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Preface

The subject of this thesis is the mathematical study of a class of fourth order differential
equations. In the introductory Chapter 1 a summary is presented of the results which
are proved in the subsequent chapters. The mathematical results collected here originate
from several papers, and they have been obtained in cooperation with a number of highly
appreciated co-authors. In order of appearance: Chapter 2 is a minor modification of [21].
The content of Chapter 3 is joint work with Bill Kalies, Jarek Kwapisz and Rob van der
Vorst, and is published in [88]. Chapter 4 is largely based on [25] and is joint work with
Rob van der Vorst. The joy of Chapter 5 was shared with Joost Hulshof and Rob van der
Vorst, and the contents are published in [22]. The results in Chapter 6 were obtained in
collaboration with Bert Peletier and Bill Troy, and it appears in [23]. Chapter 7 differs only
slightly from [24], and is again a fruit of the collaboration with Rob van der Vorst. Finally,
Chapter 8 is based on [73] and also contains parts of [74], which are both joint work with
Robert Ghrist and Rob van der Vorst.
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Chapter 1

Introduction to fourth order equations

1.1 Prologue

The laws of nature are stated in the language of mathematics. Since physical laws describe
changing quantities it is natural that they are expressed in the form of differential(-delay)
equations. A well-known illustration is Newton’s law in classical mechanics. Newton's
law is a second order differential equation since it relates the acceleration of an object, the
second derivative of its position, to the force exerted on it.

Apart from the fundamental laws of physics, many physical phenomena are model-
led by differential equations. A simple example is the heat equation, which describes the
changes of temperature as a function of time and place. This is another second order
differential equation, although of a nature that is very different from Newton’s law. The
latter is an ordinary differential equation (the position depends on one variable: time),
whereas the heat equation is a partial differential equation (the temperature varies in both
time and space).

Notwithstanding their differences, these two examples of differential equations have
a common ground: given the initial state (and possibly boundary conditions) the differ-
ential equation completely determines the evolution of the system. This is what char-
acterises these differential equations as so-called dynamical systems. Physics is not the
only science in which differential equations play a prominent role. There are many areas
where differential equations are used as a model for the problem at hand. To name a
few examples: the reaction and diffusion of chemicals, the dynamics of populations in
biology, the development and treatment of diseases in medicine, or the flow of a fluid
or gas, which has applications ranging from fundamental astronomy to meteorology to
industrial engineering.

Besides the applicability there is another motivation to study differential equations:
the mathematical challenge. The theory of differential equations has connections with
many different branches of mathematics. A further development of the theory of differ-
ential equations both facilitates applications and provides new insights in mathematics.
And the penultimate reason for the research presented in this thesis is to understand the
underlying structure of a mathematical problem, which we shall now begin to describe.

This thesis revolves about the fourth order parabolic differential equation
ou o'u 0%u 5
-y 4B - R :
3 Yax4+l36x2+u u vy>0, BeR, (1.1)
and its generalisations. Here u = u(t, x) is a function of the time t and the space vari-
able x. The name Extended Fisher-Kolmogorov is usually attached to equations of type (1.1)
when 3 > 0 [53, 117], while for § < 0 the name Swift-Hohenberg equation is more ap-
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propriate [137]. We restrict our attention to one spatial dimension because some of the
application are truly one dimensional, but also because more spatial dimensions make
the analysis much harder and of a different nature.

Substantial attention is given to stationary (i.e. time-independent) solutions of this
equation. While Equation (1.1) is a partial differential equation, such equilibria satisfy the
ordinary differential equation

—yu" + Bu" + f(u) =0, with f(u) = u —u°. (1.2)

The nonlinearity f(u) = u — u® is the prototypical example which leads to a bi-stable sys-
tem (the states u = %1 are stable for the homogenised equation ”Zl—‘t‘ = u —u?®), and in the
introduction we will focus on this particular nonlinearity. This being said, it should be
stressed that many of the results are obtained for broad classes of nonlinear functions f(u),
and often a wider class of fourth order equations is considered.

Casually we have already introduced one of the most important properties of Equa-
tions (1.1) and (1.2), namely that they are nonlinear equations. This, of course, is the main
reason that the problem is mathematically interesting. The other reason is that the equa-
tions are fourth order. Before we turn our attention to the origin of these equations in
applications, let us briefly discuss the mathematical viewpoint.

Equations (1.1) and (1.2) can be regarded as fourth order extension of the heat equation
and Newton’s law respectively. Concerning the partial differential equation (1.1), when
we set Y = 0 and 3 > 0, then we obtain a nonlinear heat equation. The reason that we
require y to be positive is precisely that we want the equation to have a character which
is similar to the second order equation, namely to be of parabolic (diffusive) type.

The second order equation has an important property which the fourth order equation
in general does not possess: a comparison or maximum principle. Let us explain the
main point of this principle: when the initial state for the second order equation (y = 0)
is positive, then the solution will stay positive for all time. This property is an essential
feature of the model in case the variable u represents a temperature or a concentration
of some chemical. The fourth order equation (y > 0) does not obey this conservation of
positivity. This, on the one hand, allows for a wide range of dynamics which second order
equations do not and cannot possess, while on the other hand it means the loss of one of
our main analytic tools in studying the dynamics.

For the ordinary differential equation (1.2) the fourth order character provides the pos-
sibility of chaotic behaviour. Second order (autonomous) equations cannot have chaotic
behaviour, basically because such a system does not have enough degrees of freedom.
Thus the variety of patterns that evolve in the fourth order equations is much larger than
in the second order equation. And again, because these types of dynamics occur in a
higher dimensional space, they are also more difficult to analyse.

The fourth order equations (1.1) and (1.2) are part of an immense collection of higher
order differential equations. One of the reasons to study fourth order equations, and in
particular those of the form (1.1) and (1.2), is that they lie on the edge of what presently
can be analysed rigorously. They are comparable to a set of two coupled (second or-
der) reaction-diffusion equations, which are extensively studied (see e.g. [75, 76, 58, 108]).
Although in general no form of a comparison principle holds for the fourth order equa-
tions (in some cases such a principle holds for coupled second order equations), this is



1.1. Prologue 13

outweighed, or at least balanced, by the benefit of dealing with a single equation. On a
different level, an advantage of the fourth order equations (1.1) and (1.2) over third order
equations is that they have a variational structure (the equivalent of the Lagrangian and
Hamiltonian formulation in classical mechanics)!. This structure acts as a handle for the
mathematical analysis.

A final reason to investigate Equations (1.1) and (1.2) is that, with various nonlinear-
ities f(u), they serve as a model in an abundance of applications:

e the behaviour close to a so-called Lifshitz point in phase transition physics (e.g.
nematic liquid crystals, ferroelectric crystals) [85].

e the rolls in a Rayleigh-Bénard convection cell (two parallel plates of different temper-
ature with a liquid in between) [52].

e spontaneous pattern formation in second order materials (e.g. polymeric fibres) [99].

e the waves on a suspension bridge [97, 44].

e geological folding of rock layers [31].

e the buckling of a strut on a nonlinear elastic foundation [3].

e travelling water waves in a shallow channel [35].

e pulse propagation in optical fibres [1].

e the patterns near a degeneracy of co-dimension 2 in a system of two reaction-dif-
fusion equations [59].

e the propagation of a front into an unstable state leading to pattern formation behind
the front [53, 49].

In general, any system described by a second order Lagrangian leads to a fourth order
equation (we will come back to this in Section 1.3). The interpretation of the quantity u
depends on the application (e.g. it may indicate the temperature, vertical position, in-
tensity or order parameter), but in all cases it signifies the deviation from an underlying
average value (and hence u may be negative as well as positive).

Having stressed and illustrated the significance of the fourth order differential equa-
tions which are the subject of this thesis, it is by no means intended to give the impression
as if this is the most important topic in the universe or, for that matter, in mathematics.

Let us briefly give an outline of the sort of questions that we deal with. As already
mentioned, a differential equation is often accompanied by boundary and/or initial con-
ditions. In this thesis various cases are studied. For example, we examine the large time
behaviour of solutions of the initial value problem associated to (1.1) on a finite interval
[0, L], where we take Neumann boundary conditions at x = 0 and x = L. But we also study
different boundary conditions, and we consider unbounded intervals as well. Regarding
Equation (1.2) we consider both special solutions such as periodic and heteroclinic solu-
tions, as well as the properties of the set of all bounded solutions (and even unbounded
ones).

The behaviour of solutions of (1.1) and (1.2) depends critically on the values of the
parameters ¥ and 3. We note that these two parameters can be combined into a single

'Some differential equations of odd order (for example the Korteweg-de Vries equation) have a variational
structure of a very different nature, where the Lagrangian action acts as the Hamiltonian in an infinite
dimensional setting, see e.g. [109].
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parameter via a scaling of the spatial coordinate. For example, without loss of generality
one may set Y = 1. However, since we are also interested in the limiting behaviour as y —
0, we will retain both parameters for the moment. Three significant parameter regions can
be identified, which correspond to the three different natures of the equilibrium points
u = 1 of Equation (1.2). These are: real saddle for % > /8, saddle-focus for —/8 <
% < /8, and center for % < —+/8. We will come back to this in much more detail in
Section 1.3.

The techniques used to study Equations (1.1) and (1.2) have to be chosen suitably for
each parameter region. To summarise, there are roughly two ways to investigate the solu-
tions of (1.2): the shooting method and the variational method. With the shooting method
one tries to make a fairly detailed study of the flow (associated to (1.2)) in the (four dimen-
sional) phase space. The variational approach is set in an (infinite dimensional) function
space, where critical points of an appropriate functional are sought. Variational methods
can often unveil general phenomena in a large class of systems, while more detailed in-
formation for specific examples may be obtained via a shooting procedure. In this thesis
both methods are employed, and we also present a variational approach to the shooting
method. We remark that the mathematical techniques are the source of an additional par-
tition in the range of parameter values: most techniques are applicable either for positive
or for negative values of 3.

Finally, let us make some comments about the symmetries of Equation (1.1). The
equation is invariant under the transformations x — —x as well as u — —u. The first
invariance signifies the equivalence of left and right. This symmetry is exploited in many
(though not all) of the results presented in this thesis. On the other hand, the second sym-
metry is rather less essential, although it is sometimes very useful to be able to simplify
the presentation. Hence, the majority of the results is obtained for general nonlinear-
ities f(u), not necessarily having the symmetry f(—u) = —f(u), and sometimes even for a
more general class of fourth order equations. Some of the more detailed results are only
valid under the assumption of this additional symmetry.

Before we give an outline of the results about the fourth order equations (1.1) and (1.2),
we first review the second order analogues.

1.2 The second order equation

Second order equations have long been a workhorse of applied mathematics, the most
wide-spread example being the Fisher-Kolmogorov or Allen-Cahn equation

ou _ 0%u

ot ox?
This partial differential equation is often referred to as a nonlinear reaction-diffusion
equation (different nonlinearities have been considered as well). It has been used to
model, among others, phase transitions, chemical reactions and populations genetics [94,
12, 68]. The study of (1.3) has been extensive and we can only give a brief summary of the
relevant results. As a general reference we refer to [81, chapter 5] for a thorough analysis
of (1.3) and to [79, 80] for an overview of results on scalar parabolic equations.

+u—u’. (1.3)

Note that (1.3) can be obtained as the second order analogue of (1.1) when 3 is posi-
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Figure 1.1: The phase-plane for Equation (1.4). The bounded orbits/solutions are indic-
ated in black.

tive by setting ¥ = 0 and rescaling x. The time-independent solutions of (1.3) satisfy the
ordinary differential equation
u = —u+us. (1.4)

In the analysis of (1.4) it is often useful to view it as the equation of motion of a particle
in the potential F(u) = —(u* — 1)%.

Of special interest are the bounded solutions of (1.4). By bounded solutions we mean
functions which satisfy (1.4) for all x € R and which are uniformly bounded. These
bounded solution can easily be gathered from the phase-plane depicted in Figure 1.1:

e The homogeneous/constant states u =0, u = —1 and u = 1. The states u = %1 are
saddle point for the flow of Equation (1.4), and they are stable equilibria of (1.3),
whereas u = 0 is an unstable equilibrium of (1.3) (and a center of (1.4)).

e Two kinks or heteroclinic solutions. These solutions describe monotone transition
layers connecting the stable homogeneous states u = +1. They are antisymmetric
and are accidentally given explicitly by u = + tanh ().

e A family of periodic solutions filling up the space between u = 0 and the cycle of
heteroclinic solutions. These periodic solutions oscillate around 0 and have an amp-
litude between 0 and 1. They are symmetric with respect to their extrema and anti-
symmetric with respect to their zeros.

For the classification of the periodic solutions it is important to introduce the energy or
Hamiltonian: 1, 1, i
Elu] = S = A—}(u - 1), (1.5)
which is constant along solutions of (1.4). This just corresponds to the classical energy of
a particle in a potential. The notation is somewhat ambiguous: depending on the context
E[u] either signifies the energy of a solution or the energy level (manifold) in phase space.

The constant states u = £1 as well as the heteroclinic solutions have energy E[u| =0,
while the other constant state 1 = 0 has energy E[u] = — 1. For all intermediate values of
the energy there is precisely one (modulo translation) periodic solution. In other words,
in each of the energy levels E[u] = E € (—1,0) lies a unique periodic orbit. The period
of the periodic solutions can be expressed in terms of an elliptic integral, and it can be
shown that the period L strictly increases with increasing amplitude. The period ranges
from L = 27 in the limit of zero amplitude to infinity as the amplitude tends to 1. The

periodic solutions can thus be parametrised by their amplitude, period or energy.
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In connection with the Hamiltonian (1.5) there is a Lagrangian action associated with
Equation (1.4):

T[u] = / (%u’(x)z +1(1- u(x)Z)"") dx. (1.6)

Solutions of (1.4) correspond to critical points of the action functional (1.6) in an ap-
propriate function space. For example, the kink can be characterised as the minimiser
of (1.6), with R as the domain of integration, in the affine function space ¢ + H'(R), where
e.g. ( =tanhx.

The Lagrangian action has an additional, related property: J[u](t) it is a Lyapunov
function for the flow of (1.3), i.e., it is non-increasing in time (again in an appropriate func-
tion space). To be precise, Equation (1.3) is the L-gradient flow of (1.6). The existence of a
Lyapunov functional has important consequences for the attractor of (1.3). The attractor
is, roughly speaking, the w-limit set of all possible initial values, and it describes the long-
time behaviour of all solutions. For Equation (1.3) on a finite interval [0, L] the attractor
consists of the equilibrium solutions and all connecting orbits between these equilibria.
Here one may take, for example, Neumann boundary conditions S—Z(t, 0) = S—Z(t, L)=0,or
Dirichlet boundary conditions u(t,0) = u(t, L) = 0. We remark that equilibrium solutions
which obey Neumann or Dirichlet boundary conditions, can be extended to periodic solu-
tions of (1.4) and are thus part of the family of periodic solutions described previously.

Equation (1.3) possesses another important property, which is intimately connected to
a broad class to second order parabolic equations, namely the comparison principle: when
u; and u, are solutions of (1.3) with u1(0, x) > u»(0, x) for all x, then uq(t, x) > uy(t, x) for
all t > 0. Second order parabolic equations in one space dimension, such as (1.3) have a
stronger property: the number of intersections of two solutions, the zero number, is a non-
increasing function of the time ¢ [101]. This principle has been used to give a complete
characterisation of the attractor of (1.3) on finite intervals [4].

We now turn our attention from a finite interval to the problem on the entire real
line. The existence of a pair of heteroclinic solutions has already been mentioned, and
we now discuss a different type of special solutions: uniformly translating profiles, or
travelling waves (heteroclinic solutions can be interpreted as standing waves). Consider
the following generalisation of (1.3):

ou _ 0%u

ot 022
Substituting the travelling wave Ansatz u(t,x) = U(x — ct), where c is the (a priori
unknown) wave speed, one obtains the ordinary differential equation (where we have
switched to lower case again)

+ (1 —1uH)u+a), a€l0,1). (1.7)

" = —cu' — (1 —u?)(u+a). (1.8)

As before it is sometimes useful to view this as the equation of motion of a particle in a
potential of the form depicted in Figure 1.2 under the influence of friction. We now see
that the energy ‘E[u] is no longer a conserved quantity, but instead E'[u] = —cu'’.

There are two types of travelling waves: those connecting the two stable states u = +1,
and those connecting the unstable state to one of the stable states. For all 2 € (0,1) we have
E[1] > E[-1] > E[—a], hence we may assume that ¢ > 0 (i.e., waves travelling from left

to right) and restrict our attention to heteroclinic solutions of (1.8) from 1 to —1, and from



1.3. The fourth order equation 17

Figure 1.2: The potential associated to (1.8) for a = 0.25.

(a) (b) ()

W /\/ \i \/ !

N
)
[~ <\

Figure 1.3: The phase-plane for Equation (1.8): (a) for 0 < ¢ < av/2; (b) for c = av/2;
(c) for ¢ > av/2.

+1 to —a. The phase-planes for three distinctive values of ¢ are shown in Figure 1.3. We
notice the following:

e A travelling wave connecting —1 to —a exists for all wave speeds c > 0.
e A travelling wave connecting 1 to —1 exists only for ¢ = av/2.
e A travelling wave connecting 1 to —a exists for ¢ > a+/2, but not for ¢ < av/2.

The stability of these travelling waves has been determined in [68]. The travelling wave
connecting the two stable states is the limiting profile of solutions of (1.7) for a large class
of initial conditions. The waves connecting the stable to the unstable state (the stable
state invades the unstable state) are far less stable, as the existence of a continuum of such
travelling waves already indicates.

Let us finally recall that the two major tools in examining the second order equation
are on the one hand an analysis of the phase-plane, and on the other hand applications
of a comparison/maximum/lap-number principle. Both these techniques are not readily
available for fourth order equations, since a four dimensional phase space is much harder
to analyse (there are more degrees of freedom), and a comparison principle is just non-
existent for fourth order equations (it is violated in very simple examples such as the
linear equation).

1.3 The fourth order equation

A natural extension of Equation (1.3) is the Extended Fisher-Kolmogorov (EFK) equation

ou *u  0%u
E:—yw+ﬁ+u—u3, v > 0. (19)
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It has been proposed in [49, 53] as a pattern generating generalisation of the classical
Fisher-Kolmogorov equation. In this section we give an overview of the results obtained
in this thesis concerning Equation (1.9), or more generally on equations of the form
4 2
g—?z—y%—kﬁ% +fw) v>0BeR (1.10)
where f(u) is a nonlinear function. A second example which falls in this category is the
Swift-Hohenberg (SH) equation

ot 0x?
Note that this is an equation of the form (1.10). One may perform a rescaling to obtain
the equation u; = —uyyyy + Plyy + 1 — u° where 3 = —\/%, i.e., B has the opposite sign
as compared to the EFK equation (1.9). The SH equation was first introduced as a model
equation in the study of Rayleigh-Bénard convection cells [137]. It serves as a model equa-
tion for the behaviour of a system near the onset of a finite wavelength instability [126, 50].
There are many more examples of physical systems where Equation (1.10) or similar

equations play a role (see also Section 1.1). We do not attempt to give a complete account,
but instead refer to [38, 39] and [123].

2 \2
ou _ (1 + a—) U+ ou—u’, aeR (1.11)

To understand the behaviour of solutions of the evolution equations (1.9), (1.10) and
(1.11), it is essential to understand the stationary (time-independent) solutions. A major
part of the results are therefore concerned with solutions of the equation

—yu"" + Bu" + f(u) =0. (1.12)

This equation describes the stationary solutions of (1.10), but is also interesting in its
own right. As should be clear from the above examples, we are especially interested in
the case where f(u) = u — u®. This is the typical example of a bi-stable nonlinearity. In
the description of the results we will for simplicity concentrate on this particular choice

of f(u):
—yu" + Bu" +u—u®=0. (1.13)

It should be stressed that most of the results are valid for a broad class of nonlinearities.

There are two important functionals associated to (1.12). First, when we multiply the
equation by 1’ and integrate, we obtain the energy or Hamiltonian

Elu] E —yu'u" + gu”z + gu’z + F(u),

where

u
F(u) £ / f(s)ds (1.14)
1
is the potential. The energy is a conserved quantity along orbits of (1.12). Second, the
Lagrangian action associated with this Hamiltonian is

Ju] = / (%u”(x)z + gu’(x)z — F(u(x))) dx. (1.15)

The solutions of (1.12) correspond to critical points of the action J[u] and vice versa. The
domain of integration depends on the kind of solution under investigation. We will go
into more details of this variational structure in Section 1.3.3.
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Figure 1.4: Eigenvalues (in the complex plane) of the linearised problem around +1:
(@) % > /8, a real saddle; (b) V8 < % < /8, a saddle-focus; (0) % < —+/8, a center.

Let us remark here that Equation (1.12) can be formulated as a Hamiltonian system.
Define v =/, p, = u’ — yu'"" and p, = yu". The Hamiltonian in these new variables is

o 1
H(u,v, pu, po) = Epi + vpy — gvz + F(u) = E[u], (1.16a)
and (1.12) is equivalent to the Hamiltonian system
u = o pl, = _90H
opu’ u ou’
o o \ _ _eH (1.16b)
— apy’ Po = dv *

Although only limited direct use of this formulation is made in this thesis, the Hamilto-
nian always plays an important role in the background.

For the special nonlinearity f(u) = u — u? one has F(u) = —}(u? — 1)?, and for y, 3 > 0
the integrand in (1.15) is positive. From a variational point of view it makes sense to
define F(u) = — fl” f(s)ds instead of (1.14), i.e. with opposite sign. This will lead to a
change of notation in some chapters of this thesis. Although it might cause some con-
fusion, this seems inevitable. The definition in (1.14) is the natural one when one draws
upon the analogy with a classical mechanical system, whereas when the variational struc-
ture is prevalent, the definition with the opposite sign is more sensible. In this introduc-
tion we will stick to the definition as given in (1.14). There is another notational issue: the
two parameters in (1.12) can be replaced by just one (through a scaling). In some chapters

the equation will be rewritten as (with g = —-£

VY
u™ 4 qun — f(u) =0, geR

Equation (1.13) has three equilibrium points: u = 0 and u = £1. The eigenvalues
of the linearised problem around =+1 are depicted in Figure 1.4. While for \% > /8 the
eigenvalues are real, they are complex for |\%| < /8, and purely imaginary for % < —/5,
with the corresponding nature of the equilibrium points u = %1 being real saddle, saddle-
focus and center respectively. As we will see later on, the dynamics of (1.13) in these
parameter regions differs quite drastically. Note that the third equilibrium point u = 0 is
a saddle-center for all parameter values.

We will in particular investigate bounded solutions of (1.12). These include periodic
solutions, homoclinic solutions (pulses) and heteroclinic solutions (kinks), but other types
of bounded solutions (among others so-called chaotic profiles) can also be present (in con-
trast to the second order equation). These different types of solutions appear in different
situations in applications, and the mathematical treatment often varies as well.
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1.3.1 Uniqueness

In the study of differential equations the second question is always about uniqueness
(multiplicity); the first question, that of existence, will be discussed in the next sections.
The problem that we address here is what happens to the bounded solutions of the second
order equation (1.3) when we add a fourth order term with a small coefficient y (Equa-
tion (1.13)). Without loss of generality (by a scaling of x) we may put g = 1.

