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This dissertation describes the space of heteroclinic orbits for a class of semilinear
parabolic equations, focusing primarily on the case where the nonlinearity is a
second degree polynomial with variable coefficients. Along the way, a new and
elementary proof of existence and uniqueness of solutions is given. Heteroclinic
orbits are shown to be characterized by a particular functional being finite. A
novel asymptotic-numeric matching scheme is used to uncover delicate bifurcation
behavior in the equilibria. The exact nature of this bifurcation behavior leads to
a demonstration that the equilibria are degenerate critical points in the sense of
Morse. Finally, the space of heteroclinic orbits is shown to have a cell complex

structure, which is finite dimensional when the number of equilibria is finite.



BIOGRAPHICAL SKETCH

Michael Robinson entered the field of mathematics by a rather circuitous route.
In high school, he learned computer programming as a hobby. It was there that
his first exposure to partial differential equations occurred, when he wrote a solver
for the invicid Navier-Stokes equations in the plane under the direction of Robert
Ryder (who was then with Pratt & Whitney). Feeling that he ought to understand
computer hardware at a deeper level, he enrolled at Rensselaer Polytechnic Insti-
tute and completed a Bachelor of Science in Electrical Engineering. His Master
of Science degree in Mathematics at Rensselaer Polytechnic Institute was com-
pleted under the direction of Dr. Ashwani Kapila. His Master’s thesis combined
the Navier-Stokes equations and Maxwell’s equations to examine the scattering of
plasma waves. After completing his Master’s degree, Robinson went to work for

Syracuse Research Corporation and enrolled at Cornell University one year later.

1l



This project is dedicated to my wife, Donna, who urged me to do the obvious

thing and continue my graduate studies.

v



ACKNOWLEDGEMENTS

I would like to thank all of the members of my thesis committee for their helpful
and insightful discussions concerning this project. I would especially like to thank
my advisor, Dr. John Hubbard for suggesting that I study % = Au —u? + ¢ as
a “summer project.” This problem has led into a surprising variety of interesting

mathematics.



TABLE OF CONTENTS

Biographical Sketch . . . . . . .. ..o iii
Dedication . . . . . . . . . .. iv
Acknowledgements . . . .. ... v
Table of Contents . . . . . . . . . . . . ... vi
List of Figures. . . . . . . . . . . . . . viii
Introduction 1
1.1 The Grand Plan. . . . . . . .. ... ... ... . ... ....... 2
1.2 Specialization to a scalar gradient equation . . . . . . .. ... ... 4
1.3 Discussion of the literature . . . . . . . .. ... ... 5
1.4 A Morse-theoretic approach . . . . . . . ... ... ... ... ... 6
1.5 Floer homology . . . . . . .. .. .. . ... . 8
1.6 How to construct a Floer theory for parabolic equations . . . . . . . 9
1.7 Outline and prerequisite results . . . . . .. ... ... ... .... 11

1.7.1 Prerequisites that concern the higher degree case . . . . . . 11

1.7.2  Prerequisites that concern the quadratic case . . . . . . . .. 12
Short-time existence and uniqueness 14
2.1 Introduction . . . . . . .. Lo 15
2.2 A version of the fundamental inequality . . . . . .. ... ... ... 16
2.3 The implicit-explicit approximation . . . . . . . .. ... ... ... 20
2.4 “A priori estimates” for the approximate solutions . . . . . . . . .. 24
2.5 Conclusions . . . . . . . . . ... 29
Classification of heteroclines 30
3.1 Introduction . . . . . . . ... 31
3.2 Finite energy constraints . . . . . . ... ..o 32
3.3 Convergence to equilibria . . . . . . ... ... 0L 34
3.4 Discussion . . . . . . ... 43
Equilibrium analysis 45
4.1 Introduction . . . . . . . ... ... 46
4.2 Review of behavior of solutions to 0 = f”(z) — f(x)+ P . . . . . . 49
4.3 Existence of asymptotic solutions for ¢ € Cg°(R) . . . . . . . . . .. 53
4.4  Asymptotic series solution . . . . .. ... 61
4.5 Restriction to ¢ nonnegative and monotonically decreasing . . . . . 69
4.6 Geometric properties of the initial condition set Z . . . . . . . . .. 76
4.7 Solutions on the entire real line . . . . . . . .. ... ... ... .. 84
4.8 Numerical examination . . . . . . . .. ... .. L. 89

4.8.1 Computational framework . . . . . .. ... ... ... ... 89

4.8.2 Bifurcations in the global solutions . . . . . . ... ... .. 90
4.9 Conclusions . . . . . . . . 95

vi



5 Existence of nontrivial eternal solutions 97

5.1 Imtroduction . . . . . . . . . .. ... 98
5.2  Equilibrium solutions . . . . . . . . ... 98
5.3 Integral equation formulation . . . . ... .. ... ... ... ... 102
5.4 Construction of an eternal solution . . . . ... ... ... ... .. 105
6 Instability of equilibria 107
6.1 Introduction . . . . . . . . . ... ... 108
6.2 Motivation . . . . . . . ... 110
6.3 Instability of the equilibrium . . . . . . . . ... ... ... ... 110
6.3.1 The technique of Fujita . . . . . . . ... ... .. ... ... 111
6.3.2 Instabilityin LP for 1 <p<oo ... ... ... ....... 112
6.4 Discussion . . . . . . . ... 119
7 Cell complex structure for the space of heteroclines 121
7.1 Introduction . . . . . . .. ... .. 122
7.2 The linearization and its kernel . . . . . . . . . ... ... ... .. 122
7.2.1 Backward time decay . . . . . . .. ..o 123
7.2.2 Topological considerations . . . . . . . ... ... ... ... 125
7.2.3 Dimension of the kernel . . . . . . .. ... ... ... ... 126
7.2.4 Surjectivity of the linearization . . . . ... ... ... ... 127
7.3 Linearization about heteroclinic orbits . . . . . .. ... ... ... 130
7.4 Conclusions . . . . . . . .. 136
8 An extended example 137
8.1 Introduction . . . . . . . . . ... 138
8.2 Frontier of the stable manifold . . . . . . . ... ... ... ... .. 138
8.3 Flow near equilibria with two-dimensional unstable manifolds . . . 139
9 Conjectures and future work 144
9.1 Conjectures about the present problem . . . . . ... ... ... .. 145
9.1.1 Analytical conjectures . . . . . . .. ... ... ... .. .. 145

9.1.2 Conjectures related to the topology of the space of hetero-
clinicorbits . . . . . . . ... 146
9.2 Future work on related problems . . . . ... ... ... .. .... 148
9.2.1 Higher spatial dimensions, with decay conditions enforced . 148
9.2.2 Relaxation of decay conditions on the coefficients . . . . . . 149
A Spectrum of Schrodinger operators 150
A.1 Introduction . . . . . . . . . ... 151
A.1.1 Spectrum of the Laplacian operator . . . . . . . . ... ... 151
A.2 Spectrum of Schrodinger operators . . . . . . . .. ... ... ... 152
Bibliography 158

vii



4.1

4.2
4.3

4.4
4.5

4.6
4.7
4.8
4.9
4.10

4.11

4.12

4.13

7.1
7.2

8.1

8.2

8.3

8.4
8.5

LIST OF FIGURES

The phase plot of f” — f2+9 = 0. Bounded solutions live in a
small region, the rest are unbounded. . . . . . . . . ... ... ...
The Regions I, II, III, and IV of Theorem 38 . . . . . ... ...
Schematic of the region R;, showing the boundary partition A and

A typical M (d) function . . . . . . ...
Series convergence test, for ¢(z) = (22 —0.12)e~*"/2: white = series
converges, black = series may diverge . . . . . ... ... .. ...
The Regions I, II, and I1] of Lemma b4 . . . .. ... ... ...
The region A of Lemma 64 . . . . .. . ... ... ... ......
The sets Z and Z' in Example 73 . . . . . . . ... ... ... ...
The function ¢(x;c) for various ¢ values . . . . . ... .. ... ..
Bifurcation diagram, coded by spectrum of % — 2f: green = non-
positive spectrum, blue = one positive eigenvalue, red = two posi-
tive eigenvalues . . . . . . ... L
Typical global solutions: green are from the positive branch, the
blue one is taken from the lower branch with f/(0) = 0, and the
red ones are from the fork arms . . . . . . ... 0000
Smallest-magnitude eigenvalue measured along the lower branch
with f/(0) =0 . . . . . .

Estimate of existence interval length . . . . . .. ... ... ....

Definition of the contour C* . . . . . . . . . ... ...
Definition of A\ and Ao . . . . . . . ...

Behavior of solutions near the frontier of the stable manifold of f,
(horizontal axis is &) . . . . . . . . . ...
Flow in the unstable manifold of a “fork arm.” ¢ = 0.0600 (left);
¢ =0.0501 (ight) . . . oo
A typical heteroclinic orbit to the left of boundary A, with the
spectrum of H(t) as a functionof ¢. . . . . .. .. ...
Eigenfunctions describing unstable directions at f; . . . . . . . ..
Difference between equilibrium f; and the numerical solution
started at w49, where black indicates a value of -0.2, and white
indicates 0.2. The horizontal axis represents ¢, and the vertical
axis represents x. A = 0.1 in all figures. Starting from the upper
left, # = 1.11494,1.11496,1.11497,1.11498,1.11499, 1.115. . . . . .

viil



CHAPTER 1
INTRODUCTION



1.1 The Grand Plan

This dissertation presents some recent progress towards a rather lofty (and very
difficult) goal. Specifically, there is great interest in understanding the topology of

solution spaces of systems of semilinear parabolic equations,

(

66% = D1<U1,U2, Up) + fl(t,l’,ul,UQ, up)
% = Dy(uy, ug, ...up) + fot,x,ur, us, ...u,) (1.1)

o
\...% = Dp(uy, ug, ...up) + fp(t,z, uy, ug, .. up)

where u; € C1(R, C%*(R™)), D; are densely-defined linear elliptic (diffusion) oper-
ators, and f; satisfy reasonable smoothness conditions. Of course, a major problem
for anyone interested in (1.1) is existence and uniqueness of short-time solutions!
Although the existence and uniqueness in general is daunting, many interesting
and important problems have the form (1.1). (Fortunately, for some special cases,
existence and uniqueness can be proven, as is done in Chapter 2.) The applications

of (1.1) are numerous; for instance:

e The Navier-Stokes equations, which describe fluid flow, can be put in the
form of (1.1) [20]. Understanding the topology of the solution space of the
Navier-Stokes equations gives insight into the onset of turbulence. This has
applications to fluid amplifiers (viscous fluid logic gates, with no moving
parts) [21], in which a particular geometry and set of boundary conditions
allows several semistable equilibria. The orbits which connect these equilibria
(the heteroclinic orbits or heteroclines) can involve turbulent flows. As a
result, understanding the topology of the space of heteroclines for such a

situation might provide insight into turbulence phenomena.

e Many chemical reactions are of this form, in particular those describing com-



bustion. The precise nature of the ignition of a flame is encoded in the

topology of the solution space.

The combination of the Navier-Stokes equations with combustion equations
can model turbulent combustion phenomena. Such turbulent, reacting flows
are important in modeling the inside of internal combustion engines. The
ignition of a turbulent combustion depends very delicately upon the exact

nature of the flow, and a topological description for such events is lacking.

Related to the Navier-Stokes and chemical reaction equations are nonlinear
wave equations. Many nonlinear wave equations are of the form (1.1), and
traveling waves appear as heteroclines connecting two equilibrium states.
Traveling waves are often stable, in that perturbations of them tend to “wash
out” over time. However, there are interesting situations where traveling
waves are suddenly suppressed as a parameter is changed slightly. This is a

consequence of an abrupt change in the topology of the solution space.

In population biology, (1.1) describes a number of competing or cooperating
species. One can ask about the kinds of bifurcations in stable populations

when a new species is introduced, or when harvesting patterns are changed.

One of the most pressing issues in population biology is that of non-native
invasive species, which disrupt the ecology of many parts of our planet. In
agriculture, they cause significant crop losses and threaten our protected
areas. One of the important problems concerning invasive species is how to
displace them with minimal ecological impact. Understanding the topology
of the space of solutions for (1.1) would help find optimal control algorithms
for eliminating (or limiting) the spread of invasive species. There is a vast
literature on this subject, going back to Fisher [13], Kolmogorov, Petrovski,

and Piskunov [27].



1.2 Specialization to a scalar gradient equation

Since the general setting of (1.1) is much too difficult to allow any kind of progress
at this time, we must instead consider more specialized situations. To this end, we

restrict attention to the case of

e a scalar equation (p=1in (1.1)),

e in one spatial dimension, where

2

e the diffusion operator is the Laplacian, D; = 5, and
e the reaction term is a polynomial.
In other words, consider
du(t ol 4
dult, z) = Au(t,z) + Zai(x)ul(t,x) = Au+ P(u), (1.2)
ot par

where t € R and x € R", and the a; are bounded and smooth. In this dissertation,
we consider eternal solutions, those u satisfying (1.2) that lie in C'(R, C%*(R)) for
0 < a < 1. In particular, observe that A : C%*(R) — C%*(R) is densely defined

when « is not an integer.

This kind of equation provides a simple model for a number of physical phe-
nomena. First, choosing the right side to be Au — 42 + a;u results in an equation
which can represent a model of the population of a single species with diffusion and
a spatially-varying carrying capacity, a;(x). As a second application, this equation
is a very simple model of combustion. If a; is a positive constant, then the equa-
tion supports traveling waves. Such traveling waves can model the propagation of

a flame through a fuel source.



1.3 Discussion of the literature

Equations of the form (1.2) have been of interest to researchers for quite some
time. Existence and uniqueness of solutions on short time intervals (on strips
(—to, to) x R™) can been shown using semigroup methods and are entirely standard
[44]. However, there are obstructions to the existence of eternal solutions. Aside
from the typical loss of regularity due to solving the backwards heat equation,
there is also a blow-up phenomenon which can spoil existence in the forward-
time solution to (1.2). Blow-up phenonmena in the forward time Cauchy problem
(where one does not consider ¢t < 0) have been studied by a number of authors [18]
[10] [42] [26] [6] [46] [47]. More recently, Zhang et al. ([45] [38] [43]) studied global

existence for the forward Cauchy problem for

g p_
T Au+uP —V(z)u

for positive u, V. Du and Ma studied a related problem in [9] under more restricted
conditions on the coefficients but they obtained stronger existence results. In fact,
they found that all of the solutions which were defined for all ¢ > 0 tended to

equilibrium solutions.

Eternal solutions to (1.2) are rather rare. Most works which describe blow-up
make the assumption that the solution is positive. Unfortunately, blow-up is much
more difficult to characterize in the general situation, and understanding exactly
what kind of initial conditions are responsible for blow-up in the Cauchy problem

for (1.2) is an important part of the question.

The boundary value problem that results from taking z € 2 C R” for some
bounded € (instead of x € R™) has also been discussed extensively in the literature

[20] [24] [7]. For the boundary value problem, all bounded forward Cauchy problem



solutions tend to limits as |t| — oo, and these limits are equilibrium solutions.

Almost all of the literature (including this dissertation) describing eternal solu-
tions to (1.2) is restricted to discussing heteroclines. For unbounded domains and
certain symmetries among the coefficients a;, one can find traveling waves. Since
the propagation of waves in nonlinear models is of great interest in applications,
there is much written on the subject. The general idea is that one makes a change
of variables (¢, x) — & = x —ct which reduces (1.2) to an ordinary differential equa-
tion. This ordinary differential equation describes the profile of a traveling wave.
Powerful topologically-motivated techniques, such as the Leray-Schauder degree,
can be used to prove existence of wave solutions to (1.2). Asymptotic methods can
be used to determine the wave speed ¢, which is often of interest in applications.

See [40] for a very thorough introduction to the subject of traveling waves in (1.2).

1.4 A Morse-theoretic approach

A somewhat less traditional approach to studying (1.2) exists. This method at-
tempts to directly compute topological invariants for the space of heteroclinic orbits
H of (1.2). It makes use of the fact that equation (1.2) defines the flow of the L?

gradient of a certain action functional,

A(f) = / \Vf||2+z G (1.3)

It is then evident that along a solution u(t) to (1.2), A(u(t)) is a monotonic function
in t. As an immediate consequence, nonconstant t-periodic solutions to (1.2) do

not exist. This kind of behavior suggests that a Morse-theoretic framework might

be helpful.



Morse theory is concerned with the computation of homotopy or homology
groups of a Riemannian or Hilbert manifold M by “exploring” it with a suitable
scalar function f : M — R. The function f is selected to satisfy the Morse-Smale

(-Floer) conditions, namely

e a nondegeneracy condition: if x € M is a critical point (df (z) = 0), then the

Hessian at x is nonsingular,

e the Morse index, which is the number of negative eigenvalues of the Hessian

is finite for each critical point,

e stable and unstable manifolds for the gradient flow of f are transverse (the

Smale condition), and

e if M is noncompact, there is a compact isolating neighborhood for each pair

of critical points under the gradient flow [17].

The function f can be thought of as a special kind of “height function” on M.
One then examines the topology of sets M' = {z € M|f(x) < t}, which form a
cover for M. It is straightforward to show that the homotopy class of M* remains
constant on t € (tp,t;) when there are no critical points in f~'((¢g,¢1)). The
homotopy class of M* changes abruptly, however, when f~!(#) contains a critical
point. Morse theory describes how this homotopy class changes by the attachment

of handles to M*. A very readable introduction to Morse theory is [30].

There is a dual formulation of Morse theory, which uses Witten’s complex
to compute homology instead of homotopy. This approach is better suited to
understanding differential equations, as it focuses not on level sets, but rather on

the flow of
dx B

- = V(@) (1.4)



Using this flow, one constructs a chain complex (Cj, d,) in which the C} are free
modules generated by the critical points of Morse index k. The boundary maps O

are then constructed by the formula

o) = > nla.p)p,

peCk_1

where n(q,p) is the number of heteroclinic orbits of (1.4) which connect ¢ to p,
counted with sign. The surprising thing is that this chain complex computes the

homology of M! A thorough, modern treatment of Morse theory can be found in

3]-

1.5 Floer homology

A similar theory can be made to work even if the Morse index of all critical points
is infinite. Instead of relying on the critical points to supply an index directly, one
constructs a “relative” index based on the structure of connecting manifolds. This
theory was first assembled by Floer for the purpose of understanding the homology
of the space of orbits for an exact symplectomorphism [15]. More recently, Ghrist
et al. [19] have done work on a similar theory for a certain evolution of braids.
What is crucial to Floer theories is that the manifold of heteroclinic orbits which
connect a given pair of equilibria (a connecting manifold) is finite dimensional,
and compact modulo time translation. Suppose that the connecting manifold for
a given pair of equilibria z, y has dimension p(z,y). One shows that the following

two relations hold for this dimension:

w(z,x) =0, p(z,z) = p(z,y) + wly, 2), (1.5)

where x,y, z are distinct critical points. This relation allows one to assign indices

I to the critical points such that u(x,y) = I(x) — I(y). Evidently, I is only defined



uniquely up to an additive constant. However, one can use the index I in place
of the Morse index to construct a Witten complex in the usual way. However, the
ambiguity in the definition of I means that the degrees of the resulting complex
are only defined up to this additive constant. In this way, one obtains a kind of
ambiguous-degree homology theory, which is called “Floer homology.” Alterna-
tively, one may take the dual approach, and use the finite dimensional connecting
manifolds to assemble a cell complex structure for the space of heteroclines. The
attaching maps of this cell complex are evidently related to the boundary maps of

the Witten complex.

1.6 How to construct a Floer theory for parabolic equa-

tions

For the case of semilinear parabolic equations, the following must be established

in order to construct a Floer theory:

1. One must compute the Morse index of each critical point, or more properly,

show that the Morse index is not well-defined due to degeneracy.

2. One must show that connecting manifolds are finite dimensional, and that

they form a cell-complex structure for the space of heteroclinic orbits H.
3. The connecting manifolds must obey the additivity relation (1.5).

4. The space of heteroclinic orbits ‘H must be compact moduluo time transla-

tion.

5. One must construct the boundary maps in the Witten complex, and verify

that they actually form a chain complex that computes the homology of H.



This dissertation contains proofs of items 1, 2, and most of 3 for a special case of
(1.2). (In the case of a bounded spatial domain, all but item 5 are standard [32],
[24].) Rather than working with equation (1.2) in full generality, the later chapters

use the following special case:

ou(t,z)  J*ult,x)
ot - o2 —u (t,l’)—{—gb(x), (16)

where ¢ tends to zero as |x| — oo. The resulting questions and techniques have
obvious generalizations to (1.2), though there are many technical obstacles. Higher
degree polynomial nonlinearities may of course have more than two roots, which
creates the possibility for more complicated equilibrium structure than we analyze

here.

This simpler model still provides insight into applications, as it is still a model
of the population of a single species, with a spatially-varying carrying capacity,
¢. Indeed, one easily finds that under certain conditions the behavior of solutions
to (1.6) is reminiscent of the growth and (admittedly tenuous) control of invasive
species [4]. It is the control of invasive species that is of most interest, and it is
also what the structure of the boundary maps reveals. In the example given in
Chapter 8, there is one more stable equilibrium, and several other less stable ones.
The more stable equilibrium can be thought of as the situation where an invasive
species dominates. The task, then, is to try to perturb the system so that it no
longer is attracted to that equilibrium. An optimal control approach is to perturb
the system so that it barely crosses the boundary of the stable manifold of the
the undesired equilibrium, and thereby the invasive species is eventually brought

under control with minimal disturbance to the rest of the environment.

10



1.7 QOutline and prerequisite results

While Chapters 6 and 7 contain the results of most interest to constructing a
Floer theory for (1.6), the other chapters provide a number of results that are

prerequisites.

1.7.1 Prerequisites that concern the higher degree case

Chapters 2 and 3 are devoted to the general equation (1.2). The first of these
provides a new proof of short-time existence and uniqueness for (1.2), and as a
side-effect provides a numerical method for approximating its solutions. While
existence and uniqueness for (1.2) is standard [44], the usual proofs are not suited

to computation.

The first novel result for (1.2) is obtained in Chapter 3, where a decay condition
on the a; allows us to classify heteroclinic orbits of (1.2). In particular, if an eternal
solution u exists and converges uniformly to equilibria as t — oo if and only if u
has finite energy (supremum of the difference in the action functional (1.3) over all
time). Without the decay condition on the a;, finite energy classifies those eternal

solutions that connect finite action equilibria.

The result in Chapter 3 is actually quite important for connecting the Morse-
theoretic results with the analysis. Morse theory, and in particular Witten’s com-
plex, requires the flow to have a gradient structure. As a result, the space on which
the flow acts must have an inner product structure, so a natural solution space
would be C'(R, L*(R)). However, the proofs of the cell-complex structure (Chap-

ter 7) do not work with timeslices in L*(R). In particular, one needs this space

11



to have a Banach algebra structure (in which the Laplacian is densely defined),
so the Holder space C%*(R) for 0 < a < 1 is more natural. What follows from
the results of Chapter 3 is that the space of heteroclines H lies in the intersection

CHR,C*(R)) N CY(R, L*(R)), so in fact there is no difficulty (Corollary 30).

1.7.2 Prerequisites that concern the quadratic case

In the remaining chapters (Chapters 4 through 8), only the special case (1.6) is
considered. This is quite sufficient to obtain interesting results about the structure

of H.

It is important to understand the collection of equilibrium solutions for (1.6),

which are global solutions to
0=Au—u’+¢ (1.7)

on all of R. Like (1.2), there are obstructions to global existence in (1.7) [39].
Indeed, there are fairly few global solutions to (1.7). We examine solutions to
this problem under asymptotic decay conditions for ¢ in Chapter 4. The solution
reveals delicate bifurcation behavior in the number of equilbria as ¢ is varied.
Further, the asymptotic behavior is such that all global solutions to (1.7) have

finite action (see (1.3)).

Since they are rare, it is reassuring to construct an example of heteroclinic
orbits, which is done in Chapter 5. This example makes specific use of the structure

of the equilibrium solutions, in particular, their asymptotic decay is crucial.

