.3)

There exists a function h(U) satisfying
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such that the center manifold of (7.4.3) is represented as {(U, V)|V = h(U)} near (0,0).
Differentiating it with respect to o, we have

1
U*h— (p+ 1)U*h* — ch = % (—CU2”+1 + U2P+1h> .

2(p+ 1)

Pty 20t ])
C

Then, we can obtain the approximation of the (graph of) center manifold as follows:

{UV) |V ==(p+1)U?/+0U)}. (7.4.4)

Therefore, the dynamics of (7.4.3) near (0,0) is topologically equivalent to the dynamics
of the following equation:

U, = (_1 _ p+ 1U2p> U2p+1 + O(U6p+1).

C C

Dynamics on the chart {¢ = —1}

By the change of coordinates ¢ = —¢, ¢ = P71 and time-rescaling do/ds = ¢, we have
Eo = _52p+1&’
{ Vo = (p+1)e?Pp? + cp + 1. (7.4.5)

This system has the equilibrium on {¢ = 0}

Boi i) = (0.-1).

The Jacobian matrix of the vector field (7.4.5) at E, is

In order to apply the center manifold theory, we set

c(0) =0+ U(0), (o) = —% + V(o).

Then, we can obtain the following equation:

— 772041 /. _ 7720+
{Uo UPtl /e — ULy, (7.4.6)

Vo = [(p+ DU/ = [2(p + YUPV] /e + (p + DUV 4 cV.

As the previous discussion, we can obtain the approximation of the (graph of) center
manifold as follows:

{UV) |V ==(p+1)U?/+0U)}.

Therefore, the dynamics near (0,0) is topologically equivalent to the dynamics of the
following equation:

U, = <1 p+ 1U2p> U 4 O(UsrH,
& C
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7.4 Dynamics on the Poincaré disk of (7.1.9) : p is odd

Dynamics on the chart {) =1}

By the change of coordinates ¢ = e¢, 1) = eP*! and time-rescaling do/ds = ¢, we have

o= (p+ 1) (—ce — e¢P*?),
G0 = (p+1)7H(cd? + F+3) + PP

The equilibrium on {¢ = 0} is (0,0). The Jacobian matrix of this vector field at its

equilibrium is
0 0
0 0 )°

Therefore, this equilibrium (g,¢) = (0,0) is not hyperbolic again. Here we shall not
consider more complicated analysis for dynamics near (g, ¢) = (0,0), however, it will be
studied that the asymptotic behavior of the connecting orbits from (or to) Ep in a latter
subsection.

Dynamics on the chart {i) = —1}

By the change of coordinates ¢ = ¢, 1) = —eP*! and time-rescaling do/ds = ¢, we have

€o = (p+ 1) (—ceg + epP™?),
G = (p+ 1) (cd? — ¢PT3) — 2Pl

This system has the equilibria on {¢ = 0}

(,6) = (0,0), (2,8) = (0, £cF+1).

The Jacobian matrices of this vector field at these equilibria are

0.0: (9 © 0tciny: [ Y0
(7)‘ 00 bl (’Cp ) OZFC% *

1 —
The dynamics around the equilibria (0,4c»+T) are same as Eé. As in the previous dis-
cussion, we conclude that the dynamics near (0,0) cannot be completely determined.

Combining the dynamics on the charts {¢ = +1} and {¢) = 41}, we obtain the
dynamics near Eo (see Figure 7.4.1).

7.4.2 Dynamics of (7.4.1) near (0,0) : the case 6 =1

In order to determine the dynamics near Eo, we desingularize it by introducing the fol-
lowing blow-up coordinates for § = 1:

¢:5$7 ¢:51;

Since we are interested in the dynamics near (0,0), we consider the dynamics of blow-up
vector fields on the charts {¢ = £1} and {¢) = £1}.
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/) ot
L@Blow—up of (¢,y) = (0,0) j J

eno N

v

¢l (w==x1) L[B'OW-Up of @.y) = (O’O)L

Figure 7.4.1: Schematic pictures of the dynamics near Fo in the case that ¢ > 0, § =0
and p is odd.

Dynamics on the chart {¢ = 1}

By the change of coordinates ¢ = ¢, 9 = 1) and time-rescaling do/ds = ¢, we have

_ ptly
{ 155; —6—65”%’2 — ) —eP + 1. (7.4.7)

This system has the equilibrium on {¢ = 0}

B s )= (0.7).

C

The Jacobian matrix of the vector field (7.4.7) at its equilibrium is

=+ 0 0
EO/:<O_C>.

In order to apply the center manifold theory, we set

(o) = 0+ U(0), #(0) = % + V(o).

Then, we can obtain the following equation:

(7.4.8)

U, = UPH Je 4 UPHLY,
V, = —[(c? +1)UP/c?] — [2UPV]/c — UPV? — cV.
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7.4 Dynamics on the Poincaré disk of (7.1.9) : p is odd

There exists a function h(U) satisfying

dh
h(0) =—(0)=0
0 =)
such that the center manifold of (7.4.8) is represented as {(U, V)|V = h(U)} near (0,0).

Differentiating it with respect to o, we have

2+1
c

C

2 dh (1
UP — ZUPh — UPR? — ch = — ( —UP*L + UPTn ).
c dU
Then, we can obtain the approximation of the (graph of) center manifold as follows:

{{U V)|V ==(F+1)UP/ +0U)}. (7.4.9)

Therefore, the dynamics of (7.4.8) near (0,0) is topologically equivalent to the dynamics
of the following equation:

2
<1 ‘ +1Up) Urt + o(UsPtY).

3

Dynamics on the chart {¢ = —1}

By the change of coordinates ¢ = —¢, ¢ = 1) and time-rescaling do/ds = ¢, we have
Eo = _€p+17z}7
{ Dy = P02+ b+ P + 1. (7.4.10)

This system has the equilibrium on {e = 0}
—_ _ 1
EO’:(€7¢): O,—E .

The Jacobian matrix of the vector field (7.4.10) at E, is

— 00
5 (00).
In order to apply the center manifold theory, we set
- 1
e(0) =0+ U(0), (o) =~ + V(o)
Then, we can obtain the following equation:

U, = UP*L/c — UPLY,
{ Vo = (2 + 1)U/ — [2UPV] e + UPV2 4 cV.

As the previous discussion, we can obtain the approximation of the (graph of) center
manifold as follows:

{{U V)|V =—(E+1)UP/ +O0U)}.

Therefore, the dynamics near (0,0) is topologically equivalent to the dynamics of the
following equation:

2
<1 " c C—g 1Up> Up+1 + 0(U3p+1).
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Dynamics on the chart {) =1}

By the change of coordinates ¢ = £¢, 1) = ¢ and time-rescaling do/ds = ¢, we have

co =i I,
b5 = c@? + ePPPT3 — §3 4 PPt

The equilibria on {¢ = 0} are (0,0) and (0,¢). The Jacobian matrices of this vector field

at these equilibria are
0 0 0 0
00 (20 war (8 %),

The dynamics around the equilibrium (0, ¢) is same as EJOF,. Therefore, this equilibrium
(r,¢) = (0,0) is not hyperbolic again. Here we shall not consider more complicated
analysis, however, it will be studied that the asymptotic behavior of the connecting orbits
from (or to) Eg, in a latter subsection.

Dynamics on the chart {i) = —1}

By the change of coordinates ¢ = e¢, 1) = —¢ and time-rescaling do/ds = €, we have

Co = —ceg + PTG —eg?,
¢U — C¢2 o €p¢p+3 + ¢3 _ €p¢p+1‘

The equilibria on {¢ = 0} are (0,0) and (0, —¢). The Jacobian matrices of this vector field

at these equilibria are
00 0 0
(0,0).(0 O)’ (0,—c).<0 02>.

The dynamics around the equilibrium (0, —c) is same as E,. Therefore, this equilibrium
(r,¢) = (0,0) is not hyperbolic again, however, we shall not consider more complicated
analysis here.

Combining the dynamics on the charts {¢ = +1} and {¢) = 41}, we obtain the
dynamics near Ep (see Figure 7.4.2).

7.4.3 Dynamics on the chart U,

To obtain the dynamics on the chart Us, we introduce coordinates (), z) by the formulas

¢(s) = (s)/A(s),  ¢P(s) = 1/A(s).

Then we have

N = cx + A\"PaPT2 — 2
{ gz = \"P—lpp+l + e~ 12 4 AP 1pp+3 _ g2 —1.3. (7411)
Time-scale desingularization do/ds = \(s) 7P~ yields
Ao = APy 4 NP2 — GAPTLg2)
{ Ty = $p+1 4 C)\p.%'2 + xp+3 _ 5>\px3, (7412)
where Ay = d\/do and z, = dz/do. The system (7.4.12) has the equilibrium
E - (Ax) = (0,0). (7.4.13)
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S O

<
Il
SN
v
—_—O

3‘: | / ¢1
L@IOW_Up of (¢, ) = (0,0) jJ

= N

o=1

v

L[Blow.up of () = (0.0) ]J

Figure 7.4.2: Schematic pictures of the dynamics near Ep in the case that ¢ > 0, § =1
and p is odd.

The Jacobian matrix of the vector field (7.4.12) at its equilibrium is

00
+ .
EO,.<O 0).

The equilibrium E&t is not hyperbolic. As in the previous section, to determine the
dynamics near E(J)C, we desingularize it by introducing the following blow-up coordinates
with excepting p=1:

A=rP7IN, =Pz

Since we are interested in the dynamics on the Poincaré disk, we consider the dynamics
of blow-up vector fields on the charts {\ = 1} and {z = £1}.

Dynamics on the chart {\ =1}

By the change of coordinates A = 7P~!, x = rPZ and time-rescaling dn/do = rp2, we have

ry = (p—1)"Yerz + r2PHigpt2 — grrtiz?) (7.4.14)
Ty = (p— 1) Y (—cz? — r?PzPT3 4 §rPz3) 4 P T, o
The equilibria of (7.4.14) on {r = 0} are Ea_, : (r,z) = (0,0) and
— _ 1
+E, (r,z) = (0,£q), q:=[c/(p—1)]P-T.

The Jacobian matrices of the vector field (7.4.14) at these equilibria are

5 (00) ()
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Therefore, —i—E;L, (resp. —E;/) is a source (resp. sink) for ¢ > 0. Also, Ea_, is not hyperbolic

again. The dynamics of (7.4.14) near EJ, cannot be completely determined, however, we
can study the detailed behavior of the trajectories along the unstable (resp. stable) mani-

folds of E; (resp. —E;r,) of (7.4.14). For instance, the solutions near E;, are approximated
as follows.

r(n) ~ C1e? (1 + o(1)), (7.4.15)
Z(n) ~ CaeP™ DI (1 4 (1)) + ¢. (7.4.16)

Dynamics on the chart {z =1}

By the change of coordinates A = r?~1\, 2 = rP, and time-rescaling dn/do = rp2, we have

{

The equilibria on {r = 0} are

=p t(r+cri? + 7“21"’:1 — 5Tp+1):\p)7 ~
n=p"H{=(p— DX+ AP+ r2PX — greAPTL)

>3

(r,3) = (0,0), (r,A) = (0,[p—1/d7)

for ¢ > 0. By the further computations, we can see that (0, 0) is a saddle, and (0, [p— 1/0]%)
is a source.

Dynamics on the chart {z = —1}

By the change of coordinates A\ = 7?71\, x = —rP, and time-rescaling dn/do = | we
have - -

Ty = pH(—r — cr AP — Z"Qp*l — 57{“)\1’),7

Ay =p H{(p— DA — cAPTL — 2P\ — §rPAPTLY

The equilibria on {r = 0} are

(r,3) = (0,0), (r,X) = (0,[p—1/d7)

for ¢ > 0. By the further computations, we can see that (0, 0) is a saddle, and (0, [p— 1/0]5)
is a sink.

Combining the dynamics on the charts {\ = 1} and {# = +1}, we obtain the dynamics
on Uy (see Figure 7.4.3).

7.4.4 Dynamics on the chart V,
The change of coordinates

¢(s) = —x(s)/A(s), (s) =—1/A(s)
give the projected dynamics of (7.2.2) on the chart Vs:

Ao = —cANPThp 4 AgPt2 4 §APH1g2) 7417
Ty = aPT — eAPx? 4 2P H3 4 P23, (7.4.17)

where 7 is the new time introduced by do/ds = A(s)"P~!. The system (7.4.17) can be
transformed into (7.4.12) by the change of coordinates (A, z) — (=X, x). Therefore, it is
sufficient to consider the blow-up of singularity E, : (A, z) = (0,0) by the formulas

A=rP"IN, z=rP% with X\=1.
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+ X
Eo

L[ Dynamics on Uz} )

Figure 7.4.3: Schematic pictures of the dynamics of the blow-up vector fields and Us in
the case that ¢ > 0 and p is odd.

Then, we have
ry = (p— 1) (—crz 4 rHgpt2 4 §pptiz?),
Ty = (p—1)"Y(cz? — r¥PaPt3 — §rPz3) + zPTL

where 7 satisfies dn/do = {7“(7)}772. The equilibrium on {r = 0} is (0, 0) with 0 eigenvalues
for ¢ > 0. Therefore, this equilibrium is not hyperbolic again. We shall not consider the
more complicated analysis here.

7.4.5 Dynamics on the chart U,
Let us study the dynamics on the chart U;. The transformations
¢(s) =1/A(s), ¥(s) = x(s)/A(s)

yield

Ao = — Az,
{ Ty = —CANPxT + GNP — 1 — 22 (7.4.18)

via time-rescaling do/ds = {\(s)} P!, When the parameter § is § = 0, the system
(7.4.18) has no equilibria. If 6 = 1, then the equilibrium of (7.4.18) is (A,z) = (1,0) that
coincides with the equilibrium (¢, ) = (1,0) of (7.1.9).

7.4.6 Dynamics on the chart V,

Let us study the dynamics on the chart V. The transformations
o(s) = —1/A(s), (s) = —x(s)/A(s).
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yield

)\o' - _)\1'7
{ T, = c\Px — GNP — 1 — 22 (7.4.19)

via time-rescaling do/ds = {\(s)} P~!. The system (7.4.19) has no equilibria.

7.4.7 Classification of the connecting orbits in odd case

As studied previous subsections, there are equilibria that are not hyperbolic in the blow-up
vector fields (7.4.2),(7.4.5),(7.4.7),(7.4.10) and (7.4.14). Therefore, we cannot determine
the dynamics near the singularities explicitly. However, if the center, stable and unstable
manifolds of the equilibria on each blow-up vector field are inherited to the vector filed on
the Poincaré disk and the connecting orbits between each other are exist, then they cor-
respond to the functions satisfying (7.1.9). In this subsection, we classify the connecting
orbits and the functions corresponding them. It should be noted that if there is a quasi
traveling wave with quenching, we can find the weak traveling wave solutions with quench-
ing of (7.1.1) (for 6 = 0) and (7.1.4) (for 6 = 1). The proofs of Theorems (computations
of asymptotic behavior) for the odd case are similar as the even case.
Let us prepare the symbols used in this subsection as follows:

o W (Eg) denotes the center-stable manifold of EZS in the dynamical system (7.4.2).

W (E,) denotes the center-unstable manifold of E, in the dynamical system
(7.4.5).

WC“(ESI) denotes the center-unstable manifold of Eg, in the dynamical system
(7.4.7).

W (E,) denotes the center-stable manifold of E, in the dynamical system (7.4.10).

. Ws(—E;) denotes the stable manifold of —F;r/ in the dynamical system (7.4.14).

° W“(E;) denotes the unstable manifold of E; in the dynamical system (7.4.14).
First, we state the result for § = 0.

Theorem 7.4.1
Assume that ¢ > 0, =0, p € 2N + 1 and the following:

e The equilibrium Eo : (y1,y2,y3) = (0,0,1) on the Poincaré disk of (7.2.2) has
the center-stable manifold W (Ep) and center-unstable manifold W (Ep) that
corresponds to W€ (Eg) and W (E,,), respectively.

e The equilibrium E}, (which is defined in (7.4.13)) on the Poincaré disk of (7.2.2)
has the stable manifold W*(E},) and unstable manifold W*(E},) that corresponds

to WS(—E;) and W“(E;), respectively.
Then, the following holds:

(I) If there exits a connecting orbit I'" that connects W (Ep) and W"(E},), then
(7.1.1) has a weak traveling wave solutions with quenching. In addition, it hold that

{ u(€) ~ (pE/e)”
EETOOU (ﬁ) =0

LSAT

as & — oo
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and )
{ u(€) ~ A€ -E)r
() ~AE-E) T

as £ —&+0

where |£.| < 0o, A > 0 are constants (& is the quenching point). In addition,
u(§) > 0 holds for & € (&, 00) and u(§) = 0 for £ € (—00,&).

(II) If there exits a connecting orbit I'™ that connects W (Ep) and W*(E(,), then
(7.1.1) has a weak traveling wave solutions with quenching and its profile is obtained
by the mapping u(§) — —u(—¢), where u(§) is a weak traveling wave solutions with

quenching corresponding to I'".

Proof of (I) As discussed Section 7.4, the dynamics on the center manifold (7.4.4) that
gives dynamics near Eg is topologically equivalent to the dynamics of the following system:

Z—U =-U?" e+ hot
o
with p i d
o o ds
= d _— e — e —_— 7p'
Ulo) =o(r) and 7 =50 =0
Then, (7.4.20) yields
1
¢(o) ~(A+2po/c) 2 as o0 — 0

with a constant A > 0. Therefore, we have

holds near 0 = oo. This implies that

o~ (p?E2 + 2Bp*¢ — A® + B*?)/(2cp) as o — o

with a constant B. Therefore,

u(§) = ¢(§) ~ (p€/c) *.

Let us consider the dynamics near E;, of (7.4.14). We recall (7.4.15), (7.4.16) and

dy _ dndods _ D N I I v

dé¢ ~ dodsdf

1
P

~{C (14 o)} {Cacr 14 0(1) + )

(7.4.20)

—p—1

~ Ce P2 . {CQe(p—l)q”n(l +o(1)) + q} b n— —0

= Cqe PN . 1 =
{Coe=1Da"1(1 + o(1)) + ¢}"

= Cge PPN . 1

{Coer=Dan(1 4 o(1)) " 4 (p+ 1) {Coer=Da"n(1 + 0o(1)}’ - g+ - --

—paP
~ Ce P a5 n— —o0.

We then have

+qP
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Figure 7.4.4: Roughly sketch of the dynamics on the Poincaré disk and corresponding
(weak) traveling wave solutions in the case that the assumptions of Theorems are satisfied
with D < 0 and ¢ > 0.

This yields

We then have

=
&
I
=
i
S~—
I
> 8
I
<
3
L‘
8
|
~
R

~ {Cre? (1 + o(1))} {CQe(p—annu +o(1)) + q}

~ Cye?M . {Cge(pfl)qp”(l +o(1)) + q}

= Cye?e@=Da"1 L 0y . g . 9

= CseP? 4 Cy-q- e

~ A’
Here, in last relation, since eP4"7 < e (n < 0) is satisfied by pg? > ¢P, we choose the
term with the greater influence when 1 — —oo. Therefore, we have

1
u(€) = ¢(§) ~ Ae ~ A —E)r as £ & +0.

Similarly, since 1(¢) = 1/A = 7177, it holds that

_p=1
P

P(E) ~ AePT ~ A (€ - &) as &= & +0.