One way of proceeding is via singular perturbation theory [87, 67]. This leads to res-
ults for ¥ < ¢, where ¢ is some unknown small positive constant. This is a very general
and fruitful method and often information about the stability of solutions can be found
as well [72, 2, 130].

Here we pursue a different method which covers a well-defined and rather large range
of parameter values, and is specific to equations of the form (1.12). Let us first illustrate
the power of this method by considering the results that are obtained for Equation (1.13).
We find that for all y < % the bounded solutions of the fourth order equation (1.13) cor-
respond exactly to those of the second order equation (y = 0). Moreover, the projections
of two bounded orbits onto the (u,u’)-plane do not intersect. Hence we may refer to
Figure 1.1 again.

Theorem 1.1 The only bounded solutions of (1.13) with 3 =1 and y € (0, %] are the three
equilibrium points, two monotone antisymmetric kinks and a one-parameter family of
periodic solutions, parametrised by the energy E € (—1,0).

Additionally, one finds that the periodic solutions are antisymmetric with respect to their
zeros, that they form a continuous family, and that the period strictly increases with in-
creasing amplitude. Furthermore, the monotonically increasing heteroclinic orbit is the
transverse intersection of the unstable manifold W*(—1) and the stable manifold W*(+1)
in the energy level £ = 0.

These results show that the picture which can be obtained for the EFK equation via
perturbation methods actually extends all the way to y = g. This is already interesting in
its own right, but part of this analysis will also be used later on to derive further results.

We now turn to a more general setting. Consider functions f(u) € C'(R) and define,
for —co <a < b< oo,
w(a, b) = max{0, m[a>b<J —f'(u)}.
u€la,

Introduce sets of bounded functions
B(a,b) = {u € C*(R) | u(x) € [a,b] for all x € R}.

One can often find an a priori bound on the set of all bounded solutions, i.e., for some
—o00 < a < b < oo all bounded solutions of (1.12) are in B(a, b). It is important to keep
in mind that these a priori bounds are usually valid for a range of values of y. As will
be clear from the statement of the theorems below, a better bound leads to a lower value
of w, which in turn leads to a stronger result. These definitions may seem a bit technical
at first sight, but we will see shortly that they lead to powerful results (see also Chapter 2).

An essential property of smooth second order autonomous ordinary differential equa-
tions is that there is exactly one solution through every point in the phase-plane. The
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following theorem states that the (u,u')-plane preserves this uniqueness property for
bounded solutions of the fourth order equation as long as y is not too large.

Theorem 1.2 Let u; and u, be bounded solutions of (1.12) with 3 =1, i.e., u; and u, are
in B(a, b) for some —co < a < b < co. Suppose thaty € (0, M] Then the paths of 1,
and u, in the (u,u')-plane do not cross.

Let us give some examples: for the double-well potential F(u) = %(u2 —1)? (note that
this is not the EFK potential) and for the periodic potential F(u) = cosu, we have that
w(—00,00) = 1. So we do not need an a priori bound, and Theorem 1.2 applies for y < 1.
For the EFK equation, F(i) = —1(u? — 1)?, it turns out (we come back to this later) that for
0 < ¥ < 5 all bounded solutions satisfy ||u||« < 1, and w(—1,1) = 2. Hence Theorem 1.2
applies for y < . We note that in all three cases Theorem 1.2 holds exactly up to the
value of ¥ where the nature of some of the equilibrium points changes from real saddle
to saddle-focus.

Now assume that for some y > 0 we have an a priori bound on the set of bounded
solutions, i.e., all bounded solutions of (1.12) are in B(a, b) for some —oo < a < b < oo, and
let us assume that w = w(a, b) < co and that y < =-. Then if y € [0, /=] bounded solutions
of (1.12) do not cross by Theorem 1.2. An immediate consequence of Theorem 1.2 and the
reversibility of (1.12), is that when y € [0, ﬁ] any bounded solution of (1.12) is symmetric
with respect to its extrema. This implies that the only possible bounded solutions are

e equilibrium points,
e homoclinic solutions with one extremum,

monotone heteroclinic solutions,

periodic solutions with a unique maximum and minimum value.

It turns out that, as for the second order equation, the energy E[u] orders the bounded
solutions in the phase-plane, i.e., the energy increases when walking in the +u' direction
away from the u-axis. The results for Equation (1.13) in Theorem 1.1 (and those just below
the theorem) are direct consequences of the above considerations.

Let us now briefly discuss the idea behind these results. The method used to prove the
above theorems is based on a splitting of Equation (1.12) into two second order equations.
Define (setting 3 = 1)

A:%(%—\/%—wy) and u=%<%+ %—wy).

Itis easily seen that A and p are positive real numbers if and only if y < ﬁ. Equation (1.12)

can then be factorised as .
u' —Au)y=ov

VY ; : (1.17)

ST — o) = fu) + wu,
and the definition of w ensures that f(u) 4+ wu is a non-decreasing function of u for
u € [a,b]. The fact that the right-hand sides of the two equations in (1.17) are increas-
ing functions can now be used to apply arguments which bear some resemblance to the
maximum principle.

The observation that this factorisation could be used for uniqueness proofs was first

made in [3, 35]. There it was applied to prove uniqueness of the homoclinic solution
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(to 0) for (1.12) with f(u) = —u + u%. In the above arguments, which are a summary of
Chapter 2, it is shown how a global picture of all bounded solutions can be obtained.

We note that the uniqueness of the heteroclinic solution of (1.13) for y < % is also
proved in [96] via the use of a Twist map (see also Section 1.3.4). Although the method
used there in many ways resembles part of the analysis presented here, it highlights a
totally different way of looking at the problem. Recently it has been shown in [15] that
uniqueness of the monotone kink for y < i can also be proved using a reformulation
in terms of a convolution equation. This approach allows extensions to higher order
equations.

Theorems 1.1 and 1.2 provide statements about all energy levels at once. When the
attention is restricted to a specific energy level, results on uniqueness and non-existence
of bounded solutions can often be extended to larger values of y. In [112] the above
techniques are combined with a geometric analysis of the flow in the (u, u")-plane to do
just that.

Finally, let us come back to the a priori bounds on bounded solutions of (1.13). The
fact that ||ul| < 1 for all bounded solutions if y < § follows from a repeated application
of the maximum principle to (1.17). However, to be able to do this one needs another,
less sharp, a priori bound. Such a bound can be obtained for all ¥ > 0 and 8 > 0: any
bounded solution of (1.13) for y > 0 satisfies ||u||c < v/2. This bound and analogous ones
for other nonlinearities are obtained as a generalisation of a result in [119].

1.3.2 Shooting methods

One of the basic tools in analysing the solutions of (1.12) is a topological shooting method
which is designed to handle oscillatory solution graphs. It is based on a careful analysis
of the location and height of the successive local maxima and minima of the graph. This
method has been developed to study Equation (1.13) in a series of papers [117, 118, 119,
120, 121]. In this section we fix y = 1 without loss of generality. Searching for odd solutions
of (1.13) in some energy level E[u] = E, one takes initial values

u(0)=0, (0=« u"0)=0, u"0)=n(x), (1.18)

where n(x) = gu’ —(E+ %)%. One tries to find values of the slope a such that the solution
of the initial value problem has certain properties. For example, one looks for solutions
which tend to 1 as x —+ oo to find heteroclinic solutions, or one proves the existence of one
or more values of a such that for some & > 0 it holds that u'(§) = 0 and u"'(&) = 0, which
leads to a periodic solution. The invariance of Equation (1.13) under the transformations
u(x) — —u(x) and u(x) = —u(—wx) is used to extend the solutions to all x € R. Note that
such solutions may also be even about some point & € R, but we will nevertheless refer
to them as odd, to distinguish them from the genuinely even solutions, which will be
discussed next.

A similar shooting procedure can be set up for even solutions by taking as initial values

u@0)=a, w'0)=0, u"(0)==+\2(E—F@), u"(0)=0. (1.19)

In this case one can study the existence of homoclinic and (again) periodic solutions.
Note that in this latter approach only the reversibility of Equation (1.12) is used. When no
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Figure 1.5: Two simple periodic solutions for E =0, 3 = —1,y = 1.
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Figure 1.6: Building blocks with their corresponding numbers.

symmetry is present in the system then a two dimensional shooting method would have
to be used.

We now describe some of the results. Taking initial conditions (1.18) with & > 0 and
monitoring the first maximum of the solutions, it was found in [120] that for any E €
(—%,0) and any 3 € R (y =1 fixed) there exists a periodic solution of (1.13), odd with
respect to its zeros and even with respect to its extrema. For E = 0 such a periodic solution
is found for 3 < v/8 [120, 106]. In fact, two such solutions are found in that case, one
with ||u]| < 1 and one with ||u||o > 1 (see Figure 1.5). For 8 > 1/8 no periodic solution
exists in the energy level E = 0, but instead there are monotone heteroclinic solutions
connecting —1 to +1 [117]. For 3 < /8 monotone heteroclinics do not exist, since then the
equilibrium points 1 are saddle-foci or centers. The existence of symmetric homoclinic
solutions which have a unique critical point is discussed in [116]. Such solutions do not
exist for Equation (1.13), but they do exist for other nonlinearities f(u).

For 3 < /8 the fact that &1 are saddle-foci or centers can be used to obtain periodic,
heteroclinic, homoclinic and even chaotic solutions which have oscillations around =+1.
We fix the energy level E = 0 (containing the equilibria u = £1). Instead of giving defin-
itions we will try to explain what kind of solutions are found. In Figure 1.6 the building
blocks of solution shapes are shown, with a number attached to each building block. By
symmetry, there are similar building blocks for negative #, and we thus distinguish posi-
tive and negative building blocks. There are also building blocks of type co; they consist
of solutions which tend to 1 as x — %00, see Figure 1.6. These building blocks are not
exact solutions, but they show the approximate shape. The important features are the
positions of the extrema with respect to the lines u = +1 and u = 0.

By alternating positive and negative building blocks one may build solutions and one
obtains a corresponding sequence of positive integers. We will say that a solution is of
type (..., k1,ko, ks, ...) if its shape corresponds to this sequence of building blocks. Since
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Figure 1.7: Schematic examples of solutions for 3 € [0, /8) corresponding to sequences
@«(..,2,4,2,4,2,...), (even) periodic; (b) (..., 3,2,2,3,2,2,3,2,2,3,...), (odd) periodic;
(c) (00,4, 00), homoclinic; (d) (00, 00), heteroclinic; (e) (...,2,2,1,2,2,2,1,2,2,...), peri-
odic; () (...,1,1,1,3,1,1,1,1,1,3,1,1,1,....), periodic.

we deal with odd or even solutions we restrict our attention to symmetric types. The
techniques developed in [118, 119] can be used to show that for 3 € [0,+/8) there are
solutions of (1.12) with energy E[u] = 0 whose shape corresponds to any of the following
sequences (types):

o (....ko, ki, ki, ko, .. knq, ki ko, . ko ke, K, ko) OF
(... ko, ki, ko, ko1, kn kv, ... ko, k1, ko, ...) for some n € N with k; € N.
These sequence are periodic and correspond to an odd or even periodic solution
respectively (see Figures 1.7a,b).
o (... ks, ko, ki,ko ks, ...)0r (..., ko ke, k1, ky,...) withk; € N
If there is no ‘regularity’ in the sequence then the solution is sometimes called chaotic.
e (00,ky, ... ky, ki,ko, ..., k,, 00)forsomen € Nand k; € N.
This corresponds to an even homoclinic solution (see Figure 1.7c).
e (00,ky, ... ko, ki,ky,ky, ..., k,, 00)for somen € Nand k; € N.
This corresponds to an odd heteroclinic solution. There is also a simple heteroclinic
solutions of type (0o, 00), see Figure 1.7d.

Notice that both u and —u correspond to the same sequence unless we specify a certain
building block to be positive. A few examples are given in Figure 1.7. The restriction to
even and odd solutions does not seem to be crucial. A limit procedure could be used to
prove the existence of solutions corresponding to non-symmetric sequences®. These res-

ults can be generalised to nonlinearities with a shape similar to f(u) = u — u?, i.e., having

2Periodicity of solutions corresponding to non-symmetric periodic types seems more difficult to prove (it
becomes a truly two dimensional problem). In a variational setting one can make the periodicity an intrinsic
part of the problem by choosing suitable function spaces, see Chapter 3.
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Figure 1.8: The simple kink is continued numerically in the parameter 3. The value of
the action J[u] is shown as a function of 5. The cusp is solely due to the choice of the
action | as the quantity on the vertical axis; the L*°*-norm displays smooth behaviour
near the turning point (cf. Figure 1.9b). Solutions (indicated by small squares) on the
lower and upper branch are shown in (b) and (c) respectively.

three zeros u; < u, < uz such that u; and u3 lie in the same energy level. In particular,
f(u) does not need to be anti-symmetric (one can use the shooting setup in (1.19)).

For 3 € (—/8,0) the equilibria u = *£1 are still saddle-foci, so one might expect the
above solutions to continue to exist. And to some extent this is indeed true. Although
the shape of the solutions starts to change somewhat (sometimes even (almost) bey-
ond recognition), one can (numerically) follow continuous branches of solutions into
the parameter region 3 < 0 (using the program AUTO [57]). However, some types of
solutions cease to exist while the equilibrium points are still saddle-foci. The critical
value 3, < 0 after which the solution no longer exists, is different for each type of solu-
tion. The example of the simple kink (0o, 00) is shown in Figure 1.8. At a critical value
of about 3, ~ —2.3 this solution coalesces with another heteroclinic solution (with se-
quence (00, 1,2,2,1,00)). This phenomenon has been extensively studied in [35] for Equa-
tion (1.12) with f(u) = —u + u?.

In Chapter 6 we use the shooting method to study what happens to certain types of
periodic solutions when 3 becomes negative. We find three different kinds of behaviour:

1. We obtain a family of periodic solutions bifurcating from the unique kink at 8 = /8
and extending to —oo, i.e., these solutions exist for all 3 < /8 (see Figure 1.9a). The
family consists of a countable infinity of distinct periodic solutions of type (...,2,2,3,
2,2,...,2,2,3,2,2,...), where the number of 2’s between two 3’s is arbitrary (for an
example see Figure 1.7b).

2. As already explained above, there are (infinitely) many pairs of families, which exist
atleastfor 3 € [0, \/g). These solutions continue to exist for some, but not all, negative
values of 3. Numerical evidence shows that these solutions pairwise lie on loops in
the (B, ||u||)-plane (see Figure 1.9b) of which the projection on the 3-axis is of the
form [f., V/8).

3. Finally, we find a third kind of (even) periodic solutions. These again come as a
tamily of countable many distinct periodic solutions which bifurcate from the kink
at B = /8. However, this family does not extend to infinity nor do they lie on loops.
Instead, the numerical results indicate that these periodic solutions bifurcate from
the constant solution 1 = 1 as 3 tends to a critical value 3, = —v/2(n + %), n € N (see
Figure 1.9¢). For n > 2 these solutions come in pairs. The critical values (3, arise when
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Figure 1.9: The three types of branches: (a) extending to —oo; (b) loop-shaped; (c) bi-
furcating from u = 1.

the moduli of the eigenvalues of the linearisation around u = 1 are a multiple of one
another. The sequences corresponding to these solutions, at least for 3 > 0, are of
the form¢(...,1,1,2,1,1,...,1,1,2,1,1,...)and (...,1,1,3,1,1,...,1,1,3,1,1,...). The
number j of 1’s between two 2’s or 3’s is odd (which means that u(x) > —1 for all
x € R) and j =2n — 1 or j = 2n — 3 respectively. See Figure 1.7f for an example.

We emphasise that these branches of solutions illustrate that the structure of the solutions
set does not immediately change when 3 changes sign.

In addition to the branches of solutions extending over (/3,, V/8), it is also possible to
construct branches of even solutions which bifurcate from u =1 at 3,,,, = —\/E(% + %),
n,m € N. We refer to Chapter 6 for a more detailed discussion and examples. Besides, in
Chapter 8 (see also Section 1.3.4.2) a variational setting of the shooting method is presen-
ted, involving the calculation of the Conley index of certain types of solutions. Most
of the solutions described above are recovered, as well as many additional branches of
solutions. This approach also sheds light on the matter of coalescence of solutions. A
non-trivial Conley index implies the existence of at least one solution of the correspond-
ing type for any parameter value. A trivial Conley index allows for the possibility of two
coalescing solutions, so that a solution of the corresponding type may exists in only part
of the parameter regime.

We want to make some comments about quantities which are conserved along con-
tinuous branches of solutions in the energy level E = 0. It turns out that for all 3 < /8
the number of extrema (counted with multiplicity) cannot change and that the number
of intersections with u =1 and u= —1 is also conserved. This already puts quite a few
restrictions on the behaviour of branches of solutions, and combined with numerical ex-
periments this gives a lot of intuition. The following prediction can be made. We recall
that the use of the sequences to label solutions is only valid for 3 > 0. A solution whose
sequence contains at least one k; > 4 lies on a loop-shaped branch. A solution whose se-
quence consists of 2’s and 3’s lies on an unbounded branch. The only solution which can
lie on a branch which bifurcates from u = +1 are those of the form (...,1,k;,1,k,1,...)
with k; € {1,2,3}. However, some of these happen to lie on loop-shaped branches. This
still leaves some undecided cases and we will not try to make bold predictions about
those. Nevertheless a quite complete picture exists of all these branches. We should add
that the relative position of the coalescence points . (the turning points of the loop-
shaped branches) has been investigated and partially resolved in [35].
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There is a second shooting method for equations of the form (1.12), which has been
developed in [84, 3, 43]. In contrast to the method above, the central role is played by the
(1, u")-plane. This setting stems from the identity (for energy E = 0)

u' (" — gu’) = %u"z — F(u) (1.20)

Defining V = %u” 2 — F(u) the (u,u" )-plane is divided into regions where V has different
signs (see Figure 1.10a). The sign of V implies a form of monotonicity: if V' > 0 then by
Equation (1.20) the velocity (u', u"") lies in the cone as indicated in Figure 1.10b (for 3 > 0),
whereas for V < 0 the velocity lies in the cone depicted in Figure 1.10c. Note that the
opening angles of the cones depend on the parameter f3.

If V = 0 then either u’ = 0 or u” = £u//. Therefore, if an orbit intersects the set {V = 0}
at x = x, then there are two possibilities. Either the velocity (u,u") is non-zero and the
direction “* of the orbit is co (vertical) or £; or ' = u" = 0 implying that u is symmetric
about xj, and the direction of the incoming and outgoing orbit is 3 4 lEff), which again

depends on the value of 3.

The transition from real saddle to saddle-focus is characterised by the fact that the
slope of the cones becomes smaller than the slope of the graph of {V = 0} at the equi-
librium point. Besides, at the transition value the direction 3 + % of an orbit with zero
velocity (i.e. at a turning point) close to the equilibrium point, also becomes equal to the
slope of the graph of {V = 0}. The value of 3 therefore has a serious influence on the
possible dynamics.

We have only touched upon the basic features of this second approach to a shooting
method and we do not want to go into the details. We remark that this method has been
successfully applied to prove several results for the Equation (1.12) with f(u) = —u +
u? [3,43], see also [33] for an application in the setting of Lorentz-Lagrangian systems. The
above description of the setting in the (1, u"”)-plane is largely based on the work in [112],

which was already mentioned in Section 1.3.1.

1.3.3 Variational techniques

It is well-known that many problems with a physical origin have a variational formula-
tion and Equation (1.12) indeed falls in this category. Solutions of (1.12) correspond to
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critical points of the action

Tl = [ L), '), ) i,
where the integrand, the Lagrangian, is given by

n2 /3

L(u, ', u") = %u 4 Eu'z — F(u). (1.21)

The Lagrangian is closely related to the Hamiltonian formulation, see (1.16). There is an
intimate connection between Hamiltonian and Lagrangian systems and we refer to [9] for
more details.

The Lagrangian (1.21) is a second order Lagrangian since it depends on the deriva-
tives up to second order. One can thus embed Equation (1.12) in the class of second
order Lagrangian systems, which makes it possible to extend those results on (1.12) which
are obtained via a variational approach to a larger class of fourth order equations. The
Euler-Lagrange equation, which is satisfied by critical /stationary points of a second order
Lagrangian system L(u,u’, u"), reads

0L d oL d* oL _

u " dxow T dow

Let us return to the Lagrangian (1.21) with F(u) = — }I(u2 — 1)% to study stationary solu-
tions of (1.13). To find periodic solutions with period ¢ one can consider the minimisation

problem

mi)?/ L(u,u',u")dx  where X = H*0,£) N H}(0,%).
ue

Minimisers automatically satisfy the boundary conditions #(0) = u"(0) = u(%) =u" (%) =0,
so that by the symmetry of (1.13) they extend to periodic solutions with period £. This
minimisation problem has been investigated in [124] for f > 0. In that case one fixes
B =1 and it was found that for y > 0 there exist periodic solutions for any period ¢ >

27, /ﬁ (which originates from the linearisation around u = 0; for £ < 27 \/H%y_l
the uniform state # = 0 is the minimiser). These periodic solutions have precisely two
zeros and two extrema in one period.

Although such a minimisation procedure is greatly facilitated by the non-negativity of
the integrand L(u, u’, u") for 3 > 0, it seems that, since we are dealing with finite intervals,
at least part of this method could be applied for 3 < 0 as well, but this has not been
pursued. In [124] a similar method is used to prove the existence of a heteroclinic solution
for all 3 > 0, which in the notation of Section 1.3.2 corresponds to the type (0o, 00) in the

case of saddle-foci.

Chapter 3 deals with the variational analysis of periodic solutions with more than two
extrema in one period. We restrict our search to the energy level E = 0. The minimisation
method used here does not fix the period but instead minimises in a class of functions
with a certain shape, thus finding local minimisers of the action.

Consider the punctured phase-plane P = {(u,u') € R* \ (£1,0)}. The fundamental
group of P is generated by two loops e; and e, winding around the points (+1,0) and
(—1,0) respectively in clockwise direction, see Figure 1.11a. The path of a continuously
differentiable periodic function u which has no extrema on the lines u = +1, belongs to



1.3. The fourth order equation 29

ul

AL g

Figure 1.11: (a) The punctured plane ? with the two generators of the fundamental
group. (b) The path of a function in equivalence class [e3e1], homotopy type [1,2].
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some equivalence class, say [e;"¢] 2¢)""] for some n € N. The integers m; are
positive since u is a function (i.e., we are dealing with the half-group generated by e,
and e;). Without loss of generality we take 1 to be even. We define a function class X
corresponding to a set of positive integers (m;)"_, as all periodic functions in H*> whose
path in 2 lies in the equivalence class, say [e)" - - - €;%¢]"], see Figure 1.11b for an example.
Define the homotopy type as the finite sequence of even numbers [2m1,2m,,...,2m,]|; this
homotopy type counts the number of consecutive crossings of the linesu =1and u = —1
for the functions in the equivalence class. In each of these equivalence classes we obtain a
minimising periodic solution. The result holds whenever the equilibrium points u = %1
are saddle-foci and 3 > 0.