In order to construct a Morse theory for (1.2), understanding the dimension of

the stable, center, and unstable manifolds of equilibria is important. In Chapter

12



6 it is shown that the the center/stable manifold’s dimension is typically infinite,
and later in Chapter 7 it is shown that the unstable manifold has finite dimension.
Each equilibrium solution is in fact unstable, even if its linearization is stable. This
implies that each equilibrium is a degenerate critical point. This neatly derails any
hope of using a standard Morse theory, or even using any of its extensions to infinite
dimensional dynamical systems [31]. (In Chapter 9, Conjecture 104 suggests that

restriction of the flow to H may correct the degeneracy.)

The most important result of this work is obtained in Chapter 7, where the
space of heteroclinic orbits is shown to have a cell-complex structure (with finite
dimensional cells). The dimension of each cell is determined, under a standing
assumption of transversality (Conjecture 95). From the formula for the dimension
of the cells, it is clear that an additivity rule like (1.5) will hold. This result
is further explained by an example in Chapter 8. Finally, in Chapter 9, several

important future directions are outlined.
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CHAPTER 2
SHORT-TIME EXISTENCE AND UNIQUENESS
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2.1 Introduction

(This chapter has already been published as [35].)

Existence and uniqueness of solutions for (2.1) under reasonable initial condi-
tions have been known for some time. For instance, [20] and [44] contain straight-
forward proofs using semigroup methods. The purpose of this chapter is to show
how a more elementary proof can be obtained from a sequence of explicitly com-

puted discrete-time approximations.

Due to their theoretical and computational stability, implicit iteration schemes
are often prefered over their easier-to-implement explicit analogues. However, in
the case of semilinear equations, one can form a hybrid implicit-explicit (IMEX)
method which offers computational and theoretical benefits. The use of IMEX
methods for approximating semilinear parabolic equations is well-established [2].
Many of the recent works on these methods employ discretizations in both space
and time. These fully discrete approximations can be computed directly by a
computer. However, one can obtain a stronger condition for convergence of the
approximation if only the time dimension is discretized [8]. We show how an even

stronger condition for convergence is met by the Cauchy problem for

% = Au(x,t) + ;ai(x)ui(x,t), (2.1)

where a; € L'(R") N L®(R"), and how convergence of this method provides an

elementary proof of existence and uniqueness of solutions.

The Cauchy problem for (2.1) arises in a variety of settings. Notably, some

reaction-diffusion equations are of this form [12]. Another application is the special

15



case
Ou(x,t)
ot

where ag is a nonzero function of x. This situation corresponds to a spatially-

= Au(x,t) — u?(z,t) + ag(w),

dependent logistic equation with a diffusion term, which can be thought of as a

toy model of population growth with migration.

Following [8], the approximation to be used is
Upi1 = (I — hA) (u, + hz a;u’), (2.2)
=0

which is obtained by inverting the linear portion of a discrete version of (2.1). For
brevity, we shall call (2.2) the implicit-explicit method. (In the summary paper
2], this is called an SBDF method, to distinguish it from other implicit-explicit
methods.) One can compute the operator (I — hA)~! explicitly using Fourier
transform methods, and obtain a proof of the numerical stability of the iteration

as a whole.

2.2 A version of the fundamental inequality

In order to simplify the algebraic expressions, we make the following definitions.

Definition 1. Let

Flu(z,t) = Au(z,t) + Z a;(x)u(xz, 1), (2.3)
and
Glu(z,t)) = Z a;(z)u(z,t). (2.4)

Definition 2. Define the analytic functions

9(z) = Z laill:2", (2.5)
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and

9oo(2) = Z las ]l 02" (2.6)

Since we do not discretize the spatial dimension, we can employ some of the
theory of ordinary differential equations. We therefore first prove a variant of the
fundamental (Gronwall) inequality for (2.1) as is done in [23]. The fundamental
inequality gives a sufficient condition for approximate solutions to converge. A
slightly weaker version of Lemma 3 was obtained in Theorem 3.1 of [8], where the

existence of solutions was required.

Lemma 3. Suppose {u;}2, is a sequence of piecewise C* functions u; : [0,T] —

C*(R™) N LY(R™) N L>®(R™), such that

1. there exist A,B > 0 so that for each i and t € [0,T], ||wi(t)|i < A and
[ui(t)[loo < B,

2. for each i and t € [0,T], the series gi(||u;(t)||1) and goo(||ui(t)|leo) converge,
3. for each t € [0,T], || Lu;(t) — F(ui(t))]|oo < €& and lim;_.o € =0, and

4. u1(0) = u;(0) foralli >0
Then for each t € [0,T], {u;(t)}2, is a Cauchy sequence in L*(R™).

Proof. Let i,j > 0 be given. Let n(t) = ||wi(t) — u;(1)|13 = [ (wi(t) — u;(t))*dz.
Notice that the fourth condition in the hypothesis gives n(0) = 0.
(0 =2 [ (1) = (0) (ws(®) — wy (1)

But, || Lu;(t)—F(u;i(t))]|e < € is equivalent to the statement that for each t € [0, T
and z € R",

Flui(x,t) — & < ui(z,t) < F(ui(z,t)) + €,

17



giving

IN

n'(t)

IA

IN

IN

IN

Now also

1G/(ui(t))

2 [ (Pl(®) - Pluy(®)) (w(t) = () da
126+ 65) / us(t) — s ()| dz
2 / (Aui(t) + G(ui(t)) — Au;(t) — G(u;(t))) (wi(t) — u;(t))dz
20+ &)llul®) - w )l
2 [ (Aw(0) = @) (w(®) - (1)
42 [ (Gut) = Gluy(0) (w(t) = ws@)ds + 26 + ) ust) = w5 (0
9 / IV (s

t) = u; (1) + 2[|G(ui(t)) — G u; (1)) [l2lua(t) — u;(1)]l2
+2(e + €)luit) —w; (D]

2)|G(ui(t)) = Gu ) ll2llui(t) = ui(@)ll2 + 2(ei + €)[ualt) = w;(@)]s-

o0

> ai ()

k=0

Z laxlloo [Juf (1) — w5 (2],

Z”%Hoo\// (Uf(x,t)—ué?(x,t))zdx
ZlamJ [t — w0 (ijumx,t)uf-m—l(x,t)) &o
> ol

=0

— |2_
2

IN

IN

IN

k-1

}: (t)u; =™ (1)

=0

IN

lus(t) = u;(@)]]2

oo

E:Hmﬂkakl>HU() (1)

oo (B |ui(t) = u;()]]2,

IN
|
£
.
w:

IN
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which allows

M) < 295 (B)llui(t) —us ()3 + 2(ei + €)l|ui ) — u; ()1

< 205 (B)n(t) + 2(e + &) [[ui(t) — u;(B)]]r-

() =290 (B)n(t) < 2(ei + €)|ui(t) — u; ()]s

(n(B)e= 1) < 26+ €)e O uy(t) — ws (1),

==

so (recall n(0) = 0)
n(t) < {2(61 + 63)/ e 20 B)SHu( ) — uj(s)”lds} 2950 (Bt

< [ (€i + €5) / |lwi(s) — ui(s)|1 ds} 290 (B)

< A€ + ;) Ate?9= B,

Hence as i,7 — oo, n(t) — 0 for each ¢t. Thus for each t, {u;(t)}:2, is a Cauchy

sequence in L?(R"). O

Remark 4. Since C*(R")NLY(R")NL>*(R") C L*(R") and L? is complete, Lemma

3 gives conditions for existence and uniqueness of a short-time solution to (2.1).

Lemma 5. Suppose {u;(t)}2, is the sequence of functions defined in Lemma 3,
and that u(t) = lim; .o u;(t) in L*(R™). Then
W' (t,x) = lim w(t,x) for almost every x, (2.7)

1—00

wherever the limit exists.
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Proof. Notice that since each u;(t) € L*(R™) and ||u;(t)|l < B, the dominated

convergence theorem allows for each x € R"

t t
/ lim wj(r,x)dr = lim [ w(r,z)dr
0

i—00 i—00 0

= lim (w;(t, ) — u;(0,x))

1—00

= wu(t,z) —u(0,x) for almost every .
Hence, by differentiating in ¢,

u'(t,r) = lim u}(t, z) for almost every .

1—00

2.3 The implicit-explicit approximation

In this section, we consider the case of a 1-dimensional spatial domain, that is, x €
R. There is no obstruction to extending any of these results to higher dimensions,

though it complicates the exposition unnecessarily.

As is usual, the first task is to define the function spaces to be used. Initial
conditions will be drawn from a subspace of L' (R)NL>(R), as suggested by Lemma

3, and the first four spatial derivatives will be prescribed, for use in Lemma 10.

Definition 6. Let

W = L'nC*R),
where we interpret C*(R) as being the space of bounded functions with four con-
tinuous bounded derivatives. For the remainder of this chapter, we consider the
case where each of the coefficients a; € W. Then let X = {f € W|gi1(||f]1) <

00 and goo (]| flleo) < 00}. We consider the case where the initial condition is drawn

from X.
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An approximate solution given by the implicit-explicit iteration will be the
piecewise linear interpolation through the iterates computed by (2.2). A smoother

approximation will prove to be unnecessary, as will be shown in Lemma 11.

Definition 7. Suppose fy and A > 0 are given. Put

forr = (I = hA) " (fu + hG(fa))- (2.8)

w)= (1= (5 -00) ) o+ (7 -00) fuors (29

where n(t) = | 7], is called the implicit-explicit iteration of size h beginning

at fo.

The function

-1

Calculation 8. We explicitly compute the operator (I — hA)~!' using Fourier

transforms. Suppose

(I — hA)u(z) = u(x) — hAu(x) = f(x).

Taking the Fourier transform (with transformed variable w) gives

i(w) + hwi(w) = f(w),

hw?’

—_
+

The Fourier inversion theorem yields

u(x) = / e “Ydydw

1 ezwx y)
- (2_ 14 hw 2dw) dy.

Using the method of residues, this can be simplified to give

ua) = (=87 1) ) = = [ f@e =y @a0)
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Calculation 9. Bounds on the L' and L* operator norms of (I —hA)~! are now

computed. First, let f € L>°(R). Then
(=m0 @) = | [ ety

1
< | el
_!W!%@/ y

1>
< Nl [ s
1 e

IN

so [[(I — hA) e < 1.
Now, let f € L'(R). So then

dx

_ -1 _ > L = —|y—z|/vVh
11— hA) £l = /M\M/mﬂy)e dy

1 0o oo s
m/ / |f(y)]e™ =1V R dydz

1o * ly—al/VE
ﬂ/m|f<y>|/0 e dudy
< / F@)ldy = |l

IN

IN

which means ||(I — hA)7|; < 1.

The third condition of Lemma 3 is a control on the slope error of the approxi-
mation. A bound on this error may be established for the implicit-explicit iteration

as follows.

Lemma 10. Suppose fo € X, h > 0. Put f(x,t) = fo(x) + tD(x), where

(I —hA) Y fo+hG(fo)) — fo

D:
h

Then for every 0 <t < h,
1F'(#) = E(f ()l = O(h). (2.11)
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Proof. Recall every function in X will have bounded partial derivatives up to

fourth order from Definition 6.

1f'@) = F(f()llec = D= (A(fo +tD) + G(fo+1D))|l
= ||D— <A(fo +tD) + i ai(fo + tD)i>
=0 00
< D—Afo—tAD—gai (g (;)fg(tD)i_j)H
< D—Afo—tAD—iaifg + O(h)
< <I_hAh)_1 _Ifo —Zifo Oo

+((I = hA)™ = D)G(f)]| , +O(h)

Now, using the fact that (I — hA)™' — I = (I — hA)"}(hA),

17/ = F(f(E)lle <

H(I —hA) T Afo— Afy

+(I = hA)THRA)G(fo)|, + OR)

IN A

IN

I(1 = RA)TH(RA)(Afo + G(fo)) e + O(R)
h{I(T = hA)THAF(fo)) [l + O(h)

h{I(T = A) M [(AF(fo)) o + O(R) = O(h)

]

Lemma 11. Suppose 0 < h; — 0. Let u; be the implicit-explicit iteration of size

hi beginning at fo € X ont € [0,T]. Then provided there exist A, B > 0 such

that for each i and t € [0,T], ||u;(t)|l1 < A and ||u;(t)||oo < B, then the sequence

{u;(t)}2, converges pointwise to a function in t. The limit function is piecewise

differentiable in t.
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Proof. Let u; be the implicit-explicit iteration of size h;. By Lemma 10, the slope
error is bounded:

[ (t) = F(ui(t)) [l = O(hs) = €.

Notice that ¢; — 0. Then, since X C C?*(R"), Lemma 3 applies, giving a pointwise
limit function u(t). Finally, since the slope error uniformly vanishes, Lemma 5

implies that the solution is piecewise differentiable. O

2.4 “A priori estimates” for the approximate solutions

Now we demonstrate that the implicit-explicit method converges for all initial
conditions in X. Specifically, for each fy € X, there exist A, B > 0 such that for
each i and t € [0, 7], |lwi(t)|s < A and ||u;(t)||c < B, given sufficiently small T
We begin by recalling that from Calculation 9, the L®®-norm of (I — hA)™! is less

than one. This means that for the implicit-explicit iteration,

[frsille < |l fn +hG(f2)llo
Zaz’friz
i=0

falloo + R D Nasllooll filloo

< Nfalloo+ 1

o0

<
1=0
i=0
< N fallos + hgoo(ll fulloo)

Hence the norm of each step of the implicit-explicit iteration will be controlled by

the behavior of the recursion

fn+1 = fn‘l'hgoo(fn)v (212)
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for f,, h,a > 0. Since we are only concerned with short-time existence and unique-
ness, we look specifically at h = T/N and 0 < n < N, for fixed T" > 0 and
N e N.

Remark 12. The recursion defined by (2.12) is an Euler solver for

dy

— = 9oo(y), With y(0) = fo. (2.13)

This equation is separable, and g, is analytic near fj, so there exists a unique solu-
tion for the initial value problem (2.13) for sufficiently short time. Also, whenever
y(t) >0

Py

= ) >,

the function y(t) is concave up. As a result, the exact solution to (2.13) provides
an upper bound for the recursion (2.12). More precisely, we have the following

result.

Lemma 13. Suppose y(0) = fo > 0 in (2.13). Let T' > 0 be given so that y is
continuous on [0,T], and let N € N. Then for each 0 <n < N, f, <y(T), where
fn satisfies (2.12) with h = T/N.

Proof. Since the right side of (2.13) is strictly positive, the maximum of y is
attained at 7' on any interval [0, 7] where y is continuous. Furthermore, since
y(0) > 0, it follows from Remark 12 that y is concave up on all of [0,7]. There-
fore, y is a convex function on [0,7]. Hence Euler’s method, (2.12), will always

underestimate the true value of y. Another way of stating this is that

fo < y(nh) < y(T).
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Using Lemma 13, the growth of iterates to (2.12) may be controlled inde-
pendently of the step size. This provides a uniform bound on the sequence of

implicit-explicit approximations.

Lemma 14. Suppose 0 < h; = T/i for i € N. Let u; be the implicit-explicit
iteration of size h; beginning at fo € X ont € [0,T]. Then there exists a B > 0
such that for each i and t € [0,T], we have ||u;(t)||oc < B for sufficiently small

T > 0.

Proof. Suppose f;, is the n-th step of the implicit-explicit iteration of size h;. If

we let y(0) = || folloo, Lemma 13 implies that for any ¢ and any 0 < n <1

for sufficiently small T. Hence by (2.9) and the triangle inequality, ||u;(t)]. < B
for all ¢ and ¢ € [0, 7. O

With the bound on the suprema of the approximations, we can obtain a bound

on the 1-norms.

Lemma 15. Suppose 0 < h; = T/i for i € N. Let u; be the implicit-explicit
iteration of size h; beginning at fo € X ont € [0,T]. Then there exists an A > 0
such that for each i and t € [0,T], we have ||u;(t)|y < A for sufficiently small

T>0.

Proof. First, notice that Lemma 14 implies that there is a B > 0 such that for
each ¢ and ¢t € [0,7], we have ||u;(t)||cc < A for sufficiently small 7" > 0. Again

suppose fi, is the n-th step of the implicit-explicit iteration of size h;. Then we
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compute

I fimta Il

IN

IN

IN

IN

IN

IN

IN

This recurence leads to

[ finll1

Once again, by referring to (2.9) and using the triangle inequality, it follows that

IA

<

[ finlls + h'||G(fm)||1
[ finll + hi Z larfh 1

|muww§j/mnwx

[ finlly + i Z 1 finlle larllooll finllt + hillaolls
k=1

wam(1+m§jwmm3mj44w%m

k=1

B
| finllt (1 + hiC) + hillao ||y

h; h;
il (1+ B (B) = Fllul ) + il

n—1
1 folln (1 4+ BC)™ + hillaolly > (1 + hC)™
m=0
n 14+ hC)"—1
[ foll1 (1 + R:C) +hi||a0||1( h-O)

1 1
@hm+5wﬂoa+mCW—EMﬂl

(15l + ol ) (1455 = Hlaal
(15l + ol ) (1455 = Slaals

1
(1 + ol ) €7 = Zlaall = 4

|lui(t)]|1 < B for all i and t € [0, T].

Theorem 16. Suppose 0 < h; = T'/i for i € N. Let u; be the implicit-explicit

iteration of size h; beginning at fo € X ont € [0,T].
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T > 0, the sequence {u;(t)}2, converges pointwise to a function in t. The limit
function is piecewise differentiable in t.
Proof. This compiles the results of Lemma 11, Lemma 14, and Lemma 15. O]

Remark 17. These proofs can be generalized further to handle all equations of

the form

Ou(t)
ot

— L(u(t)) + G(u),

where G is as in (2.4). If the operator L satisfies

o L: LY R)NL®(R)NC>®(R) — L>*(R)NC>(R) is a sectorial linear operator
[20],

o [[(I—hL) Yy <1land|(I—hL)"|w <1,

then the implicit-explicit iteration

farr = (I = L)™' (fu + hG(fa))

converges whenever f € X.

Remark 18. Additionally, the techniques can be easily extended to handle the

initial boundary value problem

ou(z,t)
ot

= Au(z,t) + Zai(x)ui(x,t), forr e K CR",t>0

i=0
with u(z,t) = v(z,t) a given Lipschitz function along 0K x [0, 00), for K compact
with smooth boundary. In this case, a boundary term appears in the estimate for

7'(t) in Lemma 3, which depends on the Lipschitz constant of v. Additionally,
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in Definition 7, one defines f,1; to be the unique solution to the linear elliptic

boundary value problem

with f,11(x) = v(z,nh) for x € OK.

2.5 Conclusions

The convergence proof for the implicit-explicit method presented here has a num-
ber of advantages. First of all, like all IMEX methods, each approximation to the
solution is computed explicitly. As a result, a fully discretized version (as is stan-
dard in the literature) is easy to program on a computer. Theorem 16 therefore

assures the convergence of these fully discrete methods.

However, since the implicit-explicit method presented here is discretized only
in time, the convergence proof actually shows the existence of a semigroup of so-
lutions. As a result, the convergence proof forms a bridge between the functional-
analytic viewpoint of differential equations, namely that of semigroups, and the
numerical methods used to approximate solutions. While the existence and unique-
ness of solutions for (2.1) has been known via semigroup methods, the proof pro-
vided here gives a more elementary explanation of how this occurs. In particular,

it approximates the semigroup action directly.
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CHAPTER 3
CLASSIFICATION OF HETEROCLINES
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3.1 Introduction

(This chapter is available on the arXiv as [34].)

In this chapter, the global behavior of smooth solutions to the semilinear

parabolic equation (1.2)

ou(zx,t)
ot

= Au(z,t) —u + Z_: a;i(z)u'(t, ) = Au+ P(u), (3.1)

for (t,z) € R x R® = R""! is considered, where N > 2 and a; € L>®°(R") are

smooth with all derivatives of all orders bounded.

The main result is that solutions to (3.1) which are heteroclinic orbits con-
necting two sufficiently regular equilibrium solutions of (3.1) are characterized by
finite energy (Definition 20). That this characterization is necessary at all comes
from the fact that the spatial domain of (3.1) is unbounded. For bounded spatial
domains, all bounded global solutions converge to equilibria [24]. The strength of
our result comes from the fact that the finite energy constraint makes solutions
behave rather well. Therefore, this result is much sharper than what has typically

been obtained in the past, and it applies to more complicated nonlinear terms.

The disadvantage is that in doing so, we cannot treat some of the more compli-
cated aspects of the dynamics. In particular, traveling wave solutions do not have
finite energy. Even though a traveling wave will often converge locally to equilibria,
at least one of those equilibria will not be admissible in our analysis. On the other
hand, we can exclude traveling waves if we require that all the coefficients a; decay
fast enough and only consider one spatial dimension. Then our result establishes

an equivalence between the heteroclinic orbits and the finite energy solutions.
For somewhat more restricted nonlinearities, Du and Ma were able to use
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squeezing methods to obtain similar results to what we obtain here. In partic-
ular, they also show that certain kinds of solutions approach equilibria [9]. In a
somewhat different setting, Floer used a finite energy constraint for solutions and
a regularity constraint on equilibria to characterize heteroclinic orbits of an ellip-
tic problem [15]. The techniques of Floer were subsequently used by Salamon to
provide a new characterization of solutions to gradient flows on finite-dimensional
manifolds [37]. In this chapter, we recast some of Salamon’s work into a parabolic

setting, and of course work within an infinite-dimensional space.

3.2 Finite energy constraints

From Chapter 2, we have that solutions to (3.1) exist along strips of the form
(t,x) € I x R" for sufficiently small ¢-intervals /. One might hope to extend such
solutions to all of R"™!, but for certain choices of initial conditions such eternal
solutions may fail to exist. Fujita’s classic paper [18] gives examples of this “blow-
up” pathology. We will specifically avoid it by considering only eternal solutions to
(3.1). By eternal solutions, we mean those which are defined for all R"*! have one
continous partial derivative in time, and two continous partial derivatives in space.
It should be noted that eternal solutions to (3.1) are quite rare: the backwards-
time Cauchy problem contains a heat operator, and so most solutions will not

extend to all of R™t1,

Definition 19. Our analysis of (3.1) will make considerable use of the fact that it
is a gradient differential equation. Recall that the right side of (3.1) is the L*(R")

gradient of the action functional (1.3), defined for all f € C*(R"™) by

A = [ gIvser - P e S e
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It is then evident that along a solution u(t) to (3.1),

% = dAluw (%)

= (Va5

= <Au + P(u), %>

B ‘EMQ

so A(u(t)) is a monotone function. As an immediate consequence, nonconstant

>0,

2

ot

t-periodic solutions to (3.1) do not exist.

Definition 20. The energy functional is the following quantity defined on the
space of functions R"*! — R with one continuous partial derivative in the first

variable (t), and two continuous partial derviatives in the rest (z):

s=s].

Calculation 21. Suppose u is in the domain of definition for the energy functional,

2

% + |Au + P(u)]* dz dt. (3.2)

then
s = 5[ |5 At PG de d
_ %/Z/(%—Au—P(u)>2+2%(Au—l—P(u))dmdt
_ %/:/(%_Au—P<u)>2dxdt+/:<%,M+P(u)>dt
_ %/_Z/(%—Au—P(u))dedtJr/_Z<%,VA(u(t))>dt
_ %/:/(%_Au—mu))gdde/: %A(u(t))dt
_ %/Z/(%—Au—P(u)>2dxdt+A(u(T))j
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This calculation shows that finite energy solutions to (3.1) minimize the energy
functional. If a solution to (3.1) is a heteroclinic connection between two equilibria,
then the energy functional measures the difference between the values of the action
functional evaluated at the two equilibria. The main result of this chapter is the

converse, so that finite energy characterizes the solutions which connect equilibria.

Remark 22. Finite energy solutions to (3.1) are even more rare than eternal
solutions. However, the set of finite energy solutions is not entirely vacuous, as

will be shown in Chapter 5.