Proof of (IT) Since (7.4.1) with § = 0 is invariant under the mapping: ¢(§) — —o(—¢),
the statement holds. O

Second, we state the result for 6 = 1. There are three types of connecting orbits that
correspond to the (weak) traveling wave solutions of (7.1.4).
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Theorem 7.4.2
Assume that ¢ > 0, =1, p € 2N+ 1 and the following:

e The equilibrium EJ}, (which is defined in (7.4.13)) on the Poincaré disk of (7.2.2)
has the unstable manifold W*(E/,) that corresponds to W (E;)

If there exists a connecting orbit that connects W*(E},) and W*(Ej), then (7.1.4) has a
weak traveling wave solutions with quenching. The asymptotic behavior for £ — oo are
given by (7.1.12) and (7.1.13) in Theorem 7.1.2. In addition, the asymptotic behavior
near the quenching point &, are given by the following:

{w@~A@—aﬁ%1 . €t

V() ~ A —&)

Proof Since dynamics of (7.4.1) on {¢ > 0} is equivalent to the dynamics of (7.2.2)
on {¢ > 0}, asymptotic behavior for £ — oo is exactly same to (7.1.12) and (7.1.13) in

Theorem 7.1.2. In order to prove the Theorem, it is sufficient to compute the asymptotic
behavior along W“(E;)
We recall the dynamics on the chart Us given by (7.4.15) and (7.4.16). Then, we have

dn  dndods

- — Ae P4
d¢  do ds d§ ’

where A > 0 is a constant. This yields
E—& ~CePT as n— —oo.

Further computations yield

VE) = ¢€) =rE~ A(E—E&)7 as £ &40

and

V(€)= p(€) = AP~ A(E—E)TF as £ £ +0.

Theorem 7.4.3
Assume that ¢ >0, § =1, p € 2N + 1 and the following:

e The equilibrium Eo : (y1,y2,y3) = (0,0,1) on the Poincaré disk of (7.2.2) has the
center-unstable manifold W (Eg) that corresponds to W (Eg/).

Then, if there exist a connecting orbit that connects W (Ep) and W?*(Es), then (7.1.4)
has a traveling wave solution that satisfies v(§) > 0 for £ € R,
lim v(§) = lim v'(§) =0,

{——00 {—+—00

lim v(¢§) =1 and lim v'(¢) = 0.

E—o0 £—00

Proof The dynamics near Es of (7.4.1)is equivalent to that of (7.2.2). Let us consider
the dynamics along W (Ep). We recall that the dynamics on the center manifold (7.4.9)
is locally topologically equivalent to the dynamics of the following system

% = U™ /e + hoo.t.
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This yields

Then we have

v(€) = 9(€) =U(0(§)) = Ce*/* = 0 as &= —oo,
where C > 0 is a constant that depend on p. O

Theorem 7.4.4
Assume that ¢ >0, § =1, p € 2N + 1 and the following:

e The equilibrium Eo : (y1,y2,y3) = (0,0,1) on the Poincaré disk of (7.2.2) has the
center-unstable manifold W (E) that corresponds to W (E ).

e The equilibrium E}, (which is defined in (7.4.13)) on the Poincaré disk of (7.2.2)

has the stable manifold W*(E(,) that corresponds to Ws(—E;L,).

If there exists a connecting orbit that connects W(Ep) and W*(Ep,), then (7.1.4) has
a weak traveling wave solutions with quenching. In addition,

lim () = lim_+/(¢) =0

§E——00

and

{ U(é.) ~ A(é.* - 5);7177—1 as § N é-* -0
V() ~ A6 —&) T

hold. Here, A < 0 is a constant and &, (|&«] < o0) is a quenching point, that is, v(§) < 0
for € € (—00,&,) and v(§) = 0 for & € [€,, +00) hold.

Proof Dynamics along W (E,) is determined by the equation (7.4.6). Therefore,
asymptotic behavior for £ — —oo can be obtained as similar to the proof previous Theo-
rem.
Let us consider the dynamics along WS(—E;). We recall (7.4.14) and Jacobian matrix
at . ) L
=By (r,2) = (0, =[c¢/(p— D] 1).

. +
Dynamics near —F,, are

r(n) ~ Cre~ (1 +0(1)) and  &(n) ~ Coe™ P11 +0(1) =g, g =[c/(p—D]77
(cf. (7.4.15) and (7.4.16)). Further computations yield
E(n) = Ae™PIM 4 A as 5 — +o0.

Let A=¢, (ie., & = EI_’I_I &(n)) , then the asymptotic behavior can be obtained by the
n [e's)

similar computations in the proof of Theorem 7.4.2. O

The roughly sketch of the Poincaré disk in the case that the assumptions of Theorems
are satisfied is shown in Figure 7.4.4. We note that if the Ej is asymptotically stable, then
Ejs is a stable node for D > 0 and is a stable focus (spiral sink) for D < 0.
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7.5 Conclusions and Remarks

In this chapter, we studied whole dynamics of (7.1.9) on the phase space R2U{(¢, %) | [|(¢, ¥)| =
+oo} and asymptotic behavior of the solutions on R of (7.1.1) and (7.1.4) by applying the
Poincaré compactification and dynamical system approach.

We remark that since the theory of blow-up (desingularization of the vector fields) is
not applicable for the non-polynomial vector fields, we cannot deal with the general case
that p € R. Hence, we leave it open here.

Further, the stabilities of the (weak) traveling waves were not discussed here. To do
that, it will be necessary another approach to (7.1.1) and (7.1.4). Therefore, also we leave
it open here.

In addition, the case that p = 1 is not discussed. The reason is that the type and
degree of the vector fields on the each local chart (for instance, see (7.4.11)) cannot be
determined through the Newton polyhedra (for instance, see [8]). Therefore, it is necessary
to more detailed analysis for the case that p = 1. It will be addressed in future works.

Let us return our attention to the relationship between (7.1.1) and (7.1.4). If v(¢) =
v(x — c7) is a (weak) traveling wave solution of (7.1.4), then the function

u(z,t) = p‘% (Tl—t> : v <x — ;C)log <TT—t>>

satisfies (7.1.1) on R x (0,7"). This results give us the profiles of blow-up solutions for
(7.1.1) and (7.1.4) associated with the traveling wave solutions.
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Chapter 8

A refined asymptotic behavior of
traveling wave solutions for
degenerate nonlinear parabolic
equations

Abstract

In this chapter, we consider the asymptotic behavior of traveling wave solutions of a
certain degenerate nonlinear parabolic equation for £ = ¢ — ¢t — —oo with ¢ > 0. We
give a refined one of them, which was not obtained in the preceding work [32], by an
appropriate asymptotic study and properties of the Lambert W function. This chapter is
based on the following published paper ([30]):

Ichida, Y., Matsue, K., Sakamoto, T.O.: A refined asymptotic behavior of
traveling wave solutions for degenerate nonlinear parabolic equations, JSTAM
Lett., 12, 65-68 (2020).

8.1 Introduction
In this chapter, we consider the degenerate nonlinear parabolic equation
up = uP(Ugy +u) —du, t>0, xR, (8.1.1)

where § =0 or 1, p € 2N.

When § = 0, this equation arises in the modeling of heat combustion, solar flares
in astrophysics, plane curve evolution problems and the resistive diffusion of a force-free
magnetic field in a plasma confined between two walls (see [4, 46, 47, 62] and references
therein). Also, there are many studies on blow-up solution to (8.1.1) (for instance, see
[4, 62] and references therein).

On the other hand, the equation (8.1.1) with 6 = 1 can be obtained by transforming
solution of (8.1.1) with § = 0 (see [62]). In [62], the traveling wave solutions of (8.1.1) play
important roles. More precisely, the lower bound of the blow-up rate is obtained by means
of the traveling wave solutions of (8.1.1) under either the Dirichlet boundary condition or
the periodic boundary condition in the case that 6 = 1 and x is restricted to =z € (—L, L).
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In addition, the traveling wave solutions are not only upper (or lower) solutions as
discussed in [62] but also the entire solutions of the equation. These facts motivate us to
study detailed information of the traveling wave solutions to (8.1.1).

In order to consider the traveling waves of (8.1.1), we introduce the following change
of variables:

ult,r) = B€), E=x—ct, c>0.
The equation of ¢(&) solving (8.1.1) is then reduced to

e = Y+ P —6p, E€R, = jg

equivalently

S (8:1.2)

where § =0 or 1.

In [32], a result on the whole dynamics on the phase space R? including infinity gen-
erated by the two-dimensional ordinary differential equation (ODE for short) (8.1.2) is
obtained by applying the dynamical system approach and the Poincaré compactification
(for instance, see Section 1.1 and [14] for the details of the Poincaré compactification).
Further, connecting orbits on it are focused and several results on the existence of (weak)
traveling wave solutions are given. The following theorem is one of main results obtained

in [32].

Theorem 8.1.1 (Theorem 7.1.3 ([32], Theorem 3))

Assume that p € 2N and § = 1. Then, for a given positive constant ¢, the equation (8.1.1)
has a family of traveling wave solutions (which correspond to a family of the orbits of
(8.1.2)). Each traveling wave solution u(t,z) = ¢(§) satisfies the following.

lim ¢(€) =0, gEToo P(§) =1,
lim ¢/(§) =0, i ¢'(§) = 0.

{—+—00

3

e (&) > 0 holds for £ € R.

Figure 8.2.1 shows dynamics on the Poincaré disk of (8.1.2) (see [14] for the definition
of the Poincaré disk). In addition, the asymptotic behavior of the traveling wave solutions
(obtained in Theorem 8.1.1) for £ — +oo is also given in [32], while the asymptotic
behavior as £ — —oo is not obtained there.

In this chapter, we give a refined asymptotic behavior of the traveling wave solutions,
which contributes to extraction of their characteristic nature. The main theorem of this
chapter is the following.

Theorem 8.1.2
The asymptotic behavior of ¢(£) obtained in Theorem 8.1.1 as £ — —oc is

MC2 P B
(b(g) (/,1,(02 + 1) _ 6_% ) 5 as f — —0Q,

where 1, < 0 is a constant that depends on the initial state ¢y = ¢(0).
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During our proof of the theorem, we see that the Lambert W function plays a key role
in describing the asymptotic behavior. Evaluation of integrals including the Lambert W
function is necessary to obtain the asymptotic behavior in the present form. Our argument
here is based on an asymptotic study of solutions in the different form from that provided
in e.g. [32, 50], which can be applied to asymptotic analysis towards further applications
in various phenomena including their numerical calculations.

8.2 Preliminaries

In this section, we partially reproduce calculations in Chapter 7 and [32] for the readers’
convenience.

First, we study the dynamics near bounded equilibria of (8.1.2). If § = 1 and p is even,
then (8.1.2) has the equilibria £E; : (¢,¢) = (£1,0). Let J; be the Jacobian matrix of
the vector field (8.1.2) at Ey. Then, the behavior of the solution around Ej is different
by the sign of D = ¢ — 4p. For instance, the matrix .J; has the real distinct eigenvalues
if D > 0 and other cases can be concluded similarly. In addition, if ¢ > 0, then the real
part of all eigenvalues of J; are negative. Therefore, we determine that the equilibria
+FE : (¢,9) = (£1,0) are sink.

Second, in order to study the dynamics of (8.1.2) on the Poincaré disk, we desingularize
it by the time-scale desingularization

ds/de = {p(€)}P for pe 2N, (8.2.1)

Since p is assumed to be even, the direction of the time does not change via this desingu-
larization. Then we have

¢ = PP, ;o d
{ wl — _Cd}_qbp-i-l _|_5¢’ < - d5> ) (822)
where § =0 or § = 1.

It should be noted that the time-scale desingularization (8.2.1) is simply the multipli-
cation of ¢P to the vector field. Then, except the singularity {¢ = 0}, the solution curves
of the system (vector field) remain the same but are parameterized differently (see also
Section 7.7 of [44]).

The system (8.2.2) has the equilibrium Eo : (¢,1) = (0,0). When § = 1, the Jacobian
matrix of the vector field (8.2.2) at Ep is

0 O
B0 (00,

It has the real distinct eigenvalues 0 and —c. The eigenvectors corresponding to each

1 ] bl V2 ] .

We set a matrix 7" as T = (v, vy). Then we obtain

() =(0 2 )(2) (%)
(o L) () (5 )
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Let < 3% ) =71 < Z ) We then obtain the following system:

§ = a1t 4 oA, :
Y = _m/] _ Cpfl(ngrl _ Cp—l(gplz _ Cp+1$p+1. (8. .3)

The center manifold theory (e.g. [9]) is applicable to study the dynamics of (8.2.3). It
implies that there exists a function h(¢) satisfying

dh

h(0) = 2

(0) =0

such that the center manifold of Eg for (8.2.3) is locally represented as {(d,9) | p(s) =
h(¢(s))}. Differentiating it with respect to s, we have

—ch(§) — TIPT = PTIGPR(P) — PTG

dh [ ;- o
=% (cp Lgp+l 4 op 1¢Ph(¢)>.

Then we obtain the approximation of the (graph of) center manifold as follows:

{6.9)10 = =2 + (s + 0 } (8.24)

Therefore, the dynamics of (8.2.3) near Eg is topologically equivalent to the dynamics of
the following equation:

(Z)/(S) _ cp—lép—i—l o C2p—3(62 + 1)$2p+1.
We conclude that the approximation of the (graph of) center manifold is

U(s) = ¢/c—[(c + 1)/’

and the dynamics of (8.2.2) near Fp is topologically equivalent to the dynamics of the
following equation:

¢(s) =" e —[(* + 1)/, (8.2.5)

Finally, we obtain the dynamics on the Poincaré disk in the case that p is even (see
Figure 8.2.1). This argument indicates that the asymptotic behavior of ¢ through the
present system is calculated as a function of s and that an additional asymptotic study is
required to obtain the behavior of ¢ in terms of the original frame coordinate £.
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[t.v)1 = +0)

Figure 8.2.1: Schematic picture of the dynamics on the Poincaré disk and corresponding
traveling wave solutions in the case that 6 = 1 and p is even with D = ¢ —4p > 0 and
c>0.

Remark 8.2.1 ([32], Remark 1)

In Figure 8.2.1, we need to be careful about the handling of the point Eo. When we
consider the parameter s on the disk, E¢ is the equilibrium of (8.2.2). However, Eo is a
point on the line {¢ = 0} with singularity about the parameter £. We see that d¢/di takes
the same values on the vector fields defined by (8.2.2) and (8.1.2) except the singularity
{¢ = 0}. If the trajectories start the equilibrium Eo about the parameter s, then they
start from the point Eo about &.

8.3 Proof of Theorem 8.1.2

The proof is divided into four steps. In Step I, we derive an ODE describing the behavior
of s with respect to €. It turns out to contain the Lambert W function. In Step II, we
confirm that £{(s) - —oo as s — —oo, which is used for the direct derivation of ¢(§)
in the asymptotic sense. Step III is devoted to obtain the relationship between ¢ and
€. According to preceding studies such as [32, 50], the asymptotic behavior of ¢(§) can
be obtained in the composite form ¢(s(§)), which can require multiple integrations of
differential equations. KExcept special cases, lengthy calculations are necessary towards
an explicit and meaningful expression of the targeting asymptotics. Instead, we directly
derive the relationship of ¢ to £ without solving the ODE obtained in Step I and calculate
the asymptotic behavior of the function £(¢) as ¢ — 0 associated with the center manifold
(8.2.4), which works well even if integrands include the Lambert W function. We finally
obtain the asymptotic behavior of ¢(§) in Step IV via inverse function arguments.

Remark 8.3.1
The Lambert W function y = W (x) is defined as the inverse function of v = ye¥. We
easily see the following properties which we shall use below:

e W(x) >0 for x > 0;

o W(x) <logz for x > e.
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See e.g. [12] and references therein for further properties.

Proof. (I): First we set

With the aid of (8.2.5), we have
w'(s) = —p/c+ [p(c? +1)/w] = A+ Bw™!, (8.3.1)

where

A=—p/c<0 and B=I[p(+1)/]>0.
The solution of (8.3.1) satisfies the following.

A2Cy+B

2
1+ Aw/Ble (5¥+) = |A/Ble~ 555

with a constant Cj. Since the dynamics of ¢(s) near 0 (i.e., ¢(s) ~ 0) is our interest, we
may assume that w(s) is sufficiently large, which implies that [A/B]Jw 4+ 1 < 0. Then we
have

— (14 Aw/B) e (5vH) = —Ae=Fs 3 /B.
By using w = ¢(s) P and the Lambert W function, we obtain

6(s) = [~B{W (E(s)) + 1} JA 7,

A%2Ci+B

2
where E(s) = —[A/B]ef%sf 5. We consequently have

ds

B0 = —B{W (E() +1}/A (8:3.2)

(II): We shall prove

&(s) > —oc0 as s — —o0.

We note that E(-) is positive on R and hence W(E(s)) > 0 holds for s € R. Integrating
(8.3.2) on (—o0, 0], we have

0
£0)— ¢ = / B {W (E(s)) + 1} JA] " ds,
where

£ = lim £(s).

Without loss of generality, we may set £(0) = 0.
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By using properties of the Lambert W function, for a negative constant s, satisfying
|s«| > 1, we have

0

= / B {W (B(s)) + 1} /A" ds

—00

0
> —% / {W (E(s)) + 1} 'ds

+ /_ {log(E(s)) + 1}_1ds]

S 2 2 -1
> —g/ {log (—[A/B]e%SA CJBHB) + 1} ds

— 5 [ los(-L4/)
— (A%s 4+ A%C, + B)/B + 1] tds

Sx

-~ lim_ % [(_B/A2) log |(—A2/B)s + C| ] E

where

Cy =log(—A/B) — (A%C, + B)/B+1.

Since A < 0 < B holds, we have

—& > (1/A)log{(—A%/B)s. + Ca}
+(=1/4) lim log{(—A%/B)s + C3} = +o00.

Therefore the asymptotic behavior of ¢(s) as s — —oo is equivalent to that of ¢(§) as
& — —o0.

(III): Next, we represent £ as a function of ¢. We rewrite (8.3.2) as

g _

ds_qbp'

Using (8.2.5), we obtain

E4 0= / {6(s)}Pds = / ‘i’pfﬁ
-1
= [o (o =S emn) g

63
:/M§w+mwﬂ¢
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with a constant C'3. Introducing ¢ = ¢, we further have

C3
ﬂ“%:/wﬁ—w+nwﬂ¢

3 1
p/@W—@Mwwﬁ¢

S CE D I S
c2 2)c2—(+1)y 14

c ©
.

p Bl @+)p-2
—Elo ek
T @ - &

Then the constant C5 is given by

P
0

@2

Cs3 = Elog
p

i

where ¢(0) = ¢o. Moreover, it holds that C3 < 0 regardless of the value of ¢, provided
¢p < 1. Indeed, it holds that

0< o< (FE+2)7  (0<dy<1).

(IV): Finally, we aim to represent ¢ as a function of £. As mentioned above, we obtain

c ob c PP
“log|——-"0 | ="log|—— .
g Og’(c2+1)¢’8—c2 p el @ Do -
This yields
I I S T3
(2 +1)¢P — 2 (2 +1)¢h — ¢?
Therefore, we have
p
P N R
pec(2+1)—1’ (2 + 1)¢p — ¢

If 1 > 0, there exists a finite £ such that ue%5(02 + 1) — 1 = 0 holds. However, as in
Theorem 8.1.1, the traveling wave solutions ¢(&) that correspond to the connecting orbits
between Fp and E; have no singularities for £ € R. Therefore, u must be negative. This
yields

ueggcz
pet(c +1) -1

Since p is even, we obtain the following.