Theorem 1.3 Let 3 > 0 and /5—2 > % For any homotopy type [2my,2ms,...,2m,|, with
n even and m; € N for all 1 <i < n, there exists a periodic solution of (1.13) which locally
minimises the action J[u].

Note that since the period is not fixed, minimisation is also carried out over all possible
periods, which implies that all minimisers have energy E[u] = 0.

When we try to compare these solutions to the notation introduced in Section 1.3.2
we encounter the following difficulty. Consider the solutions of periodic type (...,2,4,2,
4,2,...)and (...,1,2,2,2,1,2,2,2,1,...), then the homotopy type of both these solutions
is [2,4], see Figure 1.7a,e. Numerical evidence as well as the nature of the minimisation
procedure suggest that the minimiser is the solution of type (...,2,4,2,4,2,...), while the
other one is a solution of index 1 (i.e. one unstable direction). In general this has how-
ever not been proved. Nevertheless, the idea is that the periodic solution which are made
from only even building blocks are the minimisers and thus are stable stationary solutions
of Equation (1.9), whereas each odd building block used corresponds to one unstable dir-
ection so that the index of the solution equals the number of odd building blocks. Finally,
we remark that the homotopy type is conserved along a continuous branch of solutions
with E[u] = 0, see also Section 1.3.2. The pair of solutions discussed here lie on a loop-
shaped branch of solutions (see again Section 1.3.2).

The method works for a large class of second order non-negative Lagrangians which
have two global minima which are saddle-foci. If L is of the form (1.21) with a symme-
tric potential then one obtains Theorem 1.3. For non-symmetric Lagrangians one finds
minimisers for homotopy types [2m;, ..., 2m,] with m; = 2 or m; sufficiently large.

We also prove the existence of minimising solutions corresponding to non-periodic
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homotopy types. Some properties of the homotopy type, such as symmetry, are reflected
in the corresponding minimisers. Another example is that if a homotopy type is asymp-
totically periodic in both directions, then there exists a minimiser of that type which is a
heteroclinic connection between two periodic minimisers. An important feature of min-
imisers is that their projections onto the (1, u')-plane have no more self-intersections then
necessary, i.e., the only self-intersections are those forced by the homotopy type. A similar
result in the situation of a constrained minimisation problem can be found in [114].

In many ways the situation resembles the that for geodesics: one tries to find the
most cost-effective path to make J[u] as low as possible, so that shortcuts are very fa-
vourable (see Chapter 3 for more details). This technique was developed in [89] to prove
the existence of heteroclinic and homoclinic solutions in much the same setting as de-
scribed above for periodic solutions. Heteroclinics and homoclinics are found of type
(00,2my,...,2m,,o0), where m; € N, and 7 is odd for homoclinics and even for heteroclin-
ics.

A series of related variational problems has been investigated in the last few years,
and we will briefly discuss the most relevant ones.
In the study of second order materials a minimisation problem of the form

—00

: : ]‘ r ! n
inf Thm ﬁ/T L(u,u',u")dx (1.22)

is encountered, where the infimum is taken over all functions u € HZ_ for which this
limit exists. For 3 > 0 the minimisers are the homogeneous states 1 = 1, but when f3
is sufficiently negative this is no longer true, and a periodic function takes over the role
of minimiser [46, 99, 106]. This happens when f3 reaches the (a priori unknown) value 3*
for which the first periodic solutions appears with action J[u| = 0. The numerical value
of B* is about —0.92 for ¥ = 1. We remark that the minimisation technique in homotopy
type classes described in this section relies on the positivity of the Lagrangian L to apply
cut-and-paste techniques, i.e., it only works for 8 > 0. Nevertheless it seems that one
should be able to extend this to 3 < 0 as long as 3 > 3%, since for 3 > 3* every function
corresponding to a loop in the configuration plane  has positive action.

In the description of geological pattern formation the following constraint minimisa-
tion plays a role [113]:

ir}}f/ L(u,u',u")dx, where X = {u € H?| [, u"dx = A}.
R

Here L is taken to be of the form L = 1u"* + 1u? — 1u* 4+ 24°. For a > 1 a minimising
homoclinic orbit to 0 is found, which converges to a periodic function as A — oo, where
the periodic function solves a related minimisation problem.

A mountain pass argument has been applied to prove the existence of a homoclinic
solution to 0 of (1.12) with f(u) = —u + u® for B € (—/8,0) [33]. The estimates needed
for this method (to prove that the Palais-Smale condition is satisfied) are unfortunately
only available for nonlinearities of the special form f(u) = —u +u°,s > 1.

Various gluing methods have been used to show that, when the equilibria u = %1 are
saddle-foci, the existence of a heteroclinic loop implies the existence of infinitely many
heteroclinic, homoclinic and periodic solutions. These methods are partly variational
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and partly functional analytic in the sense that one tries to prove the existence of a zero
of dJ[u]. If the heteroclinic orbits of the heteroclinic loop are transverse intersections of
W*(F1) and W*(£1) then, as was already shown in [54], dynamical system techniques
imply the existence of a Smale horseshoe, hence there are infinitely many heteroclinic,
homoclinic and periodic solutions. For Equation (1.13) the transversality condition can
be checked for % very close to %. In [90, 36] it was shown that similar results can be ob-
tained via a gluing method without checking the transversality conditions. However, one
needs the fact that the heteroclinic orbits are isolated, which for example holds for ana-
lytic nonlinearities. Finally, in Section 1.3.5 we will encounter a truly variational variant
of this gluing technique. This variational variant has in common with the minimisation
method described above (see also [89]) that no information about the non-degeneracy or
isolation of the heteroclinic orbits is needed.

There are several advantages and disadvantages of the variational methods when we
compare them to a shooting method. The most important advantage is that, since use is
made of the variational structure, conclusions can be drawn about the index of solutions
and their stability. Another advantage is that a large class of systems can be dealt with
simultaneously. On the other hand, solutions of different index often require a totally
different method. Besides, the information about the shape of the solutions is usually
less detailed and sometimes completely absent. In the next section we will show how we
can combine the variational setting with the shooting information to get the best of both
worlds.

1.3.4 Twist maps and braids:
a combination of shooting and variational methods

In this section we investigate the existence of periodic orbits in a fixed energy level {£ =
E} via an approach which can either be viewed as a shooting method or as a variational
method. Alternatively, the method can be regarded as an attempt to unify the variational
and shooting approaches. This will lead to the introduction of a Twist property. The first
application of a Twist map to Equation (1.13) was presented in [96], although the ap-
proach there is very different from ours. We now try to give the essential ingredients, and
for precision, more generality and details we refer to Chapter 7.

1.3.41 Twist maps

Let us start by explaining the dynamical systems (shooting) point of view. Since the
present subject is rather geometrical we will use the Hamiltonian formulation (1.16). Tra-
jectories of the Hamiltonian system lie on three dimensional sets My = {H = E}. The
sets M are smooth manifolds for all regular energy values E of H (i.e. VH|y, # 0), and
are non-compact for all E € R. A bounded solution of (1.12) has either finitely or infinitely
many isolated local extrema (or zero for a monotone heteroclinic solution). This means
that a bounded orbit always intersects the section {u' = 0} in Mg. In case there are only
finitely many intersections, u© must be asymptotic to an equilibrium point as x — Fo0.

If E is a regular energy level then this possibility is excluded.
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Recall that v = v/, p, = Bu’ — yu" and p, = yu". The section {v = 0} N Mg will be de-
noted by Zg. This Poincaré section g = {(u, v, pu, po) | = 0, p» = £/2y(E — F(u))} splits
into two graphs £= over the (p,, u)-plane. Let us also define the set I = {u € R|E — F(u) >
0}.

Bounded trajectories can thus be identified with sequences of points (p,,, u;) in the
(pu, u)-plane or rather in the subset R x I. The vector field is transverse to the interior of
the sections £ and X~. It therefore makes sense to consider the Poincaré return maps,
i.e. maps from X" to £~ and from £~ to X7 by following the flow starting at Z* until it
intersects X ~. For the points in Z* for which the flow does intersect £~ we have defined a
map 7, from X* to £Z~. The same can be done for the map 7~ from X~ to £*. These are of
course just the maps considered in the shooting method in Section 1.3.2. The maps 7. can
be considered as maps from (part of) the (p,, u)-plane to itself. Since periodic solutions
consist of increasing laps alternated by decreasing laps we seek fixed points of iterates of
the composition map 7 =7~ o Z,.

The flow is a Hamiltonian, which implies that maps 7 are area preserving (we refer
to [9] for more details about this and what follows). This in turn implies that

Pu, Ay — pu,duys = dS.(pu,, U1), (1.23)

where (p,,, 2) = T4 (pu,, u1) and S, is a C'-function of (p,,, u1). The map T, is a Twist map
if uy = uy(py,, u1) is strictly increasing in —p,,,. It then follows from (1.23) that there exists
a Cl-function Sg(uy,up) = Su(pu,(u1,u2),u1) such that 8;Sg = —p,, and 3,S¢ = p,,. This
function is called the generating function of the Twist map. A similar construction can be
carried out for 7_. Notice that the above definition of a Twist map is nothing else than the
following requirement. When one shoots from a fixed minimum the only free parameter
is the third derivative u"(0). Now 7 is a Twist map if the height of the first maximum is
a strictly increasing function of u"(0).

The advantage of having such a generating function will become clear when we make
the connection with the variational interpretation, and that is what we will do next.

Periodic solutions in an energy level are often called closed characteristics. These are
functions 1 which are stationary for J[u] and are t-periodic for some period 7. If we seek
closed characteristics at a given energy level E we can invoke the following variational
principle:

Extremise { Jg[u] | u € U C*(S', 1)}, (1.24a)
>0
where .
Je[u] = / (L(u,u',u") + E)dx. (1.24b)
0

It may be clear that 7 is also a parameter in this problem, which guarantees that any
critical point has energy H = E[u] = E.

The connection between the variational problem (1.24) and the shooting maps 7 is
as follows.

Lemma 1.4 Let S.(pu,, u1) = Je[u], where u is the trajectory starting at (uy,p,,) € 2+, and
T = T(py,, U1) is the first intersection time at X ~. Then S, satisfies Equation (1.23).

This Lemma does not depend on 7 being a Twist map or not. If 7} is a Twist map,
then for J¢ this implies that there exists a continuous family u(t; 11, u,) of extrema (and
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T(u1, up) varies continuously). Conversely, the continuity conditions on the family of ex-
trema u(t; uq, u;) imply the Twist property.

We now need to take care of the domains of #; and u,. For that purpose we denote the
connected components of I = {u € R|E — F(u) > 0} by I, and we will refer to them as in-
terval components. Define the diagonal A = {(u1,u) € Ig X Ig|u; = u}. The Lagrangian L
is now said to satisfy the Twist property on an interval component I if (with E a regular
energy value):

(T) inf{Je[u] |u € Xc(u1,u2), T € R } has a minimiser u(t; uy, uy) for all (uq,uz) € Ig X Ig\ 4,
and u and T are C'-smooth functions of (u1, y).

Here X, = X (u1,u;) = {u € C*([0,7]) |u(0) = wq, u(1) = up, ' (0) = v/ (1) = 0, t|0,0) >
0if u; < up and u'|(p,r) < 0 if uy > u, }. In practice the minimiser is often unique. A similar
definition holds for singular energy values. Finally, if L satisfies the Twist property (T)
we may take as a definition

T
Se(uy, up) = inf/ (L(u,u',u") + E)dx.
reiet 0
On the diagonal A we set Sg|4 = 0, so that Sg is continuous on I X Ir. Let us remark
that these definitions can be applied to general second order Lagrangians provided that
92,L > 6> 0.

The Twist property allows one to reduce the variational problem (1.24) to a finite
dimensional setting where only the extrema u; are varied, because the monotone laps
between two extrema are unique. The concatenations of these monotone laps are the
analogues of broken geodesics (cf. [103]).

We would not have introduced all these concepts if it was not for the following.

Lemma 1.5 Let the Lagrangian L be as in (1.21), and let Iz be an interval component.
Then for all 3 < 0 this L satisfies the Twist property (T) on I.

The proof is based on the following reduction to a second order equation. Stationary
solutions of (1.12) with energy E[u] = E satisfies the equation —yu'u" + Xu" >4 By >4
F(u) — E = 0. For an increasing lap from u; to u, the derivative u’ can be represented as
a function of u. Set z(u) = u’ 3/ 2(x(u)), where x(u) is the inverse of #(x) on a monotone lap
of u. We find that z(u) satisfies the equation

2
12 =gz forue (u,m), (1.25)
Z(ul) = Z(uz) =0 and zZ > 0 on (ull uZ)/

where g(u,z) = %W The same holds for decreasing laps (z < 0). The fact that
% >0for f<0and (u1,u2) C I ={u € R|E—F(u) >0} allows us to apply the comparison

principle to conclude the uniqueness of the lap z.
The generating function Sg has the following essential properties which follow from
its definition:
Lemma 1.6 Let E be a regular energy value.
(@) 01SE(uy, 1) = —py, and 02Sg(uy, tn) = pu, for all (uy, up) € Ig X Ig\A.
(b) 010,Se(uy, up) > 0 for all (uy, up) € int(Ig X Ig\A).
(¢) 0wy SElint(a) = +00, where ny = (F1,£1)".
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/

Figure 1.12: A picture of D} for the case of a compact interval component Ir = [u~,ut].
The arrows schematically denote the direction of the gradient VW,. Clearly the max-
imum of W; is attained in the interior of Dg.

The question of finding closed characteristics can now be formulated in terms of Sg.
Extremising the action Jr over a space of ‘broken geodesics’ corresponds to finding critical
points of the sum Wy, (uy, ..., u,) = Z‘Zl Se(ui, uig1), where 1,1 = u;. Critical points are
characterised by the set of equations

aZSE(ui—l/ui) + alsE(ui/ ui+l) = 0/ fori= 1/ e /2}7 (126)

Such equations are called second order recurrence relations (ct. [5]). If (1.26) is satistied for
alli=1,...,2p then u-laps can be glued to a C>-function for which all derivatives up to
order three match (Lemma 1.6a), so that one finds a C*>-function u that is stationary for
J[u], hence a periodic solution of (1.12). Moreover, periodic sequences as critical points
of W,, have a Morse index, which is exactly the Morse index of the corresponding closed
characteristic u as critical point of J.

Let us focus on simple closed characteristics. A useful aid in finding critical point of
Wa(u1, uz) (or Wy, in general) is to consider the gradient flow:

{% = 01Wa(u1,u2),
% = 0,Wa(u1, u2).

Since Wy (11, uz) = Wa(up, 111) we can restrict our analysis to D7 = {(uy,u,) € Ig X Ig |up >
Ml}.

The following result is derived immediately from the properties of Sg in Lemma 1.6
(see also Figure 1.12).

Theorem 1.7 Let L satisfy the Twist property on some compact interval component I for
some regular energy level E. Then W, has at least one maximum on D}, corresponding
to a simple periodic solution, generically with index 2.

For singular energy levels a similar theorem can be proved. The bottom line is that un-
der the compactness assumption there exists a simple closed characteristic in the broader
sense of the word, i.e., depending on possible singularities a closed characteristics is either
a regular simple closed trajectory, a simple homoclinic orbit, or a simple heteroclinic loop.

Let us now draw some conclusions for Equation (1.13). Energy levels E € (— }I,O) are
regular and all contain a compact interval component, so that the existence of a simple
periodic solution (with ||u||x < 1) in each of these energy levels can be concluded. This
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Figure 1.13: The triangle D} = [ily, il,] x [, ] N {1z > u1}. The arrows denote (schem-
atically) the direction of the gradient VIW,. Clearly W, has at least one maximum in A;
and one minimum in A,. Additionally, when the equilibrium points are saddle-foci then
W, has saddle points in Az and Aj.

holds for all values of y and f3 since for u € [—1,1] the restriction on 3 in Lemma 1.5 can
be disregarded. There is also a closed characteristic in the broad sense in the singular
energy level E = 0, the compact interval component being [—1,1]. For f > 0, 7 < 5 this
is the heteroclinic loop, while for all other parameter values it is a simple periodic orbit.

We investigate the energy level E = 0 more carefully. Using the asymptotic behaviour
of F(u) = —%(u2 — 1)? for u — oo, one can show that for large —i; and 7, the gradient
VW, (i1y, 11,) points in the north-west direction; the system is then said to be dissipative on
[iT1,11,]. Besides, if an equilibrium point u, is a saddle-focus, then we can find a point
(11, 1,) close to (u.,u,) such that #; < u, < 11, and VW,(il;,1l,) points in the north-west
direction.

The following theorem follows from these observations and the (monotonicity) prop-

erties of Sg in Lemma 1.6. The proof is illustrated in Figure 1.13.

Theorem 1.8 Let L be as in (1.21) with < 0 and F(u) = —;(u* — 1)*. Then in the energy
level E = 0 there are at least two geometrically distinct simple closed characteristics: one
with ||u|| < 1 and (generically) index 2, and one with ||u||« > 1 and (generically) index0.
If u = X1 are saddle-foci then there exist two more geometrically distinct simple closed
characteristics (generically index 1).

We mention once again that all details of this analysis as well as generalisations are
described in Chapter 7. Remark that the solutions in Theorem 1.8 were already found
previously via the shooting method (Section 1.3.2). The importance of the Twist map
approach lies more in the variational information and the generality. Moreover, it can
be used to find more complicated closed characteristics. This is the subject of the next
section.

1.3.4.2 Braids

The Twist property allows one to encode a characteristic by its extrema {u;}. Assume
without loss of generality that u; is a local minimum. We can construct a piecewise lin-
ear graph by connecting the consecutive points (i, ;) € R? by straight line segments (see
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Figure 1.14: (a) A periodic function and (b) its piecewise linear graph; (c) a braid con-
sisting of 3 strands.

Figure 1.14a,b). If u is a closed characteristics then its critical points are encoded in a fi-
nite sequence {u; 12:p 1» Where 2p is the discrete period. The piecewise linear graph, called
a strand, is really cyclic: one restricts to 1 <i < 2p 4 1 and identifies the end points ab-
stractly. A collection of n closed characteristics of period 2p then gives rise to a collection
of n strands. We place on these diagrams a braid structure by assigning a crossing type
(positive) to every transverse intersection of the graphs: larger slope crosses over smaller
slope (see Figure 1.14c). We thus represent periodic sequences of extrema in the space of
closed, positive, piecewise linear braid diagrams. Since for bounded characteristics local
minima and maxima occur alternately, we require that (—1)'(u; — u;+1) > 0: the (natural)
up-down restriction. This space of piecewise linear up-down braids is denoted by £3,,
where 2p is the period and 7 is the number of strands. The completion Z;, includes sin-
gular braid diagrams (having non-transverse crossings). We refer to Chapter 8 for more
details and to [74] for a complete development of the theory.

The gradient flow of Wy, (1, ..., u2,) on 2p-periodic sequences immediately translates
to a flow on Ej,. Lemma 1.6b implies that along this flow the number of crossings of a
braid does not increase. This property is the discrete analogue of the lap number theorem
for second order parabolic equations.

The strategy is to construct isolating neighbourhoods for the gradient flow of Wy,
on @p and to compute its Conley homology. Non-trivial Conley homology implies the
existence of closed characteristics.

Consider the special situation of (n 4 1)-strand braid diagrams where n designated
strands, the skeleton, corresponds to a collection of closed characteristics. Since these
closed characteristics are stationary for the gradient flow of W, it induces a flow on
a (2p-dimensional) invariant subset of @5; !, the relative braid diagrams: only one of the
strands exhibits dynamics under the gradient flow of W,,,.

The space %g; ! is partitioned into braid classes by co-dimension 1 ‘walls’ of singular
braids. This also induces a partitioning of the relative braid diagrams. These equivalence
classes of braid types are candidates for isolating neighbourhoods.

In order to have a smooth flow on a compact space we consider the two boundary
conditions introduced in Section 1.3.4.1: the compact case (large amplitudes are repelling)
and the dissipative case (large amplitudes are attracting). Under either of these boundary
conditions consider a braid class for which the (1 + 1)** strand is non-isotopic to the skel-
eton (i.e., none of the strands of the skeleton is contained in the boundary). The fact that

the number of intersections only decreases along the flow implies that the closure of such
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Figure 1.15: Two examples of relative braid classes (dashed) whose Conley homology
with respect to the fixed strands (solid) is nontrivial. (a) Compact boundary conditions:
X;,q 4x:vi’ch p=6,r=23,q=2;(b) dissipative boundary conditions: Y;/q withp=6,r=1,
q==

a braid class is a proper isolating neighbourhood for the induced flow. Consequently the
Conley homology is well-defined, see Chapter 8 for precise statements.

We carry out the above construction for two special braid classes depicted in Fig-
ure 1.15. In the compact case we consider a skeleton of two linked strands with period 2p
and nonzero linking number r (i.e. crossing number 2r), where 0 < r < p. The third strand
(dashed) has linking number g < r with the skeleton. We denote this braid class by X} ,. In
the dissipative case we consider a skeleton of two strands of period 2p with non-maximal
linking number 0 < r < p. The third strand (dashed) has linking number g > r with the
skeleton. We denote this braid class by Y} ,.

Proposition 1.9 Consider the braid classes X}, (with0 < g < r < p) and Y}, (with 0 <
r < g < p) indicated in Figure 1.15. The Conley homology of the gradient flow of W,, on
these braid classes is well-defined and given by

Z k=29—1or2g,
0 else.

Z k=2qo0r2q+1,

H(X7,) =
CH(Xp) { 0 else.

CH(Y},) = {

One easily constructs an infinite family of closed characteristics with distinct braid
types forced by the pair of non-maximally linked (including unlinked) orbits for dissipat-
ive boundary conditions or linked orbits for compact boundary conditions, by taking
higher covers of the base orbits (i.e., taking multiples of p and r) and applying The-
orem 8.1 iteratively.

Theorem 1.10 Consider Equation (1.12) for a regular energy level E under the Twist hy-
pothesis (T). The following are sufficient conditions for the existence of infinitely many
distinct (in particular having distinct braid types) closed characteristics:

(a) a compact interval component Ir and the existence of a pair of closed orbits whose
braid representations are linked.

(b) an interval component Ir = R with dissipative asymptotic behaviour and the exis-
tence of a pair of closed orbits whose braid representations are unlinked or non-
maximally linked.
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Note that in both cases the existence of a single non-simple closed characteristic u is a suf-
ficient condition. Indeed, two even shifts of the braid representation of u yield a 2-strand
braid that is necessarily linked but not maximally linked.

1.3.5 Dynamics of the partial differential equation

In this section we discuss some of the consequences of the results on stationary solu-
tions for the dynamics of the partial differential equation (1.9). A simple example is that
minimisers of the action J[u] are expected to be stable solutions of the partial differential
equation, since (1.9) is, at least formally, the gradient flow of the action. Here one has
to choose the function classes appropriately, so that this formal argument can be made
precise. We also remark here that the index of a periodic solution is in general not equal
to the index of the same function as solution of a boundary value problem. Besides, there
are subtle differences between being a minimiser and being stable.