It is well-known that when equations like (3.1) exhibit the correct symmetry,
they can support traveling wave solutions [12]. A typical traveling wave solution
u has a symmetry like u(t,z) = U(x — ct) for some ¢ € R. As a result, it is
immediate that traveling waves will have infinite energy. On the other hand, they
also evidently connect equilibria. As a result, Calculation 21 shows that a necessary
condition for traveling waves is that there exists at least one equilibrium whose
action is infinite. In this chapter, we will consider only equilibria with finite action,
and solutions with finite energy. As a result, we will not be working with traveling

waves.

3.3 Convergence to equilibria

In this section, we show that finite energy solutions tend to equilibria as [t| — oo.
In doing this, we follow Floer in [15] which leads us through an essentially standard

parabolic bootstrapping argument.

Lemma 23. Let U C R™ andu € WkP(U) satisfy || Diulloo < C < 00 for0 < j <k
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(in particular, u is bounded). If P(u) = Zz]\; a;u' with a; € L>®(U) then there

exists a C' such that | P(u)|lkp, < C'||ul|kp-

Proof. First, using the definition of the Sobolev norm,
kN
1P ()l = Z 1D P(u)], < ZZ 127 ai |-
=0 i=1
Now |Dia;u’| < P, j(u, Du, ..., D’u) is a polynomial in j variables with constant
coefficients, which has no constant term. (It has constant coefficients because the

derivatives of the a; are bounded.) Additionally,

(D™ u)* D ull, = (/\ (D™u) qD]U|)

1/p
< D™l ( / |Dfu\) < C9| D7l

so by collecting terms,

1Pk < ZZ 1D ag|l, < ZA 1D7ully < C'lfulli,.

7=0 =1

The following result is a parabolic bootstrapping argument that does most of
the work. In it, we follow Floer in [15], replacing “elliptic” with “parabolic” as

necessary.

Lemma 24. If u is a finite energy solution to (3.1) with ||D7ul| e ((—co00)xv) <
C < oo for 0 < 3 < k withk > 1 on each compact V. C R", then each of
limy 1o u(t, z) exists, and converges with k of its first derivatives uniformly on

compact subsets of R™. Further, the limits are equilibrium solutions to (3.1).
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Proof. Define u,,(t,x) = u(t + m,z) for m = 0,1,2.... Suppose U C R"*! is
a bounded open set and K C U is compact. Let 8 be a bump function whose
support is in U and takes the value 1 on K. We take p > 1 such that kp > n + 1.
Then we can consider u,, € W*P(U) (recall that u and its first k derivatives of u

are bounded on the closure of U), and we have

||um||W’€+1vP(K) < ||ﬁum||wk+1,p((]).

Then using the standard parabolic regularity for the heat operator,

(5 -2) )

Let P'(u) = —u® + Y " a0/, noting carefully that we have left out the ag term.

Hﬁum”W’“HvP(U) < (i

whaU)

The usual product rule, and a little work, as suggested in [37] yields the following

sequence of inequalities

0
||um||Wk+1,p(K) < Ci||p (a - A) Um + C2||um||Wk’p(U)
Wk.p(U)

0
< s (— - A) i + B (1) — BP (1)

ot Wk (U)

+Col[tm |l wr )

< Cil|Baollwrrwy + CillBP () lwewwy + Colltim|lwre @
S C'1H5a0||wk,p(U) + OSHUmHkaP(U)v

where the last inequality is a consequence of Lemma 23. By the hypotheses on
u and ag, this implies that there is a finite bound on ||ty |lyr+1s(x), Which is
independent of m. Now by our choice of p, the general Sobolev inequalities imply
that [|wm||cr+1-men/m(k) is uniformly bounded. By choosing p large enough, there

is a subsequence {v,,} C {u,,} such that v, and its first k derivatives converge
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uniformly on K, say to v. For any 7" > 0, we observe

T 2 T 2

0 OV
//—” drdt = lim//‘v dx dt
T at m/—o0 -T at
m/+T ) 2
~ lim / 2 dwdt =0,
m/'—oo J 1 p ot
where the last equality is by the finite energy condition. Hence |%‘ = 0 almost

everywhere, which implies that v is an equilibrium and that lim; . u(t, z) = v(z).

Similar reasoning works for { — —oo0. O]

Now we would like to relax the bounds on u and its derivatives, by showing

that they are in fact consequences of the finite energy condition.

Lemma 25. Suppose that either n =1 (one spatial dimension) or N is odd, then
we have the following. If u is a finite energy solution to (3.1), then the the limits

limy 400 u(t, z) exist uniformly on compact subsets, and additionally,

e wu is bounded,
e the derivatives Du are bounded,

e and therefore the limits are continuous equilibrium solutions.

Proof. Note that since

=3[ 5

we have that for any ¢ > 0,

1 [T / ou
lim — —
T—o00 2 T—¢ at

whence lim;_, o ’%} = 0 for almost all z. So this gives that the limit is an equilib-

2
+ |Au+ P(u)* dz dt < oo,

2
+ |Au+ P(u)|* dz dt = 0,

rium almost everywhere. Of course, this argument works for ¢ — —oo.
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Now in the case of N being odd, a comparison principle shows that solutions
to (3.1) are always bounded. So we need to consider the case with N even. In
that case, a comparison principle on (3.1) shows that u is bounded from above.
On the other hand, if N is even we have assumed that n = 1 in this case, and
it follows from an easy ODE phase-plane argument that unbounded equilibria are
bounded from below. (Here we have used that the coefficients a; are bounded.) As
a result, we must conclude that if a solution to (3.1) tends to any equilibrium, that

equilibrium (and hence u also) must be bounded.

Now observe that %‘ — 0 as t — oo on almost all of any compact K C R",
and that | 4| < a < oo for some finite a on {(¢,2)|t = 0,z € K} by the smoothness

of u. By the compactness of K, this means that if } % = 00, there

HLOO((—OO,OO)XK)

must be a (t*,2*) such that Lim ¢z 2+

%‘ = 0o. This contradicts smoothness
of u, so we conclude %| is bounded on the strip (—oo,00) x K. On the other

hand, the finite energy condition also implies that for each v € R,

) *° oul?
lim —| dxdt =0,
$7X0 J_0o J K+sv at
whence we must conclude that lim,_, . W = 0 for almost every t € R and

x € K. Thus the smoothness of v implies that ‘g—ﬂ is bounded on all of R**!,

Next, note that since |%‘ and u are both bounded, then so is Au. (Use the
boundedness of the coefficients of P.) Taken together, this implies that all the

spatial first derivatives of u are also bounded.

As a result, we have on K a bounded equicontinuous family of functions, so As-
coli’s theorem implies that they (after extracting a suitable subsequence) converge

uniformly on compact subsets of K to a continuous limit. O]

Corollary 26. Suppose that either n = 1 or N is odd. An eternal solution u to
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(3.1) has finite energy if and only if each of the following hold:

o cach of Ur(x) = limy_ 1o u(t, z) exists and converges with its first derivatives

uniformly on compact subsets of R™,

e UL are bounded, continuous equilibrium solutions to (3.1),

e and either |[A(Uy) — A(U-)| < o0 or Uy =U_.

Remark 27. If we consider the more limited case of (1.6), then the asymptotic
decay rate for equilibria indicates that all equilibria have finite action (Corollary
48). In this case, Corollary 26 characterizes all heteroclinic orbits, not just those

whose action difference is finite.

Theorem 28. Suppose that n = 1 and that all equilibria have finite action. If u

is a finite energy solution then it converges uniformly to equilibria as |t| — oo.

Proof. Suppose that u tends to equilibrium solutions fi as t — 4o00. Suppose
that this convergence is not uniform, so that there exists an € > 0 such for each T,
there is a |t| > |T'| with either ||u(t) — f_||coc > € or ||u(t) — fi||oc > €. We therefore
postulate the existence of a pair of sequences {¢;}, {z;} such that |t;| — oo and
min{|u(t;, ;) — f-(z;)], |u(t;, ;) — f(x;)|} > € for all j. We assume that for each
J, x; is chosen so that min{|u(t;, z;) — f-(z;)], |u(t;, z;) — f+(x;)|} is maximized.

Notice that since v — f1 uniformly on compact subsets, we must have |z;| — oo.

To simplify the discussion, we find an R > 0 such that for all |y| > € and
[ > R,

1
< i\ny. (3.3)

N-1
2> i)y
i=0

We assume that |z;| > R for all j. This condition ensures that the leading nonlinear

coefficient of (3.1) dominates.
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We discern three cases, which we can consider without loss of generality after
extracting a suitable subsequence of {(¢;,x;)}. In each of the cases, we shall
perform a coordinate transformation so that the equilibrium to which u converges

is the zero function. In particular, we start the sums at 1 rather than 0.

1. Suppose t; — +oo and u(tj, ;) > € > 0. Since z; is chosen at a maximum

of u(t;) for each j, we have that W < 0 by the maximum principle. As
a result,
P 52 N-1 4
ol @) = gulty ;) = u™(ty, @) + 1 a;(x;)u' (t;, ;)
< —ulN(tj, ;) + Zaz z )l (t;, ;)
N
< ——, by (3.3).

Therefore we conclude that ||u(t)]|. — 0.

2. Suppose t; — —oo and u(t;,z;) > € > 0. Consider the time-reversed version
of (3.1), namely
0 0? ’
gu_ _gU N Z a;u'. (3.4)
The comparison principle works in reverse for this equation! Suppose that
v(t,z) = U(t) is a spatially constant solution to (3.4) with U(t;) = v(t;,x;) =

u(tj, z;) > 0 for some j. Then, shortly thereafter, ||u(t)||o > U(t), since

au(tﬁx]') - 7
o = ; (@)U

On the other hand, this rate of growth indicates that u blows up in finite

time. This contradicts the fact that « is an eternal solution.
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3. Suppose u(tj,z;) < —e < 0 and that t; — —oo or t; — +oo. If N is
odd, then this case can be covered by the previous ones, mutatis mutandis.
Therefore, we assume N is even. We assume that the limit as t — 400 of u

< 00

. . 2
is the zero function. From Lemma 25, we have a constant A = H %
o0

which is independent of ¢. Thus for each t;, we have an upper bound for

u(t;) which looks like

) A
U](.I'> :mm{uj,u(t],:cj)—i—5(&:—:6])2}, (35)
for some f1; > 0. In particular, note that p; — 0 by the previous cases.

We show that the forward Cauchy problem for (3.1) started with U, as an
initial condition blows up for sufficiently large j. By the comparison principle,
this implies that v cannot be an eternal solution, which is a contradiction.

This can be shown using the method of Fujita, which we briefly sketch here.

Apply the coordinate transformation w = u — p for some p > p; > 0.
Therefore, the initial condition can be made entirely negative, and by the
previous cases, the solution stays negative for arbitrarily long future time (by
taking j large). (Notice that it may not remain negative for all future time

in the case where t; — —o0.) This transformation changes (3.1) into

v Dw N—-1 N-1 N N-1 [,
_ N i k| _ N—k ik
e > WS vl B L AT ol 4 P
i=1 k=0 k i=k+1 \ k
As is usual for the Fujita method, we choose a solution v to % = —%. In

particular, fix T" > 0 and choose € > 0 to define

0.(5,2) = e~ T
An(T — s +¢)

z—z;)*

41



Then we define J(s) = [ve(s, x)w(s — t;, )dzx and compute

d_J 0V, ow
ds 0s

N—-1 N N—-1 i
—l—Z/vewk — N E 4 Z aip ™ | da
k=0 k i=k+1 \ k

IN

N—-1
Y ||w||f>o/az-vgdx
=1

N—-1 N N-1 Z '
+ ) flwllk, pNE Y ] sopt’ "
k=0 k i=k+1 \ k

where we have used Lemma 25 to bound w, and we have used the assumption
that NV is even in the last step. Since a; decays to zero, the second term can
be made arbitrarily small for an arbitrarily large s by taking j large as well
(for fixed T" and €). (The second term may eventually grow larger.) The last
term is a constant, independent of 7', € and can be made arbitrarily small by
taking j large. By (3.5), for sufficiently large j, J(0) < 0, and for larger 7j,
J(0) becomes more negative. Therefore, for a certain 7" and sufficiently large
J, J(s) tends to —oo for some 0 < s < T'. However, this contradicts the fact

that w is bounded.

]

Corollary 29. Suppose that n = 1 and that all equilibria have finite action. If u

is a finite energy solution then it converges uniformly to equilibria as |x| — oo.

Proof. Really, the only thing that must be noticed is that Theorem 28 shows that

there is uniform convergence in the time direction. For a given €, there is a T > 0
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such that |u(t,z) — fi(x)] < € for all |[t| > T. However, this means that for
t € [=T,T], this does not hold. However, [T, T]| is compact, and the proof of
Lemma 24 indicates that there is uniform convergence to equilibria as ||z|| — oo

on compact subsets. O

Corollary 30. The above Corollary implies that the asymptotic spatial behavior
of heteroclinic orbits is determined entirely by the asymptotic spatial behavior of

equilibria. In particular, in Chapter 4, it is shown that the equilibria for the case

of (1.6),

ou  0*u
o "o U

with ¢ decaying to zero, all lie in L*(R). As a result, each timeslice of a heterocline

lies in L'(R) as well.

3.4 Discussion

The point of employing the bootstrapping argument of Lemma 24 is only to ex-
tract uniform convergence of the derivatives of the solution. As can be seen from
the proof of Lemma 25, such regularity arguments are unneeded to obtain good

convergence of the solution only.

While Corollary 26 is probably true for all spatial dimensions, the proof given
here cannot be generalized to higher dimensions. In particular, Véron in [39]
shows that in the case of P(u) = —u!, there are solutions to the equilibrium

N — (0 which are unbounded below and bounded above when the

equation Au — u
spatial dimension is greater than one. This breaks the proof of Lemma 25, that
the limiting equilibria of finite energy solutions are bounded for N even, since the

proof requires exactly the opposite.
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On the other hand, the case of P(u) = —u|u|N~! + ZiNzal a;u’ is considerably
easier than what we have considered here. In particular, all solutions to (3.1) are

then bounded. In that case, the proof of Lemma 25 works for all spatial dimensions.
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CHAPTER 4
EQUILIBRIUM ANALYSIS
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4.1 Introduction

(This chapter is available on the arXiv as [33], and has been accepted for publica-

tion in Ergodic Theory and Dynamical Systems.)

Since the dynamics of solutions to the semilinear parabolic equation (1.2) de-
pend strongly on the equilibrium solutions, it is important to understand the num-
ber and structure of equilibrium solutions. As will be shown, this is a somewhat
ill-defined and rather delicate goal. Therefore, to fix ideas and techniques, we shall

focus on the specific case of the equilibria of (1.6)

u(t,z)  J*u(t,x)
ot 022

—UZ(t,ZL’) +¢(‘7;)7 (41)

where ¢ tends to zero as |xr| — oco. The resulting questions and techniques we
encounter have obvious generalizations to the more general equation. Therefore,
we are faced with the task of analyzing a nonlinear ordinary differential equation,
and finding its global solutions. Additionally, the asymptotic properties of such

solutions will be crucial in Chapters 3, 5, and 7.

Finding global solutions to nonlinear ordinary differential equations on an infi-
nite interval can be rather difficult. Numerical approximations can be particularly
misleading, because they examine only a finite-dimensional portion of the infinite-
dimensional space in which solutions lie. Additionally, the conditions for global
existence can be rather delicate, which a numerical solver may have difficulty rig-
orously checking. In situations where there is well-defined asymptotic behavior
for global solutions, it is possible to exploit the asymptotic information to answer
questions about global existence and uniqueness of solutions directly. Additionally,
more detailed information may be provided by using the asymptotic behavior to

install artificial boundary conditions for use in a numerical solver. The numerical
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solver can then be used on the remaining (bounded) interval with boundary con-
ditions that match the numerical approximation to an asymptotic expansion valid

on the rest of the solution interval.

In this chapter, we consider the behavior of global solutions satisfying the

equilibrium equation for (4.1), namely
0= f"(z) — f*(z) + ¢(z), for all z € R. (4.2)

In particular, we wish to know how many solutions there are for a given ¢. (There
may be uncountably many solutions, as in the case where ¢ = const > 0.) This
problem depends rather strongly on the asymptotic behavior of solutions to (4.2)

as |r| — 0o, so it is useful to study instead the pair of initial value problems

0= f"(x)— f*(z) + ¢(x) for x >0
(4.3)
(). 70) € 2
and )
0= f"(x) — f3(z) + ¢(x) for x <0
(4.4)
(f(0), f(0)) € Z,

\

where ¢ € C*°(R). The sets Z,Z’ supply the initial conditions for which solutions
exist to (4.3) for all z > 0 and to (4.4) for all x < 0, respectively. Solutions to (4.2)
will occur exactly when Z N Z’ is nonempty. Indeed, the theorem on existence and
uniqueness for ODE gives a bijection between points in Z N Z’ and solutions to
(4.2) [29]. Since (4.3) and (4.4) are related by reflection across = = 0, it is sufficient

to study (4.3) only.

Due to the asympotic behavior of solutions to (4.3), the methods we employ
here will be most effective in the specific cases where ¢ is nonnegative and mono-

tonically decreasing to zero. (We denote the space of smooth functions that decay
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to zero as C{°(R).) The decay condition on ¢ allows the differential operators
in (4.2) through (4.4) to be examined with a perturbative approach as z becomes
large, and makes sense if one is looking for smooth solutions in L?(R) with bounded

derivatives.

When ¢ is strictly negative, it happens that no solutions exist to (4.3) for all
x > 0. The monotonicity restriction on ¢ provides some technical simplifications
and sharpens the results that we obtain. This leads us to restrict ¢ to a class of
functions that captures this monotonicity restriction but allows some flexibility,

which we shall call the M-shaped functions.

It is unlikely that we will be able to solve (4.3) explicitly for arbitrary ¢, so
one might think that numerical approximations might be helpful. However, most
numerical approximations will not be able to count the number of global solutions
accurately. For instance, finite-difference methods are typically only useful for
finding solutions valid on finite intervals of R. However, one cannot easily infer
a solution’s behavior for large values of |z| when it is only known on a finite
interval. In particular, global solutions to (4.3) must tend to zero (Theorem 38).
All other solutions fail to exist for all of R. Worse, the space of initial conditions
which give rise to global solutions is at best a 1-dimensional submanifold of the
2-dimensional space of initial conditions (Theorem 55). Therefore, a typical finite-
difference solution that appears to tend to zero may in fact not, and as a result

fails to be a solution over all z > 0.

Because of this failure, we need to understand the asymptotic behavior of so-
lutions to (4.3) as we take z — oo. Equivalently, since ¢ € C§°(R), this means
that we should examine solutions with ¢ small. The driving motivation for this

discussion is that solutions to 0 = f”(x)— f?(x)+¢(x) for ¢ small behave much like
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solutions to 0 = f”(z) — f?(x). In the latter case, we can completely characterize

the solutions which exist on intervals like [z, 00).

In Section 4.2 we review what is known about the much simpler case where ¢
is a constant. Of course, then (4.3) is autonomous, and the results are standard.
In Section 4.3, we establish the existence of solutions which are asymptotic to
zero. Some of these solutions are computed explicitly using perturbation methods
in Section 4.4, where low order approximations are used to gather qualitative
information about the initial condition sets Z and Z’. In Sections 4.5 and 4.6, these
qualitative observations are made precise. Section 4.7 applies these observations
about Z and Z' to give existence and uniqueness results for (4.2). Finally, in
Section 4.8, we use the information gathered about Z and Z’ to provide artificial
boundary conditions to a numerical solver on a bounded interval, which sharpens
the results from Section 4.7. We exhibit the numerical results for a typical family

of ¢, showing bifurcations in the global solutions to (4.2).

4.2 Review of behavior of solutions to 0 = f”(x) — f?(z) + P

It will be helpful to review the behavior of

0=f"(z) - f*x) + P
(4.5)

£(0), f'(0) given,
where P is a constant, since varying ¢ can be viewed as a perturbation on the case
¢(x) = P. In particular, we need to compute some estimates for later use. We

shall typically take P > 0, as there do not exist solutions for all x if P < 0.

Lemma 31. Suppose f is a solution to the initial value problem (4.5) with f(0) >
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Figure 4.1: The phase plot of f” — f2+ 9 = 0. Bounded solutions live in a
small region, the rest are unbounded.

VP and f'(0) > 0. Then there does not exist an upper bound on f(z), when z > 0.

Additionally, if P < 0, there does not ezist an upper bound on f(x).

Proof. Observe that for f > /P orif P <0
f"=f-P>0.

Hence, since f'(0) > 0, and f’ is monotonic increasing, f(z) is monotonic increasing

at an increasing rate. Thus it must be unbounded from above. O]

Definition 32. The differential equation (4.5) comes from a Hamiltonian, namely
1 1 2
H(f. f) = gfg - ifIQ - P+ gPB/Z-

Definition 33. A useful tool in the study of smooth dynamical systems is the
funnel. Suppose ® is a local flow on a manifold M. A funnel F is a set such that

if z € F, then ®,(t) € F for all ¢t > 0. A funnel F with an oriented, piecewise C"
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boundary is characterized by having the vector field %Cbm being inward-pointing

for all x € OF.

Lemma 34. Suppose f is a solution to the equation (4.5) on R. All bounded

solutions lie in the funnel
M ={(f, f)H(f, f') > 0 and f < VP}. (4.6)

Any solution which includes a point outside the closure of M is unbounded, either

for x>0 orz < 0. (Note that M is the teardrop-shaped region in Figure 4.1.)

Proof. e M is a bounded set. Notice that H(f,0) > H(f, f'), or in other words
within M,

1 1 2 1 2
0< = 3 2 P _P3/2<_ 3 P —P3/2.
3f 2f / +3 _3f / +3

Elementary calculus reveals that this inequality establishes a lower bound on

f, namely that

—V3P<f<VP (4.7)

On the other hand,

] < \/gpw + §f3 _9fp < \/§p3/4 (4.8)

immediately establishes a bound on f’.

e ) is a funnel, from which solutions neither enter nor leave. This is immediate
from the fact that H is the Hamiltonian, and the definition of M simply says
that H(f, f') > 0. This suffices since solutions to (4.5) are tangent to level

curves of H.

o If (f(0), f/(0)) ¢ M then f is unbounded. Evidently if f(0) > v P and

f'(0) > 0, then Lemma 31 applies to give that f is unbounded. For the
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remainder, discern two cases. First, suppose f(0) > v P and f'(0) < 0.

Evidently, H(f(0), f'(0)) = H(f(0),—f'(0)), so it’s just a matter of verifying

that a solution curve transports our solution to the first quadrant. But this

is immediately clear from the formula for

p= /2 25P — 2H(10),0).

which gives [/ = +£f(0) when f = f(0).

The other case is when

H(f(0), f/(0)) < 0. Then we show that there is a point (v/P,g) on the
same solution curve, and then Lemma 31 applies. So we try to satisfy

1]33/2_1 2

PV = 5t PRSP = H(f(0).5/(0) <0

2

g —2H(f(0), f'(0)) >0,

which clearly has a solution in g.

]

Lemma 35. If f is a solution to (4.5) with f(0) > VP, and f'(0) > 0 then there

exists a C such that lim, ¢ f(z) = oo.

Proof. From Lemma 34, we have that f is unbounded, and goes to 4+oc0. Using

the Hamiltonian, we can solve for

df 2,4 _ /
ﬁ_i\/gf" 2/ P — 2H(f(0), £/(0)),

or viewing f as the independent variable,

dx

B 1
E =

/23 = 2fP = 2H([(0), f(0))

3 ._3/2
Ve
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as f becomes large. Solving this asymptotic differential equation is easy, and leads

to
1 /3
3
f o~ S0 (for | — C'| small)
which has an asymptote at z = C. O]

4.3 Existence of asymptotic solutions for ¢ € C°(R)

The first collection of results we obtain will make the assumption that ¢ tends to
zero. From this, a number of useful asymptotic results follow. Working in the phase
plane will be useful for understanding (4.3). Of course (4.3) is not autonomous,

but by adding an additional variable, it becomes so.
Definition 36. We think of (4.3) as a vector field V on R?, defined by the formula

f/
V(I o) = 2 —o) |- (4.9)
1

Notice that the first coordinate of an integral curve for this vector field solves (4.3).