%
(c®+1)¢f —

>0 with pu=-—

2

_ pe ’ _
(b(g)_(,u(@—i-l)—e_f) -0, as §— —oo,

where p < 0 is the constant that depends on the initial state ¢g. O
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8.4 Conclusion

In this chapter, we give a refined asymptotic behavior of the traveling wave solutions of
(8.1.1) as & — —oo. As shown in Step III of the proof, the present result is obtained by
considering the asymptotic behavior of £(¢) without taking the relationship between £ and
s into account. This is a key idea to get over the difficulties of treatment of the Lambert
W function to obtain the asymptotic behavior for u(t,z) = ¢(£). We expect that our
approach can be applied to the asymptotic behavior of typical solutions as well as that of
singular solutions.
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Chapter 9

Classification of nonnegative
traveling wave solutions for the 1D
degenerate parabolic equations

Abstract

Traveling wave solutions for the one-dimensional degenerate parabolic equations are con-
sidered. The purpose of this chapter is to classify the nonnegative traveling wave solutions
including sense of weak solutions of these equations and to present their existence, infor-
mation about their shape and asymptotic behavior. These are studied by applying the
framework that combines Poincaré compactification and classical dynamical systems the-
ory. We also aim to use these results to generalize the results of our previous studies. The
key to this is the introduction of a transformation, which overcomes the generalization
difficulties faced by these studies. This chapter is based on the following published paper

([38]):

Ichida, Y: Classification of nonnegative traveling wave solutions for the 1D
degenerate parabolic equations, Discrete Contin. Dyn. Syst., Ser. B, 28
(2023), no. 2, 1116-1132.

9.1 Introduction

In this chapter, we consider the following spatial one-dimensional degenerate nonlinear
parabolic equation

Up = Uty — Y(Ug)® + ku® — dpu, t>0, z€R, (9.1.1)

where 0 <y < 1,k>0,1<peR, and 6 =0 or 1. This equation (9.1.1) can be obtained
by setting u(t,z) = (U(t,x))? in equation

U =UP(Upp +pU)—0U, t>0, z€R (9.1.2)

with g > 0. Note that v = (p — 1)/p and k = up hold.

The equation (9.1.2) is also a kind of spatial 1D degenerate nonlinear parabolic equa-
tion. In addition, this equation with § = 0 is such an equation that has many phenomena
in its background. See, for instance, [4, 32, 30, 62] and references therein for background
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phenomena. For instance, in the curve shortening problem, we can see that the classi-
cal curvature flow equation V' = —x corresponds to (9.1.2) in the case that p = 2 (see
[5, 20, 22]). Here, we denote by x and V the curvature and outward normal velocity of
a curve, respectively. In addition, this equation arises in the modeling of the resistive
diffusion of a force-free magnetic field in a plasma confined between two walls. See [46, 47]
and references therein for derivation of equation (9.1.2) from plasma phenomena. Other
examples include heat combustion, solar flares in astrophysics.

In the equation (9.1.2), there have been many studies on blow-up solutions, and the
derivation of blow-up rates has been of particular mathematical interest. It is known that
blow-up occurs in general higher dimensional problems, but the blow-up rate is not well
understood (see [3, 61]). One of the intrinsic difficulties of this problem is UP, which comes
from degeneracy, and many problems still remain for the blow-up analysis of this type of
equation, even in the spatial one-dimensional case (see [4, 62]). In the following, we will
focus on problems in 1D.

We briefly review [5, 62], which also motivated our study. According to [5], the traveling
wave solutions correspond to special self-similar solutions of curve shortening which evolves
by rotating and contracting simultaneously. They gave the blow-up rate of (9.1.2) with
0 = 0 for p > 2 under periodic boundary condition and z is restricted to z € (—L, L).
Self-similarity is known to play an important role in blow-up analysis, and it can be said
that the problem of investigating the structure of traveling wave solutions was derived
from this fact. In [62], Poon gave the upper and lower bounds of the blow-up rate of
(9.1.2) with § = 0 for p > 2 under either the Dirichlet boundary condition or the periodic
boundary condition and x is restricted to z € (=L, L). In particular, the equation (9.1.2)
with § = 1 can be obtained by transformed solution of (9.1.2) with § = 0, and the traveling
wave solution of this equation plays important roles in deriving the lower bound. More
precisely, let U = U (7, z) be the solution of (9.1.2) for § = 1and U = U(t, z) (t € (0,T)) be
the solution of (9.1.2) for § = 0, then the following relation of transformation is satisfied:

U(r,z) = (pT)re U(t,z), t=T(1—eP7), 7€ (0,+00)

(see also [32, 62]).

Next, we briefly explain why considering traveling wave solutions leads to blow-up
analysis, based on [5, 62] and references therein. The proof of the main theorem in [62]
(e.g., Section 3 in [62]) suggests that investigating the evaluation of U(7,0) and behavior
of U (1,0) for 7 — 400 are the first steps in blow-up analysis. Under these symbols, let

U&)=U(x—cr), E=xz—cr, ¢>0

be the traveling wave solution in (9.1.2), and we can consider the problem of investigating
the behavior for £ — —oo corresponding to 7 — +400. Therefore, based on the above
explanation and discussion in [5, 62], it is important to classify the traveling wave solutions
in (9.1.2). In particular, by focusing on the asymptotic behavior for £ — —oo, it will
provide a new perspective for future blow-up analysis (see also Remark 9.2.7).

With the motivation of contributing to the derivation of a more refined blow-up rate
by examining in more detail the traveling wave solution studied by [62], in [32, 30], they
restrict to 1 < p € N, set p = 1, and give the classification of traveling wave solutions of
(9.1.2) for both § = 0 and 6 = 1. Ichida-Sakamoto [32] shows that results on the classi-
fication (existence only for p € 2N, shapes, and asymptotic behavior) of (weak) traveling
wave solutions are given by applying the dynamical system approach, the Poincaré com-
pactification, and geometric methods for desingularization of vector fields called blow-up

184



9.1 Introduction

technique (for instance, see Chapter 1 in this thesis and [14] for the details of the Poincaré
compactification and blow-up technique). Here, the meaning of the classification of this
solutions comes from the fact that we have revealed all dynamics to infinity of the or-
dinary differential equations (hereinafter, ODEs) obtained by introducing traveling wave
coordinates by using these methods. In addition, Ichida-Matsue-Sakamoto [30] gave a
refined asymptotic behavior, which was not obtained in the preceding work [32], by an
appropriate asymptotic study and properties of the Lambert W function.

In Chapter 7 and Chapter 8 ([32, 30]), the following issues are specified as future main
works.

e There is no discussion in general p € R. This is because, in using the blow-up
technique, it is necessary to assume p € N from its existing results [1, 8, 14]. It is
difficult to extend these results and make them usable in the general case.

e In Chapter 7 ([32]), when p is odd, we face the problem of not being able to de-
termine the dynamics in the neighborhood of the singularity points. To be more
precise, it is a problem in which a new singularity point appears even if the singu-
larity is desingularized by performing a blow-up transformation on a not hyperbolic
equilibrium in the two-dimensional ODE system under its consideration. Therefore,
it could not completely prove the existence of connecting orbits in this case, and
gave a conclusion assuming the existence of orbits. This problem in the case where
p is odd should be solved if the existence of the corresponding connecting orbits can
be proved without facing a similar problem with p € N.

With overcoming these problems, we do not deal with equation (9.1.2) as it is, but
rather with equation (9.1.1), which is obtained by transformation, as mentioned at the
beginning of this section. That is, (9.1.1) is obtained by setting u = UP in (9.1.2), which is
assumed 1 < p € R. It is important to emphasize that by introducing this transformation,
p is transferred to the coefficients from the degree. This is the key to not having to request
p € N, as we will see in the analysis that follows. This transformation is also used in [2]. In
[2], they investigate decay and blow-up of solutions in the initial-boundary value problem
for general nonnegative initial functions.

In this chapter, in order to investigate the properties and structure of the nonnegative
traveling wave solution of (9.1.2) in general 1 < p € R, we will study its structure in
(9.1.1). We then introduce the following change of variables:

o(&) =u(t,z), E=xz—ct, 0<ceR.

The equation of ¢(£) solving (9.1.1) is then reduced to

d d?
60" =~/ +7(¢/)? — ko? + 0po, ( -5 = d§2> - (9.1.3)

Then, (9.1.3) is equivalent to

gb, = wa ; i
{W = —cd™ ' + 99~ — ko + dp, ( B dg)‘ (9-1.4)

Since this system of ODEs has ¢!, it turns out to have a singularity at ¢ = 0, which is
not easy to analyze about its dynamics. However, as shown in [31, 33, 32, 49, 50], it is
possible to study the dynamics of these ODEs to infinity in the framework that combines
Poincaré compactification (for instance, see Section 2 of [31] and [14, 33, 32, 49, 50] for
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the details of it) and classical dynamical systems theory. Note that, unlike the literature
cited above, we do not use blow-up technique in our analysis, and therefore do not include
it in this framework. By using these methods, the whole dynamics on the phase space
R? including infinity (denoted by Poincaré disk) generated by the two-dimensional ODE
(9.1.4) is obtained without assuming p € N. The results can be shown that the nonnegative
traveling wave solutions corresponding to each connecting orbit in the Poincaré disk are
classified. Thus, the existence of each traveling wave solution is revealed, and information
about its shape and asymptotic behavior can be obtained.

The conclusions about the traveling wave solution in (9.1.1), obtained without requiring
p € N, can be reflected in (9.1.2) by u = UP. This means that we can obtain a generalized
results without the restriction p € N in the conclusion obtained for (9.1.2) ([32, 30]). This
automatically proves the existence of unproven connecting orbits in the case that p is odd,
which was an issue in these studies under considering nonnegative solutions.

These arguments may be unique to this type of equation. However, to the best of the
author’s knowledge, there is no study that classifies the typical and characteristic solutions
of these equations by the dynamical systems approach. In this sense, we believe that the
classification obtained in this chapter can make a significant contribution to future research
on the derivation of the blow-up rate in (9.1.2), and lead to a deeper study of the solution
structure of this equation.

This chapter is organized as follows. In the next section, we state the main results of
this chapter. In Section 9.3, we obtain the dynamics of (9.1.4) on the Poincaré disk via
Poincaré compactification and classical dynamical systems theory. The proof of Theorems
will be completed in Section 9.4. In Section 9.5 is devoted to the concluding remarks.

9.2 Main results

Before, we state the main results of this chapter, we first state the definition of a quasi
traveling wave with singularity for (9.1.1) as follows.

Definition 9.2.1

We say that a function u(t,z) = ¢(€) is a quasi traveling wave with singularity of (9.1.1)
if the function u(t,x) is a quasi traveling wave of (9.1.1) on a semi-infinite interval such
that ¢ reaches 0 and only right differentiation is possible and it becomes a constant at
finite end point of the semi-infinite interval. More precisely, the function ¢(§) is a solution
of (9.1.3) on a semi-infinite interval (&, +00) (#(€) € C?(&,, +00), |£4| < 00), and satisfies

. _ : I} —
S\l}frflJrO 9(¢) =0 and §\l_‘lérfl+0¢ ©=c

with C' > 0.

Remark 9.2.1

In the above definition, see Definition 2.1.2 (Definition 2 in [31]) and Definition 2.1 in
[37] for the definition of a quasi traveling wave of (9.1.1) on a semi-infinite interval.
Furthermore, note that although this definition is similar to a quasi traveling wave with
quenching as defined in these papers, the meaning of singularity is different. It is important
to emphasize that a quasi traveling wave is not a general term.

Next, we state the definition of a weak traveling wave solution with singularity for
(9.1.1) as follows. Note that u = 0 is the trivial solution to this equation. This definition
is an analogue of Definition 7.1.1 (Definition 1 in [32]).
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Definition 9.2.2
Let u(€) be a quasi traveling wave with singularity of (9.1.3) on a semi-infinite interval
(&«, 00) satisfying

lim (&) =C and lim w(€)=0
dim €3] dim €3]

with a positive constant C. Then, we say that a function

’U,* _ 07 5 € (—Oo,f*],
© {u@, £ € (6., +00)

is a weak traveling wave solution with singularity of (9.1.3). Singularity here means having
a point &, that is not differentiable.

The above Definition implies that u*(§) satisfies

/R [upe(c — ug) + (v + 1) (ug)*p — u*(pee + k) + dpup] dé =0

for all ¢ € Cg°(R).

Under these definitions, the main results of this chapter are described. Note that
#(&) = u(§) and ¢'(&) = Y(§) = ug(§) hold. Hereinafter, note that the meaning of the
symbol f(&) ~ g(&) as & — a is as follows:

f
g@‘ -

lim
E—a

Theorem 9.2.1

Assume that 1 <p € R, kK >0, u > 0, and § = 0. Then, for a given positive constant c,
the equation (9.1.1) has a family of weak traveling wave solutions with singularity (which
corresponds to a family of the orbits of (9.1.4)). Moreover, each weak traveling wave
solution with singularity u(&) satisfies the following:

li = 1i = 1i "(¢) =0, 1 '(¢) = C with iti -
o g\lﬁl}lwu(f) £Hnlloou(f) £$1}rlwu €) £\151}1+()u €) with a positive con
stant C'.

e (&) > 0 holds for £ € (&,+00) and u(§) = 0 holds for £ € (—o0, &].

e There exists a constant & € (&, +00) such that the following holds: u'(§) > 0 for
€€ (&, &), u'(&) =0 and v (§) <0 for € € (&, +0).

In addition, the asymptotic behavior of u(§) for § \ & + 0 is
u(€) ~ A€ — &) as £\ & +0, (9.2.1)

where A is a positive constant, and the asymptotic behavior of u(§) and v'(§) for £ — 400

are
Cc

u(§) ~ %5_1;

U/(g) ~ - %E_Za

Figure 9.2.1 shows the schematic pictures of the traveling wave solutions obtained in
Theorem 9.2.1 and the following theorems.

From the result of the above theorem and the relations U = u!/? and U’ = p~1U Pt/
the following holds for U. That is, the following follows immediately from the result of this
theorem. The following result corresponds to a generalization of the results in Theorem
7.1.1 and Theorem 7.4.1 in this thesis (Theorem 1 and Theorem 4 of [32]).

as & — 4o0. (9.2.2)
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o] € € ol g N 3 ¢

Figure 9.2.1: Schematic picture of the traveling wave solutions obtained in Theorems.
Here it should be noted that the position of the singularity point &, is not determined in
our studies, however, they are shown in the figures for the convenience. [Left: The weak
traveling wave solution with singularity in Theorem 9.2.1.] [Middle: The weak traveling
wave solution with singularity in Theorem 9.2.2 in the case that D < 0.] [Right: The
traveling wave solution on £ € R obtained in Theorem 9.2.3 in the case that D > 0.]

Corollary 9.2.1

Assume that 1 <p € R, k>0, u > 0, and § = 0. Then, for a given positive constant c, the
equation (9.1.2) has a family of weak traveling wave solutions with quenching. Moreover,
each weak traveling wave solution with quenching U (§) satisfies the following:

lim U(€) =0, lim U(&) =0,
ety U L
lim U'(§) = , lim U'(¢) =0.
AATEA L

e U(&) > 0 holds for & € (&, +00) and U(§) = 0 holds for € € (—o0, ..

e There exists a constant &y € (&, +00) such that the following holds: U'(£) > 0 for
£ € (§:60), U'(&) = 0 and U'(§) < 0 for £ € (€, +00).

In addition, the asymptotic behavior of U(€) and U’ () for £ \, & + 0 are

U(€) ~ Ai(€ - &)7,
_p=t § N\ &+ 0, (9.2.3)

where Ay and Ay are positive constants, and the asymptotic behavior of U(§) and U'(§)
for & — 400 are

as & — 4o0. (9.2.4)

Remark 9.2.2

A several remarks about the results obtained in Corollary 9.2.1. As mentioned above, this
result is a generalization of the result of previous studies. See Fig. 7.1.1, Fig. 7.2.2 and
Fig. 7.4.4 in Chapter 7 (Fig. 1, Fig. 4 and Fig. 8 in [32]) for schematic pictures of this
solution. Note that (9.2.4) is consistent with the result obtained by restricting to p = 1
(i.e., k = p) and p € N in Theorem 7.1.1 and Theorem 7.4.1 in this thesis (Theorem 1
and Section 4.1 of [32]). On the other hand, (9.2.3) differs in the exponential part from
U'(§) obtained in Theorem 7.1.1 (Theorem 1 of [32]). The reason for this is that, after
the publication of it, we chose more appropriate principal terms in the computational
process of deriving the asymptotic behavior, which resulted in a higher accuracy. This
improvement has already been introduced into [35, 37]. However, the underlying idea is
similar to the previous ones.
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Remark 9.2.3
It should be emphasized that, as will be discussed in Section 9.5, the only nonnegative
traveling wave solution to (9.1.2) with § = 0 is the one concluded in Corollary 9.2.1.

Theorem 9.2.2

Assume that 1 <p € R, k>0, 4 > 0, and 6 = 1. Then, for a given positive constant c,
the equation (9.1.1) has a family of weak traveling wave solutions with singularity (which
corresponds to a family of the orbits of (9.1.4)). Moreover, each weak traveling wave
solution with singularity u(§) satisfies the following:

o lim u(§) =0, lim w(é)=p"t, lim u'(¢)=C with a positive constant C.
i () =0, Tim (€)= p, lim /(€)= C with a positiv

o u(&) > 0 holds for € € (&, +00) and u(§) = 0 holds for £ € (—00,&,].

In addition, the asymptotic behavior of u(§) for & N\, & + 0 is expressed as (9.2.1), and
the asymptotic behavior of u(§) for { — 400 is

1
Bl€w1§ + BQ@WQ’5 + —, (D > 0),
7

1 1
u(€) ~ = ~ { (B3€ + By)e*t + o (D=0, as & — 400

i

c / \/ 1
e3¢ (B5 . sin[#f’] + Bg - cos[|2D|§]) + s (D < 0),
(9.2.5)
where B; (1 < j < 6) are constants and
. D —pec—+/D
M:M;¢<Q = VD g o B0 D=yt ak

As can be seen from the proof oh this theorem, which is omitted in the statement of
the theorem, the asymptotic behavior of u/(£) for £ — 400 can be displayed explicitly (see
[32]). From the result of the above theorem and the relation u = UP between u and U, we
can see that, in the same way as in Corollary 9.2.1, the following follows immediately.

Corollary 9.2.2

Assume that 1 <p € R, k>0, u > 0, and § = 1. Then, for a given positive constant c, the
equation (9.1.2) has a family of weak traveling wave solutions with quenching. Moreover,
each weak traveling wave solution with quenching U (&) satisfies the following:

1
e lim U((&) =0, lim U()=u », lim U'(§) = +oo.
ENE+10 © §—+oo &) =wn ENEx10 (&

e U(£) > 0 holds for & € (&, +00) and U(E) = 0 holds for € € (—o0, ..

In addition, the asymptotic behavior of U(§) for & N\ & + 0 is expressed as (9.2.3), and
the asymptotic behavior of U (&) for & — 400 is

1\ 7
(Blew1§ + BQ€W2E + ) ) (D > 0)7
I

% ~ <<B3§ + B4)ew£ + l]:L> ’ ) (D = 0)7

k (e”;f <B5 sin[V1P¢] 4+ By - cos[\/ﬁgo 4 ;) . (D<),
(9.2.6)

where B; (1 < j < 6) are constants.
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Remark 9.2.4

This result is also a generalization of the results in Theorem 7.1.2 and Theorem 7.4.2 in
this thesis (Theorem 2 and Theorem 5 of [32]). See Fig. 7.1.1, Fig. 7.2.2 and Fig. 7.4.4
in Chapter 7 (Fig. 1, Fig. 4 and Fig. 8 in [32]) for schematic pictures of this solution.
Note that for the principal term u_l/p in (9.2.6), if we set u = 1, the result is the same
as that of Theorem 7.1.2 obtained in this thesis (Theorem 2 obtained in [32]). Although
the asymptotic behavior of (9.2.6) does not seem to fully match the results of [32], the
principal term does. It should be possible to confirm this consistency by examining the
higher oder. However, this is a subject for future work.