Let us focus on solutions on a finite interval [0, £] with Neumann boundary conditions

Ur(t,0) = Uyrr(t,0) = uy(t, £) = trr(t,£) = 0. (1.27)

Now (1.9) is indeed the L*-gradient flow of J, and J[u](t) = J[u(t, x)] is a Lyapunov func-
tional: % < 0 for all solutions of (1.9) with boundary conditions (1.27). The natural
function space for this case is H3, = {u € H*(0, ¢) | u,(0) = u,(¢) = 0}.

By symmetry the stationary solutions can be extended to periodic solutions, and for
7 < §, B > 0 these have all been classified in Section 1.3.1. The situation for the stationary
solutions in this case is completely analogous to the second order equation. In Chapter 4

it is shown that this analogy extends to the characterisation of the attractor.

Theorem 1.11 Let >0 and Z; < §- Then for all £ > 0 there is a semi-conjugacy from the
tlow on the attractor of the fourth order equation (1.9) with Neumann boundary condi-
tions (1.27) to the flow on the attractor of the second order equation.

In particular this implies that for any interval length £ there are exactly two stable solu-
tions, namely the homogeneous states u = +1.

For £ > s the situation is completely different. The origin of this change is again
the fact that the nature of the equilibrium points u© = £1 changes from real saddle to
saddle-focus at J; = §. The minimisation method of Section 1.3.3 already gives one stable
periodic solution (or at least a minimiser) of every homotopy type. Together with a sym-
metry property this shows that there are stable stationary solutions for many different
interval lengths £. This only proves the existence of stable solutions for a discrete set of
values of £. This is caused by the fact that all solutions have energy E[u] = 0. In Chapter 4
a variational variant of the gluing method is used to construct stable solutions for all the
intermediate values of £. This construction is carried out in such a way that the shape of
the stable equilibria is also revealed. The main result is a lower bound on the number of

stable equilibria of (1.9) as a function of the interval length £.

Theorem 1.12 Let > 0 and < §. Then for any n € N there exists a constant ¢, such
that for all £ > ¢, Equation (1.9) with Neumann boundary conditions (1.27) has at least
n disjunct stable sets of stationary solutions. Moreover, the number of disjunct stable sets
grows exponentially in {.
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Each stable set consists of stationary solutions with a specific geometrical shape. One can
think of these sets as consisting of exactly one stable stationary solution, but this cannot
be proved generally.

As in Section 1.3.3 this method can be applied to a large class of double-well poten-
tials F(1) and even to more general Lagrangians L(u,u’, u"). The crucial condition in The-
orem 1.12 is that u = %1 are saddle-foci. The boundary conditions are of minor import-
ance; as long as they are variational the result of Theorem 1.12 stays the same.

Let us consider the consequences for the formation of patterns for Equation (1.9). The
usual definition of a pattern is a stable non-homogeneous stationary state, although dif-
ferent definitions are also in use. For (1.9) with Neumann boundary conditions the above
theorems imply that there are no patterns for J; < 5, whereas for 7> § more and more
patterns appear as £ — co. For other nonlinearities this transition may not be so sharp, but
for small values of y the behaviour is always similar to the second order equation, while
as soon as the equilibria 1 = +1 become saddle-foci pattern formation occurs. We note
that the situation for 3 < 0 is not well understood and certainly merits further explora-
tion. Finally, we remark that the slow motion results for the flow near the attractor [92]
do not distinguish between the case where there are only two stable states and the case
where there are may stable states, i.e., slow motion may be no motion.

We now turn our attention to the behaviour of (1.9) on the entire real line, i.e. x € R.
For J; < §, B> 0 the heteroclinic solutions are asymptotically stable. This follows from
the fact that they are minimisers combined with the transversality result in Section 1.3.1.
The results in [89] shows that there are many heteroclinic and homoclinic solutions for
% > %, 3 > 0, which are weakly stable in the sense that they are local minimisers of the
action (this does however not ensure (asymptotic) stability).

There is another class of special solutions of (1.9) with x € R, namely travelling wave
solutions. These are the subject of the next section.

1.3.6 Travelling wave solutions

We consider a special case of Equation (1.10) which is a slight generalisation of (1.9):
ou o*tu 0%u )
E = —')/@ + /3@ + (1 —u’)u-+a), ac [0, 1). (1.28)
Travelling waves u(t, x) = U(x + ct), where c is the wave speed, obey the ordinary differ-
ential equation (Where we have switched to lower case again)

—’)/1/[”” 4+ Bu” —cu' + (1 — uz)(u + 61) = 0. (129)

We restrict our analysis to ¢ > 0 (waves travelling to the left). The energy E[u](x) is
a non-decreasing function: E'[u] = cu'> > 0. Since for the equilibrium points we have
E[1] > E[-1] > E[—a] (see Figure 1.2), we look for heteroclinic solutions of (1.29) from
—1to 1, and from —a to £1.

For 3 > 0 fixed, say 3 = 1, and y very small the problem of finding travelling waves
and determining their stability may be approached via (singular) perturbation methods.
This is done in [2, 72] for the travelling wave connecting —1 to 1. It is found that a unique
travelling wave exists in the neighbourhood of the wave for the second order equation

(i.e. u = tanh (”“T‘Z/it)), and its wave speed is ¢ = av/2 — 1v/2a(2a> — 3)y + O(y?). Stability
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Figure 1.16: The projection (in grey) of the energy level {£ = E( } onto the (u, u")-plane.
The two closed curves depict the projection of the intersections W*(1) N {E = E} for
small c and large c.

of this wave could be proved following the method of [72]. In [130] travelling waves
connecting —a to +1 are proved to exist for small y, and ‘energy’ estimates are used to
prove stability (in a restricted class of initial profiles) for a range of wave speeds.

A perturbation result in a different direction is obtained in [34]. There it is proved
that the heteroclinic solutions for 2 = 0 (and ¢ = 0) obtained via the shooting method
(see Section 1.3.2) are topologically transverse intersection of W*(F1) and W°(£1). A
perturbation argument is then used to show that for all ¥ > 0, 3 > 0, each such a kink
solution can be perturbed to a travelling wave solution of (1.28) for a sufficiently small,
with ¢ = c(a) small as well.

In Chapter 5 we investigate the existence of travelling wave solutions for a more global
parameter range. Let us first consider travelling waves connecting —1 to 1. We want to
find an intersection of the two dimensional manifolds W*(—1) and W*(1), so we follow
the orbits in W (1) back in time. Choose an energy level Ey € (E[—1], E[1]). If an orbit in
W*(1) is not in W*(—1) then it will intersect this energy level { € = E, }. For both very small
and very large ¢ > 0 it is found that the intersection W*(1) N {£ = E,} is a closed curve.
However, it turns out that one curve cannot be deformed continuously into the other
curve inside the energy level { € = E,}. The projection of the energy level {£ = E,} onto
the (u,u"")-plane contains two holes, and the projection of the closed curves for small ¢
and large ¢ wind around these holes in topologically distinct ways, see Figure 1.16.

Since the closed curves cannot be deformed into each other, the loop has to break at
some moment when we vary c from 0 to co. At this breaking point, say at ¢ = ¢, there is
an orbit u(x) in W*(1) which does not intersect {£ = E,}. The existence of the Lyapunov
functional E[u](x) now implies that this orbit has to converge to —1 as x — —oo. These
arguments, which are made rigorous in Chapter 5 for a range of parameter values, show
that there exists a travelling wave connecting u = —1 to u = 1:

Theorem 1.13 Let0 <a <1land 8 >0, ; < o(a) where o(a) = min{ z_fF(S)IIZ |ue(=1,-a)}.

Then for some ¢ = ¢y > 0 there exists a travelling wave solution of (1.28) connecting u =
—landu=1.

To give an idea of the value of o(a) we mention the estimate o(a) > ﬁ for f(u) = (1 —
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u?)(u + a). The reason for the upper bound on the parameters is that the analysis of the
closed curve for small ¢ > 0 can only be carried out for those values of J;. The proof
involves a global analysis of the flow of (1.29) and in particular the flow at infinity has to
be investigated. This leads to a complete analysis of the equation u" + u* = 0, which is
of independent interest (in particular, the dynamics at infinity is completely governed by
two periodic orbits, one attracting, the other repelling).

Travelling waves connecting —1 to 1 exist only for special values of the wave speed c,
and finding the wave speed is part of the problem. In contrast, intersections of the three
dimensional manifold W"(a) and the two dimensional manifolds W*(%1), and hence trav-
elling waves connecting —a to £1, are expected to and indeed do exist for large ranges of
the wave speed c.

Theorem 1.14 Let0 <a < 1landlety > 0,3 € R. Then

(a) for all ¢ > 0 there exists a travelling wave solution of (1.28) connecting u = —a and
u=-—1.

(b) there exists a c* > 0 such that for all ¢ > c* there exists a travelling wave solution
of (1.28) connecting u = —a and u = 1.

This theorem as well as Theorem 1.13 can be generalised to large classes of nonlinear-
ities f(u).

A different form of a travelling structure has been studied in [47]. These fronts are not
travelling waves, but rather satisfy

u(t,x —ct)=u(t+7,x), for some 7,c > 0. (1.30)

Equation (1.30) implies that after a time 7 the profile has moved a distance c7 to the right,
but the profile does not translate uniformly. The profiles under consideration in [47] are
solutions u(t, x) of Equation (1.11) for small « > 0 which tend to 0 as x — oo, and for x —
—oo they look like some small stationary periodic solution v(x), i.e. u(t, x) — v(x) as x —
—o00. In other words, these solutions are heteroclinic (in time) from a homogeneous state
to a periodic state. Although the existence of such solutions has only been proved for very
small a0, numerical results suggest that they are omnipresent. For example, in [53, 136] it
is suggested that such solutions play an important role in the dynamics of Equation (1.9)
for % > 11—2 (although the limiting periodic solution v(x) is unstable for ﬁ—yz < %). A global
analysis of this type of solutions has so far been lacking. Finally, we also mention related
work in [132] on pulse-shaped travelling structures of the form (1.30).

1.4 Reflections

Having already touched upon an interesting unresolved issue at the end of the previous
section, a few other ideas and open problems are described below.

The dynamics for g < 0

The results in this thesis present a rather complete picture of the dynamics and equilibria
of Equation (1.9) in the parameter region 3 > 0. Besides, for 3 < 0 the time-independent
problem is extensively studied. The dynamics of the partial differential equation in the
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parameter region 3 < 0 is much less explored. While many stationary periodic solutions
have been found, not much is known about the behaviour of time-dependent solutions.
The first step should be to perform a systematic numerical investigation.

Let us summarise the few results that are known in this direction. For small 8 < 0
the behaviour of the stationary states is the same as for 3 € [0, V/8), but when S becomes
more negative this starts to change. For example, for 3 < —1/8 the homogeneous states
u = %1 are no longer asymptotically stable for the Neumann boundary value problem on
large intervals (they are however always the only stable solution if the interval length is
sufficiently small). The large simple periodic solution of Equation (1.13) with 3 <0, which
is found in Theorem 1.8 and which lies in the energy level E = 0, is a stable solution.
A similar stable solution can be found for small non-zero energies. Of course, such a
periodic solution is only a solution of the Neumann problem when the interval length is
a multiple of half its period. For values of 3 less than about —0.92 we know that there is
a simple periodic minimiser of the minimisation problem (1.22). This solution is clearly
stable as well, and it is in general a different solution than the ones described above, since
the energy of this periodic solutions grows towards infinity as 3 —+ —oo. Let us remark
that although there are numerous indications that these solutions are stable, this has in
fact never been proved rigorously. Moreover, it is unknown whether there are other more
complicated stable solutions.

Homoclinic orbits for 3 < 0

For 3 > 0 many homoclinic solutions to £1 of Equation (1.13) have been found, both via
shooting and via variational methods. For 3 < 0 such homoclinic solutions appear to be
much harder to grasp. One expects them to exist as long as u = 1 are saddle-foci, and
this is also observed numerically. Shooting methods fail in showing the convergence of
the tail of the solution to the equilibrium point. The unboundedness from below of the
action J[u] is the biggest obstacle for variational approaches. The estimates needed for a
classical mountain pass argument have only been obtained when the nonlinearity is of
the special form f(u) = —u+u°,s > 1[33].

Recently it has been shown in [134], using the monotonicity of J[u] with respect to f3,
that for almost all values of \% € (—/8,0) there is a solution of (1.13) which is homoclinic
to 1. This solution has the property that u(x) > —1 for all x € R. A similar result is
obtained for f(u) =1 — e*, which corresponds to the suspension bridge problem.

Let us mention that numerical calculations [19, 35] suggests the existence of many
branches of homoclinic solutions of (1.13), but only two of those extend all the way to
B = —/8. Finally, for (1.12) with f(u) = —u + u? 4+ bu® branches of homoclinic solutions
have also been studied numerically, and it has been found that these branches show a
phenomenon known as homoclinic snaking, see [141]. There it also becomes apparent
that the heteroclinic solutions for b =  (the equation is then equivalent to (1.13)) play a
central organising role.

Limiting behaviour for 8 — —oo

The limit 3 — —oo can also be considered as the limit v — 0 with 3 < 0 fixed. Two cases
have to be distinguished: families of solution whose amplitude |||/ grows to infinity,
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Figure 1.17: Orbits of the Poincaré map 7 in the (u, u")-plane for Equation (1.13) with
y=1,5=-10and E = 10.
and families of solutions which are uniformly bounded.
In [106] it is shown that the simple periodic solution of (1.13) with ||u||o > 1 and
energy ‘E[u] = 0 has asymptotic behaviour ||u||s ~ ||, while the period behaves as | 3|2
when 3 — —o0. After the rescaling v(x) = fﬂu(|ﬁ|*%x) we obtain

— " — "+ kv—0v>=0, where k = # (1.31)

In this equation « can be varied through zero continuously, and for k < 0 the solutions
still correspond to stationary solutions of the Swift-Hohenberg equation (1.11). In this
way the periodic solutions whose amplitude grows to infinity as 3 —+ —oo can be linked
to the periodic solutions which bifurcate from 0 for _}I <k <0, see also [122].

Families of periodic solutions which stay bounded exhibit a very different type of
behaviour. Let us fix 3 = —1 and let y = ¢%. Numerical and formal computations indicate
that for small ¢ all bounded solutions of (1.12) are approximately of the form

u(x) = uy(x) + Ce* cos (x — E), for some C,& € R, (1.32)

where 1(x) is any solution of the second order equation —ug + f(uy) = 0. This has how-
ever only been proved for the family of small simple periodic solutions with energy
E[u] = 0, in which case uy = 0 so that it asymptotically becomes a linear problem.

In order to obtain insight into the transition from small solutions (described by (1.32))
and large solutions (governed by (1.31)), a Poincaré map can be studied. In a fixed energy
level E consider the Poincaré section X = {(u,u’,u",u") | u' =0, u" = \/2(E—F(u)) },
corresponding to the local minima of solutions. Let F(u) = — }I(u2 —1)?, then for E > 0 this
section X is a global section. It is natural to project X onto the (1, u")-plane. The Poincaré
return map is denoted by 7 (see also Section 1.3.4.1). In Figure 1.17 orbits of this map 7
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Figure 1.18: (a) A strand and its even translates. (b) All information is contained in an
interval of length 2. (c) The braid can be closed to form a knot, in this case the trefoil.

(b) (©)

(for Equation (1.13)) in the (u, u"')-plane are depicted (withy =1, 3 = —10and E = 10). In
the central region (small solutions) one observes many invariant curves and (1.32) seems
a good description of the dynamics. Further away from the origin chaotic regions and
(periodic) invariant regions alternate. Solutions with very large amplitude oscillate to
infinity rapidly. For smaller ¢ the orderly central region becomes larger and larger; a
KAM-like scenario takes place.

To conclude, it is known that no homoclinic orbit to u = 1 for (1.12) with f(u) = —u + u?
exists in the limit 3 — —o0, as opposed to the situation for 3 — co where a homoclinic
to u = 0 does exist. This involves a careful analysis of exponentially small terms, i.e.,
terms beyond all orders in the perturbation expansion; we refer to [63] and the references
therein.

Braids and Twist maps

There are many interesting questions in connection with the braids and the Twist map in
Section 1.3.4. First of all, the braid classes can be refined by incorporating all even trans-
lates of the strands (see Figure 1.18a). This gives (additional) information on the relative
position of the extrema. Notice that in this case all information is already contained in an
interval of length 2 (see Figure 1.18b). The set of boundary points on the left is connected
to the same set on the right boundary, but when we follow the strands from left to right
the points are permuted. The representation in Figure 1.18b can be used to close the braid
by identifying the points on the left boundary with those on the right boundary. In this
way one obtains a knot (or an unknot), see Figure 1.18c. An important issue is whether
the orbit of a corresponding solution, when it is regarded as lying in the three dimen-
sional energy surface, has the same knot type as its braid. These questions are part of the
investigation in [74].

Another problem is what to do in those cases where we are unable to prove that the
Poincaré map is a Twist map. For example, for 3 > 0 numerics strongly suggest that
for (1.12) the Twist property still holds. The only restriction seems to be that for singular
energy levels no equilibrium point with real saddle character lies in the interior of the
interval component. However, suggestive as the numerics may be, we are not able to
prove this in general. A possible solution could be to use the degree, or preferably the
Conley index, to apply a continuation argument. For simple closed characteristics this
can indeed be carried out [91].
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Finally, the flow on the space of braids is of course just a flow on the end points of
monotone laps. This can be regarded as a discretisation of an evolution of curves, and
more particular of a curve shortening flow. Namely, for f > 0 the action J[u] can be
interpreted as a length of the curve in the (1, u')-plane. Parametrising curves in the (1, v)-
plane (where v = u') by (u(s), v(s)), one defines the length £ = ¢ L(u, v, L%US) = ds (so that
£ =TJ[u] >0 for B > 0). Stationary points of the curve shortening flow now are critical
points of | and thus solutions of (1.12). This is all formal arguing, but in this formulation
the problem has strong similarities with the application of curve shortening to find closed
geodesics on two dimensional manifolds [7].

General extensions

It is easy to come up with generalisations of Equation (1.10) or (1.12). First, one could in-
vestigate sixth order equations of the type 1 = Al yxyex — Bllyyxx + Cliyy + f(u). We refer
to [72] for a perturbation result, and to [124] for some basic variational results. Second,
numerical calculations for Equation (1.11) in two (or more) spatial dimensions show a
wide variety of interesting patterns such as roles, hexagonal lattices and labyrinth pat-
terns. We refer to [50, 56, 28] for some nice numerical pictures. A mathematical theory
seems to be utterly lacking.

Let us nevertheless mention a few results in more space dimensions. The stability in
higher space dimensions of essentially one dimensional structures such as domain walls,
roles or travelling waves, could be approached as in [93], possibly in combination with
Evans function techniques (see e.g. [72]). The I'-limit for Equation (1.9) in higher space
dimensions is examined in [83]. Global uniqueness results on the equation (—A)"u 4 u? =
f in arbitrary space dimensions are studied in [26]. We refer to [45] for a study of the
(exceptional) circumstances where a maximum or anti-maximum principle can be applied
to equations of the form (—A)"u = Au + f.

Finally, instead of higher order equations it would be worth investigating to what ex-
tent the methods in this thesis can be applied to systems of second order equations. In
particular, a first order Lagrangian L(i, ii') with if = (u3, u2), leads to three dimensional en-
ergy manifolds, and perhaps in certain cases the problem of finding closed characteristics
on these manifolds can be formulated in terms of a Twist map.

Two dimensional topology

It is remarkable how often the topology of the two dimensional plane, and the behaviour
of second order equations is exploited in the various attempts in this thesis to examine
fourth order equations, and four dimensional phase spaces. To name just a few examples:
the projection onto the (u,u’)-plane in Section 1.3.1, and onto the (i, u"')-plane in Sec-
tion 1.3.6 (and the (u, u")-plane is also used in some instances). Then there is the topology
of the punctured plane in Section 1.3.3, and the two dimensional Poincaré section in Sec-
tion 1.3.4.1. One can argue whether braids are two or three dimensional objects. And to
top it of, the essentially second order behaviour of the gradient flow in the space of braids,
and Equation (1.25) which is used to prove the Twist property, are striking examples of
crucial occurrences of second order equations in the analysis of fourth order problems.
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Chapter 2

The phase-plane picture

2.1 Introduction

In this chapter we study the bounded solutions of fourth order differential equations of
the form
—yu"" +u" + f(u) =0, Y >0, (2.1)

where f(u) = %, and F(u) is called the potential. By a bounded solution we mean a

function u(x) € C*R) N L*(R) which satisfies (2.1) for all x € R. For small positive vy,
Equation (2.1) is a singular perturbation of the (mechanical) equation

u" + f(u) =0. (2.2)

We investigate the correspondence between bounded solutions of (2.1) and (2.2).

Note that (2.1) is both translation invariant and reversible (invariant under the trans-
formation x — —x). Besides, there is a constant of integration. When we multiply (2.1)
by u' and integrate, we obtain the energy or Hamiltonian

e 1
E[u] £ —yu"ul + Zw"Y + 5 ('f + Fw) = E, (23)
where E is constant along solutions.
In recent years fourth order equations of the form (2.1) have attracted a wide interest,
and two special cases have been thoroughly studied. First, when the potential is

F(u) = —}L(u2 —1)?%, (2.4)

then Equation (2.1) is the stationary version of the Extended Fisher-Kolmogorov (EFK)
equation, which has been studied by shooting methods [117, 120, 118, 119] and through
variational approaches [124, 90, 89, 88]. Generalisations of the EFK potential have been
studied in [116], including potentials with maxima of unequal height. Second, in the
study of a strut on a nonlinear elastic foundation and in the study of shallow water waves,
Equation (2.1) arises with the potential

_ 1, 15
F(u) = 2u +3u. (2.5)

The homoclinic orbits of this equation have been studied both analytically [3, 43, 36, 32]
and numerically [35, 41]. In these studies a striking feature is that the behaviour of solu-
tions changes dramatically when the parameter y reaches the lowest value for which one
of the equilibrium point becomes a saddle-focus. Below this critical value the solutions
that have been found are as tame as for the second order equation. When one of the
equilibrium points becomes a saddle-focus, an outburst of new solutions appears.
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The situation for y < 0 seems to be much less understood. We refer to [38] for an
overview of equations of the form

W™ — Au" + Bu = fu,u',u" u")  ABER.

As remarked, the character of the equilibrium point plays a dominating role. If an
equilibrium point is a center for the second order equation, then it is a saddle-center for
all ¥ > 0. On the other hand, if an equilibrium point is a saddle for the second order
equation, then it is a real saddle for small (positive) values of y. The character of such a
point changes to saddle-focus as y increases beyond some critical value.

Since (2.1) is a singular perturbation of the equation for y = 0, it is natural to ask
when it inherits solutions from the second order equation. For small y this question can
be answered by using singular perturbation theory [2, 72]. Here we follow an approach
that leads to uniqueness results for a wider range of y-values. The method is based on
repeated application of the maximum principle. In [35] this idea has been used to prove
the uniqueness of the homoclinic orbit for the potential in (2.5).