Definition 37. Define H(f, f',z) = 1f* — 3/ — fo(x) + 26**(x). Notice that

for constant ¢ = P, this reduces to a Hamiltonian for (4.5).

Theorem 38. Suppose f is a solution to the problem (4.3) where ¢ € C*(R). If f
does not tend to zero as x — oo, then there exists a z such that lim,_., f(z) = oco.

Stated another way, if f solves (4.3) for all x > 0, then lim, ., f(z) = 0.
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Proof. 1t f does not tend to zero, this means that there is an R > 0 such that for
each xy > 0, there is an = > x4 so that |f(z)| > R. But since ¢ tends to zero as
x — oo, for any P > 0 we can find an z; > 0 such that for all x > 24, |¢(x)| < P.
Choose such a P so that the set M in Lemma 34 associated to (4.5) is contained
entirely within the strip —R < f < R. We can do this since the set M is bounded,
and its radius decreases with decreasing P, as shown in (4.7) and (4.8). But this

means that there is an x5 > x1 such that | f(z2)| > R.

Construct the following regions (See Figure 4.2):

I=A{(f. [, 2)lf =z R and f" <0},
IT={(f.f,2)|f =z Rand f" >0},

T ={(f, ", 2)|f <-R},
and

1V = {(fvf/7ff>|f’ >0 and f > —R and (1f3—1f’2—fP+§p3/2 <0

3/ 73
1ff§\/?)}.

The following statements hold:

e Region [ is an antifunnel. Along f = R and [’ = 0, solutions must exit.
Once a solution exits Region I, it cannot reenter. Also, because f > /P,

f"=f*—¢ > f*— P >0, solutions must exit Region I in finite .

e Region I is a funnel. Along f = R and f’ = 0, solutions enter. Now
f"=f>-¢ > f2—P >0 and f > 0, so solutions will increase at an

increasing rate and so, they are unbounded.

e Solutions remain in Region I11 for only finite x, after which they must enter

Region IV. This occurs since f < —/P < 0, and so f’ always increases.
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Figure 4.2: The Regions I, II, II1, and IV of Theorem 38

Note that for f’ < 0, solutions will enter Region 1] along f = —R, and for

f' > 0, solutions exit along f = —R.

e Region IV is a funnel. Solutions enter along f = —R and along f’ = 0 (note

that |f| > +/P in both cases). Along the curve boundary of Region IV, we

have that
T
f2 _p f/
1 1 2
v (§f3 — 57— P+ §P3/2) VIS = - 2=
0 1
= f(P-¢)<0,

so that solutions enter.

Now suppose (f(z2), f'(z2),x2) € I. After finite x, say at x = z, the solution
through that point must exit Region I, never to return. Then, there is an x5 > 77,
such that |f(x3)| > R. So this solution has either (f(x3), f'(x3),x3) € [l or € I11.

The former gives the conclusion we want, so consider the latter case. The solution
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will only remain in Region /77 for finite x, after which it enters Region IV, say at
x = 4. Then there is an x; > x4 such that |f(z4)] > R. Now the only possible
location for (f(xy), f'(x4),x4) to be is within Region /1, since it must also remain
in Region IV. As a result, the solution is unbounded by an easy extension of
Lemma 31. As x becomes large, ¢ tends to zero, so the solution will be asymptotic
to an unbounded solution of 0 = f” — f2. But Lemma 31 above assures us that
such a solution is unbounded from above, and Lemma 35 gives that it has an

asymptote. Hence, our solution must blow up at a finite x. O

This result indicates that solutions to (4.3) which exist for all z > 0 are rather
rare. Those which exist for all > 0 must tend to zero, and it seems difficult to
“pin them down.” We now apply topological methods, similar to those employed in
23], to “capture” the solutions we seek. The methods we use are due to Wazewski

[41].

We begin by extending the usual definition of a flow slightly to the case of a

manifold with boundary.

Definition 39. Suppose M is a manifold with boundary. A flow domain J is a
subset of R x M such that if z € M then J, = pr;(J NR x {z}) is an interval
containing 0, and if x is in the interior of M then 0 is in the interior of J,.

(pry : R x M — R is projection onto the first factor)

Definition 40. A (smooth) flow is a smooth map ® from a flow domain J to a

manifold with boundary M, satisfying

o (0,z) =z for all x € M and

o Oty +ty,z) = P(t1, P(t2, ) whenever both sides are well-defined.
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Additionally, we assume that flows are mazimal in the sense that they cannot be
written as a restriction of a map from a larger flow domain which satisfies the
above axioms. We call the curve @, : J, — M defined by ®,(t) = ®(t,z) the

integral curve through x for ®.

Definition 41. Suppose ® : J — M is a flow on M and x € M. Then the flow
at x is said to be inward-going (or simply inward) if J, is an interval of the form
[0,a) or [0,a] for some 0 < a < co. Likewise, the flow at z is outward-going if J,

is of the form (a,0] or [a, 0] for —oo < a < 0.

Theorem 42. (Wazewski’s antifunnel theorem) Suppose ® : J — M is a flow on
M and that {A, B} forms a partition of the boundary of M such that the flow of
® is inward along A and outward along B. If every integral curve of ® intersects

B in finite time (ie. J, is bounded for each x), then A is diffeomorphic to B.

Proof. For each z € A, J, = [0,t,], where t, is the time which the integral curve
through z intersects B. (We have that ®(¢,, x) is outward-going, since J, is closed,

so it is in B.)

Using this, we can define a map F : A — B by F(x) = ®(t,,x). F takes A
smoothly and injectively into B. The smoothness follows from the smoothness of ®
and that M is a smooth submanifold. To see the injectivity, suppose F'(z) = F(y)

for some z,y € A, so ®(t,,x) = P(t,,y). Without loss of generality, suppose
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0 <t; <t,. Then we have that

F(z) = Fly)
(e, F(2)) = O(—ta, F(y))
O(—ty, O(le, 7)) = (s, D(Ly,y))
Oty —ts,2) = Pty —1o,y)
r = O, —t,y).
But the flow is inward at z, so it is also inward at ®(¢, — t,,y). This means that

(ty —t: —€,y) ¢ J for every € > 0. But this contradicts the fact that (¢,,y) € J

unless we have ¢, <1?,. As aresult, t, =1¢,, so x = y.

In just the same way as for F', we construct a map G : B — A so that G takes
B smoothly and injectively into A. Namely, we suppose J, = [s,,0] for some s,,
and put G(y) = ®(s,,y). Notice that by maximality, if there were to be an z € A

such that F(z) =y, s, = —t,.
Now we claim that G is the inverse of F'. We have that

(GoF)(x) = ®(sp), F(x))
= (P(SF(x)) (D(tI,ZL‘))
= D(sp() + by, )

= O(—ty +t,, ) =1,

where we employ the remark about s, above. O

Remark 43. We can extend the Antifunnel theorem to a topological space X
on which a flow ® : J — X acts in the obvious way. In that case, there is no

reasonable definition of the boundary of X. However, the notion of inward- and
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Figure 4.3: Schematic of the region R;, showing the boundary partition A
and B.

outward-going points still makes sense. If we let A be the set of inward-going
points and B be the set of outward-going points in X, then the conclusion is that

A is homeomorphic to B.

Now we employ the Antifunnel theorem to deduce the existence of a bounded

solution to 0 = f” — f2 + ¢ for x > ¢ for some ¢ > 0.

Theorem 44. Suppose 0 < ¢(x) < K for all x > zo for some xy > 0 and

0 < K < oo, and that there exists an x1 > xo such that for all x > x1, ¢(x) > 0.

Then the region Ry given by Ry = {(f, f',2)|H(f, f'.2) > 0.2 > 0, f < \/3(@))
contains a bounded solution to 0 = f"(z) — f*(x) + ¢(x), which exists for all x

greater than some nonnegative xs.

Proof. Without loss of generality, we may take xqo = 0, because otherwise solu-

tions must exit the portions of Ry in {(f, f',x)|z < z¢} since the z-component of
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V(f, f, ) is equal to 1.

If p(0) > 0, partition the boundary of R; into two pieces: A = {(f, f',z)|x = 0}
and B = {(f, f',x)|H(f, f',x) = 0} (See Figure 4.3). The flow of V is evidently
inward along A. As for B, notice that V H is an inward-pointing vector field normal

to B. We compute

T

2= ¢(x) f
VH-V = ~f 2= 6(x)
(=f + V/6())¢' (x) 1
= (= + Vo@)d (x),

which has the same sign as ¢/(r) when f < \/¢(z) in R,. Finally, we must deal
with the case where f = \/M € B. But in this case, f' = 0 from the equation for
H, so we see that V(W, 0,7) = (0,0,1)T, so the flow is inward when ¢'(x) < 0
and outward when ¢'(z) > 0. This means that the portion of the boundary of R;
on which the flow is outward is a disjoint union of annuli. On the other hand, the
portion of the boundary of R; on which the flow is inward is the disjoint union of

a disk (namely R; N {z = 0}) and some annuli.

We now consider the case of ¢(0) = 0, in which case the set A above is just a
point. Assume without loss of generality that ¢(x) is strictly positive for all z > 0,
so we let 1 = 0. Let
inf {z € (0,00)|¢'(z) =0} or
oo if ¢'(x) > 0 for all z > 0.

In this case, the set {(f, f’,x)|0 < z < 2’} NOR,, is a contractible (it may be a
point if ¢ oscillates rapidly as x — 0), connected component of the inflow portion

of the boundary of R;. It is obvious that the remainder of the inflow portion of
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the boundary is homeomorphic to a disjoint union of annuli, since ¢ is smooth and

strictly positive.

We can apply the Antifunnel theorem to conclude that there is a solution which
does not intersect either the inflow or outflow portions of the boundary. There is
a lower bound on the z-coordinate of such a solution, since the xz-component of
V(f,f,x) is equal to 1, and the Region R; lies within the half-space x > 0.
Therefore, there must exist a solution which enters R;, and remains inside the
interior of R, for all larger x. That such a solution is bounded follows from the fact
that each constant x cross section of R; has a radius bounded by the inequalities

(4.7) and (4.8), and the fact that ¢(z) < K < oo. O

4.4 Asymptotic series solution

Theorem 44 ensures the existence of solutions to 0 = f” — f2 + ¢ for x sufficiently
large. However, it does not give any description of the initial condition set Z which
leads to such solutions, nor does it give a description of the maximal intervals
of existence. Fortunately, it is relatively easy to construct an asymptotic series
for solutions to (4.3), which will provide a partial answer to this concern. In
doing so, we essentially follow standard procedure, as outlined in [22], for example.
However, our case is better than the standard situation, because under relatively

mild restrictions this series converges to a true solution.

We begin by supposing that our solution has the form

F=>fu (4.10)
k=0

where we temporarily assume fi,1 < fr and fo > ¢, as © — +o00o. (This assump-
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tion will be verified in Lemma 45.) Substituting (4.10) into (4.3), we get

0 = f;[ mefkm

0 = fo —f3+(H —2ffi +9¢) +Z

—2fofi - Z Fofiverm

We solve this equation by setting different orders to zero. Namely,

0 = fo—1f

0 = fil =2fofi+o
k—1

0 = fi—=2fofe =Y funfim
m=1

The equation for f; is integrable, and therefore easy to solve. (There are two
families of solutions for f;. We select the nontrivial one, because the other one
simply results in f(x) ~ — f ft s)dsdt.) The equations for fj are linear and

can be solved by a reduction of order. Thus formally, the solutions are

(

fO == (Z‘—Gd)_Q
i = Gap [KJF JHt—a)P [ 2 dsdt] (4.11)
o= ek 7 [ B0

for d, K constants. Notice that these constants parametrize the set of initial con-

ditions ~Z.

Lemma 45. Suppose f(x) = o, fu(x) where the fy, are given by (4.11). If there

exists an M >0, an R > 0, and an o > 5 such that

M
|¢(£E)‘ < m for all |Z’ — d‘ > R >0, (412)
then f(z) is bounded above by the power series
1 | 4
< - L 4.13
1S G 2 (4.13



Proof. We proceed by induction, and begin by showing that the f; term is appro-

priately bounded:

[[i(@)] = (x_ld)g :K+/I(t—d)6/too (j_(sc)i)sdsdtH
< |azap <+ [ -0 [ ]
1 [ M
S lmwoap | (2+a)(5—a)(m—d)a5}

Now since |z — d| > R and « > 5, we have that

1 M
< —[|K
hol < g |E arap - a|Ra—5]
Ay
|z —d]*
with
M
A =|K . 4.14
e By = (4.14)
For the induction hypothesis, we assume that |f;| < Irfiﬁ with 4; > 0 and
for all : <k — 1. We have that
§ f f < — Am Ak—m
— mJk=m = — |$ — d|2+m |93 _ d|2+k—m

1 k—1
= dH > AnAim,

=1

so by the same calculation as for f;, we obtain

an_:l1 AmAkfm 1
(k4+6)(k—1) |z —d|F+?

fr <
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Hence we should take

221_211 AmAkfm

= ) 4.1
E= et 6)(k— 1) (4.15)
Hence we have that
oo 1 k
< Ay |——
O]

Lemma 46. The power series given by

with Ag, Ay > 0 given, and

ZI:r::ll AmAk—m _ anjl AmAk:—m
(k+6)(k—1) k2 + 5k — 6

A =

converges for |x —d| > R if A; < 8R.

Proof. We show that under the conditions given, the series passes the usual ratio

test. That is, we wish to show

k—o0
Proceed by induction. Take as the base case, k = 1: by the formula for Ay,

A2 Ay AT A
Ay =L = < R.
2= 0y Tsa, s o
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Then for the induction step,

Ak—H Zﬁzzl AmAkferl
Ay Ay (k? + Tk)
Z;ZQ A Ag—mi1 + A1 Ay
Ag(k% 4+ Tk)
S A1 A + A Ay,
Ay (k2 + Tk)

RY L AL A + AL A
Ag(k? + Tk)
RA(K? + 5k — 6) + A1 Ay
Ay (k2 + Tk)

R(k? + 5k — 6) + A,
(k2 + 7k)
R(k? + 5k — 2)
(k2 + k)
R,

IA

IN

IA

IN

IA

since A; < 8R. Thus Aj—:l < R for all k, so the power series converges. n

Lemma 46 provides conditions for the convergence of the bounding series found

in Lemma 45. Hence we have actually proven the following:

Theorem 47. Suppose f(x) = Y i, fu(z) where the fi are given by (4.11). If

there ezists an M > 0, an R > 0, an o > 5 such that (4.12) holds, and furthermore
M < 8(a+2)(a — 5)R*™, (4.16)

then the series for f(x) converges for all x such that |x — d| > R.

Proof. Combining Lemmas 45 and 46, we find that the key condition is that A; <

8RR, which by substitution into (4.14) yields

M
0<|K < 8R.
K+ =R =
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2
M(d) for 9=(x*~0.12)e™* 2, =10

log,,(M)

Figure 4.4: A typical M (d) function

But in order to have |K| > 0, this gives

M
0 <8R —
(a+2)(a —5)R*—5’
which leads immediately to the condition stated. O

Corollary 48. As an immediate consequence of Theorem 47, the action functional

A given by (1.3) evaluated at each equilibrium is finite provided the conditions

(4.12) and (4.16) on ¢ hold.

Remark 49. It is worth noting that if the spatial dimension n > 1 ((4.2) is now an
elliptic partial differential equation), then the asymptotic decay rate will typically
be slower than that of the series solution given here. As a result, Corollary 48 will
not hold for higher spatial dimensions. Indeed, whether anything like Corollary 48

holds in higher spatial dimensions is an open question.

Example 50. It is important to notice that the M defined above in Lemma 45

can depend crucially upon the value of d and the shape of the curve ¢(z). For the

66



1=3efies coltwerges, O=aeriea may diverge c=0.1Z, =10

Figure 4.5: Series convergence test, for ¢(z) = (22 — 0.12)e™*"/2: white =

series converges, black = series may diverge

case of ¢(x) = (22 — ¢)e *"/2, a typical plot of M(d) is shown in Figure 4.4. It
should be noted that for various values of ¢, the M (d) function is numerically very

similar.

This also means that the condition (4.16) defines a somewhat complicated
region over which parameters d, K and R yield convergent series solutions. An
example with our given ¢(x) function is shown in Figure 4.5. Thus it appears that
our series solution converges if one goes out far enough, and specifies small enough

initial conditions.

Remark 51. The convergence of the series solution is controlled by the conver-
gence of a well-behaved power series. It follows that as the ¢ function becomes
smaller, fewer terms in the series are needed to accurately approximate the solu-
tion. Indeed, each term in the series solution is asymptotically smaller than the

previous one. Thus, we can gain some qualitative information from the leading
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two terms of the series, which are

f(z) ~ (x_6d)2 + (a:—ld)3 [K+/x(t—d)6 /too (8¢£Sc)i>3dsdt1 .

Taking a derivative by x gives

) @—_12)3 - :3d)4 [K+/x(t—d)6/too (Sqﬁ_(sc)l)sdsdt] +

(x —d)? /:O %d&

On the other hand, using the standard expansion for (a + b)*/, one obtains

R (x) ~ <<x Egd)G + (;’;6;)7 [K+/1(t—d)6 /too (j_('s;)?)ds dtDl/2

- (m6i/ji)3 + <2x _63)23 (;)‘_6;)7 {K + /x(t —d)® /too (qu_(szz)gds dt}

~ (fi/z)g 5 /2?2;_8 iz {K+ / (= ay /t h (8¢_(Sc)l)3ds dt}

which leads to

F(z) ~ _\/g P24 (g — ) / h (f_(sc)l)gds. (4.17)

Notice that this equation depends only on d, not K. So from this we should expect
that the initial data for solutions to be confined to a thin region in the plane z = 0.

This will be confirmed in Theorem 55

Additionally, the relation f’ = —/2/3f3/2 holds exactly for the bounded solu-
tions of 0 = f” — f2. Indeed, in that case, the set Z is {(f, f")[3f? = 2f3, f' < 0}.
So (4.17) indicates that the presence of ¢ # 0 will deflect the set Z largely in the

f! direction. This is exactly what we show in Section 4.6.
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4.5 Restriction to ¢ nonnegative and monotonically de-

creasing

We now examine what stronger results can be obtained by requiring ¢(z) > 0
and ¢'(x) < 0 for all x > 0. This can be expected to provide stronger results, in
particular because the region R; employed in Theorem 44 acquires a simpler inflow
and outflow structure on the boundary, and in particular, solutions will exist for
all z > 0. A collection of four results indicate that all bounded solutions to (4.3)

lie within a narrow region.

Lemma 52. Suppose ¢p(z) > 0 and ¢'(x) <0 for all x > 0. Then the region given

by Ry ={(f, f,2)|H(f, f',x) > 0,2 >0, f <+\/é(x)} contains a bounded solution
to (4.3).

Proof. Following the proof of Theorem 44, we partition the boundary of R; into
two pieces: A = {(f, f',z)|lx =0} and B = {(f, f',z)|H(f, f’,x) = 0}, noting that
the flow of V' is inward along A. Reviewing the computation in Theorem 44, the

flow is outward along all of B.

Now we employ the Antifunnel theorem, noting that while A is simply-
connected, B is not. Hence they cannot be homeomorphic, and so there must
be a solution that remains inside R; (which evidently starts on A). But the first
coordinate of such an integral curve must obviously be bounded, since the x cross-
sections of R; form a decreasing sequence of sets, ordered by inclusion, and the

cross-section for = 0 is a bounded set. O

Lemma 53. Suppose ¢(x) > 0 and ¢'(x) < 0 for all x > 0. Then the region

given by Ry = {(f, f @) H(f, ') < 0,1f* = 1f2 > 0,2 > 0, f' < 0} contains a
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bounded solution to (4.3).

Proof. Partition the boundary of R, into two pieces:

A={(£. 1, 01f <OPU{(f, fo)lH(F, f0) =0, f < Vo), f <0},
and
B={(f.f o)H(f.f",x) =0, f > /o(x), f <0}
{F foal5f = o =0, <o}
By the calculation in Theorem 44, the flow along A is inward-going. Additionally,
the flow along the first connected component of B is outward-going. Finally, we

put S(f, f',x) = 5f* — 3/ and observe that V.S is an inward pointing normal

vector field to B. We compute

T
f? f
VSV o= | | 2=l
0 1
= ['¢(x) <0,

so the flow along this component of B is outward-going. As a result, we can apply
the Antifunnel theorem, noting that A is connected, while B is not. Therefore,
there exists a solution to (4.3) that remains in Rs. Note that there is a lower bound
on the z-coordinate of this solution, since the z-component of V' (f, f/, x) is equal
to 1, and the Region Ry lies within the half-space x > 0. So this solution must
enter Ry through A, and then never intersect B. Additionally, notice that such a

solution will have f* <0 and f > 0, so it must be bounded. [

Lemma 54. Suppose ¢(x) > 0 and ¢'(x) < 0 for all x > 0. The complement of
the set A = Ry U Ry consists of solutions which are unbounded, and blow up in

finite x.
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Figure 4.6: The Regions I, I, and 1] of Lemma 54

Proof. Let the complement of the set A be called C, namely C' = {(f, f',x)|z >
0} — A. Now the calculations in Lemmas 52 and 53 show that C'is a funnel, in that
the flow through the entire boundary of C'is inward. If ¢ does not tend to zero,
then the argument in the proof of Theorem 38 completes the proof, as there is a
tubular neighborhood about {f = f’ = 0} with strictly positive radius in which

solutions in C' cannot remain. So without loss of generality, we assume ¢ — 0.

Define the Region I by

1={(.1.2)If > V/ole) and (f' >0 or H(f, f'x) > 0)}.

There are two bounding faces of Region I, along which the flow is inward. The
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first is S; = f — \/¢(z) = 0, along which

T
1 1!
VSl'V(f,f/7«T> = 0 f2—¢(l‘)
_ ?'(x) 1
2¢/¢(x)
. d@)
"

The second was computed already in the proof of Theorem 44. Notice that f” =
f? —¢(z) > 0 in Region I, so f(z) is concave-up, so solutions which enter Region
I are unbounded. Using similar reasoning to that of Theorem 38, such solutions

blow up in finite x.

Now suppose we have a point (a,a’,zo) € C' with ' < 0. We claim that for
some x1 > xg, the integral curve through this point will cross the f’ = 0 plane. To

see this, construct Region /1 by

1 1 1 1
IT = {(f, f’,x)lgf?’ — if’Q —-a’+ 5@,2 <0and f' < 0} Nne.

3
Note that
1 1
V(3= 37) VUL = fot) <0,
so the flow is inward along Region I1 except along f = 0 (along which it is

outward). Also note that Region I excludes a tubular neighborhood of the line
f = f' = 0 with strictly positive radius. As a result of this, the integral curve
through (a, d’, zg) proceeds at least as far as to allow f < —y/¢(x), at which point,

a finite amount of distance in x takes it to f/ = 0.

So at that point, the integral curve has entered Region I, say at © = xq,
where

IIT ={(f, f,x)|H(f, f',x1) <0and f <0 and f' > 0}.
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The flow is evidently inward along f* = 0 and the curved portion by previous
calculations, and outward along f = 0. Again, note that the line f = f' = 0 is
excluded from Region 111 by a tubular neighborhood of strictly positive radius,

so there is an x5 > x; where the integral curve exits Region I/1 through f = 0.

Now, consider a point (0, z5) along this integral curve with ¢ > 0. In this
case, the flow moves such a point rightward. On the other hand, the left boundary
of Region I moves leftward, approaching f = 0. So there must be an z3 > o
such that the integral curve through (0, ¢, x5) enters the Region /. Collecting our
findings, we see that every point in C' has an integral curve which passes to Region
I, and therefore corresponds to a solution which is unbounded, and blows up for

some finite z. O

Theorem 55. Suppose ¢(x) > 0 and ¢'(x) <0 for all x > 0. The set Z of initial

conditions to (4.3) that lead to bounded solutions

1. lies within A = Ry U Ry and s
2. nonempty,

3. closed,

4. unbounded,

5. connected, and

6. simply connected.

7. Additionally, the portion of Z corresponding to solutions that enter the inte-

rior of Ry is a 1-dimensional submanifold of {(f, f', )|z = 0}.