Theorem 9.2.3

Assume that 1 < p € R, k>0, u > 0, and § = 1. Then, for a given positive constant
¢, the equation (9.1.1) has a traveling wave solution (which corresponds to an orbit of
(9.1.4)). Moreover, its traveling wave solution u(§) satisfies the following:

o lim u(¢) =0, lim u(é)=p".

£——o0 =00

e u(&) > 0 holds for £ € R.

In addition, the asymptotic behavior of u(§) for & — oo is expressed as (9.2.5), and the
asymptotic behavior of u(§) for £ — —oo is

Mc2ecé
M(pc? 4+ 1)ecé — 1

u(§) ~ as & — —oo, (9.2.7)

where M < 0 is a constant that depends on the initial state ¢(0) = ¢g.

From the result of the above theorem and the relation u = UP between u and U, we
can see that, in the same way as in Corollary 9.2.1 and Corollary 9.2.2, the following holds.

Corollary 9.2.3

Assume that 1 <p € R, k>0, 4 > 0, and 6 = 1. Then, for a given positive constant c,
the equation (9.1.2) has a traveling wave solution. Moreover, this traveling wave solution
U (&) satisfies the following:

e lim U() =0, lim U =up ».

E——o00 E—+o0

e U(&) > 0 holds for ¢ € R.

In addition, the asymptotic behavior of U(§) for £ — oo is expressed as (9.2.6), and the
asymptotic behavior of U(§) for § — —oc is

Mc2e <t g
U ~ (M(,LLCQ e 1) as & — —oo, (9.2.8)

where M < 0 is a constant that depends on the initial state ¢(0) = ¢g.

Remark 9.2.5

This result is also a generalization of the result in Theorem 8.1.2 in this thesis (Theorem
2 of [30]). See Fig. 8.2.1 (Fig. 1 in [30]) for schematic picture of this solution. Note that
(9.2.8) is consistent with the result obtained in Theorem 8.1.2 (Theorem 2 of [30]).
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Remark 9.2.6

It should be emphasized that there are only two type of nonnegative traveling wave so-
lutions in (9.1.2) with § = 1, which are concluded in Corollary 9.2.2 and Corollary 9.2.3.
The reason for this will be discussed in Section 9.5.

Remark 9.2.7

As mentioned in Section 9.1, the derivation of the asymptotic behavior of the obtained
traveling wave solutions for & ~\, —oo or £ \ & + 0 are expected to contribute to a more
accurate derivation of the blow-up rate. As can be also seen from the results in [62], the
results in Theorem 9.2.2 and Corollary 9.2.2 can be used for blow-up analysis (see also top
right of Figure 9.2.1). To the best of the authors’ knowledge, no conclusion has given the
existence of £, > —oo or their asymptotic behavior there, except for our previous works
Chapter 7 and Chapter 8 ([32, 30]).

Remark 9.2.8

The stability of the (weak) traveling wave solutions obtained by main results is not known
in the framework of the analysis in this chapter. It is necessary that more detailed (and
hard) analysis in order to study the stability. However, since the main purpose of this
chapter is to investigate the existence, shape and asymptotic behavior of (weak) traveling
wave solutions of (9.1.2) from the dynamical system view point (especially, the Poincaré
compactification), we leave it open here.

9.3 Dynamics on the Poincaré disk of (9.1.4)

In this section, we study R2U{(¢, ) | [|(¢,%)|| = +oo} called the dynamics on the Poincaré
disk, by the Poincaré compactification. The analysis used in this section is basically the
same in idea as the analysis in Chapter 7 and Chapter 8 ([32, 30]), except that the blow-up
technique is not used. For the reader’s convenience, the calculation process is described
here.

9.3.1 Dynamics near finite equilibria

First, we study the dynamics near finite equilibria of (9.1.4). If § = 1, then this equation
has the equilibrium E; : (¢,1) = (u=1,0) for {¢ > 0}. Note that ¢ = 0 has singularity.
The Jacobian matrix of the vector field (9.1.4) at Ej is

0 1
B0 )

Let Ji be this matrix. Then, the behavior of the solution around E; is different by the
sign of D = p?c?* — 4k. For instance, the matrix J; has the real distinct eigenvalues if
D > 0 and other cases can be concluded similarly. In addition, if ¢ > 0, then the real part
of all eigenvalues of J; are negative. Therefore, we determine that the equilibrium F; is
asymptotically stable. Fj is a stable node for D > 0 and is a stable focus (spiral sink) for
D <0.

Second, in order to study the dynamics of (9.1.4) on the Poincaré disk, we desingularize
it by the time-scale desingularization

ds/d¢ = ¢~ L. (9.3.1)

Note that this allows us to include ¢ = 0. Since we are considering a nonnegative solution,
i.e., ¢ > 0, the direction of the time does not change via this desingularization in this
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region. Then we have
r_
¢ =99, (' - d) | (9.3.2)
P = —cp +* — kd® + dpg, ds
Remark 9.3.1

It should be noted that the time scale desingularization (9.3.1) is simply multiplying the
vector field by ¢. Then, except the singularity {¢ = 0}, the solution curves of the system
(vector field) remain the same but are parameterized differently. Still, we refer to Section
7.7 of [44] and references therein for the analytical treatments of desingularization with
the time rescaling. In what follows, we use the similar time rescaling (re-parameterization
of the solution curves) repeatedly to desingularize the vector fields.

If 0 = 0, the system (9.3.2) has the equilibria

EO : ((;571/)) = (070)? E2 : ((,25,1/1) = (070771) ) 0< v < L.
The Jacobian matrices of the vector field (9.3.2) at these equilibria are

(0 0 eyt oo
B (00), B0,

Therefore, E5 is a source since the linearized eigenvalues are ¢y~! > 0 and ¢ > 0 with
corresponding eigenvectors (1,O)T and (0, 1)T7 respectively. Then, the center manifold
theory is applicable to study the dynamics near Fy (for instance, see [9]). We can obtain
the approximation of the (graph of) center manifold as follows:

{(@,9) | 9(s) = —ke™'¢” + O(¢")}. (9-3.3)

Hence, the dynamics of (9.3.2) near Ejy : (0,0) is topologically equivalent to the dynamics
of the following equation:
F(s) = —ke 16 + O(6°) (9.3.4)
(see Subsection 3.2 of [32] for more details of this process).
On the other hand, the system (9.3.2) has the equilibria

EO : (</’a¢): (070)7 El : (¢7¢):(u—170)7 E2 : (</’a¢): (070771)7 0<fy< 1
in the case that 6 = 1. FEj is described above. The Jacobian matrices of the vector field
(9.3.2) at these equilibria are

-1
E0:<0 0), E<7 0).
p —c D c

Note that the behavior of solutions around Ey and Es for § = 0 and 6 = 1 are different.
E5 is a source since the linearized eigenvalues are ¢y~! > 0 and ¢ > 0 with corresponding
eigenvectors (1,c¢ 'p(y~! — 1)™1)7 and (0,1)7, respectively. By the same argument as
in Subsection 3.2 of [32] and Section 2 of [30], we can study the dynamics around the
equilibrium Ej for § = 1. We conclude that the approximation of the (graph of) center
manifold is

{6.0)10() = 2o = Bue® + 1) + 0(6")} (9.3.5)

and the dynamics of (9.3.2) near Fj is topologically equivalent to the dynamics of the
following equation:

¢'(s) = £6* = S(ne® + 1) + 0. (9.3.6)

These results give us the dynamics near finite equilibria of (9.3.2).
From the next subsection, we can consider the dynamics of this equation on the charts
Uj (j =1,2) and V3 since we are considering ¢ > 0.
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9.3.2 Dynamics on the chart U,

To obtain the dynamics on the chart Uy, we introduce the coordinates (\,z) by the
formulas

¢(s) = z(s)/A(s), ¥(s) = 1/A(s).

In this chart, it corresponds to ¢ — 0 and ¥ — 400 and the direction in which x is

positive corresponds to the direction in which ¢ is positive. For a geometric image, see
Fig. 2 of [31] and Fig. 2 of [32]. Then, we have

N =\ — v+ ka? — dpAx, (93.7)
o =p A"z + cx + kA 1a? — Spa. e
By using the time-scale desingularization dr/ds = A~!, we can obtain
A = A2 — Y\ + kAz? — 6pAiax,
eX oA TRAT opA (9.3.8)
Ty =p tx + cdr + kad — dpAa?,

where A; = d\/dr and 2, = dx/dr. The equilibrium of the system (9.3.8) on {\ = 0} is
Es3: (\,z) = (0,0). Ej3is a saddle since the linearized eigenvalues are —y and p~! with
corresponding eigenvectors (1,0)7 and (0,1)7, respectively.

Remark 9.3.2

A similar argument shows that the origin is also the equilibrium in the argument of [32].
However, it is essentially different from the present result in that all components of the
Jacobi matrix at this equilibrium are zero. In [32], the blow-up technique was used to
solve this problem. On the other hand, since F3 is a hyperbolic, it should be emphasized
that we were able to study the behavior of the solution around this point without using
this technique. This is undoubtedly one of the major factors that allow us to investigate
without imposing p € N.

9.3.3 Dynamics on the chart V,

In this chart, it corresponds to ¢ — 0 and ¢ — —oo and the direction in which z is
negative corresponds to the direction in which ¢ is positive. The change of coordinates

¢(s) = —x(s)/A(s), ¥(s) = —1/A(s)

give the projected dynamics of (9.3.2) on the chart Vs:

Ar = X%+ YA — kAz? — 6p)?
{ oAty T (9.3.9)

T, = —p x4 chx — kxd — dpAa?,

where 7 is the new time introduced by dr/ds = A~!'. The equilibrium of the system
(9.3.9) on {A =0} is Ey : (A,z) = (0,0). Eigenvalues of the the linearized matrix are 7
and —p~! with corresponding eigenvectors (1,0)” and (0,1)7, respectively. Therefore, the
equilibrium Fj is a saddle.
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Es Es

e e

Figure 9.3.1: Schematic pictures of the dynamics on the Poincaré disk in the case that
d=0or1l,1<peR. [Left: Case § =0.] [Right: Case § =1.]

9.3.4 Dynamics on the chart U,

In this chart, it corresponds to ¢ — +oo and ¢ — 0. The transformations ¢(s) = 1/A(s),
Y(s) = z(s)/\(s), and time-rescaling dr/ds = A\~! yield

Ar = =z,
(9.3.10)
T, = —chx — p_ta? — k4 dpA.

This system has no equilibria. It is important to emphasize that the following holds:

xT‘)\ZO =—p 2’ —k<o0.

9.3.5 Dynamics and connecting orbits on the Poincaré disk

Combining the dynamics on the charts U; (j = 1,2) and V3, we can obtain the dynamics
on the Poincaré disk that is equivalent to the dynamics of (9.1.4) (or (9.3.2)) (see also
Figure 9.3.1).

The purpose of this subsection is to prove the existence of connecting orbits. Before
we do so, we will give some remarks about disks.

Remark 9.3.3

In Figure 9.3.1, we need to be careful about the handling of the point Ey. A note on this
treatment is given for the reader’s convenience, although it is a reproduction of [32, 30)].
When we consider the parameter s on the disk, Ey is the equilibrium of (9.3.2). However,
Ey is a point on the line {¢ = 0} with singularity about the parameter £. We see that
d¢/di takes the same values on the vector fields defined by (9.1.4) and (9.3.2) except the
singularity {¢ = 0}. If the trajectories start (resp. come in) the equilibrium Ey about the
parameter s, then they start from (resp. come in) the point Ey about £. This is also the
case for Fs.

Let us prepare the symbols used in this subsection as follows:

e The set ® denotes ® = {(¢, %) € RZU {||(¢,¥)| = +oc}}.
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e W (Ep) denotes the center-stable manifold of Ej in the dynamical system (9.3.2)
for § = 0. From Remark 9.3.3, W (Ey) inherits the center-stable manifold of the
singularity Ej in the dynamical system (9.1.4) for 6 = 0.

o W (Ep) denotes the center-unstable manifold of Fy in the dynamical system (9.3.2)
for 6 = 1. From Remark 9.3.3, W (Ej) inherits the center-unstable manifold of Ey
in the dynamical system (9.1.4) for § = 1.

e W?(E) denotes the stable manifold of E; in the dynamical system (9.1.4) for 6 = 1.

e WY(E3) denotes the unstable manifold of Fy in the dynamical system (9.3.2) for
both 6 = 0 and § = 1. From Remark 9.3.3, W"(E>) inherits the unstable manifold
of the singularity Fs in the dynamical system (9.1.4) for both 6 =0 and § = 1.

Proposition 9.3.1
Assume that 6 =0orl,1 <peR,v=(p—1)/p, p > 0, and k = pu. Then, the dynamics
on the Poincaré disk of the system (9.1.4) is expressed as Figure 9.3.1.

Proof. (I). First, we shall prove the existence of trajectories between Fy and Ej that
starts from the points on W*(E;) and reaches the points on W (Ey) for 6 = 0. Since
{¢ = 0} is invariant in (9.3.2), any trajectory starting from the points in {(¢,9) € ® |
¢ > 0} cannot go to {(¢,¢) € ® | ¢ < 0}. Let us consider the trajectories starting
from the points on W*(Es). Then, as in [32], from the Poincaré-Bendixson theorem and
Remark 9.3.3, we know that these trajectories can only go to the points on W (Ej) in
(9.3.2). Here, as mentioned in Remark 9.3.3, since d¢/diy takes the same values on the
vector fields defined by (9.1.4) and (9.3.2), we can see that these trajectories possessed
by (9.3.2) is also inherited by (9.1.4). Thus, it is proved that there exists the connecting
orbits between E5 and Ey for § = 0.
(IT). Second, we shall prove the existence of trajectories between Ey and E; that starts
from the points on WY(Es) and reaches the points on W?9(E;) for 6 = 1. From the
discussion in (I), any trajectory starting from the points on W*(E>) cannot go to {(¢,v) |
¢ < 0}, and can only go to the points on W*(E;). Thus, we conclude that there exists
the connecting orbits between Fy and Fq for 6 = 1.
(III). Finally, from the discussion in Remark 9.3.3 and (II), we can see that the trajectory
starting from the points on W (Ep) must go to the points on W*(E}).

Therefore, we prove that there exists the connecting orbits between Ey and FE; for
0=1 0

9.4 Proof of theorems

In this section, we prove our main results. If the initial data are located on ®\{¢ < 0},
the existence of the solutions follows from the standard theory for the ODEs. Therefore,
we consider the existence of the trajectories that connect equilibria and detailed dynamics
near the equilibria on the Poincaré disk and their asymptotic behavior. Note from the
proof of Proposition 9.3.1 that there are no orbits that pass through the -axis, so there
are no sign-changing solutions.

9.4.1 Proof of Theorem 9.2.1

The proof of existence of the connecting orbits between Fs and Ey for 6 = 0 is obtained
in Proposition 9.3.1. Therefore, there exists a family of the quasi traveling waves with
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singularity which corresponds to a family of the orbits of (9.1.4). By considering this
result together with Definition 9.2.2, (9.1.1) has a family of weak traveling wave solutions
with singularity. Moreover, these trajectories exist in {¢ > 0}, v > 0 holds for £ € (&, 00).

Next, we prove the existence of a constant &) € (&, 00). The proof is presented in the
same way as the proof of Theorem 1 in [32].

Then, we shall compute the asymptotic behavior of the trajectories near the equilibria
E5 and Ejy. Note that the basic idea is the same as the proof of Theorem 1 in [32], however,
that the ODEs we are dealing with are different.

Let us derive (9.2.1). The solutions around Fy are approximated as

$(s) = Crer*(1 +o(1)),

(s) = Cae®*(1+ o(1)) +§

with constants C; (j = 1,2). Using this equation, we obtain

ds 1 cg -1 oy
€ ¢ = {Clew (1 +o(1))} ~Cze 7 as §— —o0.
Here, note that the meaning of the symbol F(s) ~ G(s) as s — —oo is as follows:
) F(s)
1
LN

From this result, we can obtain d¢/ds ~ Cyen®. This yields &(s) ~ Cse7* + Cg (Cs € R).
Set
5* = hm 5(8)7

S——0Q
then we have
c
E—& ~Cre’® as s— —00

with constants C; in the same discussion as [31, 33, 32, 50]. Therefore, we obtain

$(€) = Crer*(1+o(1)) ~ Crev ~ Cy(€ — &) as €\ & +0,

b(€) = Coe(1 + (1)) + s ~ % as €N, &, +0.

Since the trajectories are lying on {¢ > 0}, it holds that Cs > 0. By using u(§) = ¢(§)
and ug = 9(§), we can derive (9.2.1).

Finally, we shall derive (9.2.2). If the initial value is on the center manifold, the solution
around Ey on Poincaré disk has the form

(9.4.1)

Since the initial value ¢(0) is located on {¢ > 0}, it holds that A; < 0. These results
follow from (9.3.3) and (9.3.4). We then have

1
ds . (26 \?
P —(cs Al)'
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Therefore, there exists a solution s(£) such that the following holds:

_ ke € 2, € koo
s(§) = %f + A28 + %Az + ﬁAl %5 as & — 400 (9.4.2)

with constants A;. Substituting (9.4.2) into (9.4.1), we have
as & — 4oo.

In addition, we can see that ¢’ ~ 1 as { — 400 holds. By using u(§) = ¢(§) and ug = 9(§),
we can derive (9.2.2). This completes the proof. |

9.4.2 Proof of Theorem 9.2.2

The same arguments as in Theorem 9.2.1 can be used to obtain the existence of a family of
weak traveling wave solutions with singularity and information about their shape. Then,
all that remains to be shown is to derive (9.2.1) and (9.2.5). By focusing on Ej, (9.2.5)
can be proved in the same way as proof of Theorem 2 in [32].

Finally, let us derive (9.2.1) in this case. Note that this is the same conclusion as
Theorem 9.2.1, however, there is a difference in the solutions around FEs since the linearized
matrix in Fj is different for § = 0 and § = 1. They are approximated as

o(s) = Aless,
1/)(5):Alp(p_l)e%S+AQecs+£N£ as § — —oo.
c Yo

From this result, (9.2.1) can be shown in the same way as in the previous subsection (see
Subsection 9.4.1). This completes the proof. O

9.4.3 Proof of Theorem 9.2.3

The same arguments as in Theorem 9.2.1 and Theorem 9.2.2 can be used to obtain the
existence of a traveling wave solution and information about its shape. Therefore, we shall
derive (9.2.7). The proof is almost the same as in [30]. However, there are some parts
that are different. We briefly reproduce the proof and describe it below for the reader’s
convenience.