We shall first state two general theorems and subsequently draw detailed conclusions
for the case of the EFK equation. In fact, the general theorems presented here, are a

natural extension of the result for the EFK equation, of which a short summary has been
published in [20].

We consider functions (1) € C'(R) and define, for —oo < a < b < oo,

w(a, b) = max{0, m[a>b(J —f'(u)}.
u€la,

We are only interested in cases where w(a, b) < co. We will often drop the dependence of
w on a and b, when it is clear which constants a and b are meant. Also, we introduce sets
of bounded functions

B(a,b) = {u € C*(R) | u(x) € [a,b] for all x € R}.

In the following we often have an a priori bound on the set of all bounded solutions, i.e.,
for some —o0o < a < b < oo all bounded solutions of (2.1) are in B(a, b). It is important to
keep in mind that these a priori bounds are usually valid for a range of values of y. As
will be clear from the statement of the theorems below, a better bound leads to a lower
value of w, which in turn leads to a stronger result.

The bounded solutions of the second order equation (y = 0) are found directly from
the phase-plane. Our first theorem states that the (u, u')-plane preserves the uniqueness
property for the fourth order equation as long as v is not too large.

Theorem 2.1 Let u; and u, be bounded solutions of (2.1), i.e., u; and u, are in ‘B(a, b) for
some —00 < a < b < co. Suppose thaty € (0, g5-5]- Then the paths of uy and u; in the
(u, u")-plane do not cross.

Remark 2.2 It turns out that we need to give a meaning to the case y = 0o. A scaling
in x, which is discussed later on, shows that the natural extension of (2.1) for y = oo is
e -|—f(u) —0. °

The following theorem shows that the energy E[u] (see (2.3)) is a parameter that orders
the bounded solutions in the phase-plane.
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Theorem 2.3 Let uq, u, € B(a,b) be bounded solutions of (2.1) for some y € (0, m]
Suppose that (after translation) u;(0) = u,(0) and either u7(0) > u5(0) > 0 or u}(0) < u5(0) <
0. Then ‘E[u1] > E[us).

We now give some examples. For the double-well potential F(u) = }I(uz — 1) (note
that this is not the EFK potential in (2.4)) we have that w(—00,00) = 1 and thus any two
bounded solutions do not cross in the (i, u')-plane for y € (0, }]. Besides, in this parameter
range the energy ordering of Theorem 2.3 holds for all bounded solutions of (2.1).

In the case of the periodic potential F(u) = cos u, we again have w(—o0, 00) = 1. In this
case Theorem 2.1 combined with the periodicity of the potential, shows that for y € (0, {]
every bounded solution has its range in an interval of length at most 27r. We note that
in both cases y = } is exactly the value where the character of some of the equilibrium
points changes from real saddle to saddle-focus.

In the previous two examples we did not need an a priori bound. However, for
the EFK potential (2.4), the existence of a uniform bound on the bounded solutions is
needed to obtain a finite w. The results for the EFK equation are discussed in detail in
Section 2.1.1. For the potential (2.5) only a lower bound is needed.

Let us now assume that for some ¥y > 0 we have an a priori bound on the set of
bounded solutions, i.e., all bounded solutions of (2.1) are in B(a, b) for some —o0 < a <
b < 00, and let us assume that w = w(a,b) < co. Then if y € [0, ﬁ], bounded solutions
of (2.1) do not cross (by Theorem 2.1), and Theorem 2.3 gives an ordering of the bounded
solutions in the (u, u')-plane in terms of the energy. An immediate consequence of The-
orem 2.1 and the reversibility of (2.1), is that when y € [0, ﬁ], any bounded solution
of (2.1) is symmetric with respect to its extrema (therefore the analysis in Theorem 2.3 is
restricted to the upper half-plane). This implies that the only possible bounded solutions
are

e equilibrium points,

e homoclinic solutions with one extremum,

e monotone heteroclinic solutions,

e periodic solutions with a unique maximum and minimum value.

Another implication is that there are at most two bounded solutions in the stable and
unstable manifolds of the equilibrium points.

We will use the following formulation. If #i(x) is a solution of (2.1), then by the trans-
formation

u) = a(y7x)  and  g= ———

it is transformed to a solution of
u™ +qu" — f(u) =0, q<0. (2.6)
We examine the case where g < —24/w, corresponding to y € (0, 2] It should be clear

7 4w
that solutions of (2.6) with ¢ < —2+/w correspond to solutions of (2.1) with 0 < ¥ < .-,
and vice versa. The energy in the new setting is

def

Elu] = —u""u' + %(u")2 — g(u’)2 + F(u). (2.7)
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For g < —24/w we define A and u such that
Au=w and At+u=—q,
or explicitly,

(LR B

It is easily seen that A and p are positive real number if and only if 4 < —24/w. In that
case we have

0<A<Vo<p
Equation (2.6) can be factorised as

' —Adu=w
{ W' — pw = fu) + wu, 28)

and the definition of w ensures that f(u) 4+ wu is a non-decreasing function of u for u €
[a, b].

The central tool in this chapter is a comparison lemma which shows that if the initial
data of two solutions obey certain inequalities, then at most one of the solutions can be
bounded (cf. [35, Th. 2.1]).

Lemma 2.4 (Comparison Lemma) Let u and v be solutions of (2.6) such that, for some
—co<a<b<oo,

a<u(x)<b, a<v(x)<b for all x € [0, 00).

Suppose that g < —2+/w(a,b) and
u(0) > v(0), u'(0) > 2'(0),
u"(0) — Au(0) > v"(0) — Av(0), u"(0) — Au'(0) > 0" (0) — Av'(0).

Then u(x) — v(x) = C on [0, 00) for some constant C € R, and C = 0 if w(a, b) # 0.

Note that when the bounds 4 and b are sharper, then w and A are smaller, hence the
conditions in the statement of the lemma are weaker. The proof of this lemma relies on
the factorisation (2.8) of Equation (2.6).

We remark that both the splitting (2.8) of the differential operator and the Comparison
Lemma can be extended to sixth and higher order equations. However, the increasing
dimension of the phase space and the lack of additional conserved quantities (like the
energy) make it a difficult task to extend the uniqueness results to such higher order
equations.

This chapter mainly deals with uniqueness of solutions, but the information we obtain
about the shape of solutions of (2.1) for y not too large also allows us to conclude that any
periodic solution belongs to a continuous family of solutions.

Theorem 2.5 Letu be a periodic solution of (2.1) and let a = min uy(x) and b = max ug(x).
Suppose that y € (0, m} Then u, belongs to a continuous one-parameter family of
periodic solutions, parametrised by the energy E. To be precise, let Ey = ‘E[uy], then for
¢ > 0 sufficiently small there are periodic solutions ug of (2.1) for all E € (Eg — ¢, Eg + ¢€)
such that ‘E[ug] = E and ug, = u,, and such that ug depends continuously on the para-

meter E.
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2.1.1 An example: the EFK equation

The stationary version of the Extended Fisher-Kolmogorov (EFK) equation is given by
—yu™ +u" +u—ut=0, vy > 0. (2.9)

The EFK equation is a generalisation (see [49, 53]) of the classical Fisher-Kolmogorov (FK)
equation (y = 0). Clearly (2.9) is a special case of (2.1) with the potential F(u) = — %(u2 —
1)2. We note that in some literature about the EFK equation the function —I—%(u2 —1)%is
called the potential. In the form of (2.6) the EFK equation becomes

u" +qu” —u+u’=0. (2.10)

Linearisation around u = —1 and u = +1 shows that the character of these equilibrium
points depends crucially on the value of y. For 0 < y < § they are real saddles (real ei-
genvalues), whereas for y > % they are saddle-foci (complex eigenvalues). The behaviour
of solutions of (2.9) is dramatically different in these two parameter regions.

Fory € (0, %] the solutions are calm. It was proved in [117] that there exists a monoton-
ically increasing heteroclinic solution (or kink) connecting —1 with +1 (by symmetry there
is also a monotonically decreasing kink connecting +1 with —1). This solution is antisym-
metric with respect to its (unique) zero. Moreover, it is unique in the class of monotone
antisymmetric functions. In [120] it was shown that in every energy level E € (—%,O)
there exists a periodic solution, which is symmetric with respect to its extrema and an-
tisymmetric with respect to its zeros. Remark that these solutions correspond exactly to
the solutions of the FK equation (y = 0).

In contrast, for y > % families of complicated heteroclinic solutions [89, 90, 118] and
chaotic solutions [119] have been found. The outburst of solutions for y > % is due to the
saddle-focus character of the equilibrium points +1.

We will prove that as long as the equilibrium points are real-saddles, i.e. ¥ < § or
g < —+/8, bounded solutions are uniformly bounded above by +1 and below by —1. To
prove this, we first recall a bound proved in [119, 116], stating that any bounded solution
of (2.9) for y > 0 (g < 0) obeys

lu(x) < V2  forallx € R. (2.11)

This bound is deduced from the shape of the potential and the energy identity. It already
shows that Theorems 2.1 and 2.3 hold for w =5, i.e., for any pair of bounded solutions
of (2.9) with y € (0, %] The method used to obtain this a priori estimate on all bounded
solutions is applicable to a class of potentials which strictly decrease to —oo as |u| — 00
(see Section 2.4).

The a priori bound can be sharpened in the case of the EFK equation.

Theorem 2.6 For anyy < %, let u be a bounded solution of (2.9) on R. Then |u(x)| <1 for
allx e R

Having established the a priori bound (2.11), the sharper bound is obtained by applying
the maximum principle twice to the factorisation of (2.10). Remark that a sharper bound
than the one in Theorem 2.6 is not possible since u = %1 are equilibrium points of (2.9).
This theorem implies that we can sharpen the results of Theorems 2.1 and 2.3 to y €
(0, 3], i.e., to all values y for which the equilibrium points +1 are real saddles. It follows
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that for y € (0, §] bounded solutions do not cross in the (i, u')-plane, and they are ordered
by their energies.

Remark 2.7 For the potential in Equation (2.5) an upper bound is not needed since f'(u) =
—1+42u > 0 for u > 1. An a priori lower bound of a = 0 for y < § can be found in the
same way as in the proof of Theorem 2.6. Therefore, for the potential (2.5) Theorems 2.1
and 2.3 hold for y € (0, ;] or g < —2 (see also [35]). .

We want to emphasise that the methods used in this chapter to obtain a priori bounds
on bounded solutions are by no means exhaustive. They are sufficient for the EFK equa-
tion but for other potentials different methods may be more suitable. For example, the
techniques from this chapter can be combined with geometric reasoning in the (u,u")-
plane to obtain a priori bounds on the bounded solutions in fixed energy levels, as is
done in [112] for potentials that are polynomials of degree four. This allows an extension
of the results on uniqueness to values of y for which some of the equilibrium points are
real saddles whereas other equilibrium points are saddle-foci.

The existence of bounded solutions corresponding to the solutions of the FK equation
has been proved in [117, 120, 124]. From Theorems 2.1 and 2.3 it can be deduced that
there is a complete correspondence between the bounded stationary solutions of the EFK
equation and those of the FK equation (y = 0).

Theorem 2.8 The only bounded solutions of (2.9) for y € (0, %] are the three equilibrium
points, the two monotone antisymmetric kinks and a one-parameter family of periodic
solutions, parametrised by the energy E € (—1,0).

The multitude of solutions which exist for y > §, shows that this bound is sharp.

Among other things, Theorem 2.8 proves the conjecture in [117] that the kink for y € (0, g]
is unique. We mention that the uniqueness of the kink for y € (0, g] is also proved in [96]
with the elegant use of a Twist map.

In the proof of Theorem 2.8 we do not use the symmetry of the potential F in an essen-
tial manner (it merely reduces the length of the proofs). By exploiting the symmetry F we
obtain additional results. First, for y < % any bounded solution of (2.9) is antisymmetric
with respect to its zeros. Second, the periodic solutions can also be parametrised by the

period
| 2y

Third, we prove that the heteroclinic orbit is a transverse intersection of the stable and
unstable manifold.

Theorem 2.9 For y € (0, 3] the unique monotonically increasing heteroclinic solution of
(2.9) is the transverse intersection of the unstable manifold of —1 and the stable manifold
of +1 in the zero energy set.

Since a transverse intersection cannot be perturbed away, we conclude from The-
orem 2.9 that for y € (%,% + ¢) and ¢ > 0 sufficiently small, there still exists a transverse
heteroclinic orbit for (2.9). Since the equilibrium points u = +1 are saddle-foci for y > §,
this makes it possible to apply techniques from [54] (see also [140, Ch. 3]) to obtain ‘multi-

bump’ solutions of (2.9) for y € (3,5 + €).
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The transversality result in Theorem 2.9 enables us to prove that the monotonically
increasing kink (x) with 7(0) = 0 and its translates, are asymptotically stable for the
time-dependent EFK equation

4 2
‘Z—Lt‘ = —y% + % +u—ul. (2.12)
Theorem 2.10 Letu(x,t) be a solution of (2.12). For anyy € (0, %] there exists an ¢ > 0 such
that if ||u(x,0) — ii(x + xo)||;n < € for some x € R, then there exists a 6 € R, depending on
u(x,0) (and small when ¢ is small), such that

tlg}}o ||u(x, £) — ti(x 4 xo + 8)||;n = 0.

We remark that the kink is also asymptotically stable in the space of bounded uniformly
continuous functions.

The outline of the chapter is the following. In Section 2.2 we prove the Comparison
Lemma, and it then follows that bounded solutions do not cross each other in the (1, u’)-
plane, as formulated in Theorem 2.1. Section 2.3 is devoted to the proof of Theorem 2.3. In
Section 2.4 we prove the a priori bound from Theorem 2.6, and in Section 2.5 the proof of
Theorem 2.8 is completed. Besides, we prove the antisymmetry of bounded solutions, and
we show that the periodic solutions can be parametrised by their period. In Section 2.6 we
prove that the unstable manifold of —1 intersects the stable manifold of 41 transversely
as stated in Theorem 2.9. Theorem 2.10 on the asymptotic stability of the kink for the EFK
equation is proved in Section 2.7. Finally, in Section 2.8 we deal with the continuation and
existence of solutions of (2.1) and in particular we prove Theorem 2.5.

2.2 Uniqueness property

In this section we prove the Comparison Lemma and Theorem 2.1, which states that for
g < —24/w bounded solutions of (2.6) are unique in the (i, u')-plane.

Remark 2.11 For the results in this section, the condition that f(u) is continuously dif-
ferentiable can be weakened. When f(u) is in C°(R), then w(a, b) is defined as the low-
est non-negative number such that f(u) + w(a, b)u is non-decreasing as a function of u
on [a,b]. .

We start with the proof of the Comparison Lemma, which is at the heart of most of the
results in this chapter. The proof proceeds along the same lines as in [35, Th. 2.1].

Proof of Lemma 2.4 (Comparison Lemma). Let u(x) and v(x) satisfy the assumptions in
Lemma 2.4. If u(x) — v(x) = C, then by the assumptions we have that C > 0 and AC <0,
thus C=0if A #0, i.e.if w # 0.

Suppose now that u(x) — v(x) Z C. Let k be the smallest integer for which u®(0) #
v®(0). Then, by uniqueness of solutions, k € {0,1,2,3} and u®(0) > v®(0) by the hypo-
theses. Hence there exists a o > 0 such that

u(x) > v(x) on (0,0). (2.13)

Now let
d(x) = u'" (x) — Au(x), and P(x) = 0" (x) — Ao(x).
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Then, by the hypotheses,

$(0)—(0) >0, and  ¢'(0)—9'(0) > 0. (2.14)
Besides, writing h(u) = f(u) + w(a, b)u,
(& —)"(x) — (¢ — P)(x) = h(u(x)) —h(v(x))  on(0,0). (2.15)

Since a < u(x) < v(x) < b on [0, 00), and since h(u) is a non-decreasing function on [a, b]
by the definition of w(a, b), we have that

h(u(x)) — h(v(x)) >0 on (0, 0). (2.16)
It is not difficult to deduce from (2.14), (2.15) and (2.16) that

$(x)—p(x) >0  on(0,0),

which is equivalent to

(u —0)"(x) — A —v)(x) >0 on (0,0). (2.17)
By the hypotheses of the lemma we have that

(u —0)(0) >0, and (u —0)'(0) >0, (2.18)
thus we see from (2.13) and (2.17) that (u — v)"(x) > 0 on (0, 0) and this implies that (u —
v)(x) is non-decreasing on (0, o). Hence

u(x) > v(x) on (0,0],

and by continuity u(x) > v(x) on (0, 0 + ¢) for ¢ > 0 small enough. Hence we infer that

sup{o | u(x) > v(x) for all x € (0,0)} = oo,
and

(@ —)"(x) — (@ —P)(x) >0 on(0,00),

(u —0)"(x) — Au —v)(x) >0 on (0, 00).

It follows that (1 — v)"(x) > 0 on (0, 00), and (2.18) then implies that (u — v)'(x) is non-

negative and non-decreasing on (0, 00). Finally, the assumption that u(x) — v(x) # C im-

plies that
(u —v)(x) = © as x — 00.

Clearly, if u(x) and v(x) are bounded this is not possible. This concludes the proof of the
Comparison Lemma. O

Theorem 2.1 is a consequence of the Comparison Lemma.

Proof of Theorem 2.1. Let u; and u, be bounded solutions of (2.6) for ¢ < —2/w
(corresponding to bounded solutions of (2.1) for 0 < y < ﬁ). Suppose by contradic-
tion that the paths of u; and u, cross in the (u,u’)-plane. Then, after translation, we
have that u;(0) = u2(0) and u7(0) = u5(0). Without loss of generality we may assume
that 7(0) > u%(0). Now if uf’(0) > u}'(0), then by the Comparison Lemma we conclude
that u;(x) — ua(x) = C for some C € R. Since u;(0) = u,(0) this implies that u;(x) = ux(x).
On the other hand, if u}’(0) < u4'(0), then we define #i;(x) = u;(—x) and i (x) = ux(—x).
Clearly i, and 7, are also bounded solutions of (2.10). We now apply the Comparison
Lemma to #; and i, and find as before that ii;(x) = #,(x), which concludes the proof of
Theorem 2.1. O
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We now touch upon a lemma which gives a lot of information about the shape of
bounded solutions. It states that every bounded solution is symmetric with respect to its
extrema.

Lemma 2.12 Let u € B(a,b) be a bounded solution of (2.1) for some y € (O, 4w<a ) ]
pose that u'(xo) = 0 for some xy € R. Then u(xo + x) = u(xo — x) forall x € R.

Sup-

Proof.  After translation we may take x, = 0. Now we define v(x) = u(—x). By reversi-
bility v(x) is also a bounded solution of (2.1). Clearly ©(0) = v(0) and u'(0) = v'(0). From
Theorem 2.1 we conclude that u(x) = v(x). O

Corollary 2.13 Letu € B(a, b) be a bounded solution of (2.1) for somey € (0, o b)] Then
u(x) can only be an equilibrium point, a homoclinic solution with one extremum, a mono-
tone heteroclinic solution or a periodic solution with a unique maximum and minimum.

Proof. It should be clear that when a solution is bounded for x > 0, then it either has an
infinite number of extrema or it tends to a limit monotonically as x — co. We will show in
Lemma 2.14 that such a limit can only be an equilibrium point. The corollary then follows
directly from Lemma 2.12. a

2.3 Energy ordering

To fill in the remaining details of the phase-plane picture we use Theorem 2.3, which es-
tablishes an ordering in terms of the energy E of the paths in the (u,u')-plane. In this
section we will use the notation of Equation (2.6). Before we start with the proof of The-
orem 2.3, we obtain some preliminary results.

The following lemma shows that when a solution tends to a limit monotonically, then
this limit has to be an equilibrium point. We denote the set of zeros of f(u) by A:

4= {ueR|f(u) =0}.

Lemma 2.14 Let u(x) be a solution of (2.6) for g < 0 which is bounded on [xy, 00) for some
xo € R. Suppose that u'(x) > 0 for all x > xo, or u’(x) < 0 for all x > x,. Then

limu(x) €4  and lim u®(x) =0 fork=1,2,3.

X—00 X—00
Proof. ~We may assume that u'(x) > 0 for x > x, (the other case is completely analogous).

It is then clear that

lim u(x) £ L,
X—00

exists and u(x) increases towards Ly as x — o0o. Since u(x) is bounded for x > xq, L is
finite.
We now consider the function y = u
yll — ulf/(u).
We first show that u”(x) tends to zero as x — oco. If f'(Ly) # O (the other case will be
dealt with later), then f'(u) has a sign for x large enough, by which we mean that either
f'(u) > 0 for large x, or f'(u) <0 for large x. Since u'(x) > 0, it follows that y”(x) has a sign

for x large enough, hence so does y(x). The fact that y(x) = u"'(x) 4+ qu’(x) has a sign for x
large enough implies that

"+ qu'. This function y(x) satisfies

lim u"(x) 4+ qu(x) = Ly
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exists and u"(x) = L; — gLy as x — co. Moreover, since u(x) is bounded, we must have
lim u"(x) = 0.
X—00

m

If f'(Ly) = 0, then we consider 7 = u"" + gu’ . We now have

~11 ﬂ ~ 1 ' 5]_2
1 -|—2y—u (f(u)-l— 4>.
Since f'(Lo) + %2 is positive for x large enough, we conclude from the maximum principle
that 7(x) = u"(x) — qu'(x) has a sign for x large enough. As before we see that
lim u"(x) = 0.
X—00
The fact that u(x) = Ly and u"(x) — 0, implies that u'(x) — 0 as x — oo. Because
ul™® = —gu" + f(u), we see that
lim 4 (x) = Ly = f(L),

X—00
and, since u(x) is bounded, L, = 0 and thus Ly € A. Finally, the fact that u"(x) — 0 and
u™@(x) — 0, implies that u"(x) — 0 as x — co. O

Remark 2.15 For g = 0 the situation is slightly more subtle, but when f'(1) has a sign as u
tends to Ly monotonically, then the proof still holds. Since we consider bounded solutions
of (2.6) for g < —24/w, this difficulty only arises when w = 0, which (by the definition of
w) implies that f'(1) > 0 for all values of u involved, hence the lemma holds for this case.

[ J

m

We prove that u

Lemma 2.16 Letu € B(a,b) be a bounded solution of (2.6) for some g < —2+/w(a, b). Then
(with sign(0) £0)

sign (1" (x) — Au'(x)) = —sign(u'(x)) forall x € R. (2.19)

— Au'(x) is negative if and only if u'(x) is positive.