Proof. 1. From Lemma 54, all bounded solutions must lie in A.

2. That there exist bounded solutions in A is the content of Lemmas 52 and 53.
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3. Now, put Ay = AN{(f, f',0)} and By = 0A — Ap. Observe that from the
proofs of the previous theorems, the flow of V' along Ay is inward, and the
flow along B, is outward. Since the last component of V' does not vanish,
the flow of V' causes each point of By to lie on an integral curve starting
on Ay. This establishes a homeomorphism 2 from By into a subset of Aq.
In particular, €2 is an open map. Now every solution passing through By
is of course unbounded, so Z = Ay — Q(By) is evidently closed (it is the

complement of an open set).

4. By clearly has the topology of R x [0, 00), so m1(By) = 0. Hence, m1(2(By)) =
0 also, but notice that Q(By) contains 0Ay. Suppose Z were a bounded set.
Then it is contained in some disk D. But 9D is homotopic to a loop in
Ay — Z, which either lies in int(Ag — Z) (in which case the homotopy need
not move it) or in dAy. But this means that the loop encloses all of Z,

and so cannot be contractible in 2(By), which contradicts the triviality of

m1(2(By)). Hence Z is unbounded.

5. We first show that the portion of Z lying in the region R, satisfies the
horizontal line test. First, note that a solution starting in Z N Ry cannot
exit Ry. For one, it cannot enter Ry, since R; is an antifunnel. Secondly,
it cannot exit into R* — (R; U Ry) since solutions there are all nonglobal.
Suppose that f1(0) = f2(0) > 0 and f1(0) = f5(0) with (f1(0), f{(0)) and
(f2(0), f5(0)) both in Z N Ry. But then

L) - i) = @) - B
= filz) - f3(2) =0,

with equality only if f1(0) = f»(0). Hence, ZL(fi(z) — fo(x)) > 0 for z > 0,

again with equality only if f1(0) = f2(0). Now all solutions which remain in

74



Ry are monotonic decreasing and bounded from below, so they must have
limits. On the other hand, the only possible limit is (0, lim, .., \/¢(z)), so
therefore all bounded solutions in R, must have a common limit. Therefore,
we must have that f1(0) = f2(0). Now this means that the portion of Z in the
region Ry can be realized as the graph of a function from the f’ coordinate to
the f coordinate. Therefore, if Z were not connected, at least one component

of Z would be a bounded subset, which is a contradiction.

. Finally, if Z were not simply connected, the Jordan curve theorem gives
that there are two (or more) path components to Q(By) = Ay — Z, which

contradicts the continuity of 2.

. By the connectedness of Z and the horizontal line test in R,, the function
from the f’ coordinate to the f coordinate whose graph is Z Nint Ry must
be continuous. Additionally, by the connectedness of Z and the uniquenss of
solutions to ODE, this implies that the rest of Z whose solutions enter the

interior of Ry is also a 1-manifold.

]

Definition 56. It is convenient to define, in addition to the initial condition set Z,

other sets Z,, C {(f, f',x)|x = xo} such that any integral curve passing through

a point in Z,, exists for all > 0. Similarly, one can define Z, .

Remark 57. If ¢ — 0 as x — 00, we conjecture that Z acquires the structure

of a 1-manifold with boundary. The series solution (4.11) is not valid at such

a boundary of Z, since such a solution must remain in R; and therefore decays

quicker than the leading coefficient of (4.11). Indeed, by analogy with the case

where ¢ = 0, the leading term f, of the series solution would vanish, and the

solution is then asymptotic to — [ [ ¢(s)ds dt.
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All solutions in the form of the series solution (4.11) enter Rs, so a result of
this theorem is that one of the two parameters d or K in the series solution is
superfluous. Since d parametrizes solutions when ¢ = 0, we conventionally take
K = 0. Using this, (4.17) indicates that a good approximation (as xy — 00, locally

near f = f' =0) to the set Z,, is the set

(H( ) = 0 = {5,115 = 57

Remark 58. If ¢ — P > 0 as x — 00, then it is not true that Z is a 1-manifold
(with boundary). Indeed, Z has the structure of a l-manifold attached to the

teardrop-shaped set M from Lemma 34.

4.6 Geometric properties of the initial condition set Z

Lemma 59. Suppose ¢p(xz) > 0, ¢'(x) < 0 for allz > 0 and $ — 0 as x — oo.

Then the set Z intersects {(f, f',z)|f" = 0}.

Proof. First, observe that Z intersects the boundary of R; in x = 0, since we have
by Lemmas 52 and 53 solutions entirely within R; and its complement. Using
the fact that Z is connected and the Jordan curve theorem, Z must intersect the
boundary of R; in the plane x = 0. This reasoning also applies for each Z,, with
xo9 > 0, so that we can find points in the intersections Z,, N 0R; for each xy > 0.
Also note that for the backwards flow associated to our equation (ie. the flow of
—V), solutions which enter R; must exit through the plane x = 0. Hence there
exists a sequence of points {F,,} C Z with F,, = (f,, f},0) such that the integral
curve through F), passes through G, = (gn,g,,n) € Z, N OR; for each integer

n > 0.
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Discern three cases:

1. If any F;, are in Quadrants I or II, then since Z is connected, it must intersect
{/' =0}

2. If any F), are in Quadrant III, observe that the flow across the surface S =
{(f, ., 2)|5f> =3[ f <0} is right-to-left. Thus the integral curve must
cross into Quadrant II on its way to GG,,. Therefore, the set Z cannot intersect

the surface S, and so it must intersect {f" = 0}.

3. Assume all the F,, lie in Quadrant IV. Observe that {F,} is a closed subset
of Ry N {xz = 0}, which is compact. Hence some subsequence of {F,,} must
have a limit, say F'. Since Z is closed, F' € Z. But in the portion of R; lying

in the x = 0 plane and in Quadrant IV, we have that
d
' =f1=9<0
and
d
%f = f/ < 0.

Hence f! > g¢/,. But since ¢ — 0, g, — 0, so F lies on {f" = 0}.

]

Lemma 60. Under the same hypotheses as Lemma 59, Z also intersects the half

plane {f =0, f' > 0}.

Proof. Using Lemma 59, we form a sequence {F,} C Z such that the integral
curve through F), passes through {f' =0, f > 0,2 = n} for each integer n. (This
can be done without loss of generality, because if any integral curves pass through
{f' =0, f <0}, then the proof is complete by connectedness of Z.) Note that this

sequence is entirely contained within R; by Lemma 54.
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Discern three cases:

1. There exists an F}, in either of Quadrants II or III. The result follows by the

connectedness of 7.

2. There exists F}, in Quadrant IV. This cannot occur unless the integral curve
through F,, passes through Quadrant I1I since the flow along {f" = 0} points

inward into the portion of Quadrant IV inside R;.

3. Otherwise, we assume {F,} is entirely contained within Quadrant I. In this

case, note that
d
—f=f-¢<0.
dx
Hence the f’-coordinate of the integral curve through each F;, is positive on

the interior of Quadrant I. Hence
d :
—f=f1>0
dﬂjf f Y

s0 fn < gn. But g, — 0 since ¢ — 0, so any limit point of {F,} will have
f-coordinate equal to zero. By the compactness of Ry N {x = 0} and the

closedness of Z, this implies that Z intersects {f = 0, f' > 0}.

O

Lemma 61. Suppose ¢(x) > 0 for all x > 0, ¢ — 0 as x — oo, and that there

exists an xo > 0 such that for all x > xo, ¢'(x) < 0. Then the set Z intersects

{f=0,">0}.

Proof. We follow the pattern of proving the existence of an intersection for an
open interval in x containing x(, and then constructing an a priori estimate for

the f’-coordinate of this intersection.
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Apply Lemma 60 to xy, we have that Z,, intersects {f = 0, f > 0}. Let

(0, f3, o) lie in this intersection. Note that
d :
— /=5 >0
=1

and
d ! 2
= —b=—0<0
dx
when evaluated there. As a result, the integral curve passing through (0, f}, zo)

must pass through Quadrant II first, say for € (z1,x0). Then evidently, Z,, must

intersect {f =0, f' > 0}.

Now since ¢(x) > 0 between z; and zg, and [z1,x] is compact, there is an
open set in R? containing the intersection of each Z, with {f = 0, f’ > 0} for each
x € [x1, xo], such that in this open set %f’ < K < 0. As aresult, f{ > fJ. Hence
the f’-coordinate of the intersection point of Z, with {f = 0, f* > 0} is decreasing
with increasing z. (Since we have f? — ¢ > —¢, it is decreasing at a rate no faster
than ¢. This implies that this intersection point has f’-coordinate no larger than
I o(x)dx + f§ at © = 0.) Now since solutions through Z,, exist for all z > 0 by

definition, this suffices to show that Z intersects {f = 0, f > 0}. O

Remark 62. The line of reasoning used in the third case of each of Lemmas 59
and 60 (and also in 61) fails if we try to continue Z much farther. This is due to
the nonmonotonicity of df’/dz in Quadrants II and III. More delicate control of ¢

must be exercised to say more.

Calculation 63. Towards the end of the more delicate results mentioned in Re-
mark 62, it is useful to know the maximum speed along integral curves on points

in the region R; in the f- and f’-directions. By this we mean to compute for fixed
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z the maximum values of

|f'| for the f-direction
(4.18)

|f? — ¢(z)] for the f'-direction

in Ry. The first is easy to maximize: we simply look for the maximum value of f

in Ry, which is a maximum of

F= 2 = 2fe() + Ao ),

for —2¢/¢p(x) < f < /¢p(x). This occurs at f = —/¢(z), and has the value of
\/8/3¢%/%. For the second part of (4.18), it is easy to see that the maximum is

3¢(z). In summary,
If] < \/égb?’/‘l(x) for the f-direction

|f? — ¢(z)] < 3¢(x) for the f’-direction

(4.19)
on R;.

Using this calculation, we can impose a stronger bound on the decay of ¢(x),

and constrain the set Z further.

Lemma 64. Suppose ¢(x) > 0, ¢/(x) < —D%(ﬁ/‘l(x) for all x > 0 for some
0<k<1andD >1. Then the set Z is contained within {f > —k+/¢(0)} and
intersects each vertical and horizontal line in {f > 0} exactly once, and intersects

{f' =0} only once.

Proof. That Z intersects {f = 0, f' > 0} and {f' = 0, f > 0} at all follows from
Lemmas 59 and 61. Now consider the region A C R; shown in Figure 4.7 and

defined by
A=Rin ({12 0,7 <k/ol)} U{ <0.2/° <3/7}).
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Figure 4.7: The region A of Lemma 64

The boundary segments strictly to the right of the boundary labelled 1 in Figure
4.7 are evidently inflow, so long as ¢ > 0. The boundary labelled as 1 in the figure

moves with speed

d N TR 2f
2 TRVe) = s ¢(m)¢() 3

which is greater than maximum speed in the f-direction given in (4.19). This

2V2 ()

implies that the boundary moves faster than any solution inside R;. Hence it is
an inflow portion of the boundary. On the other hand, the curved segment of the

boundary to the left has been shown to be outflow, in Lemma 52.

We observe that the boundary marked 2 in Figure 4.7 moves with speed

d ko
1AV = =)

which is strictly faster than the boundary marked 1 in Figure 4.7, and the boundary

marked 3 in Figure 4.7 moves with speed
\[ @) ) = =2 (a)
d:c \/_ 201/ 4( ) 7
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noting that f'(—+/¢(x)) = £./8/3¢**(z) is the value of the maximum f'-
coordinate of Ry at a given x value. This last speed is greater than the maximum
speed in the f’-direction given by (4.19) since ¢'(x) < —D+v/6¢*(x). (Notice that

\/6<%§,since0<k<1.)

Since D > 1, this means that both the boundaries marked 2 and 3 in Figure
4.7 overtake any solution constrained to be within R;. As a result, every solution
within the region A must leave it within finite . But the only way to leave A
causes a solution to enter R3 — (R; U Ry), so every solution which contains a point

in A cannot exist for all x > 0 by Lemma 54. Therefore, Z is contained within

(R1 U Ry) — A.
Now consider the region B which is defined by
B=Rin{f =0f<0pu{f <02 <3f%}),

which is simply the region A, with k taken to be zero. The portion of the boundary
of B lying in the {f = 0} plane is inflow. We can therefore apply the reasoning
of the vertical line test: Suppose (f1, f1,0), (fe, f5,0) € Z with f; = f» > 0 and

fi > f5. Then we have both (at z = 0)
LB = - =0
g1 T2 1= /2

and

d

%(fl—fﬂ:f{—fﬁzoa

which gives that ff — f7 > 0 for some open interval about z = 0. Then, - (f] —
f3) > 0, which implies that in fact %( fi — f2) > 0. However, since all bounded
solutions tend to the common limit of zero, we have that this implies f| = f
at x = 0. (Note that since each solution starts in Z N (R; — B), we have that

neither solution can become negative, since that would involve entering B C A or
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leaving Ry U Ry.) This implies that there is a unique intersection of Z with each
vertical line. The same reasoning applies in the case of the horizontal line test, as

in Theorem 55. 0

Lemma 65. Suppose ¢(x) > 0 for all x > 0, and that ¢'(z) < —D%&/‘l(m) for
all x > xg > 0 for some 0 < k <1 and D > 1. Additionally, suppose that for all

x € [0, zo],

¢(x) — k/ (o)

8
\/;p3/4

where P = maX,c[o,2,] (). Then the set Z is contained within { f > —/¢(0)} and

rg—x < (4.20)

intersects each vertical and horizontal line in {f > 0} exactly once, and intersects

{f" =0} only once.

Proof. The set Z,, is constrained to lie within the set {f’ > —ky\/¢(x0)}, by
Lemma 64 (replacing zo by zero). Now using the f-direction part of (4.19), the

smallest f-value attained in Z, is

/ @¢3/4<x>dx — ky/(z0).

If x < xg, we have

/ \/§¢3/4<x>dx NI \f

2133/4(:0 ~ w0) — kn/(w0)
> —\/é(z),

by (4.20). As a result, Z, C {f > —y/¢(z)} for each x < zy. This additionally
means that in the backwards flow, the entire portion of Z, contained in {f < 0}

is moving away from the plane {f’ = 0}, which completes the proof. ]

83



Remark 66. The condition that ¢/(z) < C¢>/*(x) implies

¢~ g'(z) < C
1

—107@) < Cxt
C///
o(x) m

for some C" and C". Notice that this condition is satisfied when the series solution

converges by Theorem 47.

4.7 Solutions on the entire real line

We now combine the results for (4.3) and (4.4) to discuss properties of the solutions
to (4.2). When ¢(x) is monotonically decreasing for x > 0, we have by Lemma
54 that the initial condition set stays within Ry U Ry. In particular, Z C {f’ <

\/§¢3/ 4(0)}. If we relax the restriction of monotonicity, we obtain a similar result.
Lemma 67. If f = f(x) is a bounded solution to the initial value problem (4.3)

with ¢ € C= N L¥(R) then f'(0) < 1/3/3¢|%".

Proof. Since f is a solution to (4.3), then it must satisfy

=1 =o@) = f* = |19l

Now Lemma 34 shows that all bounded solutions to ¢” = ¢* — ||¢]| lie in the

closure of the set M given by

1. 1 2
M ={(0.6)136° = 539~ ool + 1012 > 0.9 < VOIS ).

Since this set M is bounded, we can find the maximum value of f’, which is

3/4
1w = /87310l 0
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Lemma 68. Consider solutions to (4.2) on the real line, with ¢ € C§° N L>®(R).

If for some —oco < A < B < o0,

— ’ xT)ax § Ssu X 3/4 su i 3/4
[ otz >[5 <(xe<£,A]'¢( DY+ sup o)) )

then no bounded solutions exist.

Proof. For a solution f, we have that f” = f? — ¢(x) > —¢(x). Integrating both

sides we have
B
FB) =52 - [ ola)da,
A

By Lemma 67, bounded solutions on

o &> B have f/(B) < /3(5up,e(_oe.n[6(2))**, and

e on x> A, they have f'(A) < (Sup,e(p o) lp(2)])3/*,

so a necessary condition for there to be a bounded solution is that

— ’ xI)ax § su T 3/4 su X 3/4
[ ot <3 ((ze(_ogmrqs( s o) )

]

Corollary 69. A necessary condition for bounded solutions to (4.2) to exist if

¢ € CNL>R) is [*° ¢(x)dx > 0.

Proof. Suppose bounded solutions exist. By the proof of Lemma 68, if we let

g = — /_: ¢(z)dz,

and

8
hn = \/g (( sup ]\¢(a:)\)3/4 + sup !¢($)D3/4> )
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then g, < h, for each positive integer n. But the continuity of limits gives

—/ ¢(x)dx = lim g, < lim h, = 0.

n—
00 o0

]

Definition 70. A function ¢ € C§°NL>*(R) will be called M-shaped if there exists

an g > 0 such that for all |z| > xg, ¢(z) > 0 and

® ¢ is monotonic increasing for x < —zy and

e ¢ is monotonic decreasing for = > z.

Theorem 71. Suppose ¢ is a positive M-shaped function, then solutions exist to

(4.2).

Proof. Observe that by Lemma 61, we have that the set Z intersects {f =0, f’ >
0}. Additionally, by Theorem 55, we have that Z also lies in Ry, which is un-
bounded in Quadrant IV. Likewise, the set Z’ (for (4.4)) intersects {f = 0, f’ < 0},
and becomes unbounded in Quadrant I, so Z N Z’ must be nonempty, and at least

one point in this intersection is in the half-plane {z =0, f > 0}. O

Theorem 72. Suppose ¢ is a positive M-shaped function which additionally sat-
isfies the decay constraints of Lemma 65 for x > 0 and x < 0 separately, then a
unique positive solution ezists to (4.2). (Note that for x < 0, the inequalities and

signs in Lemma 65 must be reversed, mutatis mutandis.)

Proof. By the Theorem 71, there exist solutions to (4.2), one of which comes from
the intersection of Z N Z’ in the half-plane {z = 0, f > 0}. The vertical-line test

in Lemma 65 allows one to conclude that the solution which passes through that
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Figure 4.8: The sets Z and Z’" in Example 73

half-plane must continue directly to the region Ry of Lemma 53, without crossing

the plane {f = 0}. Thus this solution is strictly positive.

On the other hand, Lemma 65 indicates that Z may lie only in Quadrants I, II,
and IV, while the set Z’ must lie in Quadrants I, ITI, and IV. On the other hand,
the vertical- and horizontal-line tests ensure a unique intersection of Z and Z’ in

Quadrants I and IV, so the solution is unique. O

=2*/2 \which is M-shaped when

Example 73. We examine the family ¢.(z) = ce
¢ > 0. Notice that when ¢ < 0, then the necessary condition of Corollary 69 is not
met, so solutions do not exist for all x € R. When ¢ = 0, then the trivial solution
f = 0 is the only solution. For ¢ > 0, we examine ¢.,(z) = —zce /2. Figure 4.8

shows the sets Z and Z’ for the case when ¢ = 0.05. In particular, one notes that

there appears to be a unique point of intersection.
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We find the z for which larger z satisfy ¢/(z) < —4v/2¢%*(x)/(kv/3):

—xce’IQ/Z < - 4\/565/4675902/8
k3
ze® /B > —4\/501/4
k3
which occurs if z > %01/4, so we may take xg = %01/4.

By way of example, if we fix zo = 4/3, then k = v/6¢/*. (We enforce 0 < k < 1
by taking ¢ small.) Now we must check to see if (4.20) holds. In this case, we need

to see if ¢ can be chosen so that xy —x = 4/3 — x is bounded above by

Vo) —k/0lm) e = ool
\/§p3/4 \/8/3c3/4
6712/4 _ \/661/46716/36

\/8/3c/4

e~16/36 _ | [Gel/4e—16/36
\/8/3cl/4 ’

which can be made as large as one likes by taking ¢ sufficiently small. Noting that

this last line is a constant in  completes the bound. Therefore, there is a unique

positive solution for 0 = f” — 2+ ce™**/? with ¢ € [0, €) for some € > 0.

Remark 74. Taken together, the results of Corollary 69 and Theorems 71 and

72 for M-shaped ¢ provide the following story about solutions to the equation
0= f" — f2 + ¢ on the real line:

e If the portion of ¢ where it is allowed to be negative is sufficiently negative,

then no solutions exist,

e If ¢ is positive, then a solution will exist. There is no particular reason to

believe that this solution will be strictly positive or unique.

e [f the decay in the monotonic portions of ¢ is fast enough, there is exactly

one solution, which is strictly positive.
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4.8 Numerical examination

4.8.1 Computational framework

Notice that the results of Remark 74 are not sharp: nothing is said if ¢ has a
portion which is negative, but still satisfies the necessary condition of Corollary
69. Further, if ¢ is positive, but does not satisfy the decay rate conditions, nothing
is said about the number of global solutions that exist. Answers to these questions
can be obtained by combining the asymptotic information we have collected about
the sets Z and Z’ with a numerical solver. In particular, we can obtain information

about the number of global solutions to (4.2) for any M-shaped ¢.

Implicit in the use of a numerical solver is the following Conjecture:

Conjecture 75. There are only finitely many smooth global solutions to (4.2).

Suppose that ¢ is an M-shaped function, and that xy is such that ¢(x) is
monotonic decreasing for all x > zy and is monotonic increasing for all x < —xy.
(If ¢ decreases fast enough, we can choose x so that the series solution converges
on the complement of (—x,x) for sufficiently small initial conditions.) Then we
have the sets Z' , and Z,, of initial conditions to ensure existence of solutions
on (—o0, —xg] and [z, 00) respectively. Then any solution to the boundary value

problem

0= f"(z) — f2(z) + ¢(z) for —xp <z < ¢

(f(=z0), f'(=x0)) € Z_,, (4.21)

| (o), (a0)) € Zu,

extends to a global solution of (4.2). So all one must do is solve (4.21) numerically.
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An easy way to do this is to numerically extend the sets Z’ , and Z,, to Z’ and

Z respectively (ie. extend them to the plane x = 0) and compute Z' N Z.

In order to analyze (4.2) numerically, it is necessary to make a choice of ¢.
Evidently, the numerical results for that particular choice of ¢ cannot be expected
to apply in general. However, a good choice of ¢ will suggest features in the

solutions that are common to a larger class of ¢. We shall use
d(x;c) = (2% — c)e ™12, (4.22)

where ¢ is taken to be a fixed parameter. (See Figure 4.9) This choice of ¢ has the

following features which make for interesting behavior in solutions to (4.2):

e ¢(x;¢) > 0 for ¢ < 0. In this case, there are solutions to (4.2), by Theorem
71. On the other hand, the decay rate conditions are not met over all of R so
the uniqueness result of Theorem 72 does not apply. Inded, the decay rate

conditions are met only for sufficiently large |x|, but not for |z| small.

e If ¢ > 0 is large enough, it should happen that no solutions to (4.2) exist,
since the necessary condition of Corollary 69 is not met. Indeed, the integral

of ¢ vanishes when ¢ = 1.

4.8.2 Bifurcations in the global solutions

Once computed, the numerical solutions can then be tabulated conveniently in a
bifurcation diagram. That is, consider the set in R?® given by (c, f(0), f/(0)) for
each solution f. Evidently, by existence and uniqueness for ordinary differential

equations, each solution can be uniquely represented by such a point. The results
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2
Plot of q>(x)=(x2—c)e'x "2 for various choices of ¢
T T

Figure 4.9: The function ¢(z;c) for various ¢ values

of such a computation are shown in Figure 4.10. In this diagram, the solutions
are color-coded by the number of positive eigenvalues of % — 2f as an operator
C?*(R) — C°(R), which will be shown in Chapter 7 to be the dimension of the
unstable manifold of an equilibrium solution f. (It should be noted that the green

curve continues for ¢ < —1.2, but was stopped for display reasons.)

Considering the bifurcation diagram, it appears to indicate that (4.3) undergoes
a saddle node bifurcation at approximately ¢ = 0.7706, and a subcritical pitchfork
bifurcation at ¢ = 0.0501. The results agree with Theorem 71, in that solutions
do exist when ¢ < 0. The saddle node bifurcation was anticipated by the general
shape of ¢. For ¢ > 0.7706, global solutions do not exist, which was qualitatively

predicted by Corollary 69.