First we set w(s) = ¢(s)~! > 0. With the aid of (9.3.6), we have

w'(s) = —% + %(M& + 1wl = A+ Bul, (9.4.3)

where A = —pc™! < 0 and B = ¢ 3p(uc? + 1) > 0. These are consistent with the results
obtained in [30] when p = 1. The solution of (9.4.3) satisfies the following:

A2 A%ci+B

—(1+ Aw/B)ef(%wH) = —AB le B B
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since the dynamics of ¢(s) near 0 is our interest. That is, w(s) is sufficiently large, which
implies that AB~'w + 1 < 0. Here C; is a constant. By using w = ¢! and the Lambert
W function (see [30] and references therein), we obtain

A2 A2ci+B
B

d(s) = [FATIB{W(E(s)) + 1}] 7!, E(s) = —ABle” 5"

We consequently have

_ B
=0T = WEE) 1), (9.4.4)

Second, we shall prove
&(s) » —oc0 as s — —oo.

This proof is given in [30] and is used properties of the Lambert W function.
Next, we represent £ as a function of ¢. We rewrite (9.4.4) as

dg

ds:d)'

Using (9.3.6), we can obtain

f+03—/¢ ds—/¢d¢
—1
— [ (26 - Bnr < 06?) " ao
C3
:/ww wunwm
1
=5 [ [#5r ate g

C
= Zlog|g| — Slog |(uc® + 1)¢ — 2|
P p

o
n 1) -

c
:log‘
(

b

with a constant C'5. Then the constant C3 is given by

Po
puc? + 1)gg — 2|’

ngclog'
p I

where ¢(0) = ¢o. Note that we can conclude that C5 < 0 in the same way as in [30].
Finally, we aim to represent ¢ as a function of £&. As mentioned above, we obtain

c Po _ ¢ ¢
§+p10g‘(uc2+1)¢0—02 _plog‘(,ucQ—i-l)gb—cQ '

Therefore, we have

Mc2ect %o
_ M= -
P(€) M(uc® + 1)6%5 1 ‘ (uc® + 1)pg — 2

where M < 0 is the constant that depends on the initial state ¢9. This completes the
proof. a
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9.5 Concluding remarks

In this chapter, we studied whole dynamics of (9.1.4) on the phase space

R* U {[l(¢,9)]| = +o0}\ {6 < 0}

and all trajectories with {¢ > 0} were classified. This allowed us to classify the nonnegative
traveling wave solutions including weak traveling wave solutions with singularity of (9.1.1)
and to present their existence, information about their shape and asymptotic behavior.
These are studied by applying the framework that combines Poincaré compactification
and classical dynamical systems theory.

By using the relation between u and U, we obtained the classification of the corre-
sponding traveling wave solutions in (9.1.2). The present process does not require p € N
since it does not use the blow-up technique as in previous studies, concluding in a general
1 < p € R results. This solves the problem in (9.1.2) where the argument in 1 <p € R is
not given and the existence of connecting orbits cannot be proved when p is odd. It can
be argued that the results obtained in this chapter extend the results of Chapter 7 and
Chapter 8 ([32, 30]) to the general case.

By studying the dynamics to infinity, we can see that there is only a family of orbits
connecting Fy and Eo at § = 0 (see Figure 9.3.1). In other words, the only nonnegative
traveling wave solution to (9.1.1) at 6 = 0 is the one given by Theorem 9.2.1. Furthermore,
by following this transformation, we can conclude that the only nonnegative traveling wave
solution for (9.1.2) with 6 = 0 is the one given by Corollary 9.2.1 as mentioned in Remark
9.2.3. A similar argument leads to the conclusion as in Remark 9.2.6 for 6 = 1.

This is essentially due to the introduction of the transformation v = UP. This transfor-
mation has overcome the difficulty in extending the previous studies. There are problems
that impose a similar p € N constraint (see [31, 33, 35, 37]). However, this idea can only
be used for this type of equation. It remains to be seen what methods will be effective in
dealing with these problems.

Furthermore, as mentioned in Remark 9.2.8, the stability of the traveling wave solution
obtained in this study has not been discussed. This problem has been an issue in Chapter
7 and Chapter 8 ([32, 30]), and will remain an issue in this chapter as well. The question of
the stability of the traveling wave solutions (including in a weak sense) is important from
the point of view of the phenomenon and blow-up analysis. Then, numerical simulation
will play an important role in providing suggestions and conjectures. However, it is not
easy due to influence of the degenerate parts of equations. We believe that the results
in this chapter will provide a new perspective for the construction of stable numerical
schemes. As noted in Remark 9.2.7, it will also contribute greatly to future blow-up
analysis.
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Chapter 10

Radially symmetric stationary
solutions for certain chemotaxis
systems in higher dimensions: a
geometric approach

Abstract

This chapter reports results on the existence, shapes, and asymptotic behavior of positive
radially symmetric stationary solutions for several models of chemotaxis in higher dimen-
sions. The systems treated in this chapter are the simplest parabolic-elliptic Keller-Segel
model and the simplest attraction-repulsion chemotaxis system, in which a positive-valued
(resp. negative-valued) solution of one is a negative-valued (resp. positive-valued) solu-
tion of the other from symmetry. In particular, the construction of functions satisfying
equations that diverge at the endpoints of finite intervals is an interesting result. The key
to the discussion is to derive a scalar equation by using a transformation on the averaged
mass for the equation satisfied by the radially symmetric stationary solution and to in-
vestigate the infinity dynamics as geometric information for the two-dimensional ordinary
differential equations derived from it. To achieve this, we use a method that combines
classical results from the continuous dynamical systems theory and Poincaré-Lyapunov
compactification. In addition, the results for singular solutions are discussed in light of
the results of previous studies. This chapter is based on the following published paper

([39)):

Ichida, Y.: Radially symmetric stationary solutions for certain chemotaxis
systems in higher dimensions: a geometric approach, Discrete Contin. Dyn.
Syst., 43 (2023), no. 5, 1975-2001.

10.1 Introduction

Let u = u(t,z) be the density of the cell population, v = v(t,z) be the concentration of
the chemotactic substance, p = p(t,z) be the concentration of the attractant, ¢ = q(¢,x)
be the concentration of the repellent and N > 3. In this chapter, we consider the radially
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symmetric stationary solutions of the following systems:

=Au—V-(uV RN ¢t>0
He o (wve), =€ . (10.1.1)
0 =Av +u, zeRY, t>0
and
up = Au—aV - (uVp) + BV - (uVyg), reRN, >0,
0=Ap+u, reRYN, t>0, (10.1.2)

0=Aq+u, zeRN, t>0,

where « and [ are positive constants. Assume that o < 8 below.

(10.1.1) and (10.1.2) are a kind of chemotaxis systems. (10.1.1) is a system of equations
based on [43], which is considered to be the pioneering work on the model of chemotaxis,
and simplified by [58]. This equation is called the simplest classical Keller-Segel or Keller-
Segel-Patlak system, see for instance [11, 56, 57, 64], and references therein for related
works. According to [56], the convective term —V - (uVv) in the first equation describes
aggregation directed towards the origin with a velocity proportional to Vv. Mathemati-
cally, the main studies are on well-posedness, boundedness, and blow-up solution; see the
survey paper [29] and references therein. However, as also noted in [65], in many biological
processes, not only attracting effects such as (10.1.1) but also repulsive effects are quite
possible. One representative system is the attraction-repulsion chemotaxis system, and
(10.1.2) is the simplest version of them. In terms of phenomena, (10.1.2) comes from
the systems proposed in [48] and was introduced to explain the aggregation of microglia
observed in Alzheimer’s disease.

In (10.1.2), by setting v = 8¢ — ap, we obtain

=Au+ V- (uV RN, ¢>0
{ut u+ V- (uVv), reRY, t>0, (10.1.3)

0=Av+ (68— a)y, zeRN, ¢t>0.

Note that the sign of the convective term in (10.1.1) is different in (10.1.3). It turns out
that it is sufficient to examine the behavior of w in (10.1.3) in order to study the behavior
of the solution u of equation (10.1.2).

In [57], by focusing on radially symmetric and radially symmetric stationary solutions
of (10.1.1), [57] shows the optimal conditions on the initial data for the finite-time blow-up
and the global existence of solutions. Discussions examining the properties of solutions to
scalar equations involving the averaged mass of u (see (10.1.7)) play an important role.
In addition, for o > 0, let ¢(r; ) be a solution to the following equation:

(r" o)+ e? =0, ¢(0) =@, ¢,(0) =0. (10.1.4)

We set
Ulr;a) = e?To8) v (ra) = ¢(r;loga) —loga for 7> 0.

Then, it is stated in [57] that (U,V) = (U(r;a),V(r,a)) is a solution of the following
equations:
0=V (VU -UVV), 0=AV+U.

In [57], conclusions are drawn mainly based on these facts. In addition, in (10.1.4), the
singular solution ¢*(r) = —2logr + log(2N — 4) is shown to be unique by Mignot-Puel
[52]. This is also shown in Miyamoto-Naito [53] with a generalized equation. In [7], they
investigate the bifurcation problem for radially symmetric stationary solutions by focusing
on (10.1.4) and this singular solution.
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Generally speaking, a radially symmetric stationary solution is one of the special and
typical solutions that play a fundamental and important role in studying the solution
structure of partial differential equations in multidimensional space. Therefore, motivated
by [57], this chapter attempts to clear the structure of radially symmetric stationary
solutions of (10.1.1), (10.1.2) and (10.1.3) from a dynamical systems theory and geometric
approach different from [57] (in particular, the infinite dynamics of differential equations
based on the Poincaré type compactification). The goal is to discover new aspects of the
abundant solution structure of the chemotaxis systems.

The Poincaré type compactification is one of the compactifications of the original phase
space (the embedding of R™ into the unit upper hemisphere of R"*1). See [14, 31, 32, 33,
34, 49, 50] and their references for details. A brief overview is given in Section 1.1. In the
following, the Poincaré type compactification includes both the Poincaré compactification
and the Poincaré-Lyapunov compactification. The difference between the two is that the
vector field is either homogeneous or quasi-homogeneous, respectively. For the quasi-
homogeneity of a vector field, see Section 1.1 and [49, 50]. The most important feature of
applying this method is that it allows us to investigate the global behavior of the system
of ODEs of interest by revealing all its dynamics including infinity (see also [34]). This
method has been used, for instance, in the analysis of the Liénard equation ([14] and
references therein), and in the reconsideration of blow-up solutions of systems of ODEs in
the view of dynamical systems ([49, 50]).

The author has used a kind of compactification of phase space called the Poincaré
type compactification to investigate the structure of special solutions (e.g., the stationary
solution, the traveling wave solution) of partial differential equations with negative powers
nonlinearity and degenerate parabolic equation ([31, 32, 33, 38]). In particular, the classi-
fication of nonnegative traveling wave solutions for the 1D degenerate parabolic equations
is given in [38]. It also reveals the global behavior of certain ODE systems, as described
in [34]. To the best of the author’s knowledge, there is no study of this method being
applied to chemotaxis systems. Therefore, by applying this method, we clarify the exis-
tence, profiles, and asymptotic behavior of radially symmetric stationary solutions from a
different angle from previous studies.

We derive a system of ordinary differential equations satisfying the radially symmetric
stationary solutions of (10.1.1), (10.1.2), and (10.1.3). The equation satisfied by the
radially symmetric solution (u,v) = (u(t,7),v(t,r)), r = |z| > 0, of equation (10.1.1) is

{erut = (N u,), — (urN o),

10.1.5
(rN=1u), +rV "y = 0. ( )

On the other hand, the equation for the radially symmetric solution of (10.1.3) derived
from (10.1.2) is as follows:

riglft::(TN_IUT%”j;(?TN_IUT%” (10.1.6)
(r" " op)p + (B —a)r T u = 0.
Next, we introduce the following transformation:
1 T
w(t,r) == N/ sV lu(t, s)ds, > 0. (10.1.7)
™ Jo

This transformation (10.1.7) involves the averaged mass of u being used, for instance, see
[57, 64] and references therein. Here we consider solutions that satisfy the following

lim N (r, t) = 0. (10.1.8)

r—0
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(10.1.8) will be helpful in understanding the claims for singular solutions (see Subsection
10.5.1, Subsection 10.5.2).
Then, from (10.1.5), we can see that w(¢,r) satisfies the following scalar equation:

N +1
Wy = Wyp + R wy + rww, + Nw?, w= w(t,r), 7 >0. (10.1.9)
r

Furthermore, from (10.1.6) we obtain

N+1
Wy = Wy + Sl w, + (a — B)rww, + (o — B)Nw?, w=w(t,r), r>0. (10.1.10)
r

Here, if « = 1 and 8 = 0, (10.1.10) becomes (10.1.9), so it is sufficient to examine the
behavior of the solution of (10.1.10). Note that we assume

Nl (r) =0 (r—0)
in this calculation process. In addition,
u(t,r) = rw,(t,r) + Nw(t,r) (10.1.11)
holds, and by differentiating both sides of (10.1.11) by r,
up(t,r) = rwpp(t, ) + (N + Dw,(t,7) (10.1.12)

holds.

Since we consider the radially symmetric stationary solutions of the original systems of
partial differential equations (10.1.1) and (10.1.2), this chapter is reduced to the problem
of studying the behavior of the solutions of the following equation (second-order ordinary
differential equation) satisfied by these stationary solutions w(r) from (10.1.10):

N+1
Wyp + iw,« + (a — B)rww, + (o — B)Nw?> =0, w=w(r), r>0. (10.1.13)
r

Note that 7V ~1u, = ur’N~lv, is naturally assumed in (10.1.5) since w; = 0 from the above
discussion. Similarly, r¥ "1y, = —urN "1y, is assumed in (10.1.6).

(10.1.13) is a non-autonomous system, especially, r = 0 is a singular point. Then,
we consider the following transformations that transform (10.1.13) into the autonomous

systems on R? and remove the singularity » = 0:

t=rlogr, a(t)=r*w(r), k==l (10.1.14)
Then,
w = 7“_2a,
w, = —2r 3a + m"_gd,

Wy = 6r *a — 5krta+r G
hold. (10.1.13) is transformed into the following:
i+ k(N —4)a+ k(a — B)ad — 2(N - 2)a + (N - 2)(a — B)a® =0, (10.1.15)

equivalently

{a =b (10.1.16)
b= —k(N —4)b— r(a— Bab+2(N —2)a — (N — 2)(a — B)a?,
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where we set * = d/dt and ~ = d?/dt?. This transformation (10.1.14) was also introduced
in [33, 41]. When the parameter k is k = 1, we see that r — oo as t = logr — oo holds.
Therefore, to discuss the behavior of the solution to (10.1.13) as r — oo, we need to study
the information of the solutions of (10.1.16) as ¢ — co. Similarly, » — 0 as t — oo in the
case that k = —1. Here, switching the positive and negative values of o — 3 is equivalent
to applying the following transformation in (10.1.16):

(a,b) — (—a,—b). (10.1.17)

That is, the solutions of (10.1.16) at & = 1 and 8 = 0 correspond to the radially symmetric
stationary solutions of the simplest parabolic-elliptic Keller-Segel model (10.1.1), and the
solutions of (10.1.16) at  # [ (in this chapter, especially a < /) corresponds to the
radially symmetric stationary solutions of the simplest attraction-repulsion chemotaxis
model (10.1.2) or derived from it (10.1.3).

The purpose of this chapter is to focus on the radially symmetric stationary solutions of
(10.1.1), (10.1.2), and (10.1.3) and to investigate what kind of solutions exist, information
about their shapes, and their asymptotic behavior. For this purpose, in (10.1.16), we
examine the dynamics in

(i) @« =1 and 8 = 0 (special case of a > f3, see Section 10.3), and
(ii) a < B (from the results of (i) and the symmetry (10.1.17)),

respectively, the dynamics on R? U {||(a,b)|| = +o0o}. Therefore, the Poincaré-Lyapunov
compactification is used as described above. The dynamics including infinity, obtained by
Poincaré-Lyapunov’s one is hereafter referred to as Poincaré-Lyapunov disk. The reason
for choosing this compactification is to properly extract information at infinity in the
original phase space, taking into account the quasi-homogeneity of (10.1.16), as described
in Subsection 10.3.2 (see, for instance, Section 1.1 and [49, 50]). As noted in Section 1.1 and
[49, 50], via these compactifications, the infinity for the original phase space corresponds
to the boundary of compact manifolds. Here, we split the boundary and project each of
them to some local charts, and study the dynamics. By combining this information from
some local charts, we can obtain the dynamics including infinity. From these results, if
all connecting orbits, including those up to infinity in the original phase space (i.e., all
connecting orbits on the Poincaré-Lyapunov disk) are known, then it is expected to give
the existence of solutions not revealed in previous studies, information about the shape,
and asymptotic behavior.

Since this method can actually examine both positive-valued and negative-valued so-
lutions at once, the focus of the discussion is on examining (10.1.16). The information of
the positive-valued (resp. negative-valued) solutions of (10.1.1) corresponds to the infor-
mation of the negative-valued (resp. positive-valued) solutions of (10.1.2) and (10.1.3).
In other words, although the information on the negative-valued solution is unnecessary
from the viewpoint of the phenomenon, this information plays an important role in the
investigation of positive solutions of other chemotaxis models.

If we know the asymptotic behavior of a(t) and b(t) as t — ¢, (the maximal existence
time, t4 < 400 or t; = +00), we can find the asymptotic behavior of w(r) and w,(r)
as 7 — r_ (the minimal existence interval, 0 < r_ < 400 or r— = 0) and r — 74 (the
maximal existence interval, 0 < r_ < r; < +00 or r4 = +00) from (10.1.14), and we can
derive it for u(r) and u,(r) from (10.1.11) and (10.1.12).

In this chapter, we clarify the existence, shape, and asymptotic behavior of radially
symmetric stationary solutions, which have not been clarified before (in particular, Theo-
rem 10.2.2). However, the stability of this solution is not obtained. The author, who has

205



Chapter 10 Radially symmetric stationary solutions for certain chemotaxis systems in
higher dimensions: a geometric approach

clarified the structure of special solutions of various partial differential equations using
this method based on dynamical systems theory and geometric approaches, believes that
their new attempts in this study will bring rich insights into solution behavior and solution
structure of chemotaxis systems and giving rise to new research.

This chapter is organized as follows. In the next section, we state the main results of
this chapter. In Section 10.3, we obtain the dynamics of (10.1.16) with « =1 and 5 =10
on the Poincaré-Lyapunov disk via Poincaré-Lyapunov compactification and basic theory
of the dynamical systems. We also use the symmetry in (10.1.17) to give the Poincaré-
Lyapunov disk of (10.1.16) in a < 3 (see Subsection 10.3.8 for a detailed discussion). The
proof of theorems will be completed in Section 10.4. Finally, in Section 10.5, we discuss
the uniqueness of the singular solutions in previous studies, together with the conclusions
drawn from this chapter.

10.2 Main results

The main key to obtain the main results is the availability of a phase portrait corresponding
to the Poincaré-Lyapunov disk in (10.1.16), which will be explained in detail in a later
section. Here and after, note that the meaning of the symbol f(&) ~ ¢g(§) as & — a is as
follows:

f(€)

9(§)

First, we present one new result for a positive-valued radially symmetric stationary
solution of (10.1.5).

lim
E—a

Theorem 10.2.1

Assume that N > 3. Then, (10.1.5) has a radially symmetric stationary solution (which
corresponds to an orbit of (10.1.16) in the case that « = 1 and 8 = 0). Moreover, its
solution u(r) satisfies the following:

e u(r) > 0 holds for r € (0,+00).