Proof.  Let xo € R be arbitrary. We may assume that u'(xg) > 0 (for u'(xy) < 0 the proof
is analogous). We see from Lemma 2.12 that (2.19) holds if u'(xg) = 0. We thus assume
that u'(xg) > 0. Since u(x) is bounded there exist —oo < x, < xy < x;, < 00, such that
u'(x,) = u'(xp) = 0 and u'(x) > 0 on (x,, x;). Here we write u'(co0) = lim,_, 1'(x). By
Lemmas 2.12 and 2.14 we have that u"(x,) = u"'(x;) = 0. Let y = v — Au’. Then y(x)
satisfies the system

y(x,) = u"(x,) — Au'(x,) = 0,

y(xp) = u"(x) — Au'(xp) = 0.
Since u'(x) > 0 on (x,,x;), we have by the definition of w that u'(f'(u) + w) > 0. By
the strong maximum principle we obtain that y(x) < 0 for all x € (x,,x;), and espe-
cially y(xy) < 0. This completes the proof. O

{ y' =y =u'(f'(u) + w),

Remark 2.17 If a bounded solutions of (2.1) for 4 < —24/w attains a maximum at some
point xy € R, then

u"(x0) <0 and 1™ (xg) — Au'(x0) > 0.
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This follows from the boundary point lemma (see [127, p. 67]) applied to u’ and u™ — A/,
combined with the proof of Lemma 2.16 above. Besides, it is seen from the differential
equation that

f(u(x0)) = u"(x0) + qu" (x0) > —pu"(x0) > 0,

i.e., maxima only occur at positive values of f(u). o

We immediately obtain the following consequence.

Corollary 2.18 Let u € ‘B(a,b) be a bounded solution of (2.6) for some q < —2+/w(a,b).
Then
H(x) & —E[u] + F(u(x)) + 1@"(x)* <0  forallxeR

Proof. By the energy identity we have
R | " ﬂ /A G ) n 2
H_u{u +2u}_u(u Au') — C(u')s,

where C = (g)2 — w > 0. It is easily seen from Lemma 2.16 that the assertion holds. O

We will now prepare for the proof of Theorem 2.3. Let u; and u, satisty the assump-
tions in Theorem 2.3. We point out that u; and u, are not translates of one another, be-
cause this would contradict the result on symmetry with respect to extrema, obtained
in Lemma 2.12. We only consider the case where u(0) > u5(0) > 0. The other case fol-
lows by symmetry. By contradiction we assume that E[u;] < E[u,]. It will be proved
in Lemma 2.21 that we can then find points x; and x, such that u;(x1) = uy(x;) and
uy(x1) = uy(x2). This enables us to apply the following lemma.

Lemma 2.19 Let uy, u, € B(a, b) be bounded solutions of (2.6) for some q < —2+/w(a,b).
Suppose that E[u;] < Elu,] and

11(0) = u,(0), ui(0) > uy(0) >0 and  u{(0) = u5(0).
Then u; = us.
Proof.  We will show that
uy"(0) — Auy(0) > 13'(0) — Auy (0) (2.20)

and then an application of the Comparison Lemma completes the proof. From the energy
identity we obtain at x =0

—E[ui] + F(u) + ;(uf')?

!
u;

ul" — Aub = + Cu! fori=1,2,

where C = (%)2 — w > 0. By the assumptions and from Corollary 2.18, it follows that

—E[uz] + F(u2(0)) + 5(u5(0))* < —=E[w1] + F(u1(0)) + 5(u(0))* < 0.
Inequality (2.20) is now easily verified. a
We make the following change of variables on intervals [x,, x,] where the function u(x)

is strictly monotone on the interior (see [117]). Denoting the inverse of u(x) by x(u), we

set
t=u and  z(t) = [W'(x(t)]’.
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We now get for t € [t,, t,] = [u(x,), u(xp)]
Z'(t) = 2u" (x(t)).
If x, = —o0o, then we write Z'(t,) = }1nt1 Z'(t) (the limit exists by Lemma 2.14).
— 1y

Before we proceed with the general case, we first consider the special case where two
different solutions tend to the same equilibrium point as x =+ —oo. The next lemma in
fact shows that there are at most two bounded solution in the unstable manifold of each
equilibrium point.

Lemma 2.20 Letuq, u, € ‘B(a,b) be two different non-constant bounded solutions of (2.6)
for some q < —2+/w(a,b). Suppose there exists an ii € A4 such that

Iim u(x) = lim uy(x) = .
X—»—00 X——00
Then u,(x) decreases to il and u,(x) increases to ii as x — —00, or vice versa.

Proof. By Corollary 2.13, u; and u, can only tend to # monotonically. Suppose u; and u;
both decrease towards #i as x — —oo, i.e., uj(x) > 0 and u}(x) > 0 for x € (—o0, xp). We
will show that 17 = u,. The case where they both increase towards i is analogous.

For t € (i, 71 + ¢), where ¢y > 0 is sufficiently small, let z; and z, correspond to u;
and u, respectively by the change of variables described above. Note that z;(f) # z(t) for
t € (i1, 71 4 &), since otherwise 11 = u, by Theorem 2.1. Without loss of generality we may
assume that z;(t) > z,(t) on (i1, i + €p). Since z;(t) is differentiable on (7, 7 + ¢y) and z1 (&) =
z,(if) = 0 (by Lemma 2.14), there exist a point t, € (i, 7 4 &), such that z/(ty) > z)(to).

We now first deal with the case that z5(fy) > 0 (the case that z/(ty) < 0 will be dealt with
later). There are points x; and x; in R such that u1(x1) = ux(x2) = to and uf (x1) > uf(x2) > 0.
By translating #; and u; by x; and x, respectively, we obtain that

11(0) = u,(0), u7(0) > u5(0) > 0 and u{(0) > u})(0) > 0. (2.21)

Since u; and u, tend to i monotonically as x =+ —oo, we infer from Lemma 2.14 that
(i, ut, ul!, ul")(x) — (,0,0,0) as x = —oo for i = 1,2. Therefore E[u;] = E[u,]. Itis easy to
check that (2.21) is now sufficient for the proof of Lemma 2.19 to go on unchanged. Hence
Uy = uy. This ends the proof for the case that z}(ty) > 0.

We now consider the case that z)(ty) < 0. Since z,(t) > 0 on (i, ty] and z,(i7) = 0 there
exists a t; € (7, tp) such that z5(t;) = 0. If Z{(t;) > 0, then we have z}(t;) > Z}(t;) = 0, which
is equivalent to the case that we have already covered (taking t; instead of ¢;). If z} (1) < 0

then we have
z1(t1) < zy(t) and  zj(ty) > zj(to),

and by continuity there exists a t, € (t1, tp] such that z{(t2) = zj(t2). Thus there are points
x1 and x, in R such that

ui(x1) = ua(x2) =, wy(xn) > up(x2) >0 and  uf(x1) = uy(x2).
Since E[u1] = E[uy] as above, we may apply Lemma 2.19 and conclude that u; = u,. O
Of course a similar result holds for solutions that tend to an equilibrium point as x — 4-o0:
there are at most two bounded solutions in the stable manifold of each equilibrium point.

The next lemma shows that if some u; and u, violated the conclusion of Theorem 2.3,
i.e.if E[u1] < E[uz], then we could find a point where u; = u, and u! = uj.
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Lemma 2.21 Let u;, u, € B(a, b) be bounded solutions of (2.6) for some q < —2+/w(a, D).
Suppose that u1(0) = u»(0) and 14(0) > u(0) > 0, and E[u1] < E[u,]. Then there exist x;
and x, in R such that u1(x1) = ux(x2) and uf (x1) = uj(xy).

Proof.  Let [%,, %] be the largest interval containing x = 0 on which u] is positive, and
let [x,, x;] be the largest interval containing x = 0 on which 1} is positive. We now change
variables again. Let z; correspond to u; on [f,, ] = [u1(%,), u1(%,)], and let z; correspond
to uy on [t tp] = [ua(x,), ua(xp)]. Clearly zq1(f) > z,(t) for all t € (¢,,t;), since bounded
solutions do not cross in the (1, u')-plane by Theorem 2.1. If x, is finite, then it follows
from Theorem 2.1 that f, < t,, while if x, = —oo then this follows from Lemma 2.20.
Similarly, £, > t.

We have that z;(t,) = 0 and z/(t,) = 2u}(x,) > 0 (if x, = —oo then this follows from
Lemma 2.14, while if x, is finite then it follows from the fact that u#,(x,) is a minimum). We
will now prove that z}(t,) < z(t,) by showing that (z5)*(t,) — (z})*(t.) > 0. Let y, € (X, %p)
be the point such that u;(y,) = uy(x,) = t,. By the energy identity we have that

\2 AV
V0D ZE) g, — Y )

= Elus] = F(t) — { Elmn] = Fta) + i) () + 1)) §
= Elua] = E[r] = ko) (4 (o) + Lk () -

From Lemma 2.16 and the observation that u}(y,) = v/z1(t,) > v/z2(t,) = 0, we conclude
that at v,

uj (u’l” + gu’l) =\ (u}' — Auj) — (g)2 —wul><0.

Having assumed that ‘E[u1] < ‘E[uz], we now conclude that z/(t,) < z5(t,).
In the same way we can show that z}(t,) > z5(t;). By continuity there exists a f. € (¢4, t})
such that Z/ (t.) = z(t.), which proves the lemma. O

We now complete the proof of Theorem 2.3.

Proof of Theorem 2.3.  Let uq and u, satisfy the assumptions in the theorem. The previous
lemma shows that if E[u;] < ‘E[uy], then there exist points x; and x, such that

u1(x1) = us(x2), L1'1(351) > u’z(xz) >0 and u,l,(xl) = ulzl(xz)-

By translation invariance we may take x; = x, = 0. Lemma 2.19 now shows that u; = u,,
which contradicts the assumption. Therefore E[u;] > ‘E[u»], which proves the theorem.
O

2.4 A priori bounds

In this section we derive a priori estimates for bounded solutions of the EFK equation (2.9)
or (2.10). Where possible, we will indicate how the methods can be generalised to arbi-
trary f(u), particularly in Remarks 2.28 and 2.32. We will prove Theorem 2.6 which states
that every bounded solution for ¢ < —+/8 (or ¥ € (0, 1]) satisfies |u(x)] < 1forall x € R
We first derive a weaker bound for all g < 0, which follows from the shape of the potential
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and the energy identity (2.7). Subsequently, we sharpen this bound for all § < —+/8 with
the help of the maximum principle.

We now prove a slight variation of an important lemma from [119], which shows that
when a solution of (2.10) becomes larger than v/2, then it will oscillate towards infinity,
and hence is unbounded. The proof can easily be extended to more general potentials F,
as is done in [116]. The value /2 is directly related to the fact that

min{xy > 0 | F(x) > F(x) for all x € [—xo, x]} = V2.

Lemma 2.22 For any q < 0, let u(x) be a solution of (2.10). Suppose that there exists a
point xy € R such that

u(xo) > V2,  uw(x)=0, u"(x)<0, and u"(x)<0.  (222)

Then either u decreases to —oo monotonically for x > x,, or there exists a first critical
point of u on (xy,00), say yo, and we have

u(yo) < —u(x) < —v2,  W(y)=0,  u"(yo)>0, and  u"(yo) > 0.
Besides, F(u(yo)) < F(u(xo)), and the following estimate holds:

sy <AL )

Proof. We write f(u) = u — u®. Since f(u(xo)) < 0 and u"(x) < 0, we see that

u ™ (x0) = —qu" (x0) + f(u(x)) <0, (2.24)

so that u(x) is decreasing for x in a right neighbourhood of x,. Thus, either u(x) tends to
—o0o monotonically for x > xo, or there exists a Yy € (xo, 00] such that u'(yy) = 0 (where
u'(00) = lim,_,o 1'(x)), and u'(x) < 0 on (xo, Yo). From now on we assume that u(x) does
not decrease monotonically to —oo for x > x, and we define

(2.23)

Yo = sup{x > xo | u' < 0on (xo,x)}.

It follows from the assumptions and (2.24) that " < 0 in a right neighbourhood of x,
hence we conclude that

m

x1 = sup{x > xo | u" < 0on (xp,x)}

is well-defined. Since u'(y) = 0 we conclude that x; is finite and x; < y,. Since u" < 0
on (xo, x1), we have that u"(x;) < u"(x9) < 0. Using the energy identity and the fact that
u"(x1) = 0and u'(xy) = 0, we obtain

Fu(w) = Elu] - 50" (0)

> Efu] - 30w

]‘ n !
> E[u] = S0 () + 200 (1) = Flu(x)).
It follows from the definition of x; and the initial data at x,, that " < 0, u” <0and ' <0
on (xo, x1), and thus u(x;) < u(xp). It is seen from the shape of the potential that
F(s) > F(u(x)) for all s € [—u(x), u(xp)].

Consequently, the inequalities F(u(xo)) > F(u(x1)) and u(x;) < u(xo) imply that u(x;) <
—u(x9) < —+/2. Since there are no equilibrium points in the region u < —+/2 we conclude
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from Lemma 2.14 that u(xy) does not decrease monotonically to some finite limit, and
therefore v, is finite.

We now define N
Xy = sup{x > x; | u” <0on (x,x)},

which is well-defined since u"(x;) < 0, and x; is finite because x, < yy < co. From the
definition of x, we see that

u(x) < u(xg) < —u(xg), u"(x2)=0, u"(x)>0, and u(x;)= f(u(xy)) > 0.
Since f(u(x)) > 0 on [x2, yo] we have that u@(x) = —qu" (x) + f(u(x)) > 0 as long as u"(x) >
0 and x € (xa, Y], and it is not difficult to see that u” > 0 and u” > 0 on (xp,y0]. To
summarise, we have that

u(yo) < —u(xo), u'(yo)=0, u"(y0) >0, u"(yo) >0 and F(u(yo)) < F(u(xo)).

We still have to prove the estimate (2.23). By the energy identity (2.7) we have that
F(u(xo)) < Elu]. For F(u(xo)) = ‘E[u] the estimate has already been proved. Therefore we
may assume that F(u(xg)) < E[u], so that u"(xo) = —+/2[E[u] — F(u(xo))] = _B<0.

From the definition of x; and x, we see that u”(x;) < —f3, u"’(x;) =0, and

u®™ = —qu" + f(u) < f(u(yo))  on (x1,x2).
By integrating we obtain

W'(x) < =B+ Lfu(yo)(x — 1) forx e (x1,x2]- (2.25)

By definition, x; is the first zero of u"(x), thus x, — x; >

fy) = &- By integrating (2.25)

twice and by using the fact that u'(x;) < 0, we obtain

& &t
u(x; + &) —u(x;) < _B? _|_f(u(y0))ﬁ

5 B
6 f(u(yo))
Because u' < 0 on [x1 + &, x2], we see that
2
u(x) — u(xy) < u(x; + &) — u(xy) < zf(uﬁ(yo)) o

Since F'(u) = f(u) > 0 for u < —v/2 and u(x,) < u(x;) — a < u(x1) < —v/2, we have that
F(u(yo)) < F(u(x2)) < F(u(x1) — «).
Moreover, F"(u) = f'(u) > 0 for u < —/2, and we finally obtain that

Flulyo)) < Fu(xy) @) < Fu(e) — oW g ¢ pu() - f(—v2)a.
Since f (—v/2) = v/2, it is seen from the defimtlons of « and 3, and the fact that F(u(x;)) >
F(u(xyp)), that (2.23) holds. O

Remark 2.23 It was proved in [119, Lemma 2.3] that if u(x) is a solution of (2.10) on its
maximal interval of existence (x,, x;), then for any x, € (x,, x;), there either exists an infin-
ite number of extrema of u(x) for x > x(, or u(x) eventually tends to a finite limit mono-
tonically as x — oo. This result excludes the possibility in Lemma 2.22 that u tends to —oo
monotonically for x > xo. However, this fact is not essential to our reasoning, since we
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want to prove a uniform bound on the set of bounded solutions, hence we do not need to
consider solutions that tend to infinity. o

Remark 2.24 Notice that the estimate (2.23) is by no means sharp. We will use the es-
timate to show that once a solution becomes larger than /2 it will start oscillating, and
the amplitude of the oscillations tends to infinity. For the EFK potential we have given
the explicit estimate (2.23), but in general it suffices that F(u) strictly decreases to —oo
as |u| — oo. In this chapter we do not need any information on the speed at which the
solution tends to infinity, and therefore we are satisfied with this rather weak estimate.
It can in fact be shown that if a solution of (2.10) obeys (2.22) at some x; € R, then the
solution blows up in finite time (i.e., the maximal interval of existence for x > x is finite),
see Chapter 5. o

Remark 2.25 The following symmetric counterpart of Lemma 2.22 holds. For any g <0,
let u(x) be a solution of (2.10). Suppose that there exists a point x; € R such that

u(xo) < —v/2, u'(x9) =0, u"(xg) >0, and u"(x9) > 0.

Then either u increases to +00 monotonically for x > x, or there exists a first critical point
of u on (x9,00), say yo, and we have

u(yo) > —u(xo) > V2, u'(yo) =0, u"(yo) <0, and u"(y) < 0.
Besides, F(u(yo)) < F(u(xp)), and an estimate similar to (2.23) holds. °

The next lemma implies that if a solution u(x) obeys (2.22) then it becomes wildly
oscillatory for x > xy. The function u(x) then has an infinite number of oscillations on
the right-hand side of x; and the amplitude of these oscillations grows unlimited. The
function sweeps from one side of the potential to the other.

Lemma 2.26 For any q < 0, let u(x) be a solution of (2.10). Suppose that there exists a
&y € R such that

u(&) > V2, u'(&) =0, u"(&) <0, and u"(&) <0. (2.26)

Then u(x) has for x > &, an infinite, increasing sequence of local maxima {&;}{2, and min-
ima {n}2,, where & < 11 < éxt1 for every k > 0. The extrema are ordered: u(&y41) >
—u(Mey1) > u(&) > V2, and u(&) — 0o ask — oco.

Proof.  Remark 2.23 excludes the possibility that u tends to —oo or +0o monotonically,
thus by combining Lemma 2.22 and Remark 2.25 we obtain the infinite sequences of local
maxima and minima. The orderings u(&it1) > —u(Mer1) > u(ée) > V2 and

F(u(éks1)) < F(u(nis1)) < F(u(é&))  forallk >0, (2.27)

are immediate. Clearly {u(&)}2, is an increasing sequence, whereas {F(u(é;))} is a de-
creasing sequence. We assert that F(u(&;)) = —oo and thus u(&) — oo as k — co. Suppose
by contradiction that { F(1(é;))} is bounded, then {F(u(n))} is bounded as well (by Equa-
tion (2.27)). Hence u(x) is bounded for x > &;. However, then the right-hand side in (2.23)
is bounded away from zero, which ensures that F(u()) tends to —oo as k — oo, contra-
dicting the assumption that {F(u(&))} is bounded. O

Note that if u(x) attains a maximum at x = 0 above the line # = v/2 then (2.26) holds
with & = 0 for either u(x) or u(—x). The next lemma states our first a priori bound.
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Lemma 2.27 For any g < 0, let u(x) be a bounded solution of (2.10). Then |u(x)| < v/2 for
allx e R.

Proof. We argue by contradiction and thus suppose that u(x) > /2 for some x € R. Since
u(x) is bounded, we infer from Lemma 2.14 that u(x) attains a local maximum larger then
V2, say at xg € R. By translation invariance we may assume that xo = 0. Clearly u(0) >
V2, u'(0) = 0 and u”(0) < 0. Without loss of generality we may assume that u"'(0) < 0
(otherwise we switch to i(x) = u(—x), which also is a bounded solution of (2.10)). We are
now in the setting of Lemma 2.26. Thus u(x) is unbounded if u(x,) > /2 for some x € R.
The case where u(xy) < —/2 for some x, € R is excluded in a similar manner. O

Remark 2.28 This method of obtaining an a priori estimate on all bounded solutions is
applicable to a class of non-symmetric potentials which strictly decrease to —oo as |u| —
0. In that case we can find —oco < a < b < oo such that
F(a) = F(b),
F(u) > F(a) = F(b) forallu € (a,b),
F'(uy>O0forallu <a and F'(u)<O0forallu > b.
Then every bounded solutions u(x) of (2.1) for vy > 0 satisfies a4 < u(x) < b. We note that
this method gives an explicit a priori bound, which is stronger then the method in [96,

Th. 4]. For the potential in (2.5) a lower bound can be found in an analogous manner. In
general, if for some b € R

F(u) > F(b) forallu < b and F'(u) <Oforallu > b,

then b is an upper bound for all bounded solutions. o

We are now going to use the maximum principle to get sharper a priori bounds for the
EFK equation. The following lemma shows that if a bounded solution has two local min-
ima below the line u = 1, then the solution stays below this line between these minima.
To shorten notation, we will write u(o0) instead of )}E}o u(x).

Lemma 2.29 For anyq < —+/8, let u(x) be a solution of (2.10), and let —oo < x, < x;, < 00.
Suppose that u(x,), u(xy) <1 and u"(x,), u"(xp) > 0. If u(x) > —2 for x € (x,,x;), then
eitheru =1 or u(x) < 1 on (x,, xp).

Proof.  The proof is based on repeated application of the maximum principle. Let v(x) =
u(x) — 1. The function v(x) obeys, for x € (x,, x3),

0 g +2v=u—1uP+2u—1) = —(u+2)u—1>*<0,

where the inequality is ensured by the hypothesis that u(x) > —2. Now we define w(x) =
v"(x) — Av(x) . From the definition of A and p we see that

W' — [w = U(iv) _ (7\ + H)U” + ALLZJ — U(iv) + qvu + 20.
By the hypotheses on u in x, and x;, we find that w(x) obeys the system

W' —pw=—u+2)u—-12<0  on(x,x),
{ w(xu) = v”(xa) - Av(xa) >0,
w(xp) = 0" (xp) — Av(xp) > 0.
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By the maximum principle we have that w(x) > 0 on (x,, x;). Finally, v(x) obeys the system

v —Av=w>0 on (x,, xp),
o(x,) = u(x,) —1 <0,
v(xp) = u(xp) — 1 <0.

By the strong maximum principle we obtain that either v = 0, or v(x) < 0 on (x,, x). This
proves Lemma 2.29. O

Remark 2.30 The symmetric counterpart of the previous lemma shows that if a solution
u(x) of (2.10) has two local maxima above —1 and u(x) < 2 between the maxima, then we
have u(x) > —1 between the maxima. °

Note that for bounded solutions the condition that —2 < u(x) < 2 is automatically
satisfied (Lemma 2.27). For heteroclinic solutions the previous lemma and remark (with
x, = —oo and x;, = 400) imply that every heteroclinic solution is uniformly bounded from
above by 1 and from below by —1.

For the case of a general bounded solution, let us look at the consecutive extrema for
x > 0 (and similarly for x < 0) of a bounded solution u(x). Suppose that u is a bounded
solution which does not tend to a limit. In that case we will prove that arbitrarily large
negative x, and arbitrarily large positive x; can be found, such that u(x,) and u(x,) are
local minima below the line u = 1, and thus the conditions in Lemma 2.29 are satisfied.
We will need the following lemma, which has two related consequences. First, it shows
that if #(x) has a maximum above the line u = 1, then the first minimum on at least one of
the sides of this maximum lies below the line u = 1. Second, we infer that a solution does
not have two consecutive minima above the line u = 1.