However, there are some stranger features of the bifurcation diagram. Most
prominently, the bifurcation diagram appears simply to end near ¢ = —0.4652,

and at each branch of the pitchfork at ¢ = 0.0740. It is important to verify that
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Figure 4.10: Bifurcation diagram, coded by spectrum of dd—;z — 2f: green =
nonpositive spectrum, blue = one positive eigenvalue, red = two
positive eigenvalues

these are not numerical or discretization errors. If these ends are to be thought of as
valid bifurcations, very likely, % — 2f acquires a zero eigenvalue there. Plotting
the smallest magnitude eigenvalue gives some credence to this possibility. (See

Figure 4.12)

As another check, one can measure the size of the existence interval for solutions
to (4.2), centered at x = 0. Looking in the (¢, f(0))-plane (taking f’(0) = 0), one
can find the first x such that the solution exceeds a particular value. This is shown
in Figure 4.13, in which one sees the same general shape as in the bifurcation
diagram. (The jagged nature of the graph along the actual bifurcation diagram

is due to aliasing.) However, for ¢ < —0.4652, the lower branch clearly continues
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Typical global solution curves

Figure 4.11: Typical global solutions: green are from the positive branch,
the blue one is taken from the lower branch with f'(0) = 0, and

the red ones are from the fork arms

Smallest magnitude of eigenvalue of numerical approx to (A-2f)
0.35 T
2 unstable eigenvalues
031 1 unstable eigenvalue ]
0.25 |
0.2 1
_E
<
0.15f 1
0.1 1
0.051 |
-0.2 0 0.2 0.4 0.6 0.8
c

Figure 4.12: Smallest-magnitude eigenvalue measured along the lower branch

with f/(0) =0
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Bifurcation diagram overview
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Figure 4.13: Estimate of existence interval length

into solutions that exist for only finite z. So the end bifurcation indicates a failure

of the solutions to (4.2) to exist for all .

From the point of view of (4.1) (the parabolic problem), the end bifurcations
indicate that the equilibria are degenerate in the sense of Morse. It is easy to con-
struct a 1-parameter family of 2-dimensional flows for which end bifurcations occur.
The resulting equilibrium solutions in that case always acquire a center manifold
— essentially a zero eigenvalue as noted above. In an infinite-dimensional flow,
however, equilibria can be degenerate without having a center manifold. This is a
manifestation of the fact that infinite-dimensional spaces are not locally compact.
In Chapter 6, we show that in fact all equilibrium solutions are asymptotically un-
stable. However, in Chapter 7, we find that all equilibria have finite-dimensional
unstable manifolds whose dimension is determined by the dimension of the positive
eigenspace of % —2f. In particular, there are equilibria whose unstable manifolds

are empty, yet they are unstable.
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4.9 Conclusions

In this chapter, an approach for counting and approximating global solutions to
a nonlinear, nonautonomous differential equation was described that combines
asymptotic and numerical information. The asymptotic information alone is
enough to give necessary and sufficient (but not sharp) conditions for solutions
to exist, and provides a fairly weak uniqueness condition. More importantly, the
asymptotic approximation can be used to supply enough information to pose a
boundary value problem on a bounded interval containing a smaller interval where
asymptotic approximation is not valid. This boundary value problem is well-suited
for numerical examination, and the combined approach yields much more detailed

results than either method alone.

The techniques and results of this chapter should apply to more general kinds
of differential equations. Indeed, there should be no particular obstruction to

extending any of the analysis to equations of the form

0=f"(z) = f¥(2) + o(x),

where N > 2. Regions R; and R, are then relatively easy to construct, and similar
results hold for them as are shown here. Additionally, the asymptotic series for

large x can be obtained since 0 = f” — fV has easily-found explicit solutions.

There is considerably more difficulty in trying to understand solutions to equa-

tions like
0= f"(z)+G(f) + ¢(z), (4.23)

where G is some polynomial with G(0) = 0. In this more general setting, explicit
solutions to 0 = f” 4+ G(f) are significantly harder to find and work with. There is

also no reason to expect that Theorem 38 will hold, since G may have several zeros.
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As a result, the asymptotic analysis becomes essentially unavailable. Therefore,
the only remaining tool is Wazewski’s antifunnel theorem, for which one still needs

a good description of the asymptotic behavior of solutions.
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CHAPTER 5
EXISTENCE OF NONTRIVIAL ETERNAL SOLUTIONS
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5.1 Introduction

The existence of eternal solutions poses a potentially difficult problem, because the
backward-time Cauchy problem is well known to be ill-posed. Obviously, equilib-
rium solutions are trivial examples of such eternal solutions, and in Chapter 4 we
showed that they exist. It is not at all clear that there are other eternal solutions,
and indeed there may not be. In this chapter we use a pair of nonintersecting equi-
librium solutions to construct a heteroclinic orbit which connects them. Therefore,

the set of heteroclinic orbits is generally nonempty.

As has been done in previous chapters, we will work with the more limited

equation (1.6)
ou(t,z)  d*u(t,x)

o = o~ W)+ o), (5.1)

where ¢ is a certain smooth function which decays to zero. In particular, when
there are at least two equilibria whose difference is never zero, there exist nonequi-
librium eternal solutions to (5.1). By an eternal solution, we mean a classical
solution that is defined for all ¢ € R and x € R. We follow the general tech-
nique for constructing “ancient solutions,” which was used in a different context

by Perelman.

5.2 Equilibrium solutions
We choose ¢(z) = (2% — 0.4)e"**/2. Tt has been shown in Chapter 4 (see Figure

4.10), that in this situation, there exists a pair of equilibrium solutions f,, f_ with

the following properties:
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—_

. f+ and f_ are smooth and bounded,

[\)

. f+ and f_ have bounded first and second derivatives,

w

. f+ and f_ are asymptotic to 6/ for large x, and so both belong to L!(R),
4. fi(z) > f_(x) for all z,

5. there is no equilibrium solution fo with fi () > fo(x) > f_(z) for all x,

and additionally, there exists a one-parameter family g. of solutions to

0=g;(x) = g2(x) + ¢e(2) (5.2)

with

1. c€[0,1),

2. go = f- and ¢ = ¢,

3. ¢u(x) < Pp(x) and g,(x) > gp(x) for all x if a > b.

The latter set of properties can occur as a consequence of the specific structure

of f_. For instance, consider the following result.

Proposition 76. Suppose f_ € C**(R) satisfies the above conditions and addi-
tionally, there is a compact K C R with nonempty interior such that f_ is negative
on the interior of K and is nonnegative on the complement of K. Then such a

family g. above exists.

Proof. (Sketch) Work in Ty C**(R), the tangent space at f_. Then (5.2) becomes

its linearization (for h., say), namely
0= he(z) = 2f_(2)he(z) + (¢ — @) (5-3)
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Consider the slighly different problem,

0=y"(z) - 2f-(2)y(z) + v(x)y(z), (5.4)

where v is a smooth function to be determined. If we can find a v < 0 such that
y > 0and y — 0 as |z| — oo, then we are done, because we simply let vy = ¢, — ¢
in (5.3). In that case, h, = y has the required properties. We sketch why such a v

exists:

e If v =0, then y = 0 is a solution, giving g. = f_ as a base case.

o If v(z) = —2||u||of(z) for B is a smooth bump function with compact sup-
port and B|K = 1, then the Sturm-Liouville comparison theorem implies
that y has no sign changes. We can take y strictly positive. However, in this
case, the Sturm-Liouville theorem imples that ther are no critical points of

y either, so y may not tend to zero as |z| — oc.

e Hence there should exist an s with 0 < s < 2||u||« such that if v(z) =
—sf(x), then y has no sign changes, one critical point, and tends to zero
as |r| — oo. This choice of v is what is required. (The precise details of
this argument fall under standard Sturm-Liouville theory, which are omitted

here.)

In what follows, we shall not be concerned with the exact form of ¢, but rather
we shall assume that the above properties of the equilibria hold. Many other

choices of ¢ will allow a similar construction.

Lemma 77. The set
W ={veC*R)|f (z) <v(z) < fi(z) for all v} (5.5)
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is a forward invariant set for (5.1). That is, if u is a solution to (5.1) and u(ty) €

W, then u(t) € W for all t > t.

Proof. We show that the flow of (5.1) is inward whenever a timeslice is tangent to

either f_ or f,. To this end, define the set B

B = {veC*R)|f_(r) <v(x) < fi(x) for all 2, and there exists an x

such that v(zg) = f1(x) or v(xg) = f_(z)}.

Without loss of generality, consider a v € B with a single point of tangency,
v(zg) = f_(xo). At such a point zy, the smoothness of v and f_ implies that
Av(zg) > Af_(z9) using the maximum principle. Then, if u is a solution to (5.1)

with u(0,z) = v(x), we have that

aU(O, :1:0)

S = Aula) = vi(a) + o(x0)

> Af_(x0) — f2(20) + ¢(20) = 0,

hence the flow is inward. One can repeat the above argument for each point of

tangency, and for tangency with f, as well. O
Lemma 78. Solutions to the Cauchy problem

u xT 2u xT
Qulber) — FuLs) _2(t,x) + ¢(x),

(5.6)
u(0,z) =U(x) € W,

where

W, = {v € C*(R)|g.(x) < v(z) < fy(x) for all z}

for c € [0,1) have the property that they lie in L' N L>(R) for all t > 0. We shall

assume that U has bounded first and second derivatives.
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Additionally, when ¢ € (0,1), solutions to (5.6) cannot have f_ as a limit as

t — o0.

Proof. The fact that solutions lie in L' N L*°(R) is immediate from Lemma 77 and
the asymptotic behavior of fi, f_ (Section 4.4). Observe that for each ¢ € [0, 1),
W. is forward invariant, and that W, C W, if a > b. Since f_ is not in W, for ¢

strictly larger than 0, the proof is completed. O

The following is an outline for the rest of the chapter. All solutions to (5.6)
have bounded first and second spatial derivatives. This implies that all of their first
partial derivatives are bounded (the time derivative is controlled by (5.1)). Using
the fact that (5.1) is autonomous in time, time translations of solutions are also
solutions. We therefore construct a sequence of solutions {uy} to Cauchy problems
started at t = 0,17, T5, ... which tend to f, as ¢t — 400, but their initial conditions
tend to f_ as k — oco. By Ascoli’s theorem, this sequence converges uniformly on

compact subsets to a continuous eternal solution.

5.3 Integral equation formulation
In order to estimate the derivatives of a solution to (5.6), it is more convenient to

work with an integral equation formulation of (5.6). This is obtained in the usual

way.
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— = Au—u’+¢
(2—A>u = —u’+¢

v (2os)

U(lt,l’)z/_oo H(tﬁv—y)U(y)der/ot/_oo H(t— s,z —y) (¢(y) — u*(s,y)) dy ds,
(5.7)

12
where H(t,z) = ﬁe‘ﬂ is the usual heat kernel.

Calculation 79. We begin by estimating the first derivative of u for a short time.
Let T > 0 be given, and consider 0 < ¢t < T'. The key fact is that f H(t,x)dr =1
for all ¢. Using (5.7)

ou

ox

oU
ox

g[aj OO+/0 /_OO gyt =52 =y) (¢(y)—u2(s,y))'dyd5

oU toree 0¢ ou
< ||Z= _ _ Y, Wit
< 15 oo+/0 /_OO’H(t S, & —y) <8y 2uay>’dyds

oU 96 | o
< — T == 2
i R - R

—H t—s,2—y) (¢(y) —u’(s,y)) dyds

o0

IN
|

ds.

[e.9]

oz

This integral equation fence is easily solved to give

Il = (2], [z

Oz |
< K1€K2T.
Calculation 80. With the same choice of T" as above, we find a bound for the

e2tmax{|\f+||oo,||ff||oo}
6m

second derivative in the same way:
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9u 92U P2 e
\@m |5 *T'woﬁ/ ay<2“—>H ds
02U 0% ou 0%u
S KSeKQT

for some K3 which depends on U, ¢, and T

Calculation 81. Now, we extend Calculation 80 to handle ¢ > T,

82u 82U 2
1% ]87 2 [ w0~ s +
y / H(t — 5,2~ 4)(6(y) — v2(s.9))dy ds
62
< Kge™T 4 a2t = s2) (I8l + [[u?[l)ds
< K3€K2T+K4/t ——ds +K’/tLds
N T SV s?\/s
1 1
< e (G ) o (e )
> 3€ 5 \/T \/% 5 T\/T t\/¥
< Kze™T 4+ K,

0%u

hence there is a uniform upper bound on H b

which depends only on the initial

conditions, ¢, and T'.

Lemma 82. Let f € C*(R) be a bounded function with a bounded second deriva-

tive. Then the first derivative of f is also bounded, and the bound depends only on
[fllee and [|f"]loo-

Proof. The proof is elementary. The key fact is that at its maxima and minima,

has a horizontal tangent. From a horizontal tangent, the quickest f’ can grow
f g g q g
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is at a rate of || f”|l. However, since f is bounded, there is a maximum amount

that this growth of f’ can accrue. Indeed, a sharp estimate is

1Moo < V211 f oo 1 f"lloo-

Using the fact that u is bounded, Lemma 82 implies that the first spatial
derivative of u is bounded. By (5.1), it is clear that the first time derivative of u

is also bounded.

Lemma 83. As an immediate consequence of Lemmas 78 and 82, the action in-

Aw®) = [ 3

is bounded. Therefore, the solutions to the Cauchy problem (5.6) all tend to limits

tegral
S
+ gug(t, x) —u(t,x)o(r)dx

ou

Oz

as t — oo (Corollary 26). By Lemma 78, we conclude that they all tend to the

common limit of fi when c > 0.

Proof. The latter two terms are bounded due to the fact that u lies in L; N L>°(R)
for all £. The bound on the first term comes from combining the fact that u and
its first two spatial derivatives are bounded with the asymptotic decay of fi, and

is otherwise straightforward (use L'Hopital’s rule). O

5.4 Construction of an eternal solution

Let

Ur(z) = (1 = 27" Vg u(z) + 275 f (), for k>0
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noting that Uy — f_ as k — oo. Since Uy is a convex combination of f, and
91/k, it follows that U, € W, for all k. Also, since f} and f_ have bounded first
and second derivatives, the {Uy} have a common bound for their first and second

derivatives.

Now consider solutions to the following set of Cauchy problems

Ouy (t,x 82uy, (t,x
ka(f } = 8};(; b u%(t7x> +¢(l’),

uk(Tk, SB) = Uk($)

We choose T}, so that for all £ > 0, ug(0,0) = u(0,0). We can do this using
the continuity of the solution and Lemma 83. As k — oo, solutions are started
nearer and nearer to the equilibrium f_, so we are forced to choose T}, — —oc as

k — oo.

It’s clear that each solution wy is defined for only ¢t > T).. However, for each
compact set S C R?, there are infinitely many elements of {u;} which are defined
on it. The results of the previous section imply that {u;} is a bounded, equicon-
tinous family. As a result, Ascoli’s theorem implies that {uy} converges uniformly

on compact subsets to a continous u, which is an eternal solution to (5.1).

Our constructed eternal solution will have the value u(0,0) = u(0,0), which is
strictly between f, and f_. As a result, the eternal solution we have constructed
is not an equilibrium solution. By Lemma 83, it is a finite energy solution, so it

must be a heteroclinic orbit connecting f_ to f,.
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CHAPTER 6
INSTABILITY OF EQUILIBRIA
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6.1 Introduction

(This chapter is available on the arXiv as [36].)

If we try to apply standard Morse theory to our semilinear parabolic equation,
we encounter a serious difficulty. In particular, the stability of the linearization
about an equilibrium of our system is not sufficient to ensure that the equilibrium
is stable, even though there may not be a zero eigenvalue. The instability of
equilibria for (1.2) is not a new fact, having been studied carefully in the 1980s.
This chapter is included for completeness, providing an explicit construction of
a sequence of solutions starting near the equilibrium which all blow up. Indeed,
there is a complementary result of stability in certain weighted norms, described

in [45] and [38].

Note that the right side of (1.2) is an operator which has a spectrum which
includes zero, so stability is possible (as in the unforced heat equation), though
not guaranteed. This is in stark contrast to the situation in finite-dimensional
settings, where asymptotic stability of the linearized system implies stability of
the equilibrium (in particular, zero is not an eigenvalue of the linearized operator).
(See [5], for instance.) Essentially, this difficulty suggests that each critical point
is degenerate. (This line of reasoning is completed in Chapter 7.) This implies
that Morse theory (even when strengthened to its natural infinite-dimensional form

[31]) cannot be used to study the dynamics of our system.

Again, we study the general situation by working with the simpler Cauchy
problem (1.6). (The computations we exhibit in this chapter will carry over mutatis

mutandis to (1.2).) However, it is useful to center on an equilibrium solution. That
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is, we apply the change of variables u(t,z) — u(t,z) — f(z) to obtain

Su(t,x) = Zzu(t,x) — 2f (v)u(t, x) — u(t, )

w(0,z) = h(z) € C(R) (6.1)

t>0,z €R,

\

where f € C3°(R) is a positive function with two bounded derivatives. (By Cg°,
we mean the space of smooth functions which decay to zero.) We interpret f as

being an equilibrium of the original problem (1.6).

The assumption that f be positive requires some motivation. With this assump-
tion, the zero function is an asymptotically stable equilibrium for the linearized
problem,

0 0?

5t 7) = Sult,w) = 2f (@)ult, o). (6.2)

by a standard comparison principle argument. This corresponds neatly to the case
of zero positive eigenvalues of 8‘9—; — 2f which was found numerically in Figure
4.10. Intuition would suggest that this implies f is a stable equilibrium of (1.6).
However, using a technique pioneered by Fujita in [18], we will show that this
equilibrium is not stable in the nonlinear problem, even if the initial condition has

small p-norm for every 1 < p < cc.

Fujita showed that if f = 0, then the zero function is an unstable equilibrium
of (6.1). The cause of the instability in (6.1) is the decay of f, for if f = const > 0,
then the comparison principle shows that the zero function is stable. We extend
Fujita’s result, so that roughly speaking, since f — 0 away from the origin, the
system is less stable to perturbations away from the origin. Another indication
that there may be instability lurking (though not conclusive proof) is that the
decay of f means that the spectrum of the linearized operator on the right side of

(6.2) includes zero.
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6.2 Motivation

The problem (6.1) describes a reaction-diffusion equation [12], or a diffusive lo-
gistic population model with a spatially-varying carrying capacity. The choice of
f positive means that the equilibrium v = 0 describes a population saturated at
its carrying capacity. Without the diffusion term, this situation is well known to
be stable. The decay condition on f means that the carrying capacity diminishes

away from the origin.

The spatial inhomogeneity of f makes the analysis of (6.1) much more compli-
cated than that of typical reaction-diffusion equations. The existence of additional
equilibria for (6.1) is a fairly difficult problem, which depends delicately on f. (See

6] for a proof of existence of equilibria in a related setting.)

6.3 Instability of the equilibrium

Given an € > 0, we will construct an initial condition h € C*°(R) for the problem
(6.1), with ||h||, < € for each 1 < p < oo, such that ||u(t)]|c — 00 as t —
T < oo. In particular, this implies that v = 0 is not a stable equilibrium of
(6.1), at least insofar as classical solutions are concerned. We employ a technique
of Fujita, which provides sufficient conditions for equations like (6.1) to blow up
[18]. (Additionally, [11] contains a more elementary discussion of the technique
with a similar construction.) Our choice for h can be thought of as a sequence
of progressively shifted gaussians, and we will demonstrate that though each has

smaller p-norm than the previous, the solution started at h still blows up.
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6.3.1 The technique of Fujita

The technique of Fujita examines the blow-up behavior of nonlinear parabolic
equations by treating them as ordinary differential equations on a Hilbert space.

Suppose u(t) solves
Ju(t)
ot

= Lu(t) + N(u(t), 1), (6.3)

where L is a linear operator not involving ¢, and N may be nonlinear and may

depend on ¢. Suppose that v(t) solves

= —L*u(t), (6.4)

where L* is the adjoint of L. Let J(t) = (v(t), u(t)). We observe that if |J(t)| — oo
then either ||v(t)|| or ||u(t)|| also does. So if v(t) does not blow up, then we can
show that ||u(t)|| blows up, and perhaps more is true. If we differentiate J(t), we

obtain the identity

d d
Ej(t) = 7 (v(t), u(t))

_ <%,u(t)> 4 <v(t), %>

= (=L"u(t),u(t)) + (v(t), Lu(t) + N(u(t),t))

= (v(t), N(u(t), 1)),

where there is typically a technical justification required for the second equality.
It is often possible to find a bound for (v(t), N(u(t),t)) in terms of J(¢). So then
the method provides a fence (in the sense of [23]) for J(¢), which we can solve to
give a bound on |J(t)|. As a result, the blow-up behavior of u(t) is controlled by
the solution of an ordinary differential equation (for J(t)) and a linear parabolic
equation (for v(t)), both of which are much easier to examine than the original

nonlinear parabolic equation.
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6.3.2 Instability in L” for 1 <p < o0

We begin our application of the method of Fujita by working with L = 88—; —2f
and N(u) = —u? in (6.3). Since (6.4) is then not well-posed for all ¢, we must be a
little more careful than the method initially suggests. For this reason, we consider
a family of solutions v, to (6.4) that have slightly extended domains of definition.
It will also be important, for technical reasons, to enforce the assumption that the

first and second derivatives of f are bounded.

Definition 84. Suppose w = w(t, x) solves

dw _ Pu o f(r)w(t, ) (6.5)

w(0,z) = wo(x) > 0.
Define v (s,z) = w(t — s + €, z) for fixed ¢ > 0 and s < ¢t + €. Notice that by the

comparison principle, v.(s, x) > 0.

Lemma 85. Suppose that w solves (6.5). Then w, % € Cp(R).
Proof. The standard existence and regularity theorems for linear parabolic equa-

tions (see [44], for example) give that w, 22 2% ¢ [2(R) and that w € C%(R). The

) 9z 0 Bx?
. . . . o2 .
comparison principle, applied to %g—;’ and %‘gﬁ gives that the first and second

derivatives of w are bounded for each fixed ¢. (This uses our assumption that f

has two bounded derivatives.)

The lemma follows from a more general result: if g € C'NLP(R) for 1 < p < oo
and ¢ € L*(R), then g € Cy(R). To show this, we suppose the contrary, that
lim, . g(x) # 0 (and possibly doesn’t exist). By definition, this implies that there
is an € > 0 such that for all x > 0, there is a y satisfying y > = and |g(y)| > €. Let

S =A{y||g(y)| > €}, which is a union of open intervals, is of finite measure, and
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has sup S = co. Let T'= {y| |g(y)| > €/2}. Note that T' contains S, but since ¢’ is
bounded, for each x € S, there is a neighborhood of x contained in T' of measure
at least €/]|¢'||c- Hence, since supT = sup S = oo, T" cannot be of finite measure,

which contradicts the fact that g € LP(R) with 1 < p < co. O

Lemma 86. Suppose u : [0,T) x R — R is a classical solution to (6.1) with u <0
and u(t) € L>(R) for each t € [0,T). Then

M wtomyir < ([ L as) (6.6)
o llw(s)lh

where w is defined as in Definition 84.

Proof. Define
J(s) = /vﬁ(s,x)u(s,x)dx. (6.7)

First of all, we observe that since u € L®(R), v(s, -)u(s, ) is in L'(R) for each

s < t.

Now suppose we have a sequence {m,} of compactly supported smooth func-

tions with the following properties: [29]

my, € C*(R),
e m,(z) > 0 for all z,
e supp(m,,) is contained in the interval (—n — 1,n + 1), and

e my,(z) =1 for |z| < n.