* fgyu(r) =, ligyur(r) =0, lm_u(r) =0,

where C' > 0 is a constant. In addition, the asymptotic behavior of u(r) for r — +oo is
u(r) ~ 2(N — 2)r2 (10.2.1)
2(N —2)r=2 4 Ay 219 4 Apr=2t9+ (N > 11)

~ Q16772 + (Azlogr + Ay)r= 6, (N =10)
AN —2)r 242" YN -2 s W+2"1/|Dr "2 Z, (3<N<9)
(

where A; are constants. Here, the following hold:

ox =27 {=k(N = 2) /(N —2)(N - 10)},
D = (N —2)(N —10),

Z(r) = By cos[27 /| D|logr] — Bysin[271\/|D]|log 7],
W (r) = By sin[27'\/|D|logr] + By cos[271\/|D|log r]

where B; are constants.
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Remark 10.2.1
We give two remarks regarding Theorem 10.2.1.

(i) The behavior of the solution at r — +o0o depends on the number of dimensions N.
In particular, for 3 < N <9, we can observe that u(r) goes to u = 0 with damping
oscillatory terms. The results of (10.2.1) and (10.2.2) in N > 10 are consistent
with the results of [57] and Lemma 2.1 of [66], which considered (10.1.4). However,
3 < N <9 is new in that it is not derived from [57, 66].

(ii) The explicit asymptotic form of u asr — 0 is not obtained in this chapter. As we will
be described in Subsection 10.4.1, this derivation requires attention to (a,b) = (0,0)
in (10.1.16). This is because only the lowest order term is known about the solution
behavior near the origin in (10.1.16). We leave it open here.

Next, we discuss a result for a sign-changing solution. This follows from the trajectory
of the infinity dynamics obtained in Section 10.3, which gives another proof of Lemma 4.5

(i) for [57].

Proposition 10.2.1
Assume that N > 3. In (10.1.5), there is no sign-changing radially symmetric stationary
solution. The same is true for (10.1.6).

Finally, we present new results that are constructing positive-valued functions on finite
or semi-infinite intervals that satisfy (10.1.6). If u — —u from the symmetry of (10.1.17),
then the following results correspond to negative-valued solutions of (10.1.5).

Theorem 10.2.2
Assume that N > 3. Then, the following holds:

(i) There exists a family of the functions (which corresponds to a family of the orbits
of (10.1.16) in the case that a < () defined on the finite interval such that each
function u(r) satisfies (10.1.6) on a finite interval (r_,ry) (0 < r— < rp < 400).
Moreover, for each function u(r), the following holds:

e u(r) > 0 holds for r € (r_,r4).

e lim wu(r)=-+oo, lim wu(r)=-+oo.
r—r_+0 r—r4—0

e There exists a constant r, € (r_,ry) such that the following holds: u,(r) < 0
forr € (r—,ry), ur(r«) = 0 and u,(r) > 0 for r € (r«,r4).

e The asymptotic behavior for r — r_ + 0 is
u(r) ~ Kr—2(logr —logr_)"?[—(N — 2)(logr — logr_) + 1], (10.2.3)
where K >0 andr — ry — 0 is
u(r) ~ Kr—2(logry —logr) 2[(N — 2)(logry — logr) + 1] (10.2.4)
where K > 0.

(ii) There exists a function (which corresponds to an orbit of (10.1.16) in the case that
a < () defined on the semi-infinite interval such that its function u(r) satisfies
(10.1.6) on a semi-infinite interval (r_,+o0) (0 < r— < 4o00). Moreover, for its
function u(r), the following holds:
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e u(r) > 0 holds for r € (r_,+00).

o lim u(r)=+oco, lim u(r)=0, lm u(r)=0.

e The asymptotic behavior of u(r) for r — r_ 4 0 is expressed as (10.2.3).

(iii) There exists a function (which corresponds to an orbit of (10.1.16) in the case that
a < ) defined on the finite interval such that its function u(r) satisfies (10.1.6) on a
finite interval [0,74+) (0 < r4 < +00). Moreover, for its function u(r), the following
holds:

e u(r) > 0 holds for r € [0,74).

o limu(r)=C, limu,(r) =0, lim wu(r)= -+oo, where C > 0.
r—0 r—0 r—ry—0

e The asymptotic behavior of u(r) for r — r4 — 0 is expressed as (10.2.4).

Remark 10.2.2

Here, the corresponding discussion in the proof indicates that the solution is constructed
only on a finite or semi-infinite interval with respect to r, so we express it as a function
(or family of functions) that satisfies the equation. Some solutions obtained in above
results satisfy the equation only on finite interval (r_,r4) (0 < r— < r4 < +00) or semi-
infinite interval. That is, even though we are considering equations in the whole domain,
we are constructing solutions that cause singularity at the endpoints of a finite (or semi-
infinite) interval. In this chapter, we do not discuss the behavior of the solutions u(r)
after u/(r) becomes infinity (outside of the interval on that u(r) satisfies (10.1.6)). A more
detailed (and hard) analysis is needed. In addition, the main purpose of this chapter is to
investigate the existence, shapes, and asymptotic behavior of solutions of (10.1.6) from
the dynamical system viewpoint and geometric approaches, we leave it open here.

10.3 Dynamics on the Poincaré-Lyapunov disk of (10.1.16)

In this section, all the dynamics of (10.1.16) on R? U {||(a,b)|| = +oc} in the case that
a =1 and 8 = 0 will be obtained by using Poincaré-Lyapunov compactification. It is
also given for the case a < . Considering symmetry (10.1.17), in this section we study
(10.1.16) in the case that « = 1 and § = 0. See Subsection 10.3.8 for the calculation
process when a < .

10.3.1 Dynamics near finite equilibria of (10.1.16)

Before starting the detailed analysis, we study the dynamics near finite equilibrium of
(10.1.16). The finite equilibria in (10.1.16) are as follows:

Ey: (a,b) = (0,0), Ej:(a,b)=1(2,0).

Let Jy (resp. Ji1) be the Jacobian matrix of the vector field (10.1.16) at Ey (resp. Ej). Jo
and J; are

g — 0 1 g, 0 1
07\ 2(N=2) —r(N—-4) )7 T —20N-2) —k(N-2) )"
We can claim the following for the dynamics in the neighborhood of Ey for each of k = +1.
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(i) When k = 1, the eigenvalues of matrix Jy are 2 and —(N — 2), so Ey is a saddle.
The eigenvectors corresponding to the eigenvalues are (1,2)7 and (1,—(N — 2))7,
respectively, with T" representing the transpose.

(ii) When k = —1, the eigenvalues of matrix Jy are N — 2 and —2, so Ej is a saddle.
The eigenvectors corresponding to the eigenvalues are (1, N — 2)7 and (1,-2)7,
respectively.

Furthermore, the eigenvalues o1 of matrix J; are

—k(N —2) £ /(N —2)(N —10)
o4+ = 9 .

The corresponding eigenvectors are (1,0, )" and (1,0_)T, respectively. When x = 1,
the real parts of all eigenvalues of J; are negative. Therefore, we conclude that Fp is
asymptotically stable. On the other hand, F; is unstable when x = —1. From the
eigenvalues, note that the behavior of the solution near F; in N > 3 depends on the
value of N — 10. For instance, if 3 < N < 9, then matrix J; has two different complex
eigenvalues. Other cases can be concluded similarly.

10.3.2 Asymptotically quasi-homogeneous vector field

Before we consider the dynamics of (10.1.16) on the charts U; and V;, we derive the type
and order of this vector field. See Section 1.1 for the definition (Definition 1.1.3) of local
charts. Let f = (fi(a,b), f2(a,b)) be

fi(a,b) =b, fola,b) = —k(N — 4)b — kab+ 2(N — 2)a — (N — 2)a>.
Then we have the following observation (see Section 1.1 and [49, 50] for more details).

Lemma 10.3.1
The vector field f is asymptotically quasi-homogeneous of type (1,2) and order 2 at infinity.

Proof. Let a type be (a1,az2) and R € R. For all (a,b) € R?, the following holds:
fi(R* a, R*b) = R***1 £, (a, b),
fo(R*a, R**b) = R**°* f5(a,b).

By comparing the order parts, we get

(a2:k+0417
042:k+042,

a1 =k + ao,
20&1 =k+ Q.

Here since the first and third equations in (10.3.1) correspond to the maximum order in
(10.1.16), (1,a2) = (1,2) and k = 1 are obtained from them. Furthermore, they satisfy
as follows:

. —(k+a1) o3t e % _ pkta —
i R0 LA (R, RO26) — RM) (f1(a,b) | =0,

: —(k+a2) a1 a21) _ pkta _
Jim R0 Ly (R a, RO2b) = RM2(f)a(a,b) } =0,
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where (for)1 and (for)2 are (fox)1 = b and (far)2 = —rab, respectively. From the
above results, we can see that the vector field f is asymptotically quasi-homogeneous of
type (1,2) and order k£ + 1 = 2 at infinity. O

10.3.3 Dynamics on the chart U,
To obtain the dynamics on the chart Us, we introduce coordinates (), z) by the formulas
a=xz/\, b=1/)\2

Here, note that the exponents of A are derived from the type found in Lemma 10.3.1. The
image of the geometric position of these local coordinates is almost the same as in Figure
1.1.2. Then we have

A=2"1k(N — X+ 27k — (N — 2)X2z 4+ 27 1(N — 2) a2, (103.2)

&= A"+ 27 k(N —4)x + 27 kAT 12? — (N — 2)A2? + 271(V — 2)a3. o
Time-scale desingularization dr/dt = A~! yields

Ar =27 (N — A2 + 27z — (N — 2)A32 + 271N — 2)\22?, (10.3.3)

z; =142 (N — 4z + 27Tk — (N — 2)A%22 + 27 1(N — 2)\z?, o

where A\; and z; are \; = d\/d7 and z, = dx/dr, respectively. The equilibria in (10.3.3)
and their stability by x = £1, respectively, are described as follows:

e If kK =1, then there is no equilibrium and z, > 0 at A = 0.

e If kK = —1, then there exists equilibria
Ey:(\z)=(0,—V2), Ez:(\z)=(0,V2).
The Jacobian matrices of vector field (10.3.3) at these equilibria are
b (080 me (52 )
-271V2N V2 271V2N -2

Therefore, Fo is unstable and Fs3 is asymptotically stable. Let J3 be the Jacobian
matrix of this vector field at E3. The eigenvalues of matrix J3 are —2-1/2 and
—v/2. The eigenvectors corresponding to the eigenvalues are (1, N)” and (0,1)7,
respectively.

10.3.4 Dynamics on the chart V,

The change of coordinates
a=—x/\, b=—-1/\?
give the projected dynamics of (10.1.16) on the chart Vs:
Ar = 2716(N —4)A2 — 271z — (N — 2)\30 — 27 1(IV — 2)A\2%22, (10.3.4)
z; =1+ 27 (N — Az — 27 ka2 — (N — 2)A\%2? — 27 (N — 2)\a?, o

where 7 is the new time introduced by dr/dt = A~'. When & — 1, there is no equilibrium,
and when k = —1, there are two equilibria,

Ey:(\z)=(0,-V2), Es:(\z)=(0,V2).

By examining the eigenvalues of the linearized matrix in Subsection 10.3.3, we conclude
that Fy is unstable and FEj is asymptotically stable.
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10.3.5 Dynamics on the chart U,
The change of coordinates a = 1/\ and b = x/)\2, and time-rescaling d7/dt = A~! yield

Ar = =z,
i (10.3.5)
Ty = —k(N —4)Ax — kx + 2(N —2)A? — (N — 2)\ — 222

If k =1, then the equilibria on {\ = 0} are
Ees: (M\z)=(0,0), E7:(\z)=(0,-27").

The Jacobian matrices of vector field (10.3.5) at these equilibria are

0 0 2710
E6'<—(N—2) —1)‘]6’ E7'<—2—1N 1>'

Therefore, Fr is unstable and Ejg is not hyperbolic.
On the other hand, when k = —1, the equilibria are

Es: (\z)=(0,0), Eg:(\xz)=(0,27").

In the same way as above, Fg is found to be asymptotically stable.

Therefore, in the remainder of this subsection, we investigate the dynamical system
around Fg. This can be done by applying the center manifold theory (for instance, see
[9, 70]). A similar argument is made in [30, 32, 34, 38|, but for the reader’s convenience,
we briefly describe the argument. The eigenvalues of matrix Jg are 0 and —x. The
eigenvectors corresponding to the eigenvalues are

vi = (k,—(N=2)T, vo=(0,1)7T.

We set a matrix 7" as T = (v1,v2). Then we obtain

c;lT(i):(— m>< ) <—R(N 4)AxJ:2A(gEN 2)\2 21:2)
:T< >T1< > ( (—4))\90—;2)\(ch—2))\2—2$2>'

(20) =m0

We then obtain the following system:

A= (N —2)X 3%, (10.3.6)
5: #[— /<;+2(N—1)X—2;z~}. o

Let

The center manifold theory is applicable to studying the dynamics of (10.3.6). It implies
that there exists a function h(\) satisfying

h(0) = 5 (0) =0

such that the center manifold of the origin for above system is locally represented as
{(\, &) | (1) = h(A\(7))}. However, it is not immediately possible to express an approxi-
mate function h that defines the center manifold except for £ = 0. This is because £ = 0
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is invariant from the second equation in (10.3.6). Note that in such cases, the center man-
ifold is not necessarily unique, as described in [70]. By center manifold theory, assuming
Z = 0 as the (graph of) center manifold in (10.3.6), the dynamics near the origin are
topologically equivalent to the following equation:

Ar = (N —2)A2,

From A = k) and = —(N —2)A+Z, the approximation of the (graph of) center manifold
in (10.3.5) is
{(N2) | z(1) = —Kk(N = 2)X\(7)} (10.3.7)

and the dynamics near Fg is topologically equivalent to the dynamics of the following
equation:
A = k(N = 2)\% (10.3.8)

Note that in these equations derived from = 0 only low-order information is available.

10.3.6 Dynamics on the chart V;
The transformations a = —A\~! and b = —2/)? yield

Ar = —Az,
) ) (10.3.9)
zr = —k(N —4)Ax + kx +2(N —2)N° + (N —2)\ — 2z

via time-rescaling dr/dt = A7, If k = 1, then the equilibria on {\ = 0} are
Ey:(Ax)=(0,0), Ei:(A\x)= (0,27

If K = —1, then the equilibria on {\ = 0} are Eg and Ey; : (\,2) = (0, —271). As before,
by finding the linearized matrices at these equilibria, E1g is asymptotically stable, E7; is
unstable, and Fjy is not hyperbolic. The dynamical system around Eg can be understood
by the center manifold theorem as in Subsection 10.3.5.

10.3.7 Dynamics and connecting orbits on the Poincaré-Lyapunov disk

Let us prepare the symbols used in this subsection as follows:

e W?3(Ey) denotes the stable manifold of Ej in the dynamical system (10.1.16) in the
case that Kk = —1.

e WU"(Ey) denotes the unstable manifold of Ey in the dynamical system (10.1.16) in
the case that k = —1.

e W?*(E3) denotes the stable manifold of E3 in the dynamical system (10.1.16) in the
case that Kk = —1.

e W (FEs) denotes the center-stable manifold of Eg in the dynamical system (10.1.16)
in the case that x = —1.

Combining the dynamics on the charts Uj and Vj (j = 1,2), we obtain the Poincaré-
Lyapunov disk that is equivalent to the dynamics of (10.1.16) on R? U {||(a,b)| = +oo}
(see Figure 10.3.1). The purpose of this subsection is to classify the connecting orbits
between these equilibria.
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Ey

Ey(E7)

Figure 10.3.1: Schematic pictures of the connecting orbits on the Poincaré-Lyapunov disk
in the case that N >3, x =+1, a=1and g =0.

Remark 10.3.1

In Figure 10.3.1, the circumference corresponds to {||(a,b)|| = +oo}. Note that for k = 1,
the equilibrium Ej at infinity obtained in the local chart V5 and the equilibrium E; at
infinity obtained in the local chart U overlap. In Figure 10.3.1, all equilibria at infinity
listed in parentheses are the same.

If we can classify the connecting orbits in the Poincaré-Lyapunov disk for k = —1, we
can also obtain the x = 1 case with the transformation

b— —b, t— —t.

Therefore, it is sufficient to show the existence of connecting orbits for K = —1.
In addition,

=b, a|,_,=0, b =-k(N-4b, b =(N-2)a(2-a)

a=0 b=0

a}azo
hold in (10.1.16). That is, the following holds:

e Trajectories departing from a point in region {(a,b) | a > 0,b > 0} (the first quadrant
of the ab-plane) should be toward a point on W#(E3) or W (Eg), or toward region
{(a,b) | a < 0,b > 0} (the second quadrant of the ab-plane), depending on the initial
value.

e Trajectories departing from a point in region {(a,b) | @ < 0,b > 0} should be
toward a point on W?*(FEjy) or toward region {(a,b) | a < 0,b < 0}, or toward region
{(a,b) | a > 0,b > 0}, depending on the initial value.

e Any trajectories departing from points on region {(a,b) | a < 0,b < 0} should all
head for points on W (Ey).

e Trajectories departing from a point in region {(a,b) | @ > 0,b < 0} should be toward
a point on W*(Ep), or toward region {(a,b) | a < 0,b < 0}, depending on the initial
value.

Since (10.1.16) is a two-dimensional system, the Poincaré-Bendixson theorem is effective
in showing the existence of connecting orbits that connect equilibria including equilibria
at infinity. However, with only the information obtained above in the first quadrant of
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the ab-plane, trajectories departing from the points on W¥(Ey) could be toward points on
WS#(E3) or W (Eg), or {(a,b) | a < 0,b > 0}. Since W*(Ep) is one-dimensional, we need
to know where they are going.

Therefore, the dynamics can be determined by further clarifying the flow of vector
fields in the first quadrant of the ab-plane. As a preparation, we derive the asymptotic
behavior corresponding to the trajectory attracted to a point on the stable manifold at
the equilibrium FE3 at infinity.

Lemma 10.3.2

Assume that N > 3 and k = —1. Then, the solution of (10.1.16) is, if exists, characterized
by trajectories whose initial data are on the stable manifold of the equilibrium at infinity
Es of (10.1.16). The asymptotic behavior of a(t) and b(t) are

t)y~ Mty —t)7 !

alt) ~ Mty = #) ) as bt -0, (10.3.10)
b(t) ~ M(tJr - t)_ )

where 0 <ty < 400 and M > 0 are constants.

Proof. Using the eigenvalues and eigenvectors of the linearized matrix Js3, the solution at
the around FE3 on chart Us has the form

E,

A7) =Cle™ 2
x(1) = C1N€7§T + 026—\/57— + \/5,

where C7 and Cy are constants. Then

holds. This yields ¢(7) = C3e~27 + Cy. Set

t+: lim t(T),

T—+00

then we have
+o0 V3
ly = C5/ e 27(1+0(1))dr < .
0

Therefore, we obtain

v

ty —t~ 066_727 as T — 400
holds with constants C;. We then obtain
a(t) ="z
va \ 1 V2
= (Cle_TZT> <01N€_72T + 026_\/57 + \/Q)

N
~Cre2” as T — 400

~Mty —t) as t—ty -0,

where C; are constants. Since, the trajectories are lying on {a > 0}, it follows that the
constant M > 0 holds. Similarly, the following holds:

—2
b(t) = A2 = (Cle—%) — CyeV?T
~M(ty —t)% as t—t, —0.
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Note that the first equation @ = b of the original equation (10.1.16) is satisfied in the
asymptotic sense a ~ b as t — t; — 0. Therefore, we obtain (10.3.10). This completes the
proof of Lemma 10.3.2. O

Using the results of Lemma 10.3.2, the existence of connecting orbits such as those
connecting Fy and Fs5 in the case kK = —1 is shown by Lemma 10.3.3 below.