Lemma 2.31 For any q < 0 let u(x) be a solution of (2.10). Suppose that there exists a
point xy € R, such that

u(xg) > 1, u'(xg) =0, u"(x0) <0, and u"(x9) <0.
Then there exists a yy € (xy, 00) such that u(y) = 1 and u'(x) < 0 on (xo, Yo).

Proof.  The proof is along the same lines as the proof of Lemma 2.22. Since f(u(x,)) < 0
and " (xy) < 0, we see that u™(xg) = —qu"(xo) + f(u(xo)) < 0 and thus #” < 0 in a right
neighbourhood of xj. We now conclude that

x1 Zsup{x > xo | 4" < 0on (x,x0)}

is well-defined. By Remark 2.23 we conclude that x; is finite. Since u"" < 0 on (xo, x1), we

have that 1" (x1) < u”(xy) < 0. By using the energy identity and the facts that u"'(x;) =0
and u'(xy) = 0, we obtain

Flu(o) = Eli] = 50" )P > E[u] = 50" @) > Flu(wo)

It follows from the definition of x; and the initial data at x, that u” <0, u” <O0and u' <0
on (xg,x1), and so u(x;) < u(xp). Since F'(u) < 0 for u > 1, we see that F(s) > F(u(x)) for
all s € [1,u(xp)), so that u(x;) < 1. Hence

Yo o inf{x > xo|u > 1on (x,x0)}

exists and 1y < x; < oo. This proves the lemma. a
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We can now apply Lemma 2.29 to prove Theorem 2.6.

Proof of Theorem 2.6. We will only prove that u(x) < 1 for all x € R (the proof of the
assertion that u(x) > —1 is analogous). We argue by contradiction. Suppose there exists
an xo € R such that u(x) > 1. We will show that there exists a constant x, € [—00, x¢) such
that

u(x,) <1, u'(x,)=0 and  u"(x,) >0. (2.28)

Similarly we obtain a point x;, € (x,, 00] such that
u(xy) <1, u'(xy) =0 and u" (xp) > 0.

From Lemmas 2.27 and 2.29 we then conclude that u(x) < 1 on (x,, x;), which contradicts
the fact that u(xy) > 1. We will only prove the existence of x,. The proof of the existence
of x; is similar.

By Remark 2.23 we see that either u(x) has an infinite number of local minima on the
left-hand side of xo, or u(x) tends to a limit monotonically as x —+ —oo. In the latter case
Lemma 2.14 guarantees that u satisfies (2.28) with x, = —oo. In the former case we prove
that at least one of the minima on the left-hand side of x; lies below the line u = 1. By
contradiction, suppose there exist two consecutive local minima y, and y; above the line
u =1 (with yo < y3 < x9). Then there clearly exists a local maximum x; € (yo,y1). By
translation invariance one may assume that x; = 0. We have that #(0) > 1, u'(0) = 0 and
u"(0) < 0. Now first assume that u"'(0) < 0. Then we are in the setting of Lemma 2.31 and
we conclude that u(y;) < 1, thus a contradiction has been reached. On the other hand,
if u""(0) > 0, we switch to 7i(x) = u(—x) and, by the same argument, we conclude that
u(yo) < 1. This completes the proof of Theorem 2.6. a

Remark 2.32 The method employed in this section to obtain a better a priori bound from
a weaker one, has a nice geometrical interpretation, which makes it easy to apply the
method to (2.1) with general f(u). Let us assume that we have an a priori bound, i.e., for
some y > 0 all bounded solutions of (2.1) are in B(a, b). Suppose now that we can find
constants A >aand 0 < O < % (i.e, Y€ (0, i]), such that

—Qu—A)< f(u) forallu € [a, D],

which means that the line —Q (u — A) stays below f(u) on the interval under considera-
tion. Then A is a new (improved) lower bound on the set of bounded solutions.
Similarly, when we can find constants B < band 0 < O < 4%, such that

—Q(u—B) > f(u) for all u € [a,b],

then B is a new (improved) upper bound on the set of bounded solutions. Remark that a
new upper bound might allow us to find an improved lower bound, and vice versa. o

2.5 Conclusions for the EFK equation

We first make the observation that every bounded solution (except u = £1) has a zero.

Lemma 2.33 Foranygq < —/8, let u(x) # 1 be a bounded solution of (2.10). Then u(x) has
at least one zero.
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Proof.  Suppose u(x) does not have a zero. We may assume that u(x) > 0 for all x € R
Since |u(x)| <1 for all x € R by Theorem 2.6, we conclude that either u(x) has a local
minimum in the range (0, 1), or u(x) is homoclinic to 0. The latter would imply that E[u] =
—i, and that u(x) must attain a local maximum in the range (0,1). It is easily seen from
the energy identity that these two observations lead to a contradiction. We complete the
proof by showing that u#(x) cannot have a local minimum in the range (0, 1).

Suppose that after translation we have

u(0) € (0,1), u'(0)=0 and u"(0) > 0.

We may suppose that in addition u"'(0) > 0 (otherwise we switch to ii(x) = u(—x)). Ana-
logous to the proof of Lemma 2.31 we set

"

X = sup{x > xo|u" > 0on (xo,x)},

and
Yo = sup{x > xo|u < 1 on (xo,x)}.

We find that 1y < x; < oo from which we conclude that u(y,) = 1 and u'(yo) > 0, which
contradicts Theorem 2.6. O

We now prove Theorem 2.8.

Proof of Theorem 2.8.  Lemma 2.12 shows that the only possible bounded solutions are
equilibrium points, monotone heteroclinic solutions, homoclinic solutions with a unique
extremum and periodic solutions with a unique maximum and minimum. Lemma 2.33
shows that any non-constant bounded solution has a zero, which means that except for
the equilibrium points and the decreasing kink, every bounded solution has a zero at
which it has a positive slope. Excluding the equilibrium points and the decreasing kink
from these considerations, we conclude from Theorem 2.1 that no two solutions can have
the same positive slope at their zeros, and from Theorem 2.3 that the solution with the
larger slope has the higher energy. From these considerations we draw the following
conclusions, to finish the proof of Theorem 2.8.

e Starting at low energies, it follows from the energy identity that solutions which lie in
the levels E < —% have no extrema in the range [—\/E, \/i], and thus are unbounded.

e Similarly, for E = —] the equilibrium solution u = 0 is the only bounded solution,
since any other would have a zero and this would contradict Theorem 2.3.

e There are no equilibrium points (and thus no connecting orbits) in the energy levels
E € (—%,0). Hence, it follows immediately from Lemma 2.33 and Theorem 2.3 that
in each of these energy levels the periodic solution which has been proved to exist
in [120], is the only bounded solution.

e For the energy level E = 0 we derive that beside the equilibrium points u = %1, the
only bounded solutions are a unique monotonically increasing and a unique mono-
tonically decreasing heteroclinic solution, of which the existence has been proved
in [117]. In particular there exist no homoclinic connections to £1. These results for
the energy level E = 0 were also obtained in [96] using a Twist property.

e Finally, there are no equilibrium points and thus no connecting orbits in the energy
levels E > 0. Periodic solutions in these energy levels cannot have maxima smaller
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than 1 by Theorem 2.3 (comparing them to the increasing kink). Therefore, The-
orem 2.6 excludes the existence of periodic solutions for energies E > 0.

This completes the proof of Theorem 2.8. a

We recall how crucially these arguments depend on the real-saddle character of the
equilibrium points. Both Theorem 2.6 and the Comparison Lemma do not hold when
Y > % The variety of solutions which exist for y > %, shows that this bound is sharp.

Up to now, we did not use in an essential manner the invariance of (2.10) under the
transformation u — —u. This invariance can be used to obtain further information on the
shape of bounded solutions of (2.9). The next lemma states that every bounded solution
is antisymmetric with respect to its zeros.

Lemma 2.34 For any y € (0, %], let u(x) be a bounded solution of (2.9). Suppose that
u(xo) = 0 for some xo € R. Then u(xg + x) = —u(xo — x) for all x € R.

Proof.  The proof is analogous to the proof of Lemma 2.12. Without loss of generality

we may assume that xo = 0. Define v(x) = —u(—x). By the symmetry of (2.9), v(x) is also
a bounded solution of (2.9). Clearly u(0) = v(0) and u'(0) = v'(0). From Theorem 2.1 we
conclude that u(x) = v(x). O

We already saw that the periodic solutions of (2.9) can be parametrised by the energy.
The next lemma shows that they can also be parametrised by their period.

Lemma 2.35 Let y € (0,5]. Then the periodic solutions of (2.9) can be parametrised by

the period L € (Lo, 00), where
e 2y
LoE2my)————.
TN At ay—1

Proof. By Lemma 2.34 any periodic solution, of period L, is antisymmetric with respect
to its zeros, and thus has exactly two zeros on the interval [0, L). Via a variational method
it has been proved in [124] that for every period L € (Lj, 00) there exists at least one peri-
odic solution u(x) of (2.9) with exactly two zeros on the interval [0, L). Besides, there are
no periodic solutions with period smaller than or equal to L, [124, Lem. 2.4]. Therefore,
we only need to show that there is at most one periodic solution with period L having
exactly two zeros on the interval [0, L).

We argue by contradiction. Suppose there are two such periodic solutions u; # u;
of (2.9) with period L. By Lemmas 2.12 and 2.34 we have that (after translation), for
i=1,2

u!(0) =0, ui(£%) =0, and  ui(x) >0 forxe(—%%).
Clearly, both solutions are increasing on (—%,0).

We see from Theorem 2.1 that u}(—%) # u(—%), and without loss of generality we may

assume that uf(—%) > uj(—%). Let

xo Zsup{x > —L | uy <ujon (=L, 2}

We assert that xo = %. Suppose that xy < %. Then x, < 0 since the solutions are symmetric
with respect to x = 0. However, 11 and u; are increasing on (—%, xo), and 11 (— %) = u5(—%)
and u;(xp) = ux(xp). This implies that there exist x; and x; in (—%,xo] such that uq(x;) =
uy(x2) and uf(x1) = u)(x,), contradicting Theorem 2.1.
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Hence, we have established that
u1(x) > up(x) >0 for x € —%,% . (2.29)

When we multiply the differential equation of u; by u,, and integrate over (—%, %), then

we obtain

L
0 = /4 {uz(—yugi”) +ul +uy — ui’)} dx

A s~

= / L {ul(—yu(zi”) + 1y + up) — uzu?} dx.
1
Here we have used partial integration and the fact that ! (i%) =0 (by Lemma 2.34). Since
uy is a solution of (2.9), this implies that

0= /4 {unup(ui — uf) } dx,

L
1

which contradicts (2.29). O

2.6 Transversality

The unique monotonically increasing heteroclinic solution v(x) of (2.10) for g < — V/8isan-
tisymmetric by Lemma 2.34. Removing the translational invariance by taking the unique
zero of v(x) at the origin, we have

v(0) =0, v'(0) >0 and ?"(0) = 0.

In this section we will apply a technique similar to the one in [35] to prove that v(x) is a
transverse intersection of the unstable manifold W*(—1) and the stable manifold W*(+1)
in the zero energy set (here we write W"*(£1) instead of W**(+£1,0,0,0)). Both W*(—1)
and W*(+41) are two-dimensional manifolds since the equilibrium points u = %1 are real
saddles for g < —+/8 (for g€ (—v/8,/8) they are saddle-foci and the manifolds W**(£1)
remain two-dimensional). If the intersection of W*(—1) and W*(+1) were not transverse,
then it follows from the symmetry of the potential that there would be only two possib-
ilities. We will exclude these possibilities with the help of the Comparison Lemma and
some delicate and rather technical estimates. When the potential is not symmetric we
still expect the intersection to be transverse, but a proof along the same lines seems more
involved.

The following lemma provides a bound on the orbits u(x) in the stable manifold of
+1 that lie close to the kink v(x). This bound will be useful later on, since it enables the
application of the Comparison Lemma to these solutions.

Lemma 2.36 For any q < —+/8, let v(x) be the unique monotonically increasing hetero-
clinic solutions of (2.10) with its zero at the origin. Suppose that u(x) is a solution of (2.10)
such that u € W*(+1), and (for some 6 > 0)

uPx) —ov®(x)| <5  fork=0,1,2,3, and x € [0, 00). (2.30)

Then for 6 > 0 sufficiently small we have |u(x)| < 1 for all x > 0.
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Proof.  Recall that v(x) increases monotonically from —1 to +1. The fact that u(x) > —1
on [0, co) is immediate from (2.30). It is easily seen that the monotone kink v(x) obeys the
system

0"(0) =0,

{ v +g0" =v—0v3<0  on(—00,0),
v"(—00) = 0.

Since q < 0, it follows from the strong maximum principle that v"(x) > 0 on (—o00,0), and
in particular v"(—1) > 0. Let u(x) obey (2.30), then this implies that

u"(=1) >0, u(-1) <1 and u(x) > =2 on[-1,00),
for 6 sufficiently small. Besides, 1(0co) =1 and u"(0co) = 0. It now follows from Lemma 2.29

that u(x) < 1 on [—1, 00). O

We now start the proof of Theorem 2.9. We emphasise that we assume that the po-
tential F is symmetric, which greatly reduces the number of possibilities that we have to
check in order to conclude that the intersection of W*(—1) and W*(+1) is transverse.

For any g < —+/8, let v(x) be the unique monotonically increasing heteroclinic solution
of (2.10). Since v(x) is antisymmetric by Lemma 2.34, we have that

v(0) =0, 0'(0)>0 and 0"(0) =0,

and by Lemma 2.16 we have v"'(0) — Av'(0) < 0. Besides, v lies in the zero energy manifold,

ie.,
////_1 "2 ﬂ n2 _ —
v'v 2(0) +2(v) F(v) =0,
where F(v) = —1(v* — 1)*. Therefore
" ! _ ﬂ ! _ 1 — (— — / — 1
0"(0)+q0(0) = 300) = e = (A= OO0~ o, (2.31)

where C = 4/ (%)2 —2 > 0. The tangent space to the zero energy manifold at the point
P =(0,9'(0),0,0"(0)) is N
(0,u"(0) + qu'(0),0,u'(0))~ C R*.

The tangent spaces to the two-dimensional manifolds W*(—1) and W*(+1) at this point

both contain the vector
X = (¢'(0),0,2"(0),0), (2.32)

because of the differential equation.

Let us suppose, seeking a contradiction, that these stable and unstable manifolds do
not intersect transversely in the zero energy set. Then their tangent spaces, which are two-
dimensional, coincide. We denote this two-dimensional tangent space by Tp. Because of
the symmetry of F and reversibility, («, 3,7, 9) lies in W*(—1) if and only if (—«, 3, =, 6)
lies in W?(41). It then follows that

(a,3,v,0) € Tp ifandonlyif (—«,B,—V,0)€ Ip. (2.33)

This symmetry relation implies that there are only two possibilities for Tp. Namely, let
Tp be spanned by X, given by (2.32), and Y = («, 3,7, ). We may assume that o« = 0
(replacing Y by Y — %X). If B # 0, then we see from (2.33) that v = 0 (otherwise
(©'(0),0,0"(0),0), (0, 3,v,90) and (0, 3, —y, 6) would be three linearly independent vectors
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in Tp). Besides, & is directly related to 3 since Tp € (0,u"(0) + qu'(0),0, ' (0))L. On the
other hand, if 3 = 0, then also 6 = 0. Thus, we are left with two possibilities:

Case A: Tp = {(£,0,1,0) | (¢,n) €eR*},  or

Case B:  Tp = {(£0(0), —nv'(0),£0"(0), n(@" (0) + qv'(0))) | (£,1) € R*}.
Note that the symmetry of the potential has reduced the number of possibilities enorm-
ously. To complete the proof of Theorem 2.9 we have to exclude the possibilities described

in Case A and Case B.
In Case Alet £ =1and n=14 A, and consider the point on W*(41) given by

(w,u', u”,u")(0) = (e + O(?),0'(0) + O(e?), (1 + A)e + O(e?), 0" (0) + O(e?)).

It should be clear that for ¢ small enough the conditions of Lemma 2.36 are satisfied, so
that |u(x)| < 1 on [0, 00). We will deal with this case in Lemma 2.38, where we show that
under the present conditions, u(x) ¢ W*(+1), which excludes Case A.

Now suppose that Case B holds, and let £ = 0 and n = —1. Then there is a point
(u, u',u”,u")(0) on W?(+1) of the form

(O(e?),7'(0) + €v'(0) + O(?), O(e*), 0" (0) — e(v"(0) + qv'(0)) + O(€?)).

Now

(u' —0")(0) = €0'(0) + O(?), (2.34)
and, using (2.31),

W" —v")0) = —e@"(0)+¢'(0)) + O(e?)
, 3

= A+ C)v(0)+ 100) + O(&)

— A@' — 0)(0) + £Co'(0) + 45(0) +0(e),
where C = (%)2 — 2> 0. We infer that

w" — Au")(0) — (" — A0")(0) = ¢ <CU'(O) + 40’(0)) + O(e?). (2.35)

Besides, it should be clear that for ¢ small enough the conditions of Lemma 2.36 are sat-
isfied, so that |u(x)| < 1 on [0,00). We will deal with this case in Lemma 2.37, where we
show that under the present conditions, u(x) ¢ W*(+1), which excludes Case B.

We now prove two technical lemmas (adopted from [35] to the case of an antisym-
metric heteroclinic orbit) to exclude the two possibilities which could occur if the inter-
section of W*(—1) and W*(+1) were not transverse. We show that in both Case A and
Case B the initial data of u and v are such that for some small positive x, we arrive in
the situation of the Comparison Lemma. We then conclude that u cannot be in the stable
manifold W?*(+1).

The next lemma deals with Case B (it is the counterpart of Th. 2.3 in [35]). In order
for the points of W*(+1) in Case B to satisfy the assumptions of the lemma, we choose
(looking at (2.34) and (2.35))

1
40'(0)

} and kzZmax{v’(O),Cv'(O)—l— L }

&= min{0/(0), Co'(0) + 50/(0)

2
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Lemma 2.37 For any q < —+/8, let v(x) be the unique monotonically increasing hetero-
clinic solutions of (2.10) with its zero at the origin. Letk, «, 3 > 0 be constants. Suppose
that u(x) is a solution of (2.10) with |u(x)| < 1 on [0, 00), satisfying (for some ¢ > 0)

ke > " — Au')(0) — (@ — A0")(0) > ae and ke > 1u'(0) — o' (0) > ag,
and
|u(0)] + [u"(0)] < Be.
Then, for ¢ sufficiently small, u(0) ¢ W*(+1).
Proof.  The solution v exists on [0, 00) and the initial data of u are e-close to those of v.
Therefore there exists an ¢y > 0 such that if € € (0, ¢y) the function u and its derivatives of
all orders exist and are uniformly bounded on [0, 1], for all u satisfying the assumptions

independent of ¢ € (0, ¢y). Consequently, by Taylor’s theorem we infer that for some M >
0 and for all x € [0, 1]

u(x) —o(x) > u(0)—ov(0)+ {u'(0) — v'(0)}x
+ H{u"(0) — 0"(0)}x* — Mx®
—B&® + aex — 1 Bx* — Mx>.

u'(x) — v'(x) u'(0) — o' (0) + {u"(0) — v"(0) }x — Mx?

oe — Berx — Mx>2.
(" — Au)(0) — (0" — Av)(0)

+{@" = Au')(0) — (0" — Av')(0) }x

+ H{@"" = Au")(0) — @ — A0")(0) }x* — Mx®
—(1+ A)Be” + aex — 1KBe*x* — M.
(" — Au")(0) — (" — A0')(0)

+{"" = Au")(0) — (" — A0")(0)}x — Mx?
oe — KBe?x — Mx2.

vV IV IV IV

(" — Au)(x) — (@" — Av)(x)

v v

(1/[”’ _ Aul)(X) _ ('U," _ AU,)(X)

Y

Here we have used the fact that, for some constant K > 0,
|u""(0) — Au" (0)| = |(—g — A)u"(0) + u(0) — u*(0)| < KBe2.
Let K = max{1,K}, and let us define

&2 .:3/2
N ]

Then we have, for all x € [0, I'(¢)],
u'(x) —o'(x) >0 and (" — Au)(x) — (@" — A0")(x) > 0.

We now introduce 7(¢) = £*/°. It then follows that (¢) € [0, '(¢)] N [0, 1] for & > 0 suffi-
ciently small. We obtain that

(1 —)(1(e)) > —Be* + ae®® — 1B — Me? > 0,
for ¢ > 0 sufficiently small, and
" — Au)(t(e)) — (@ — Av)(1(e)) > —(1 + N)Be? + ae®® — LK Be'"® — Me? > 0,

for ¢ > 0 sufficiently small.
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We can now apply the Comparison Lemma to u(x + 7(¢)) and v(x 4 7(¢)) to conclude
that u(x) does not tend to 1 as x — oo, which proves the lemma. O

The following lemma excludes Case A (it is the counterpart of Th. 2.4 in [35]). In order
for the points of W*(41) in Case A to satisfy the assumptions of the lemma, we choose
_1 —
a=j5and k=2.

Lemma 2.38 For any q < —+/8, let v(x) be the unique monotonically increasing hetero-
clinic solutions of (2.10) with its zero at the origin. Letk, «, 3 > 0 be constants. Suppose
that u(x) is a solution of (2.10) with |u(x)| < 1 on [0, 00), satisfying (for some ¢ > 0)

ke > u"(0) — Au(0) > ae and ke > u(0) > ae,

and
|u'(0) — ©'(0)| + [t (0) — v"(0)| < Be*.

Then, for ¢ sufficiently small, u(0) ¢ W*(+1).

Proof.  We proceed as in the proof of Lemma 2.37. We find, by Taylor’s theorem, that for
some M >0,K>0and x € [0,1],

u(x) —o(x) > ae— Be’x — Mx?
W(x) —0'(x) > —B+a(l+ Aex — LBex* — Mx?
" = Au)(x) — (@" = Ao)(x) > ae— (14 A)Be’x — Mx?
and
" = Au)(x) = @" = A )(x) > W = Au')(0) — (0" — Av)(0)
+ { @ — Au")(0) — (0" — A0")(0)} x
+ 2{@® — Au")(0) — (0 — A0")(0)} x* — Mx®
> —2B&*+ (2 + pwaex — 1Kx® — My,
Here we have used the following facts. First, v/®(0) = 0 by (2.10) and
@™ — Au")0) = p" — Au)(0) + 3u(0) — u*(0)
poce + 3o — k€3
2+ wae
for ¢ sufficiently small. Second, by differentiating (2.10) we obtain

u® 4+ qu” +u'Gu* —1) =0,

>
2

from which we deduce that
@ = Au")(0) — @ — A0")0) = p" — Au')(0) — u@" — Av')(0)
+3(u'(0) — v'(0)) — 3u'(0)u*(0)
> —u(14AN)Be® —3pBe% — 60/ (0)k*e? = —Ke?,

since [1/(0)] < |v'(0)| + Be* < 20/(0), for ¢ sufficiently small.