Then it follows that

Jo(s) = lim [ v(s,z)u(s,z)m,(z)dz.

n—oo
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d d
Lrs) =+ m / vl 2)uls, 2)ma () d

ds n=oo

= lim lim — / V(s + hyx)u(s + h,x) — v (s, x)u(s, x)) my,(z)dx.

h—0 n—oo h

We'd like to exchange limits using uniform convergence. To do this we show that

lim lim — / V(s + h,z)u(s + h,z) — v (s, x)u(s, z)) m,(z)dz (6.8)

n—oo h—0 h

exists and the inner limit is uniform. We show both together by a little computa-

tion, using uniform convergence and LDCT:

lim lim % (Ve(s + hyz)u(s + h, z) — v(s, x)u(s, x)) m,(z)dx

n—oo h—0

— lim (%ve(s,:c)u(s,x)+ve(s,x)%u(s,x)> ()

- nh—{go ( (98 SV (s,x) +2f(x )ve(s,x)) u(s, x)my,(x) +
ve(s, ) (%u(s r) —u(s,x) — 2f(:c)u(:1:)) my,(z)dx
— nh_)ngo —ve(s, 2)u* (s, £)my (z)dw.

Minkowski’s inequality has that

1/2 1/2
‘/vgumndx < /vg|u|mnd:v < (/ vgmndx) (/ Ueuand:E> ,

since v, m, > 0. This gives that

114



/ —ve(s, 2)u? (s, 2)my, (z)dx
(S veum,dx)?
[ vempdx

( f veudx)z

[ vemydz’

hence the inner limit of (6.8) is uniform. On the other hand,
0u(5, 2 (s, 2)mn ()| < 025, ) [u(s) |2 € LM(R)

so the double limit of (6.8) exists by dominated convergence. Thus we have the

fence
d 2
ds [ve(s) 1
We solve the fence (6.9) to obtain (note J. < 0)
1 < CdJe(s) 1
[oe(s)llx — ds  (Je(s))?
/t 1 is < 1 1
—_— S S —
o llve(s)lly Je(t)  Je(0)
| 1
—ds < — .
UK: [ve(s) 1 Je(0)
Taking the limit as € — 0 of both sides of the inequality yields
t 1 -1 t 1 -1
— wt,xhxdwﬁ(/—ds) :(/—ds> ,
Jutamaie < ([ ey o To@h
as desired. [

Remark 87. Since we are interested in proving the instability of the zero function

in (6.1), consider u(0,z) = h(z) = —e for € > 0. Then (6.6) takes on the simple

form

@)
GA‘W@Mﬂsgl (6.10)
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So in particular, ||u(t)||e blows up if there exists a T > 0 such that € fOT ‘I‘IZ((Z))"I'; ds >

1.

The stability of the zero function in (6.1) depends on the stability of the zero
function in (6.5) — the linearized problem. If the zero function in the linearized

problem is very strongly attractive, say ||w(¢)||; ~ e~*, then

t eft
/ ds=(1—-e") <1,
0

6—5

and so a small choice of € < 1 does not cause blow-up via a violation of (6.10). On
the other hand, blow-up occurs if it is less attractive, say ||w(t)|[; ~ ¢t~ for a > 0.

Because then

t

* t

% s = ,
o t° a+1

whence blow-up occurs before ¢t = O‘T“

In the particular case of f(x) = 0 for all z, we note that w is simply a solution
to the heat equation, which has ||w(t)||; = ||Jwo||s for all ¢ (by direct computation
using the fundamental solution, say), so blow up occurs. Thus we can recover a

special case of the original blow-up result of Fujita in [18].

Theorem 88. Suppose a sufficiently small ¢ > 0 is given. Then for a certain
choice of initial condition h(x) with ||h|l, < € for all 1 < p < oo, there exists a

T > 0 for which im; - ||u(t)||e = 0.

Proof. First, it suffices to choose ||u(0)||; < € and ||u(0)||o < €, since

1/p
— 1
full = ([ 1aPdr) < Jullz Pl < e

We assume, contrary to what is to be proven, that ||u(t)|| does not blow up for
any finite ¢. In other words, assume that u : [0,00) x R — R is a classical solution

to (6.1), with [Ju(t)||c < oo for all . We make several definitions:
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Choose 0 < 8 < min{e, %}

Choose v > 0 small enough so that

g
=K 6.11
272 ’ (6.11)
for some some arbitrary K > 1.
Since 0 < f € C§°(R), we can choose an x; such that
f(z) <~ when z < z;. (6.12)

Next, we choose zy < x1 so that

VA oo (1 ~ orf (”712;;0)) < (6.13)

forall 0 <t < #. Notice that any choice less than xy will also work.

Choose the initial condition for (6.1) to be
u(0,x) = h(x) = — B @w0)? (6.14)

This choice of initial condition has ||u(0)||. = B8 < €, |u(0), = 27Y/28Y4 <

9%u(0)
€, and H e

‘ =y = 2(3°2. (The value of y will be important shortly.)

Finally, let wo(y) = d(y — xo) (the Dirac d-distribution), and suppose that
w solves (6.5). In other words, choose w to be the fundamental solution to
(6.5) concentrated at zp. Note that the maximum principle ensures both
that w(t,z) > 0 for all t > 0 and = € R and that ||w(t)|; < [[w(0)|, =1 for

all £ > 0. This allows us to rewrite (6.6) as

—t/w(t,x)h(a:)dx <1 (6.15)
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Now we estimate the integral in (6.15). Notice that

9*w

%/w(t,x)(—h(:c))dx - /(W—z (a:)w(t,x)> (—h()) de
_ /( 62u+2f(:c)h(x)> w(t, z)dz,

0a?

where Lemma 85 eliminates the boundary terms. Now suppose z solves the heat

equation with the same initial condition as w, namely
9z _ 0%
ot~ 0x2 (6 16)
2(0,2) = wo(z) = 0(z — xp).

The comparison principle estabilishes that z(¢, z) > w(t, z) for all t > 0 and x € R,

0%u

since f,w > 0. As a result, we have that

& oo e > [(-|5
> —u-23 [ fla)stt,a)de,

+ 2f(x)h(:v)) 2(t, x)dx

where p = ‘ g%(O)HOQ and = [|u(0)]|«, which is an integrable equation. As a
result,
¢ 1 (=)
[utta) hwydez 5t =25 [ [ [ o)ty de s

(6.17)
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On the other hand using our choice for wy,

t 1 (z—y)? _ (== 10)
T e~ & wy(y)dydrds = dx ds
/0 [] 1@ = o(y)dy / [t

t 1 (z— Io)
< \/E( / e /I1 e dx) ds
< W #3151 | 1—erf( ) o
’Y\/_ ! 1 — X
< Hf”oo/ 1—erf( NG )ds

IN
_I_
i
=
2

( )

IN

we have used (6.12), (6.13), and assumed that 0 < ¢ < ;5. Then (6.15) becomes

263/2#‘3/2

1> t/w(t, z) (=h(x))dx > ft — ut® — 20ytVt = —23°/%% — TN

+ ft,

using our choices of u, v, and initial condition. Maple reports that the maximum

of A(t) = —23°/%% — M + Bt is unique, occurs at 0 < tg <

and has the

427

asymptotic expansion
A(ty) ~ K — 18K/ + 432K°3 + O(5°/?).

Thus for all small enough € > 3, we obtain a contradiction to (6.15) since K > 1.

Thus, for some T' < ty < 00, lim; - ||u(t)]| s = 00. O

6.4 Discussion

Theorem 88 gives a fairly strong instability result. No matter how small an initial

condition to (6.1) is chosen, even with all p-norms chosen small, solutions can blow
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up so quickly that they fail to exist for all £. This precludes any kind of stability for
classical solutions. Like the analogous result in Fujita’s paper, the kind of initial
conditions which can be responsible for blow up are of the nicest kind imaginable

— gaussians in either case!

It must be understood that the argument in Theorem 88 depends crucially on
the decay of f. Without it, the lower bound on [ w(t,z)(—h(z))dz decreases too
quickly. Indeed, if f = const > 0 and h(z) > —f, then the comparison principle
demonstrates that the zero function is asymptotically stable. On the other hand,
any rate of decay for f satisfies the hypotheses of Theorem 88, and so will cause

(6.1) to exhibit instability.

Finally, although we have examined the case where the nonlinearity in (6.1)
is due to u?, there is no obstruction to extending the analysis to any nonlinearity
like |u|®, with degree k greater than 2. A higher-degree nonlinearity would result
in a somewhat different form for (6.6), but this presents no further difficulties to
the argument. Indeed, by analogy with Fujita’s work, higher-degree nonlinearities

would result in significantly faster blow-up.

120



CHAPTER 7
CELL COMPLEX STRUCTURE FOR THE SPACE OF
HETEROCLINES

121



7.1 Introduction

In this chapter, we determine that all unstable manifolds of (1.6)

ou(t,z)  d*u(t,x)

S = T () + 0(a) (1)

are finite dimensional. This is not a particularly new result, indeed Theorem
5.2.1 in [20] can easily be made to apply with the Banach spaces we shall choose.
Theorem 5.2.1 in [20] shows the existence of a smooth finite dimensional unstable
manifold locally at an equilibrium. One can then use the iterated time-1 map of the
flow for (7.1) to extend this local manifold to a maximal unstable manifold. There
are also finite Hausdorff dimensional attractors for the forward Cauchy problem
on bounded domains [32]. However, we shall exhibit a more global approach to
the finite dimensionality of the unstable manifolds. This approach allows us to
examine the finite dimensionality of the space of heteroclinic orbits connecting a
pair of equilibria, which is a new result in the spirit of [15]. The techniques used
here depend rather delicately on both the degree of the nonlinearity (quadratic) and
the spatial dimension (1). Both of these are important in the standard methodology
as well, as the portion of the spectrum of the linearization in the right half-plane
needs to be bounded away from zero. In the case of (7.1), the spectrum in the

right-half plane is discrete and consists of a finite number of points.

7.2 The linearization and its kernel

We begin by considering an equilibrium solution f to (7.1). As discussed in Chapter
4, this solution has asymptotic behavior which places it in C*NL'NL>®(R). We are

particularly interested in solutions which lie in the a-limit set of f, those solutions
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which are defined for all t < 0 and tend to f. As in previous chapters, center on
this equilibrium by applying the change of variables u(t,z) — wu(t,z) — f(x) to
obtain

%u(t, T) = o2 u(t,x) — 2f (x)u(t, z) — u’(t, )

T~ 0a?

u(0,z) = h(z) € C*(R)
(7.2)

limy .o u(t,x) = f(x)

\t <0,z € R.

Thus we have a final value problem for our nonlinear equation. All solutions to
(7.2) will tend to zero as t — —oo uniformly by Theorem 28. Of course, (7.2) is
ill-posed. We show that there is only a finite dimensional manifold of choices of h

for which a solution exists.

7.2.1 Backward time decay

The decay of solutions to zero is a crucial part of the analysis, as it provides the
ability to perform Laplace transforms. In the forward time direction, one obtains
upper bounds for solutions by way of maximum principles, and lower bounds for the
upper bounds by way of Harnack estimates. In the backward time direction, these
tools reverse roles. Harnack estimates provide upper bounds, while the maximum
principle provides lower bounds for the upper bound. In the proof of Theorem 28,
the latter was used to some advantage. In this section, we briefly apply a standard

Harnack estimate to obtain an exponentially decaying upper bound.

Harnack estimates for a very general class of parabolic equations are discussed

in [28] and [1]. In those articles, the authors examine positive solutions to

div A(z,t,u, Vu) — % = B(z,t,u, Vu),
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where # € R", and A : R?""2 — R" and B : R*"™? — R satisfy

Az, t,u,p)] < alp| +clul +e

|B(x,t,u,p)

IN

blpl + dlul + f

1
p-A(x,t,u,p) > a|p‘2_d|u’2_g7

for some a > 0 and b, ...g are measurable functions. For a solution u defined on
a rectangle R, the authors define a pair of congruent, disjoint closed rectangles
RT, R~ C R with R~ being a backward time translation of R*. The main result

is the Harnack inequality

< i L 7.3
HII%aX’LL_’}/(H]%IEIU—F ), (7.3)

where 7 > 0 depends only on geometry and a (but not b,...g) and L is a linear

combination of e, f, g whose coefficients depend on geometry.

In the case of (7.2), or indeed of the analogous equation with higher degree
terms, we have that (7.3) will apply with L = 0. Notice that the conditions on
A, B are satisfied because any solution to (7.2) is automatically a finite energy
solution, and therefore is bounded and has bounded first derivatives. The only
difficulty is that (7.3) applies for positive solutions, while (7.2) may have solutions
with negative portions. However, one can pose the problem for the (weak) solution

of

Ou|

o — sen (u) (Au—u® — 2fu)

= Alu| = ulu| = 2ful

> Afu| = ful* = 2/ f]Jul
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for which we only get positive solutions. By iterating (7.3) we have that solutions

to (7.2) decay exponentially as t — —oc.

7.2.2 Topological considerations

Definition 89. Let Y,(X) be the subspace of C1(X,C%%(R)) which consists of
functions which decay exponentially to zero like e*, where 0 < o < 1. We define
the weighted norm

lully, = [le™* lu()llco.a || o1

and the space
Yo(X) = {u=u(t,z) € C"(X,CO*R))||ully, < oo} .

In a similar way, we can define the weighted Banach space Z,(X) as a subspace of
C°(X,C%(R)). It is quite important that Y, and Z, are Banach algebras under

pointwise multiplication.

In light of the previous section, solutions to (7.2) are zeros of the densely defined

nonlinear operator N : Y, ((—o0,0]) — Z,((—00,0]) given by

ou  0*u
N(u) = 5 a2t u? + 2fu. (7.4)

About the zero function, the linearization of N is the densely defined linear map

L+ Ya((~00,0)) = Z((—00,0]) given by

0 0? 0

where we define H = 88—;2 — 2f. Also note that L is the Frechét derivative of IV,

which follows from the fact that Y, and Z, are Banach algebras.
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Remark 90. We are using C%*(R) instead of C°(R) to ensure that N and L be
densely defined. We could use space of continous functions which decay to zero,

or the space of uniformly continous functions equally well.

Convention 91. We shall conventionally take a > 0 to be smaller than the small-

est ergenvalue of H.

We show two things: that the kernel of L is finite dimensional, and that L
is surjective. These two facts enable us to use the implicit function theorem to
conclude that the space of solutions comprising the a-limit set of an equilibrium

is a finite dimensional submanifold of Y, ((—oc, 0]).

7.2.3 Dimension of the kernel

Lemma 92. If f is an equilibrium solution, then the operator L : Y,((—00,0]) —

Z,((—00,0]) in (7.5) has a finite dimensional kernel.

Proof. Notice that the operator L is separable, so we try the usual separation

h(t,z) = T(t)X (z). Substituting into (7.5) gives

= TX+T(—@+2f)X

- <§—;—2f>x
T X

for some A € C. The separated equation for T yields 7" = C,eM. Since we are

looking for the kernel of L in Y, C L*°(R?), we must conclude that A\ must have
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nonnegative real part. On the other hand, the spectrum of H = <8‘9—;2 -2 f>
is strictly real, so A > 0. Indeed, there are finitely many positive possibilities
for A\ each with finite-dimensional eigenspace. This is a standard fact about the
Schrodinger operator H since f is an equilibrium (Proposition 111). Thus L has

a finite dimensional kernel. O

7.2.4 Surjectivity of the linearization

In order to show the surjectivity of L, we will construct a map I' : Z,((—o0,0]) —
Y,((—00,0]) for which L o' = idz,. That is, we construct a right-inverse to L,
noting of course that L is typically not injective. We shall derive a formula for I'

using the Laplace transform v — v

where (s) > —a and v € Z,((—o0,0]).

Since Lemma 92 essentially solves (7.2), we will be solving the inhomogeneous

problem with zero final condition

o) — 920G - 2f (2)o(t, x) = —w(t, ) € Za((—00,0])

(7.6)
v(0,2) =0

for t < 0. The Laplace transform of this problem is

0*v(s, x)

sv(s, z) + 92

—2f(z)v(s,z) = w(s,x)

(H + s)v(s,x) = w(s,z).

Choose a vertical contour C' with 0 > R(s) > —a, so that the Laplace transforms

are well-defined, and that the contour remains entirely in the resolvent set of —H.
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Im

Spectrum of —H

Figure 7.1: Definition of the contour C’

Then we can invert to obtain
(s, z) = (H + s) 'w(s, x).

Using the inversion formula for the Laplace transform yields

1
v(t,x) = 5 Ce_St(H + 5) "' (s, x)ds
0
- L eSt(H—i-s)l/ e*Tw(r, x)dr ds
211 C t ’

071
= / (—/ eS(T_t)(H+s)_1ds> w(T, x)dT.

We can obtain operator convergence of the operator-valued integral in paren-
theses if we deflect the contour C'. Choose instead the portion C” of the hyperbola
(See Figure 7.1)

(R(5))* ~ (3()* = ;01— 0)? (1)

(where A is the smallest magnitude eigenvalue of —H) which lies in the left half-

plane as our new contour. Then, since —H : C%* — (C% is sectorial about
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(A —a)/2 (Proposition 112), Theorem 1.3.4 in [20] implies that the integral

1
s(t—t) -1
(—27”, /, e (H +s) ds)

defines an operator-valued semigroup e ("% so the formula for I' is given by
0
['(w)(t,x) = / e HT=y (1, z)dr. (7.8)
t

It remains to show that the image of I' is in fact Y,, as it is easy to see that its
image is in L*>°. That the image is as advertised is not immediately obvious because
the contour deflection C' — C” changes the domain of the Laplace transform. In

particular, the derivation given above is no longer valid with the new contour.

Therefore, we must estimate ||v||z, (recall that A is the smallest magnitude

eigenvalue of —H)

1 0
leto(t, 2)lo0 = '— / (s + H)! / e~(+0)(t=) 7y (1 Ny dis
4 t

27'('7; Co
1 K 0
< 2_ 1 eﬂ%(era)t/ eﬂ%(era)-er”ZadT ds
T Jor |5 = Al ¢
< Ki||wlz, / 1 o R(sta)t 1 (1 o €§R(s+a)t) ds
2 o |s— A R(s+a)
_ Kilule, ds
- T ol |5—)\H%(S+a)‘
< Koflwllz,,

where 0 < K, Ky < oo are independent of ¢ and w. We have made use of the
estimate in Proposition 112 of the norm of (H + s)~! : C%* — C%* when s is in
the resolvent set of —H. In particular, note that the choice of C’ being to the left

of —a is crucial to the convergence of the integrals. Thus the image of I' lies in

v

Zq. The backward-time decay of &

is immediate from the Harnack inequality, so

in fact the image of I' lies in Y.
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Theorem 93. The linear map L : Y, ((—00,0]) — Z,((—00,0]) is surjective and
has a finite dimensional kernel. Therefore the set N=1(0) is a finite dimensional
manifold, which is the unstable manifold of the equilibrium f. The dimension of

N=Y0) is precisely the dimension of the positive eigenspace of H.

Proof. The only thing which remains to be shown is that the domain Y, splits into
a pair of closed complementary subspaces: the kernel of L and its complement.
That its complement is closed follows immediately from a standard application of

the Hahn-Banach theorem. (Extend idye, 1 to all of Yj.) O

Combining the fact that an equilibrium solution can have an empty unsta-
ble manifold (we numerically computed the dimension of the eigenspaces of L in

Chapter 4) and is yet unstable, we have proven the following result.

Theorem 94. All equilbrium solutions to (7.1) are degenerate critical points in

the sense of Morse.

7.3 Linearization about heteroclinic orbits

We can extend the technique of the previous section to the linearization about a
heteroclinic orbit. The resulting generalization of Theorem 93 is that the connect-

ing manifolds of (7.1) are all finite dimensional.

Suppose that u is a heteroclinic orbit of (7.1). Let f_, fi be the equilibrium

solutions of (1.2) to which u converges as t — —oc and ¢ — +oo respectively.

Suppose that \g : R — (0, 00) is the smallest positive eigenvalue of H(t). It

is easy to see that )y is piecewise C', for instance, see Proposition 1.7.2 in [25].
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Propostion 110 ensures that )y is a bounded function. We will define a pair of
bounded, piecewise C'* functions \; and Ay which will aid us in defining a two more
pairs of function spaces. Let A\; : R — (0, 00) be a bounded, piecewise C'' function

with bounded derivative which has the following properties:

A1(t) is never an eigenvalue of H(t),

A1 (t)
Xo(t)

limt_@o < 1 s

A1 (t)
Ao(t)

lim; o < 1, and

since u — f1 uniformly, for a sufficiently large R > 0, A\; can be chosen so

that there are no jumps on its restriction to R — [-R, R].

Defining Ay is a somewhat more delicate problem. We would like to exclude
the solutions which lie in the unstable manifold of f,, since they cannot lie in
the space of heteroclines from f_ — f.. We do this by separating the eigenvalues
corresponding to the intersection of the unstable manifolds of f_ and f, from those
which lie in the stable manifold of f,. However, there is an obstruction to this
technique. In particular, the eigenvalues of H(t) = 6‘9—; — 2u(t) vary with time,
and can bifurcate. To avoid this issue, we need some kind of regularity for the

eigenvalues to prevent them from bifurcating. We follow Floer [14] in the following

way:

Conjecture 95. There is a generic subset (a Baire subset) of choices for the
coefficients a; in (1.2) so that if u is a heteroclinic orbit, all of the eigenvalues of

H(t) are simple.

Numerical evidence, as exhibited in Chapters 4 and 8 suggests that the above

Conjecture is true. When we assume that all of the eigenvalues of H(t) are simple,
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spectrum | ...
p \ ,
of H(t)

eigenvalues of H(t)

Figure 7.2: Definition of A\; and A,

and therefore do not undergo any bifurcations other than passing through zero, we

shall say u is a heterocline contained in U,.,.

Let Ay be in C*'(R) such that

e \y =\ on [R,00), and

e )\(t) is not an eigenvalue of H(t) for any t.

We can do this when u € U,4. See Figure 7.2.

Definition 96. Define the Banach algebra Y),(X) (for i = 1,2) to be the set of u
in C'(X,C%*(R)) such that the norm

e B2 () oo | | < o0,

C1
where X is an interval containing zero. Likewise, we can define the spaces Z,.(X) C

C%X,C%(R)) in a similar way. That these are Banach spaces follows from the

boundedness of the A;. It is also elementary to see that these are Banach algebras.
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We then consider N;, L; as Y),(R) — Z,,(R), where L; is the linearization of
N; about u for i = 1,2. (Again, since Y), and Z,, are Banach algebras, L; is the
Frechét derivative of NV;.) For a i € {1,2}, consider the restriction L; of L; to a
map Y),((—o0,0]) — Z,((—o0,0]). We rewrite

g 7

L = (&—@4-2][') + (2f- —2u). (7.9)

Likewise, we can define L} : Yy, ([0,00)) — Zy.([0, 0)).

We define the positive eigenspaces V't for the equilibria as well

2
V*(fs) = span {v € C"*(R)| there is a A > 0 with (% - Zfi) v = )\v} .
T
(7.10)

Note in particular that dim V*(f1) < oo.

Lemma 97. If u € U,y is a heterocline that converges to f+ ast — Fo0, then

the operator L; has a finite dimensional kernel for i € {1,2}, and in particular

lim dim V*(u(t)) — lim dim V' (u(t)) < dim ker L; < dim ker L; < oo.

t——o0 t——o0

(The condition u € U,, is only necessary for the i = 2 case.)

Proof. Notice that the first term of (7.9) has finite dimensional kernel by Lemma
92 and closed image by Theorem 93. The second term of (7.9) is a compact
operator since v — f_ uniformly. Thus L; has a finite dimensional kernel. Let

span{v,, }M_| = ker L; and consider the set of Cauchy problems

oh _ 9%h

a =2 — Iuh fort >0

ot Ox (711)
h(0, ) = v, (0, x).

Standard parabolic theory gives uniqueness of solutions to (7.11), and that a so-

lution % lies in the kernel of L}, the restriction of L; to [0,00) x R. Therefore

dim ker L; < dim ker L; < oo.
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For the other inequality, modify u outside of [—R, R] X R to get a u so that the

linearization L; of N about @ satisfies

e ker L; is isomorphic to ker L; as vector spaces,

d u|(foo,fR)><R = f—v and

® U|(roo)xk = [+

We can do this for a sufficiently large R, since u tends uniformly to equilibria.

Then the flow of
on_ ot
ot Ox2

defines an injective linear map from the timeslice at —R to the timeslice at R.