Lemma 10.3.3
Assume that N > 3 and k = —1. Then, there exists a connecting orbit such that the
corresponding function a(t) satisfies the following:

e a(t) is a continuous function on a semi-infinite interval (—oo,t.] and it satisfies the
equation (10.1.16) on (—oo,ty) (a(t) € C?(—o0,t,)NC%(—o0,t,], —00 < t4 < 400).

e a(t) has a(t) > 0 (t < t4+) and satisfies the following:

lim a(t)= lim a(t) =+oo, lim a(t)= lim a(t) =0.

t—ty—0 t—t4+—0 t——o0 t——o0

In other words, there exists a connecting orbit between the points of WY(Ey) and the
points of W?#(Es3) on the Poincaré-Lyapunov disk in the case that kK = —1.

Proof. First, from equation (10.3.10) of Lemma 10.3.2, the maximum existence time ¢
of a(t) is finite, a(t) > 0 (¢ < t4), and also satisfies

lim a(t)= lim a(t) = +oo.
t—t4+—0 t—t4+—0
Furthermore, by focusing on the trajectories departing from the points on W*(Ejy), the
solution in the neighborhood of Ej can be expressed using positive eigenvalues and eigen-
vectors in the unstable direction as follows (see Subsection 10.3.1):

{a(t) ~ CreN=2)t,

t — —o0.
b(t) ~ Cy(N — 2)e™-2t, o

Therefore,
lim a(t) = lim a(t) =0

t——o0 t——o0

holds.

Next, consider the flow on the line b = (N — 2)a on which the eigenvector (1, N — 2)7
of Ey in the unstable direction in the first quadrant of the ab-plane rides. In this case,
from

L =b=(N—-2)a, b = (N —2)%a,

the trajectory starting from points on W#(E3) is found to go to ® = {(a,b) | b > (N —
2)a,a > 0,b > 0} as ® in the first quadrant. In other words, there is no way to leave this
area.

Finally, it is sufficient to show that equilibrium F3 at infinity exists in this region ®
and that trajectories departing from a point in ® are toward W*(Es3). Then, we take a
compact subset W C ® (such that it contains a point on W#(E3)). There is no equilibrium
or closed orbit in W. Therefore, by Poincaré-Bendixson theorem, any trajectory starting
from a point in W cannot remain in W as t increases. Therefore, any trajectories starting
from points in ® must be toward W?*(E3). This means that the equilibrium FEs3 at infinity
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lies in the region @ in this first quadrant. Thus, it can be shown that a trajectory starting
from points on W*(Ej) heads toward W?*(E3). This completes the proof of Lemma 10.3.3.
|

By the same argument as in Lemma 10.3.3, we can classify all the connected orbits in
the Poincaré-Lyapunov disk at kK = —1. Then, by the transformation
b— —b, t— —t,

we also obtain the case k = 1. From the above discussion, we obtain Figure 10.3.1.

We have discussed the cases a = 1 and § = 0. The dynamics at the disks for a < 3
are obtained from (10.1.17) as described above (see Figure 10.3.2). Note that for Figure
10.3.2, the equilibria are numbered at the positions obtained by the symmetry (10.1.17).

k=1 (N>3) 40 l'»f_mvzs)'
—>
a

E5(E1o)

o Ep 2 E

Ey

Ey(Eq)

Figure 10.3.2: Schematic pictures of the connecting orbits on the Poincaré-Lyapunov disk
in the case that N > 3, xk = £1 and o < (.

10.3.8 Dynamics on the Poincaré-Lyapunov disk of (10.1.16) in the case
that a <

In this subsection, all the dynamics of (10.1.16) on R?U {||(a,b)|| = +oo} in the case that
«a < B. This is obtained from the symmetry of the results obtained in Subsection 10.3.7,
but only the results are summarized for the proof of the main results (in particular, the
derivation of the asymptotic behavior). All (10.1.16) treated in this section are assumed
to be the case when a < .

Dynamics near finite equilibria of (10.1.16)
The finite equilibria of (10.1.16) are
Fo: (a,0) = (0,0), By : (a,b) = (~2(8 — a)~,0).
The Jacobi matrices at each equilibrium, their eigenvalues and eigenvectors are the same
as in Subsection 10.3.1.
Dynamics on the chart U,

The type and order of (10.1.16) in o < (3 are the same as those of Lemma 10.3.1. As in
Subsection 10.3.3, we introduce coordinates (A, z) by the formulas

a==xz/\, b=1/)\2
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and time-rescaling d7/dt = A~!. Then we have

Ar =27 (N — X2 + 27 k(o — )z — (N — 2)X3z + 271V — 2)(a — B)N\222,
vy =142 (N — 4z + 27 k(a — B)z? — (N — 2)A222 + 275N — 2)(a — B) A3,
(10.3.11)

e If K = —1, then there is no equilibrium.

e If kK =1, then there exists equilibria

Ey:(Az) = (0,=v2(8—a)7h), Es:(Az)=(0,v2(8—a)™).

The Jocobian matrices at these equilibria are

By (8 2B 0 )
WA B-avaE-a) )

Y Gy N 0 )
2 WRE-a T - ) T

Therefore, F, is unstable and FEj5 is asymptotically stable. The eigenvalues of ma-

trix Js are —271(3 — a)y/2(8 — )~ and —(8 — a)/2(B — a)~L. The eigenvectors

corresponding to the eigenvalues are (8 — a, —N)T and (0,1)7, respectively.

Dynamics on the chart V5
The change pf coordinates a = —x/\ and b = —1/A\?, and time-rescaling d7/dt = \~*
yield

A =2716(N — )X\ — 27 k(a — B)Ax — (N — 2)\3z — 275V — 2)(a — B)N\22?,

2y =14+27%(N —dHIr — 27 s(a — B)2? — (N — 2)A\222 — 271(N — 2)(a — B)\z3.

(10.3.12)
When k = 1, there is no equilibrium, and when x = —1, there are two equilibria,
Ey:(\zx)=(0,—v2(B8—a)7l), Es:(\z)=(0,/2(8—a) ).

By deriving the linearized matrices at these equilibria, Fs is unstable and FE3 is asymptot-
ically stable. The eigenvalues of Jacobian matrix at E3 are —271(8 —a)+/2(8 — )1 and

—(B—0a)y/2(B — a)~1. The eigenvectors corresponding to the eigenvalues are (3 —a, N)T
and (0,1)7, respectively.

Dynamics on the chart U,

The change pf coordinates a = 1/\ and b = x/A2, and time-rescaling d7/dt = A\~! yield

Ar = =,

) ) (10.3.13)

zr = —K(N —4) Az — k(o — B)z 4+ 2(N — 2)A* — (N — 2)(a — B)\ — 22°.

If k = 1, then the equilibria on {\ = 0} are
Ey : ()H:L') = (070)a Eyo : ()‘713) = (072_1(5 - Oé))
If kK = —1, then the equilibria on {\ = 0} are Ey and
Eii: (A z) = (0,-271(8 - a)).

By deriving the linearized matrices at these equilibria, Fg is not hyperbolic and FEqq is
asymptotically stable, and E7; is unstable. The dynamics around Fg can be understood

by the center manifold theorem as in Subsection Subsection 10.3.5. In addition, we can
obtain (10.3.7) and (10.3.8).
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Dynamics on the chart V;

By using the transformations a = —1/\ and b = —z/\?, and time-rescaling dr/dt = A7},
we have

Ar = A, (10.3.14
1, = —Kk(N -4z + k(e — )z +2(N —2)A2 + (N — 2)(a — B)A — 222 314)

If Kk = 1, then the equilibria on {A = 0} are
Eg: (\x)=(0,0), Er:(\z)=(0,-2"3—-a)).

If K = —1, then the equilibria are Eg and Fg : (A\,z) = (0,271(8 — a)). As before, by
finding the linearized matrices at these equilibria, Ey is unstable, Eg is asymptotically
stable, and FEjg is not hyperbolic. The dynamical system around Eg can be understood by
the center manifold theorem as in Subsection 10.3.5.

10.4 Proof of theorems

In this section, we prove our main results. If the initial data exists within a finite range
in the Poincaré-Lyapunov disk, the existence of the solutions follows from the standard
theory for the ordinary differential equations. Therefore, we consider the existence of the
trajectories that connect equilibria and the detailed dynamics near the equilibria on the
Poincaré-Lyapunov disk and their asymptotic behavior. Table 10.1 shows the correspon-
dence between each connecting orbit in the case that « = 1 and 8 = 0 (see Figure 10.3.1)
and the radial symmetric stationary solutions described in the theorem proved below.

Table 10.1: The correspondence between each connecting orbit in Subsection 10.3.7 and
the radial symmetric stationary solutions described in the theorem proved below (see also
Figure 10.3.1).

Proposition/Theorem | Connecting orbits (k = 1) | Connecting orbits (k = —1)
Theorem 10.2.1 between Ey and E; between F; and Ey
Proposition 10.2.1 between E, / Eg and E; between F; and E3 / Ey

Table 10.2 shows the correspondence between each connecting orbit in the case that
a < B (see Figure 10.3.2) and the radial symmetric stationary solutions described in the
theorem proved below.

Table 10.2: The correspondence between each connecting orbit obtained by the proposition
and the radial symmetric stationary solutions described in the theorem proved below (see
also Figure 10.3.2).

Theorem Connecting orbits (k = 1) | Connecting orbits (k = —1)
Theorem 10.2.2 (i) between E4 and Ejx between Fy and Ej
Theorem 10.2.2 (ii) between E4 and Ejy between Ey and E3
Theorem 10.2.2 (iii) between Ey and FEjx between Es and Ejy
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10.4.1 Proof of Theorem 10.2.1

Proof. First, the proof of the existence of the connecting orbit between FEy and FEj is
obtained in Subsection 10.3.7. Therefore, equation (10.1.5) has the radially symmetric
stationary solution which corresponds to the orbit of (10.1.16).

Second, we show that w(r) > 0 for r € (0,+00). For k = —1, this orbit is in region
{(a,b) | b < (N — 2)a} (see Figure 10.3.1). Thus, from (10.1.11), (10.1.12) and (10.1.16),
we have

u=rw, + Nw=1r"2((N —2)a—b) >0,

which implies that u(r) > 0 for r € (0, 4+00).
Next, we show that
limu(r) =C, limd/(r) =0.

r—0 r—0

For k = —1, the solution around the equilibrium Ej is

(1) -0 (st e 2)

Here, by focusing on the trajectory from region {(a,b) | a > 0,b < 0} into the point on
WU(Ey), i.e., along the eigenvector (1,—2)” of Ep, the principal terms of the solution are

as follows:
{a(t) ~ Coe 2,

b(t) ~ —2Cye—2, as t— +oo.

Using (10.1.14) for k = —1, we obtain

. 1 -2 _ . / _
}1_)1%10(7“) —ll_rg%r a=Cy, ;%w (r) =0.

Therefore, we obtain

}i_l>r(1)u(r) = ;%(rwr + Nw) = (2N, }1_)1% u'(r) = }i_l)I(l){—(N —4)C3r} =0
from (10.1.11).

Finally, we shall compute the asymptotic behavior of u for r — 400 the trajectory
near the equilibrium F;. The derivation of the asymptotic behavior of u for r — +o0 is
almost the same as in [32, 33, 38], but is reproduced for the reader’s convenience. We
define

i=a—2, b=0b—0.

Then, there are three cases to consider:

(i) Let us consider the case that N > 11, namely, the matrix J; has the real distinct
eigenvalues o4 (see Subsection 10.3.1). By using the eigenvalues and corresponding
eigenvectors of Ji, we then obtain the following behavior:

< ng)) > =0 ( 017 >e"t+02 < Ul+ >€U+t

with any constants C; (j = 1,2). Therefore, the solution around the equilibrium E;
is

a(t) = Clea*t + 0260+t + 2,
b(t) = Cld_eg_t + CQU+€U+t.
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Using x = 1 in (10.1.14), we derive the following:

w(r) ~2r 2~ 272 T2 OO £ Cyr T2 as 1 — oo
Similarly, we obtain
wy(r) ~ —4r73 ~ —4r 34 (=240 )O3 T 1 (=240, )Cor 3Tt as 1 — 400

Note that —2 + o+ < 0 holds. Hence, from the above discussion and (10.1.11), we
obtain as follows:

u(r) ~ 2(N —2)r—2
~2(N =2)r 72+ (N =2+ 0-)Cir 27 4 (N =2+ 0 )Cor ™24+

as r — +o00. Since C1 and Cy are arbitrary constants, it holds that N — 2+ o4 > 0.

(ii) Consider the case that N = 10, namely, the matrix J; has a multiple real eigenvalue
o = —271(N—-2) < 0. The eigenvector and the generalized eigenvector corresponding
to the eigenvalue are (1,—4)”7 and (1,—3)”. Therefore, the solution around the
equilibrium Fy is

a(t) = (Cit + Ca)e ™ + Cre 4 + 2,
b(t) = —4(C1t + Co)e4 — 3C e,
where C; are constants. Using £ = 1 in (10.1.14), we derive the following:

w(r) ~2r 2~ 2r 2 4 Oy %logr + (C1 + Co)r % as 7 — +oo,

wy (1) ~ —4r73 ~ —4r73 — 60 Tlogr — 50T —6Cor™" as r — +oo.
Hence, from the above discussion and (10.1.11), we obtain as follows:
u(r) ~ 16772 ~ 16r~2 + 77 %[4C  logr + 5C1 +4Cs] as r — +oo.

(iii) Consider the case that 3 < N <9. The matrix J; has the complex eigenvalues

N -2
2

g =

i%\/ﬁ, D = (N —2)(N —10).

The eigenvectors corresponding to each eigenvalue are

Vo ( vy >i< V1D )

The function a(t) and b(t) are expressed as following:

(56 ) =0 (orymr ) 20 ( amv_s )

(a0 )= (o ip o rin ) (a0 )
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Therefore, the solution around the equilibrium FE; is

(N-2)
{a(t) =24 7 W(1),
b

(t) = 2-1/[Dle~ "7t Z(t) — 27 (N — 2)e~ ST tW (1),

where Z(t) and W (t) are
Z(t) = 2(0) cos[271/|D|t] — w(0) sin[271+/|D|t],
W (t) = 2(0)sin[27 /| D|t] + w(0) cos[27 /| D|t].

Using (10.1.14) for x = 1, we obtain from Z(t) and W (t) the following:

Z(r) = 2(0) cos[2~1y/|D|log 7] — w(0) si *1\/|D |log 7],
W(r) = 2(0)sin[27 /| D|log 7] 4+ w(0) cos[271 /| D|log r].

Therefore, we obtain

w(r) ~ 2r2
—9 _N+2—
~2r 4+ r 2 W o as r — 400,
wy(r) ~ —4r~3

~ —4r73 — 27N + 2)7"_%W 4271 \D['F%Z as 1 — +o0.
Hence, from the above discussion and (10.1.11), we obtain as follows:
u(r) ~ 2(N — 2)r2
~2AN =2 242 YN =2 e W42 /[Dlr T Z as r— +oo.

Therefore, we obtain the asymptotic behavior (10.2.1) and (10.2.2). This completes the
proof of Theorem 10.2.1. O

10.4.2 Proof of Proposition 10.2.1

Proof. We show that (10.1.5) corresponding to the cases « = 1 and 8 = 0 has no sign-
changing solution. In ab-plane, when x = —1, there exists t, such that t, = —logr,,
€ (0,400) and

u(ry) = rowy (e + Nw(ry) = 2 2{(N — 2)a(t.) — b(t.)}.

That is, the trajectory through line b = (N — 2)a in the Poincaré-Lyapunov disk corre-
sponds to a sign-changing radially symmetric stationary solution. Two types of trajectories
correspond to this: one starting from points on W*(Ej) and reaching points on W (Ey),
and the other starting from points on W*(E;) and reaching points on W#(Es3). Then,
passing through this line, u(r) turns from positive to negative due to the increase in ¢
(decrease in ) when k = —1.

In addition, ,
ur(ri) = 7 %a(t){b(t) — (N = 2)a(ts)} =0

holds when passing through this line. Then, «'(r) turns from positive to negative due to
the increase in ¢ (decrease in r) when x = —1. In the region {(a,b) | @ > 0} for Kk = —1,
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we see that wu,(r) turns from negative to positive due to the increase in ¢t (decrease in )
as it passes through this line.

In other words, the signs of u(r) and wu,(r) both reverse when passing through this
line, contradicting the shape of the solution. Both of the two types of trajectories de-
scribed above are consistent in the sense of (10.1.16), but are inconsistent in shape and
increase/decrease relation in the sense of the solution of (10.1.5), which claims the non-
existence of a sign-changing radially symmetric stationary solution. The same conclusion
can be reached for (10.1.6). This completes the proof of Proposition 10.2.1. O

10.4.3 Proof of Theorem 10.2.2

Proof. (i) Similar to the proof of Theorem 10.2.1 in Subsection 10.4.1, there exists a
family of the functions (which corresponds to a family of the corresponding orbits of Fs
and Ej3 in the case that a < ) defined on the finite interval such that each function wu(r)
satisfies (10.1.6) on a finite interval (r_,r4) (0 < r_ < ry < +00). In addition, we see that
u(r) > 0 for r € (r—, ;). Note that it follows from Lemma 10.3.2 and Lemma 10.3.3 that
0 < r_ <ry < 4oo. From the discussion in Subsection 10.4.2, there exists t, = klogr,
such that u,(r.) = 0 since these connecting orbits pass through the line a = 0. All that
remains is to derive (10.2.3) and (10.2.4).
First, we show (10.2.3). For a < 3, we obtain

w(r) ~ =K1 2(logr —logr_)™' as r—7r_+0

w,(r) ~ 2K 17 3(logr —logr_) ™' + Kyr3(logr —logr_)™2 as r—r_+0

from (10.1.14) by the same argument as (10.3.10) in Lemma 10.3.2 (see Appendix B, if
necessary). Hence, from these discussion and (10.1.11), we obtain (10.2.3) as follows:

u(r) ~ Kir2(logr —logr_)2[—(N —2)(logr —logr_) 4+ 1] as r—r_+0.
Similarly, (10.2.4) and the following are also shown.

lim wu(r) = +o0, lim wu(r) = +oc.
r—r_+0 r—ry—0

(ii) The existence of functions satisfying equation (10.1.6) and their positivity can be
shown in the same way as in the above proof (i). The behavior of the solution for r — +oc0
is shown by the following. For x = 1, the solution around the equilibrium Ej is

(1) -0 (2) e (2),

Here, by focusing on the trajectory from region {(a,b) | a < 0,b > 0} into the point on
WY(E}y), i.e., along the eigenvector (—1, N —2)7 of Ey, the principle terms of the solution

are as follows:
a(t) ~ —Che~(N=2)t, ;
b(t) ~ (N — 2)0267(]\_2)2 as t— +oo.

Using (10.1.14) for k = 1, we obtain

lim w(r)= lim (—Cy)r ¥ =0, lim w/'(r)=NCyr~ =D =0,

r—-+00 r—-+00 r—>+00
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Therefore, we obtain

TEEIOOU(T’) = rEToo(rwr + Nw) =0, rlgi-noo ur(r) =0
from (10.1.11).
(iii) The existence of functions satisfying equation (10.1.6) and their positivity can be
shown in the same way as in the above proof (i), and by the same process as in Subsection
10.4.1, the following is shown:

limu(r) =C, limu,(r)=0.
r—0 r—0

This completes the proof of Theorem 10.2.2. O

10.5 Discussion

In this chapter, we use dynamical systems theory and geometric approaches to reveal
previously unknown aspects of radially symmetric stationary solutions of some chemotaxis
equations. The introduction of the transformation of integral (10.1.7) in (10.1.5) and
(10.1.6) has made the analysis easier by attributing the problem to scalar equations. This
is because it is related to the author’s previous works to investigate dynamics at infinity
in 2-dimensional ODE (10.1.16). However, a limitation such as (10.1.8) is added to the
solution obtained. In this connection, there are connecting orbits in the dynamics at
infinity that do not give a conclusion. Some orbits also exist as connecting orbits but
cannot be explained with the corresponding solution’s shape. This chapter provides a
discussion of them.

10.5.1 A connecting orbit between F; and Fs in the case a =1 and =0

For a =1, § =0, and k = —1, the existence of a connecting orbit between F; and Fjg is
obtained in Subsection 10.3.7 (see Figure 10.3.1). Therefore, there is a radially symmetric
stationary solution of (10.1.5) corresponding to this orbit of (10.1.16).

For k = —1, this orbit is in region {(a,b) | b < (N — 2)a} (see Figure 10.3.1). Thus,
from (10.1.11), (10.1.12) and (10.1.16), we have

u=rw, + Nw=1r"2(N —2)a—b) >0,

which implies that u(r) > 0 for r € (0,400). Note that Es : (a,b) = (4+00,0) for kK = —1,
and from (10.1.11), (10.1.12), and (10.1.16) we obtain

lim u(r) = lim (rw, + Nw) = lim 7 2((N — 2)a — b) = 4-o0.

r—0 r—0 r—0

A singular solution is a solution u(r) satisfying (10.1.5) and

lim u(r) = 4o0.

r—0
We can see that the solution corresponding to the connecting orbit between F; and FEg
that we are now discussing is a singular solution. However, it is known that the positive-
valued singular solution of (10.1.1) is unique from the uniqueness of the positive-valued
singular solution of (10.1.4) derived from (10.1.1) (see [52, 53]).
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At first glance, it appears to be a contradiction. In fact, the solution corresponding to
the connecting orbit between F; and Eg does not satisfy (10.1.8). The reason for this is
explained below.

From (10.3.7) and (10.3.8), the solution near the equilibrium Eg at infinity is

A(T) = [(N =2)7 + L],
(1) = (N - 2)[(N —2)7 + Ly]!

if the initial value exists on the central manifold (¥ = 0). Here, L; is a constant. Note
that # = —1 since we examine r — 0. From A(0) = L7' > 0, we obtain that L; > 0.
Then,

dr

— =2lt=(N=-2 L
dt ( )7+ L

holds. This yields

Ly (n_o Ly
t) = (N=2)t _ .
=3¢ N-2
Since Lo > 0, this formula shows that ¢ — +o0o corresponds to 7 — 400. Therefore, we

have
a(t) = A1 = (N = 2)7 + Ly = LyeV 21,

Using (10.1.14) for k = —1, we obtain
w(r) =r2a~Lyr ™™ as r—0.

Therefore, from Ly > 0, w(r) does not satisfy (10.1.8).

What the above discussion suggests is that for solutions that are non-bounded at the
origin, one must investigate whether (10.1.8) is satisfied. This is because the transforma-
tion (10.1.7) of the integral is used to investigate radially symmetric stationary solutions.

10.5.2 A connecting orbit between E, and FEg in the case a <

Consider the solution corresponding to the connecting orbit between Ey and Ey (together,
Figure 10.3.2) in the case v < . From the same discussion as in Subsection 10.4.1, we
see that there exists a corresponding radially symmetric stationary solution w(r) > 0 for
r € (0,4+00) and

lim u(r) = 400
r—0

holds. This should be a singular solution, but the same argument as for Subsection 10.5.1
shows that it does not satisfy (10.1.8).

10.5.3 Connecting orbits between E; and Fy in the case a < 3

Finally, in the case a < 8 and k = —1 (see Figure 10.3.2), we give a note on the radially
symmetric stationary solutions corresponding to the connecting orbits between Fy and Ey.
Note that these orbits connect between E5 and Fg for kK = 1. Focusing on the trajectories
entering Ej5 for k = 1, the asymptotic behavior is (10.2.4). On the other hand, From the
same discussion as in Subsection 10.4.1, the corresponding behavior for the trajectories
entering Fg for a < 3 is

lim u(r) = 4o0.

r—0

In other words, there should exist r. € (0,r4) such that u,(r.) = 0 when considering
the shape of the radially symmetric stationary solutions corresponding to the connecting
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orbits. However, for r, to exist, the trajectory must pass through a straight line with
either @ = 0 or b = (N — 2)a, which is not possible. For the above reasons, the solutions
corresponding to the connecting orbits are considered to be meaningless as solutions to
the original PDE since the existence of r,, which should exist with respect to the shape,
cannot be claimed.
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Chapter 11

On global behavior of a some SIR
epidemic model based on the
Poincaré compactification

Abstract

It is important to study the global behavior of solutions to systems of ordinary differential
equations describing the transmission dynamics of infectious disease. In this chapter, we
present a different approach from the Lyapunov function used in most of the study. This
approach is based on the Poincaré compactification. We then apply the method to an SIR
endemic model as a test case, and discuss its effectiveness and the potential applications
of this approach. In addition, we refine the discussion of dynamics near the equilibrium,
derive the asymptotic behavior, and mention its relation to the basic reproduction number.
This chapter is based on the following published paper ([34]):

Ichida, Y: On global behavior of a some SIR epidemic model based on the
Poincaré compactification, JSTAM Lett., 14 (2022), 65-68.

11.1 Introduction

There have been many studies dealing with systems of ordinary differential equations (for
short, ODEs) describing the transmission dynamics of infectious disease. In particular,
these fundamental questions are the global behavior of the solution for systems of ODEs,
such as the number of infectious and their final state, and the derivation of the basic
reproduction number, which plays an important role in understanding this behavior. For
details on the basic reproduction number and its derivation, for instance, see [67] and
references therein. Let us denote the basic reproduction number by Ry.

In many studies, the Lyapunov function is constructed and discussed in order to inves-
tigate the global behavior of the solution. Note that understanding the global behavior of
the solution is the same as studying the global stability of the equilibrium. Global stability
of an equilibrium is defined as the local asymptotic stability of the equilibrium and the
convergence of all solutions of the system of ODE under consideration to the equilibrium.
The method of investigating the global stability of equilibria by means of the Lyapunov
function is very powerful, but to the best of the author’s knowledge, there is no theoretical
system that constitutes the Lyapunov function in general (for instance, see [70]). In other
words, when investigating the global behavior of solutions to complex systems of ODEs
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that incorporate more elements, constructing the Lyapunov function is itself a difficult
problem. Therefore, investigating the global behavior of solutions is not an easy work in
general.

In this chapter, we present a method using the Poincaré compactification (see Section
1.1) to study the global behavior of solutions. We then apply the method to a mathematical
model of infectious disease epidemics described by a system of ODE. Note that this is
essentially different from the analysis method using the Lyapunov function. An overview
of Poincaré compactification is given in [14], which is one of the compactifications of
the phase space (the embedding of R" into the unit upper hemisphere of R"*1) (see,
e.g. [14, 31, 32, 33, 49, 50]). The most important feature of applying this method is
that it allows us to investigate the global behavior of the system of ODEs of interest by
revealing all its dynamics including infinity. This method has been used, for instance,
in the analysis of the Liénard equation ([14] and references therein), in the classification
of phase portraits of ODE systems derived from the Gray-Scotte model ([10]), in the
reconsideration of blow-up solutions of systems of ODEs in the view of dynamical systems
([49, 50]), and in the analysis of the behavior of characteristic and typical solutions of
certain partial differential equations ([31, 32, 33]). To the best of the author’s knowledge,
there are no studies of its application to investigate the global behavior of solutions to
ODE:s related to infectious disease epidemics, such as the susceptible-infectious-recovered
(SIR) model. In this chapter, we describe how to apply this method. Using one of the
most basic and representative mathematical models of infectious diseases, the SIR model
such that it has birth and death terms (e.g., [28]) as a test case, we show that the global
behavior of the solution can be studied by this method. It should be emphasized that this
method can be used without constructing the Lyapunov function.

Furthermore, by refining the dynamics near the equilibria that are not located at
infinity in this model (disease-free equilibria and epidemic equilibria, to be discussed in
Subsection 11.2.2), we obtain the asymptotic behavior of the decay of infectious population
for Rg < 1 and Rg = 1. In particular, this is studied by applying the center manifold
theory in the case that Ry = 1.

This chapter is organized as follows. In Section 11.2, we describe the specific model
described above and review the previously known methods for understanding the global
behavior of solutions in that model. This is based on the LaSalle’s invariance principle
with the Lyapunov function. In Section 11.3, we apply the Poincaré compactification
and concentrate on showing the effectiveness of this method for the concrete example
presented in Section 11.2. Section 11.4 shows the asymptotic behavior. Finally, Section
11.5 is devoted to the conclusions and the possible applications of this method.

11.2 The model as a test case

In this section, we present a model as a test case to verify the effectiveness of the above
method based on the Poincaré compactification. Before testing this method, we briefly
review known results for the global behavior obtained by using the LaSalle’s invariance
principle with the Lyapunov function that are known.
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11.2.1 The model

In this chapter, the following model is treated as a concrete example (see [63]):

SZA—BS(t)I(t)—uS(t), J
[ =BSWI(t) - qI(t) — pl(t), <': dt) . (11.2.1)

R =ql(t) — pR(t),

The ODE system (11.2.1) is called an SIR model with birth and death terms, and is one
of the classical and representative mathematical models for infectious diseases. To be
more precise, we modify the Kermack-McKendrick model (for instance, see [55]), which
is the most typical SIR model, to introduce the fertility rate A as inputs and the natural
mortality rate p. The model with A = p is described, for instance, in [28]. The model
(11.2.1) assumes that infection has no effect on births or deaths and that there is no
vertical transmission.

S(t) represents the susceptible population, I(t) the infectious population, and R(t) the
recovered population, which are non-negative functions. In this model, we impose initial
conditions such as S(0) > 0, I(0) > 0, and R(0) > 0. The constants A, 3, u, q are positive.
Furthermore, in (11.2.1), the first and second equations do not contain any information
about R(t). Therefore, it is sufficient to consider the following 2D:

{S—A—ﬁS(t)I(t)—MS(t)a ( d>' (11.2.2)

I =BS)I(t) — qI(t) - pI(t), ot

The basic reproduction number for this model is known to be Rg = AB/u(q + ).

11.2.2 Known results

Eq. (11.2.2) has the following equilibria:

Ey: (S,1)= (Ap1,0),
E.: ((a+p)B~ " uB~ (Ro = 1)) = (S, L),

where Ej is the disease-free equilibrium and F, is the endemic equilibrium. Note that F,
exists only if Rg > 1. The Jacobian matrices of the vector field (11.2.2) at these equilibria
are

N —AB/
E*( 0 MB—Mq+MV#>’

o —AB/(q+ ) —(q+p)
E*( WRo—1) 0 >'

If Rp < 1, then Ej is a sink. If Rg > 1, then Ej is a saddle and E, is asymptotically
stable.

According to [63], if Rg > 1, then E, is globally asymptotically stable, and if Ry < 1,
then Ej is globally asymptotically stable. When Ry > 1, we construct the following the
Lyapunov function in region {2, which is shown by LaSalle’s invariance principle:

I
V(S,I):S—S*—S*logsﬁ—i—l—l*—l*logl—.
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Here, we set Q = {(S,I) | S > 0, I > 0}. On the other hand, the case Ry < 1 can be
shown similarly by using the following function:

V(S,I)=8—Ap~' — A~ log(A™ 1 uS) + I

Thus, the method using the Lyapunov function does not have a general theory of con-
struction, and in this model we have to construct two functions.

11.2.3 The case Ry = 1: Application of the center manifold theory

We focus on the Jacobian matrix of the vector field (11.2.2) at Ejy in the case that Rg = 1.
It has the real distinct eigenvalues —u and 0. Therefore, the center manifold theory (e.g.
[9]) is applicable to study the dynamics of (11.2.2). In [28, 63], there is no discussion of
this case.
We set
S(t)=Ap L +U®), It)=0+V(t)

and )
U=—uU — ABu~'V — BUV,
V = B8UV

hold. Note that we are only shifting Ey to the origin in this transformation.
The eigenvectors correspond to each eigenvalue are

. -1
ae(B) v ()

We set a matrix T as T = (v1,vz). Then we obtain
d(UN_ ([ —n —Apu~t U n —puv
a\Vv ) 0 0 14 pUV
_ - 0 (U -BUV
() (v )G )

Let
We then obtain the following system:

U = —uU + (AB*u~' = Bu)UV + (AB* — A2B%u~2)V2,
V =pUV — AR 1V2

The center manifold theory is applicable to study the dynamics of above system. It implies

that there exists a function h(V') satisfying

_dh

h(0) = 2=(0) =0

such that the center manifold of the origin for above system is locally represented as
{(U,V)|U(t) =h(V(t)}. Differentiating it with respect to ¢, we have

—ph+ (AB%u~Y — Bu)hV + (AB? — A233 V2 = j‘}; {5hf/ — Aﬁzu—lfﬂ} . (11.2.3)
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11.3 Application of the Poincaré compactification

We assume that h has the form h(f/(t)) = O(f{z). Substituting into (11.2.3), we obtain
Ut)=h(V(t) = AB%u=1(1 — ABu=2)V2 + O(V3). The, by using the transformations in
this subsection, we obtain that the approximation of the (graph of) center manifold is

{(S,1)| S(t) = Ap~' — ABu™21(t) + O(1%)} (11.2.4)

and the dynamics of (11.2.2) near Ej is topologically equivalent to the dynamics of the
following equation: .
I =—ABu21* + O(I®). (11.2.5)
The above discussion has been made, for instance, in [32, 30].
Here, the dynamics around FEj is strictly different for Ry < 1 and Ry = 1. Note,

however, that in the later conclusions on global behavior and in Figure 11.3.1, they are
treated together in Ry < 1 since they share the common feature of being attracted to Ejp.

11.3 Application of the Poincaré compactification

In this model, we have a two-dimensional system, and we can use the Poincaré-Bendixson
theorem (e.g. [70]). That is, if we know that there is no trajectory toward the equilibrium
at infinity, we can show the global stability of the equilibrium without constructing the
Lyapunov function, since it is attracted to the bounded equilibrium.

11.3.1 Dynamics on the local charts

First, to obtain the dynamics on the chart Us, we introduce the coordinates (A, x) by the
formulas

S(t) = x()/A®), I(t) = 1/A().

S= B+ (g + mA (- 4)
i = AN — A"t — BATIa? + gu, dt )

Then, we have

By using the time-scale desingularization dr/dt = A~!, we can obtain

(11.3.1)

Ar = =Bz + (q+ @)X\,
zr = AN? — Bx — Ba® + ¢z,

where \; = d\/dr and x; = dx/dr. The equilibrium of the system (11.3.1) on {\ =
0,z > 0} is By : (A, z) = (0,0). By calculating the Jacobian matrix, we apply the center
manifold theory. Therefore, we obtain that the approximation of the (graph of) center
manifold is

{\z) | 2(r) = ABT'N*+ 0(\?)} (11.3.2)
and the dynamics of (11.3.1) near E; is topologically equivalent to the dynamics of the

following equation:
Ar = (g + A2 — AN+ O(\Y). (11.3.3)

In conclusion, this argues that the trajectories will never go to Ej.
Second, we consider the dynamics on the chart U;. From the change of coordinates
S(t) = 1/A(t), I(t) = x(t)/A(t), and time-rescaling dr/dt = A\~!, we obtain

Ar = — AN + Bz + )2
{ AL A (11.3.4)

rr = fBr — ghx — AN’z + Ba’.
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Chapter 11 On global behavior of a some SIR epidemic model based on the Poincaré
compactification

Ro>1 1|1 ’R0§1 I
By S| B S

1 I

0 Eo S g 0 Ey S E,

Figure 11.3.1: Schematic pictures of the dynamics on the Poincaré disk for (11.2.2). [Left:
Case Rp > 1.] [Right: Case Rop < 1.] Note that the circumference corresponds to
{165, Dl = +o0}.

The equilibrium of the system (11.3.4) on {A = 0,2 > 0} is Ey : (A\,z) = (0,0). By
calculating the Jacobian matrix, we apply the center manifold theory. However, it is not
shown explicitly as (11.3.2) and (11.3.3) since the center manifold is not unique. As we
can see from the nullcline, we conclude that the trajectories will never go to Es.

11.3.2 Dynamics on the Poincaré disk

Combining the dynamics on the charts U; (j = 1,2), we can obtain the dynamics on the
Poincaré disk (see Figure 11.3.1).

We explain why the connected trajectories can be represented as shown in Figure 11.3.1
in the both cases Rg > 1 and Ry < 1. First, by computing S\S:o, S|1:o, f|320 and _f|I:0,
it is easy to see that both the Poincaré disks are an invariance set. Second, bounded orbits
cannot go to infinity by the local dynamics at infinity. Finally, the dynamics on them are
determined from the Poincaré-Bendixson theorem (e.g. [70]).

Thus, we can understand the global behavior of the solution to (11.2.2) without con-
structing the Lyapunov function. This means that the method introduced in Section 1.1
is effective in (11.2.2).

11.4 Asymptotic behavior

In this section, we derive the asymptotic behavior of I(¢) as t — oo in the case that Ry < 1
and Ry = 1, respectively. We can also calculate the asymptotic behavior as ¢ — +o0 in
the case that Rg > 1. See [32, 33] for similar arguments.

First, from the Jacobian matrix at Ej in the case that Ry < 1, the solution I(¢) can
be approximated as follows

I(t) = CyelAPr™ = (tmlt (1 4 5(1)) = Crel @t Ro=DE(] 4 o(1)) as ¢ — +oc.

That is, we obtain that I(t) converges exponentially to 0 with ¢ — oo. Here, (1 is a
positive constant.

Next, we examine the case that Rg = 1. By considering terms up to the second order
in (11.2.5) and solving for I(t), we obtain

I(t) = (AB2p 2 + o)™,
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11.5 Concluding remarks

This equation is the asymptotic behavior as ¢ — oco. Note that from I(0) > 0, C5 is a
positive constant.

Although these results are same in that I — 0 is obtained as t — +00, the decay is
different. Therefore, we can see that the smaller Ry is than 1, the faster the convergence
of I(t) to 0 as t — oco. This is a result that gives a sense of the importance of making the
basic reproduction number Ry small.

11.5 Concluding remarks

In this chapter, by using the Poincaré compactification, we were able to give another proof
for the global stability and boundedness of the equilibrium in (11.2.2). It is expected that
this method will be applied to problems for which the global behavior of the solution has
not been shown. In this sense, the Poincaré compactification seems to be very convenient.
However, this method is not applicable in all cases. To the best of the author’s knowledge,
local dynamics at infinity can be studied for phase spaces of dimension three or more, but
it becomes difficult to immediately prove connecting orbits such as Subsection 11.3.2 since
the Poincaré-Bendixson theorem cannot be used. Also, this method is not immediately
applicable to non-polynomial vector fields in 2D system (for instance, see [14]). This leads
to the question of whether the structure at infinity is properly extracted. According to [49],
a vector field satisfying the scaling law of quasi-homogeneous clears the above problem.
Solving technical problems and expanding the range of application of this method are
future works.
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