+ 2uh

(That is, it gives an injective map from C%%(R) to itself — injectivity being an
expression of the uniqueness of solutions.) Each element v of the kernel of L;
evidently must have v(—R) € VT (f_) and v(R) ¢ V*(f;). Therefore, the injec-
tivity ensures that the intersection of the image under the flow of V*(f_) with the
complement of V'~ (f,) has at least dimension dim V*(f_) — dim V*(f,). O
Remark 98. Multiplication by u, C'(R?, C%*(R)) — C°(R?) is not a compact
operator, in particular note that dim ker L;” = oco.

Theorem 99. Let u be a heterocline of (7.1) which connects equilibria fi. There
exists a union |JM, of finite dimensional submanifolds M, of C*(R,C%*(R))
which

e contains u and

e consists of heteroclines connecting f_ to fy.

Ifu € Uyeq, then My, has dimension limy_, o dim V' (u(t)) —limy_ dim V7 (u(t)),

and this is mazimal among such submanifolds M,.
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Proof. Observe that L; is surjective, since it is easy to show that the formula
° Tt H(r)d
[y (w)(t) = / e~ Jo T HOAT (T 2)dT
t

is a well defined right inverse of L;. This involves showing that

1
—/ e (H(t) + s) 'ds
o)

¢

o= o H(rdr _ —
converges, where we note that the contour changes with time. As it happens, the
computation in [20] goes through with the only change that at ¢ = 0, we deflect
the contour to the right, rather than the left (as in Figure 7.1). Since Lemma 97
shows that L; has finite dimensional kernel, then it follows that M, = N;'(0) is

a union of finite dimensional manifolds, with a finite maximal dimension. It is

obvious that M, consists entirely of heteroclinic orbits and contains u.

It remains to show that the dimension of M, is as advertised and maximal.
Observe that Ly is a compact perturbation of an operator L) : Y),(R) — Z,,(R)
which is time-translation invariant. This follows from the precise choice of Ay being
continous and not intersecting the eigenvalues of H. Ly and L are both surjective
by exactly the same reasoning as for L;. L) is injective by using separation of
variables as in Lemma 92 (noting that all nontrivial solutions blow up in the Y},
norm). Therefore the Fredholm index of L}, hence L, is zero. However, this implies

that L is injective.

Since L, is bijective, any solution to Lyu = 0 which decays faster than e/ *>()dt

t

as t — —oo ends up growing faster than e/ Wit g5t — 400, and in particular

does not tend to zero. As a result, such a solution cannot be in ker L;. This
implies that dim ker L; < limy o dim V' (u(t)) — lim,o dim V*(u(t)), which

with the estimate in Lemma 97 completes the proof. O]

Remark 100. Even if u ¢ U,., (when there exist nonsimple eigenvalues of H(t)),
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the function A; can still be constructed. As a result, we always get that the

connecting manifold M, is finite-dimensional.

Corollary 101. The space of heteroclinic orbits has the structure of a cell com-
plex with finite dimensional cells. This cell complex structure is evidently finite

dimensional if there exist only finitely many equilibria for (7.1).

7.4 Conclusions

We have shown that the tangent space at an equilibrium splits into a finite dimen-
sional unstable subspace, and infinite dimensional center and stable subspaces.
However, it is quite clear by Chapter 6 that the center subspace is nonempty and
large. Indeed, considering the work of [38], the center and stable subspaces are not
closed complements of each other. Additionally, we have given conditions for the

space of heteroclinic orbits to have a finite dimensional cell complex structure.
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CHAPTER 8
AN EXTENDED EXAMPLE
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8.1 Introduction

Consider the following equation

2
% = % —u? 4 (2% — c)e ™2, (8.1)

where the choice of ¢ in (1.6) has been fixed. The bifurcation diagram for the
equilibria of (8.1) can be found in Figure 4.10. Based on the Theorem 93, the

number of positive eigenvalues shown in Figure 4.10 corresponds exactly to the

dimension of the unstable manifold of each equilibrium.

8.2 Frontier of the stable manifold

According to Figure 4.10, when ¢ = —1.2, there is only one equilibrium, fy. It
has empty unstable manifold, though of course it is asymptotically unstable (as
is shown in Chapter 6). On the other hand, f; has an infinite dimensional stable
manifold, which is not all of C%%(R), as a consequence of the asymptotic instability.
As a result, its stable manifold has a frontier in C%*(R) (which may not be a
boundary in the sense of a manifold with boundary). We are interested in the
qualitative behavior of solutions near and along this frontier. We know by Theorem
28 that if they tend to fy uniformly on compact subsets, then they do so uniformly.
It is enlightening to use a numerical procedure to this end. We start solutions at

the following family of initial conditions
ua(z) = fo(x) + Ae /10, (8.2)

Using the Fujita technique (exactly as shown in Chapter 6), we can show that for

sufficiently negative A, the solution started at u will not be eternal. As a result,
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Within the stable manifold Solution curves along the frontier Outside the stable manifold
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Figure 8.1: Behavior of solutions near the frontier of the stable manifold of
fo (horizontal axis is x)

the family of initial conditions u 4 intersects the frontier of the stable manifold of
fo- An approximation to the value of A which corresponds to the frontier can be
easily found using a binary search. Some typical such solutions are shown in Figure

8.1, and the approximate value of A corresponding to the frontier is A ~ —2.15

The qualitative behavior shown in Figure 8.1 indicates that there is some kind
of traveling disturbance in the frontier solutions, which seems like a traveling wave.
However, such a solution also appears to tend uniformly on compact subsets to fo,
so in fact it converges uniformly. (The uniform convergence is not obvious from
the figure, due to the numerical solution being truncated at a finite time.) The
leading edge of this disturbance collapses to —oo in finite time for solutions just

outside the stable manifold of f.

8.3 Flow near equilibria with two-dimensional unstable

manifolds

Also of interest is the structure of the flow in the unstable manifold of the “fork

arms” which occur at ¢ = 0.0740, as they approach the pitchfork bifurcation at
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Edge ! Edge
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Manifold Manifold |
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equilibrium equilibrium
f(0)>0 f(0)>0

Fork arm equilibrium f*(0)>0
Lower center - - Lower center

equilibrium equilibrium
(0)<0 £(0)<0

Figure 8.2: Flow in the unstable manifold of a “fork arm.” ¢ = 0.0600 (left);
¢ = 0.0501 (right)

Evolution of a heteroclinic orbit Evolution of the spectrum of H(t)

Heal part ot H(t)

°
>

Single eigenvalues

Figure 8.3: A typical heteroclinic orbit to the left of boundary A, with the
spectrum of H(t) as a function of t.

¢ = 0.0501. Figure 8.2 shows a schematic of the flow based on numerical evidence.

Of particular interest is the behavior near the boundary marked A. Solutions to

the right of the boundary are not eternal solutions — they fail to exist for all ¢.

Solutions to the left of A are heteroclinic orbits connecting the equilibrium with

an unstable manifold of dimension 2 to the equilibrium with an unstable manifold

of dimension zero. A typical such solution is shown in Figure 8.3.
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Eigenfunction e, Eigenfunction e,

08F . 09f
06 g 08}
0.4F g 07}
0.2 g 06
0 05
—02f g 04
~0.4f ] 03}
—0.6 B 0.2f
-0.8F b 0.1r
Te 4 2 0 2 4 6 % 4 = 0 2 4 6
X X

Figure 8.4: Eigenfunctions describing unstable directions at f;

To examine solutions near the boundary A, we center our attention on the
case ¢ = 0, which has two equilibria, one of which (call it fi) has a 2-dimensional
unstable manifold. (This corresponds to the right pane of Figure 8.2.) If we
linearize about f;, the operator H = 88—; —2f1 : C%(R) — C%*(R) has a pair of
simple eigenvalues, as is easily seen in the right pane of Figure 8.3 at ¢ = 0. One of
these eigenvalues is smaller, to which is associated the eigenfunction e; in Figure
8.4. The eigenfunction ey is associated to the larger eigenvalue. In Figure 8.2, e;
corresponds to the horizontal direction, and ey corresponds to the vertical direction.
From the proof of Lemma 92, it is clear that {e;,es} spans the tangent space of

the unstable manifold at f;. Therefore, we specify initial conditions ua¢(x) for a

numerical solver using

uag(r) = fi(x) + A(er(z) cosd + ex(x)sind) . (8.3)
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Figure 8.5: Difference between equilibrium f; and the numerical solution
started at w4, where black indicates a value of -0.2, and white
indicates 0.2. The horizontal axis represents ¢, and the vertical
axis represents . A = 0.1 in all figures. Starting from the upper
left, # = 1.11494,1.11496,1.11497,1.11498,1.11499, 1.115.
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(Taking A small allows us to approximate solutions which tend to f; in back-
wards time.) Since the perturbations along e, es are quite small, and indeed the
eigenvalue associated to e; is much smaller than that associated to ey, examining
the numerical results of evolving w4 is quite difficult. The behavior along the
boundary occurs at a much smaller scale than f;, yet is crucial in determining
the long-time behavior of the solution. To remedy this, the boundary behavior
is better emphasized by plotting w4 (¢, x) — fi(z) instead. Figure 8.5 shows the

results of evolving initial conditions (8.3) for A = 0.1 and various values of 6.
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Solutions in Figure 8.5 show a similar kind of behavior as in the case of the
frontier of fy. There is a traveling front, which moves very slowly in the negative
z-direction. However, the behavior is quite a bit more delicate. The determining
factor in locating the frontier of fy is the perturbation in a direction roughly like
es, which has a large eigenvalue. On the other hand, for f;, Figure 8.2 indicates
that such a direction is not parallel to the boundary of the connecting manifold.
(The boundary direction is some linear combination of e; and eq, with a numerical
value for the angle 6 being roughly 1.114975 radians.) The eigenvalue associated
to ey is roughly ten times smaller, and therefore perturbations in that direction are
much more sensitive. Additionally, the action of the flow is therefore primarily in
the direction of ey, which tends to mask effects in other directions. For this reason,
it was visually necessary to postprocess the numerical solutions by subtracting f;

from them. Otherwise the presence of the traveling front was unclear.
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CHAPTER 9
CONJECTURES AND FUTURE WORK
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9.1 Conjectures about the present problem

9.1.1 Analytical conjectures

It seems that under reasonable conditions on the coefficients of (1.2), all eternal
solutions ought to be heteroclinic orbits. An easy calculation with the formula (1.3)
for the action A(u(t)) shows that if |A(u(t))| blows up, then one of the following

is true:

L Ju(®)]ly — oo,
2. J[u(t)lloc — 00, or

3. || Du(u)||z — oo.

Essentially, eternal solutions which are not heteroclinic orbits are big in some
sense. Of course, traveling fronts satisfy the first condition. On the other hand,
the Harnack inequality seems to imply that eternal solutions do not blow up in
the co-norm as t — —oo. More intriguingly, [45] and [38] show that under certain
conditions on the coefficients of (1.2), global solutions to the forward Cauchy
problem have a universal bound on their oco-norm. However, these results are
obtained under the hypothesis that the solution w is strictly negative, a condition
that is essential to their analysis. Relaxing this condition leads to currently open

problems.

Conjecture 102. Suppose all of the coefficients a; in (1.2) decay sufficiently fast
as |x| — oo. Then all eternal solutions are bounded in the co-norm by a universal

bound, which depends only on the a;.
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More ambitious is the following (which involves proving a universal bound for

the 1-norm as well):

Conjecture 103. Suppose all of the coefficients a; in (1.2) decay sufficiently fast

as |x| — oo. Then all eternal solutions are heteroclinic orbits.

Related to both of these conjectures is the conjecture that under suitable decay

conditions on the a;, there exist only finitely many equilibria (Conjecture 75).

9.1.2 Conjectures related to the topology of the space of

heteroclinic orbits

Much of what remains to be understood about the space of heteroclinic orbits of
(1.2) and (1.6) involves a more precise understanding of the gluing maps between
the cells in its cell complex structure. The eventual goal is to construct a homology
theory, called a Floer homology, for the space of heteroclinic orbits. This would
allow the space of heteroclinic orbits to be decomposed as a complex of connecting
manifolds (without boundary) and boundary maps which associate higher dimen-
sional manifolds to lower dimensional ones. From the outset, degeneracy in the
sense of Morse provides the biggest obstacle to this kind of theory. In particular,
nondegeneracy allows one to show that generically, connecting manifolds can only
have boundaries of one dimension lower. However, in the example of the previous
chapter, namely that of (1.6) with ¢ = (22 — ¢)e *"/2, such a statement is still
true. Perhaps it is possible that one can find conditions for connecting manifolds
to have codimension-1 boundaries, even in the face of degeneracy in the equilibria.

Or put another way,
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Conjecture 104. When the flow of (1.2) is restricted to the space of heteroclinic
orbits H, all of the equilibria become nondegenerate critical points in the sense of

Morse.

Another obstacle is that there needs to be some kind of compactness result for
the space of heteroclinic orbits modulo time translation (or perhaps modulo action
of the flow). In Floer’s case, he was able to employ Gromov’s compactness results
for pseudoholomorphic curves. This leads to his “no bubbling theorem”. However,
no such result is known in our case. The closest available results are those of [45]
and [38], which only hold for positive solutions to (1.2) that have been centered
on an equilibrium. It is easy to show that if there exists a positive equilibrium for
(1.6), then their results suffice to show compactness, but the situation of general

sign is currently an open problem.

To summarize, we have the following conjectures:

Conjecture 105. The space of heteroclinic orbits of (1.2) modulo time translation

is compact in Y).

Conjecture 106. There is a generic subset (a Baire subset) of choices for the
coefficients a; in (1.2) so that if u is a heteroclinic orbit, all of the eigenvalues of

H(t) are simple.

We then define Cy(R) to be the free R-module generated by the k-dimensional
connecting manifolds of (1.2). Probably it is best to think of R = 7Z/2, at least to

fix ideas.

Conjecture 107. For a generic subset of coefficients a; in (1.2), there is a collection

of maps 0, : C, — Cj_1 such that
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Oy is an R-module homomorphism, for each k& > 0,

Orp_1 00, = 0 for each k£ > 0, and

v = Ok(u) if and only if roughly speaking v is a sum of boundary elements
of u, obtained by a deformation retraction of a neighborhood of v in u onto
v. In Floer’s case, as is likely in ours, this is a rather involved construction

called the “gluing theorem” described in [16].

This would turn (C.(R), 0,) into what is most reasonably called a “Floer com-
plex.” One can then define the Floer homology modules, F}, = ker 0 /im 0y, and

formulate the following (reasonable) conjecture:

Conjecture 108. Let E be the space of heteroclinic orbits of (1.2). For a generic
subset of a; in (1.2), F, = Hi(E; R). That is, the Floer complex computes the

homology of the space of heteroclinic orbits.

9.2 Future work on related problems

9.2.1 Higher spatial dimensions, with decay conditions en-

forced
Of course, the most obvious dependence on 1-dimensional space is the equilib-
rium analysis of Chapter 4. The analogous nonlinear elliptic problem (1.7) is not

well understood. Indeed, very little is known about (1.7) at all, especially if the

solutions are allowed to be of general sign.
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One thing is likely: the spatial decay of heteroclinic orbits is much slower —
not in L'(R™). Worse, Sturm-Liouville theory is no longer available to control the
eigenvalues of H = A — 2u. Therefore, there might be infinitely many positive
eigenvalues of the operator H, which accumulate at zero. As a result, equilibria
might have infinite dimensional unstable manifolds. The analysis of the structure
of the connecting manifolds will therefore not work, though there should be a
filtration structure based on Lyapunov exponent for the unstable manifolds, which
should allow for an infinite dimensional cell complex with finite dimensional cells.
Additionally, the slower spatial decay will disrupt the finite energy classification

scheme in Chapter 3.

9.2.2 Relaxation of decay conditions on the coefficients

If we no longer require that the coefficients a; decay to zero as |z| — oo, then (1.2)
can support traveling wave solutions. Indeed, there can be extremely complicated
and delicate traveling wave structures if the spatial dimension is also greater than
1. This will remove the uniform convergence to equilibria, of course. Also, likely
is that what will be found is that the space of heteroclinic orbits is an infinite-
dimensional cell complex, perhaps were the “cells” are Banach manifolds. The

resulting dynamics can therefore be expected to become extremely complicated.
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APPENDIX A
SPECTRUM OF SCHRODINGER OPERATORS
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A.1 Introduction

This appendix recounts a few standard facts about the structure of the spectrum
of the Laplacian and Schrodinger operators A, H : C?(R) — C°(R) respectively.
Nothing in this appendix is original, but it is useful to have the facts and the

requisite calculations available for reference.

A.1.1 Spectrum of the Laplacian operator

Proposition 109. The spectrum of A : C*(R) — C°(R) is the closure of the

negative real axis.

Proof. The spectrum of A contains all A € C for which (A — \) is not injective.

In other words, it contains the solutions to the equation

u — = 0.

vAz Tf ) is real and non-

An elementary calculation yields that u = ¢; eV | che™
positive, there are nontrivial bounded solutions (which are oscillatory or constant).
Otherwise the nontrivial C? solutions are unbounded. Hence the spectrum must

contain the closed negative real axis.

Next, we show (A — \)7! exists and is bounded away from the closed negative
real axis. To show that (A — \)~ exists, we find an inversion formula, which is
valid when A does not lie on the closed negative real axis. To this end one can

solve

u—du=f
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using a slightly modified version of Calculation 8,

o (~1)e0=) i R(VR)(y —2) > 0
we) == [ 1wy " dy.

e otherwise

This inversion formula defines a bounded inverse for (A — \) when A is not on

the closed negative real axis. To see this, simply observe that

1 / IRyl
—— [ e “ldy
21V Al

is independent of x. This fact implies that ||u|lc2 < K,||f|lco for some finite K by
differentiation under the integral. Therefore the complement of the closed negative

real axis is in the complement of the spectrum of A. n

A.2 Spectrum of Schrodinger operators

The previous section can be generalized to the case of Schrodinger operators H =
(A —=V):C*R) — C°R) to obtain a few results of interest. Assume that V' is a

smooth function which satisfies lim|y|—..c V() = A.

Proposition 110. The spectrum of H contains the portion of the real azis less
than or equal to —A. All of the eigenvalues of H are contained in the portion of

the real axis less than or equal to the supremum of V.

Proof. Of course, the eigenvalues A are those where there are nontrivial solutions
to the equation

u'(x) — (V(z) + Nu(x) = 0. (A.1)
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Recast (A.1) as a first-order system, namely

d | v 0 1 U U
o = =T(x) ) (A.2)
T\ V(z)+ A 0] \o u

Observe that the eigenvalues of T'(x) are purely imaginary if A is real and less
than —V'(z). Thus, the flow restricted to a plane of constant = consists of periodic

orbits if and only if A < —V(z) (ignoring the origin, of course).

Now suppose that A is real and A < —A. Then there exists an R > 0 such that
for all || > R, |f(z) — A] < 3|\ + A]. So on R — [~ R, R], solutions to (A.1) will
all tend to limiting cycles. On [—R, R], solutions grow exponentially fast, at a rate
of no more than \/m . Thus there exist nontrivial bounded solutions to

(A.1), which are obviously in C?. Hence the spectrum of H contains (—oo, —A].

On the other hand, if A is real and A < sup V' < A, the origin is always a saddle
point for the first order system (A.2). Thus all solutions to (A.1) are unbounded.
Likewise, if A € C — R, then the system (A.2) is a spiral, so (H — \) is injective

for A ¢ (—oo,sup V1. O

It is best to treat the portion of the spectrum lying between —A and sup V'

using Sturm-Liouville theory. Indeed, (A.1) on [0, c0) with boundary conditions

u(0) =a, lim u(xz) =0

T— 00

is a classic Sturm-Liouville problem. It is known that the eigenvalues of this

problem are discrete and accumulate only at zero.

Proposition 111. Suppose V € C°(R) is positive outside a compact interval.

Then the operator H has finitely many eigenvalues greater than —A.
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Proof. 1t suffices to show that any solution u to
u'—(V+Au=0

has finitely many zeros. Notice that (assuming by hypothesis that A > —A)
—V-A<-V-A

so the Sturm-Liouville comparision theorem states that any eigenfunction v of H
with eigenvalue A\ has strictly fewer zeros than solutions to the A = —A case. Also,
the zeros of solutions which are bounded for half intervals (—oo, xy) are monotonic

in A.

By hypothesis, V' is positive on R — [—R, R] for some R > 0. By comparision
with the case of V= 0 on R — [—R, R], zeros of u only occur on [—R, R]. By
comparison with ||V||s, the number of zeros is proportional to Ry/||V]|c, and

therefore finite. ]

It is Proposition 111 that ensures that the finite dimensionality results of Chap-
ter 7 hold. In the case of higher spatial dimensions, Sturm-Liouville theory does
not apply (at least if there is no assumed symmetries in the equilibria). It is there-
fore possible that there is no finite dimensionality for the space of heteroclines for

higher spatial dimensions.

It will be technically important in Chapter 7 that (H 4+ s) = (A — (V + s)) is
sectorial about any real s not in the spectrum of H. It is then useful to consider
the densely defined operator (H + s) : C%%(R) — C%*(R) intead of C* — C°,

where 0 < o < 1.

Proposition 112. If s € R is not in the spectrum of H = (A—=V), then (H +s) :

CP(R) — C%*(R) is sectorial for 0 < a < 1.
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Proof. We have already shown that the structure of the spectrum is favorable for
the sectoriality of (H + s) = (A — (V 4 s)), and the operator is densely defined if
a > 0. (It is not densely defined if @ = 0.) What remains is that the operator norm
of the inverse must decay like K/|s|, and that its image must consist of continous

functions. For the former:

u'—=(V4+su = f

s(lA—I)u = Vu+f

u = é(%A—I>_1(Vu+f)
u(e) = ——— [ eIV (uly) + fy)dy.

25

where s is not in the spectrum. Using Calculation 9,

1{/1 -1
Julloo < = [{=A=T)] (Vu+f)
s || \s
1 1
< —WVulloo + =11 fllso
|| ||
1
5]
< —a i Il
1 lVle

Since V and f are assumed to decay to zero and the kernel e~ *=¥V* isin L!, it
is immediate that u must also decay to zero. The following calculation shows that

image of (A — (V +s))~! consists of Lipschitz functions. Assume z; < g, so that
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|u(wo) — u(z1)]

IN

IN

IA

L

2¢/s
T 00

_/ e(y—w1)\/§(vu+ f)dy +/ e(wl—y)\/g(vu+ f)dy

—o0 T

/ (e(y—ﬂco)\/g — 6(1/—961)\/5) (Vu + f)dy

—00

o [e’e]
/ e(yf:ro)\/E(VujL f)dy _/ e(xry)ﬁ({/qu f)dy

—00 o)

1

2V/s
z0

—l—/ eWTTOVE (Vi + f)dy

1

n / (e(xlfy)\/g _ e(m—y)ﬁ) (Vu+ f)dy

Z0

x0
+ / e(ll—y)\/g(vu+f)dy‘

1
1

|
— |V o
evus s ([
N / T @V _ a0y
zo

1 1
V o a;l\/g
NAAGREL <\/§€

SW—r0)V5 _ —m1)V5

dy

2
d 1 — e@1—m0)V/s
v+ el—e ))

€—$0\/§ _ e—ml\/g

1 —rovs 2
z1V's __ xoV/s 1— (z1—z0)V/s
+—\/§ e e + _\/5( e ))
2
Vet Fll o7

— 0 as |rg — x| — 0.

But since we’ve chosen x; < xg, the above calculation proves that w is Lipschitz.

Looking at the Lipschitz constant and the bound on w, it is immediate that the

C%'-operator norm of (H + s)~! decays like 1/|s|. Thus (H + s) is sectorial. ~ [J

It is important to remark that the above proof shows that in fact (A—(V+s))~!

is a bounded operator C°(R) — C?(R). However, the norm of the operator does

not decay as (s) — oo as required for a sectorial operator. In particular,

du

du| _ K[Vt [l
dx

< 7 ,
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and
d*u

| = KallVut fll

for Ki, Ky independent of s and f. Examples can be constructed to show that

these bounds are tight.
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