We define
« (1+ A)Be3/?

re) = ﬁ{ M T} '
Then we have, for all x € [0, I'(¢)],
u(x) —o(x) >0 and (u" — Au)(x) — (0" — Av)(x) > 0.
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If T(e) = €%/, then 1(¢) € [0, I'(¢)] N [0,1] for & > 0 sufficiently small and
W' — ') (1(e)) > =B+ a(l + A)e™/® — 18! — M > 0,
for ¢ sufficiently small, and
W" = M)(1(e) — (" — M) (1(e)) > =2 + (2 + wae™® — 1K' — Me* > 0,

for ¢ sufficiently small.
We can now apply the Comparison Lemma to u(x 4+ 7(¢)) and v(x 4 7(¢)) to conclude
that u(x) does not tend to 1 as x — oo, which proves the lemma. O

Remark 2.39 The special symmetry of u — u® has enabled us to prove that the heteroclinic
solution is transverse. For general f(u) transversality of heteroclinic solutions is much
harder to check. However, for homoclinic solutions this difficulty does not arise, since
every homoclinic solution (for y € (0, .=]) is symmetric with respect to its extremum. We
will give an outline of the proof that every homoclinic solution is a transverse intersection.

Without loss of generality we may assume that v(x) is a positive homoclinic solution
of (2.1) to 0 with a unique maximum at x = 0. As usual, we suppose that y € (0, M].
The method in [35] for homoclinic solutions can be extended to general f(u), as was done
above for heteroclinic solutions. To be able to apply the Comparison Lemma to a solution
in W*(0) close to v(x), we need a very mild assumption on f(u), but only in a special case
(when y = 4w(0 SO , then we need that f'(u) # —w(0,v(0)) in some left neighbourhood of

u = 0). The only fairly specific condition in the rest of the proof is that L (v’(’?(;; > A, which

follows directly from Remark 2.17. °

2.7 Stability of the kink

In this section we look at the stability of the kink for the EFK equation (2.12) and prove
Theorem 2.10. The EFK equation is a semi-linear parabolic equation and for such equa-
tions the local existence of the flow (e.g., in the space of bounded uniformly continuous
functions) has been well-established (e.g., see [111, 81]). To fix ideas, for y < % let v(x)
be the unique monotonically increasing heteroclinic solution of (2.9) such that v(0) = 0
(removing the translational invariance). The existence of this solution can be proved by a
shooting method [117], but it can also be found as the minimiser of the functional

Jlu] = /]R {g(u")2 + %(u')2 + }L(u2 - 1)2} dx.

The minimum is taken over all functions u(x) with u — x € H%(R), where xy € C*(R) is an
antisymmetric function such that such that y(x) = —1 for x < -1, and x(x) =1for x > 1
(see [89, 124]).

The minimising property of the kink v(x) and its transversality in the zero energy set
allow us to conclude that for y < 3 the kink is asymptotically stable in H'(R). Another
possible choice is to work in the space of bounded uniformly continuous functions. The
analysis below applies to both function spaces.

To study the stability of the kink, we write u(x,t) = v(x) + ¢(x,t). The differential
equation for the perturbation ¢(x, t) is then

P ¢ 0%

E — F+F+(1—3UZ)¢—3U¢2—¢3
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Note that the nonlinear term —3v(x)¢? — ¢* is C! from H! to H'.
We have to investigate the spectrum of the linearised operator

—v¢" + " = 2¢ + g(x),

L=
where
g(x)=3-30*(x) >0  asx — *oo.

We consider L as an unbounded operator from D(£) = H*(R) C HY(R) to H'(R). It is
well-known that the essential spectrum of £ is

0—e(L’) = (_OO/ _2]/

and that the remaining part of the spectrum (L) \ 0,(L) consists entirely of isolated real
eigenvalues of finite multiplicity (see e.g. [81, Ch. 5]).
The minimising property of the kink,

Jlo] = inf{J[u] |u — x € H},

implies that
(Lp,P)2 <0 forall p € H. (2.36)

Any eigenfunction of £ in H' is in H®, thus by substituting eigenfunctions in (2.36) we
see that all eigenvalues of L are in (—o0,0].

The EFK equation is autonomous, thus v'(x) is an eigenfunction with eigenvalue 0. In
fact, the zero eigenvalue is simple, which follows from the transversality of W*(41) and
W¥(—1). To see this, we note that the flow of the tangent plane TW?(x) of the stable man-
ifold of +1 at points (v,7',v",v")(x) on the heteroclinic orbit, is given by the linearised
equation around the kink. Since W®(+1) is two-dimensional this implies that there are
exactly two linearly independent solutions of L¢$ = 0 which tend to 0 as t — oo, corres-
ponding to two independent directions in the tangent planes TW*(x). A similar statement
holds for the tangent plane TW"(x) of the unstable manifold of —1. Because an eigenfunc-
tion with eigenvalue 0 obeys this linearised equation L¢$ = 0 and tends to 0 as x — +o0, it
corresponds to a common direction in the tangent planes TW?*(x) and TW*(x). Therefore,
a second independent eigenfunction with eigenvalue 0 would imply that the stable and
unstable manifolds do not intersect transversely in the zero energy set, which contradicts
Theorem 2.9.

We note that this reasoning also applies to the space of bounded uniformly continu-
ous functions (e.g., see [81, Section 5.4]), the reason being that there is an exponential
dichotomy when x — £oo0 (see [81, 78]).

Having established that the zero eigenvalue of the linearisation around v(x) is simple,
we may apply the theory from [81, Section 5.1] or [16, Th. 4.3]. It follows that the sta-
tionary solution v(x) of Equation (2.12) has a local stable manifold of co-dimension 1 in
the flow of (2.12). The center manifold is one-dimensional and by exploiting the spatial
translation invariance of (2.12) we see that this center manifold consists of the translates
of the kink: {v(x + xp) | xo € R}. Besides, we conclude from the translation invariance
that the stable manifolds of the translates of the kink v(x) fill a tubular neighbourhood of
{v(x + x0) | x0 € R} in function space. This implies asymptotic stability (see [16] for more
details) and thus proves Theorem 2.10.
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2.8 Continuation and existence

This section is devoted to the continuation of bounded solutions of (2.6) for values of g
that are sufficiently negative. Theorem 2.1 shows that for each point P in the (1, u’)-plane
there is at most one bounded solution of which the path goes through P. In this section we
show that if a point P lies on the path of a periodic solution, then there exists a periodic
solution through any point in the neighbourhood of P, i.e., part of the phase-plane is
filled up by bounded solutions. The fact that solutions can be continued, also implies the
existence of certain bounded solutions.

The main result of this section is Theorem 2.5. In the proof of this theorem we use
the notation of Equation (2.6). Let uy(x) be a periodic solution of (2.6) for g = qo. We
define a = min uy(x) and b = maxu(x). Suppose that gy < —2v/w(a, b). Then this periodic
solution is part of a continuous one-parameter family of periodic solutions. We will use
the Implicit Function Theorem to prove this assertion. In Theorem 2.5 the energy is taken
as parameter. Here we first take the maximum value of solutions as parameter and then
we show that the energy can be used as parameter equally well.

Without loss of generality we may assume that 1, attains a maximum at x = 0. Then
u((0) = 0 and u{'(0) = 0 by Lemma 2.12, and from Remark 2.17 we see that

ul0) <0 and ul”(0) — Auf(0) > 0.
Let & > 0 be the first point where 1 attains a minimum.
We now look at a family of solutions u(x; «, 3) of (2.6) with initial data
(u,u',u", u")(0;a, B) = (,0, 3,0),

where («, 3) is in a small neighbourhood of (&, 30) = (u0(0), u((0)). Note that u(x; ao, o)
is the periodic solution u((x).

To show that u is part of a continuous family it suffices to prove that (&; o, Bo) lies
on a smooth curve (&; a4, 3;), with t € (—¢, ¢) for € > 0 small, such that

uw'(pay,B) =0 and u"(é;,,B)=0.

The functions u(x; o, ;) extend to periodic solutions by reflection in x =0 and x = &;. Let
a play the role of the parameter, then to be able to apply the Implicit Function Theorem,
we have to show that the determinant

o o' ou"
D = det & a(zfl(’l (EO/ Xo, ﬁO)
03 053

1S non-zero.
It follows from Remark 2.17 that

u"(&o;00,B0) >0 and  u"(&y; a0, Bo) — Au (&o; o, Bo) < 0. (2.37)
We define v(x) = g—g(x; &, Bo) and observe that
v(0)=0, ¢'(0)=0, 9"(0)—Av(0)=1 and o"(0)— Av'(0) =0. (2.38)
Besides, v satisfies the equation v + gv" = f'(u)v, which we write as
(0" = Av)" — w@" — Av) = (f'(u) + w)o. (2.39)
Arguing along the lines of the Comparison Lemma we see from (2.38) that v > 0 on (0, o)
for o > 0 small enough. We now observe that (f'(1) + w)v > 0 on (0, o) by the definition
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of w = w(a,b). We deduce from (2.38) and (2.39) that v" — Av > 0 on (0, 0), and as in the
proof of the Comparison Lemma, we conclude that o = co. Hence, for all x > 0 we have

v>0, >0, ¢"—Av>0, and " —A0 >0. (2.40)
We now see from (2.37) and (2.40) that
Bu’ a( m AM’)
i A >0 <0
d t 6x, " ’ ’ P d t 0,
e(%—u,g a(aﬁAu)>(‘SO‘XOﬁO) e<>0 >O)>

which immediately implies that D # 0.

Above we have used the amplitude of the periodic solution as a parameter. We can
also use the energy E as a parameter, taking x and « as variables. In that case we look at
a family of solutions u(x; «, E) of (2.6) with initial data

(u,u',u”",u")(0;«, E) = («,0, —/2E — 2F(x),0),
where (a, E) is in a small neighbourhood of (ag, E[ug]). We define v(x x; &, Elug
here («, E) is i 11 neighbourhood of (a, E[uo]). We defi (x) = 2 Eluo)),
and we notice that v(0) = 1, v'(0) = 0, v"’(0) — A?'(0) = 0 and

d(—+/2E[uo] — 2F(a) — Acx)
do

0"(0) — Av(0) =

a=aq
—F'(x0) _
—V/2E[uo] — 2F(a)
> S -0+ A0
uf(0) uy
by (2.6) and Remark 2.17. The previous analysis now applies once more and we conclude
that Theorem 2.5 holds.

Another possibility for continuation of solutions is to fix the energy level E, take g as
a parameter and use x and « as variables. Finally, instead of taking g as a parameter we
can also deform the potential F(u). This offers the possibility to obtain periodic solutions
via continuation starting from a linear equation and then deforming the potential.

A different possible starting point for the continuation of bounded solutions is the
second order equation (y = 0), because for small positive y the bounded solutions of (2.1)
can be obtained from the second order equation by means of singular perturbation theory
(e.g., see [2,72]).

The continuation of periodic solutions can come to an end in a limited number of
ways:

o the value of g becomes too large compared the critical value w(minu, maxu), i.e
q > —2+/w(minu, max ). This may either happen when we increase g, or when we
deform the potential, or when the range of u(x) expands.

e the amplitude of the periodic solutions tends to infinity.

e the amplitude of the periodic solutions tends to zero, i.e., the periodic orbits converge
to an equilibrium point.

e the periodic solutions converge to a chain of connecting orbits (homoclinic and/or
heteroclinic) as the period tends to infinity.
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Considering homoclinic solutions we note that it follows from Remark 2.39 that under
very weak assumptions on the potential, homoclinic solutions are transverse intersections
and thus can be continued (for example starting at ¥ = 0 using singular perturbation
theory). Another possibility is to obtain the homoclinic solutions as a limit of periodic
solutions. Conversely, the existence of a transverse homoclinic orbit implies the existence
of a family of periodic solutions close to this homoclinic orbit [55, 139].

Finally, with regard to heteroclinic solutions there is an important result from [89],
which states that if there are two equilibrium points uy and 11 (19 < u;) such that

F(uo) = F(u1),
F(u) < F(up) = F(uy) forallu € R\ {uo,us}
F'(ug) <0 and F"'(u;) <0,
F(u) < C; — Cu? forallu € R and some C;,C, > 0,
then for all y > 0 there exists a heteroclinic solution of (2.1) connecting these equilibrium
points. On the other hand, the heteroclinic connections can also be obtained as a limit
of periodic solutions, and when the potential is symmetric then, for y not too large, the

heteroclinic solution is a transverse intersection (as discussed in Section 2.6) and thus can
be continued.
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Chapter 3

Homotopy classes for stable patterns

3.1 Introduction

This chapter is a continuation of [89] where a constrained minimisation method has been
developed to study heteroclinic and homoclinic local minimisers of the action functional

Jilu] = /L(u,u’,u”)dt = /[%u”z + gu’z + F(u)|dt, (3.1)
I I
with y, 3 > 0. Minimisers are solutions of the equation
yu"" — Bu" + F'(u) = 0. (3.2)

This equation with a double-well potential F has been proposed in connection with cer-
tain models of phase transitions. For brevity we will omit a detailed background of this
problem and refer only to those sources required in the proofs of the results. A more ex-
tensive history and reference list are provided in [89] and Chapter 1, to which we refer
the interested reader.

The above equation is Hamiltonian with

H=—yu"u + gu”z + gu’z — F(u). (3.3)
The configuration space of the system is the (u, u’)-plane, and solutions of (3.2) can be
represented as curves in this plane. Initially these curves do not appear to be restricted
in any way. However, the central idea presented here is that, when (£1,0) are saddle-
foci, the minimisers of | respect the topology of this plane punctured at these two points,
which allows for a rich set of minimisers to exist. Using the topology of the doubly-
punctured plane and its covering spaces, we describe the structure of all possible types
of minimisers, including those which are periodic and chaotic. Since the action of the
minimisers of these latter types is infinite, a different notion of minimiser is required that
is reminiscent of the minimising (Class A) geodesics of Morse [107]. Such minimisers
have been intensively studied in the context of geodesic flows on compact manifolds or
the Aubry-Mather theory (see e.g. [29] for an introduction). A crucial difference is that
we are dealing with a non-mechanical system on a non-compact space. Nevertheless, we
are able to emulate many of Morse’s original arguments about how the minimisers can
intersect with themselves and each other. For a precise statement of the main results we
refer to Theorem 3.10 and Theorem 3.34. For related work on mechanical Hamiltonian
systems we refer to [29, 128] and the references therein.
Another important aspect of the techniques employed here and in [89] is the mild-
ness of the hypotheses. In particular, our approach requires no transversality or non-

'Note that in this chapter the potential F(u) is defined with the opposite sign compared to Chapter 1.
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degeneracy conditions, such as those found in other variational methods and dynamical
systems theory, see [89]. Specifically, we will assume the following hypothesis on F:

(H): F € C3(R), F(£1) = F'(£1) =0, F"(£1) > 0, and F(u) > 0 for u # +£1.
Moreover there are constants ¢, and ¢, such that F(u) > —cy + cou?.

We will also assume for simplicity of the formulation that F is even, but many analog-
ous results will hold for non-symmetric potentials, cf. [89]. Finally, we assume that the
parameters y and 3 are such that u = £1 are saddle-foci, i.e. J; > m. An example of
a nonlinearity satisfying these conditions is F(u) = i(u2 — 1), in which case (3.2) is the
stationary version of the so-called Extended Fisher-Kolmogorov (EFK) equation.

In [89] heteroclinic and homoclinic minimisers of | are classified by a finite sequence of
even integers which represent the number of times a minimiser crosses u = +1. In order
to classify more general minimisers, we must consider infinite and bi-infinite sequences,
as described below.

A function u : R — R can be represented as a curve in the (1, u")—plane, and the asso-
ciated curve will be denoted by I'(1). Removing the equilibrium points (£1,0) from the
(1, u")—plane (the configuration space) creates a space with nontrivial topology, denoted
by P =R?\ {(£1,0)}. In P we can represent functions u which have the property that
u' # 0 when u = %1, and various equivalence classes of curves can be distinguished. For
example, in [89] classes of curves that terminate at the equilibrium points (£1,0) are con-
sidered. Another important class consists of closed curves in P, which represent periodic
functions. We now give a systematic description of all classes to be considered.

Definition 3.1 A type is a sequence § = (gi)ie; with g; € 2N U {oo}, where oo acts as a

terminator. To be precise, g satisfies one of the following conditions:

(@) I =17,and g € 2N7 is referred to as a bi-infinite type.

(b) I={0}UN, and g = (c0,41,82,...) with g; € 2N for alli > 1, or
I=-NU{0},andg=(...,8-2,8-1,00) with g; € 2N for alli < —1.
In these cases g is referred to as a semi-terminated type.

(¢ I={0,...,N+1} withN >0, and g = (00, §1,...,9Nn,00) with g; € 2N.
In this case g is referred to as a terminated type.

These types will define function classes using the vector g to count the crossings of u
at the levels u = £1. Since there are two equilibrium points, we introduce the notion of
parity denoted by p, which will be equal to either 0 or 1.

Definition 3.2 A function u € H} (R) is in the class M(g, p) if there are nonempty sets
{Ai}icr such that

1. uN(£1) = Ui, A

2. #A;=giforie I,

3. maxA; < minA;;4,

4. u(A;) = (=1)"*P+1 and

5. Uje; Ai consists of transverse crossings of £1, i.e., u'(x) # 0 for x € A;.

Note that by Definition 3.1, a function u in any class M(g, p) has infinitely many cross-
ings of £1. Definition 3.2 is similar to the definition of the class M(g) in [89] except that



3.1. Introduction 81

here it is assumed that all crossings of +1 are transverse. Only finitely many crossings are
assumed to be transverse in [89] so that the classes M(g) are open subsets of x + H*(R).
Since we will not directly minimise over M(g, p), we now require transversality of all
crossings of +1 to guarantee that I'(u) € P. However, note that the minimisers found
in [89] are indeed contained in classes M(g, p) as defined above, where the types g are
terminated.

The classes M(g, p) are nonempty for all pairs (g, p). Conversely, any function u €
HZ _(R) is contained in the closure of some class M(g, p) with respect to the complete
metric on HZ (R) given by p(u,v) = 3,2 'min{1, ||u — v||p2(_;,}, cf. [133]. That is, if we
define

M(g, p) = {u € H: . (R)| there are u, € M(g, p) with u,, — u in Hp (R)},

loc loc

then HZ (R) = U,»M(g, p). Note that the functions in IM(g, p) = M(g, p) \ int(M(g, p))
have tangencies at £1 and thus are limit points of more than one class. In the case of an
infinite type, shifts of g can give rise to the same function class. Therefore certain infinite
types need to be identified. Let o be the shift map defined by o(g); = gi11, and the map
7: {0,1} — {0,1} be defined by t(p) = (p + 1) mod 2 = |p — 1|. Two infinite types (g, p)
and (g, p') are equivalent if g’ = 0"(g) and p’ = 7"(p) for some n € Z, and this implies
M(g, p) = M(g',p"). A bi-infinite type g is periodic if there exists an integer n such that
0"(g) =g

When the domain of integration is R, the action J[u] given in (3.1) is well-defined only
for terminated types g and u € M(g, p) N {x, + H*(R)}, where x, is a smooth function
from (—1)7*! to (—1)”. For semi-terminated types or infinite types the action ] is infinite
for every u € M(g, p). In Section 3.2 we will define an alternative notion of minimiser in
order to overcome this difficulty. The primary goal of this chapter is to prove the follow-
ing theorem, but we also prove additional results about the structure and relationships
between various types of minimisers.

Theorem 3.3 If F satisties hypothesis (H) and is even, then for any type g and parity p
there exists a minimiser of | in M(g, p) in the sense of Definition 3.4. Moreover, if g is
periodic, then there exists a periodic minimiser in M(g, p).

In Sections 3.4 and 3.5 we show that other properties of the symbol sequences, such
as symmetry, are reflected in the corresponding minimisers. The classification of minim-
isers by symbol sequences has other properties in common with symbolic dynamics; for
example, if a type is asymptotically periodic in both directions, then there exists a minim-
iser of that type which is a heteroclinic connection between two periodic minimisers.

The minimisers discussed here all lie in the 3-dimensional energy manifold M, =
{(u, ', u",u")| H((u,u',u",u") = 0}. Exploiting certain properties of minimisers that are
established in this chapter, we can deduce various linking and knotting characteristics
when they are represented as smooth curves in M, (see also Chapter 8). The minimisers
found in this chapter are also used in Chapter 4 to construct stable patterns for the evolu-
tionary EFK equation on a bounded interval, and the dynamics of the evolutionary EFK
is discussed in [92].

Some notation used in this chapter was previously introduced in [89]. While we have
attempted to present a self-contained analysis, we have avoided reproducing details (par-
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ticularly in Section 3.3) which are not central to the ideas presented here, and which are
thoroughly explained in [89].

3.2 Definition of minimiser

For every compact interval I C R the restricted action J; is well-defined for all types.
When we restrict u to an interval I, we can define its type and parity relative to I, which
we denote by (g(u|;), p(ul1)). Namely, let u € M(g, p). It is clear that (u,u')|s; ¢ (£1,0)
for any bounded interval I. Then g(u|;) is defined to be the finite-dimensional vector
which counts the consecutive instances of u|; = £1, and p(u|) is defined such that the
first crossing of u = %1 in [ is a crossing of (—1)?*1. Note that the components of g(u|)
are not necessarily all even, since the first and the last entries may be odd. We are now
ready to state the definition of a (global) minimiser in M(g, p).

Definition 3.4 A function u € M(g, p) is called a minimiser for | over M(g, p) if and only
if for every compact interval I the number J[u|;] minimises J;[v|y] over all functions
v € M(g, p) and all compact intervals I' such that (v,v")|sp = (1, u')|5; and (g(v|r), p(v|r)) =

(g(uln), p(ulr)).

The pair (g(u|;), p(u|;)) defines a homotopy class of curves in 2 with fixed end points
(1, u")|a;1- The above definition says that a function u, represented as a curve I'(u) in P, is a
minimiser if and only if for any two points P; and P, on I'(u), the segment I'(P;, P,) C I'(u)
connecting P; and P, is the most J-efficient among all connections (P, P,) between P
and P, that are induced by a function v and are of the same homotopy type as I'(Py, P»),
regardless of the length of the interval needed to parametrise the curve (P, P,). As
we mentioned in the introduction, this is analogous to the length minimising geodesics
of Morse and Hedlund and the minimisers in the Aubry-Mather theory. The set of all
(global) minimisers in M(g, p) will be denoted by CM(g, p).

Lemma 3.5 Letu € M(g, p) be a minimiser, then u € C*(R) and u satisfies Equation (3.2).
Moreover, u satisfies the relation H(u,u',u",u") = 0, i.e., the associated orbit lies on the
energy level H = 0.

Proof.  From the definition of M(g,p), on any bounded interval I C R there exists
eo(I) > 0 sufficiently small such that u + ¢ € M(g, p) for all ¢ € Hj(I) with ||¢|| ;- < € < €.
Therefore J;[u + ¢] > J;[u] for all such functions ¢, which implies that d],[u] = 0 for any
bounded interval [ C R, and thus u satisfies (3.2).

To prove the second statement we argue as follows. Since u € M(g, p), there exists
a bounded interval I such that u'|;; = 0. Introducing the rescaled variable s = t/T with
T = |I| and v(s) = u(t), we have

'ri 1
B =m0l = [ 307+ 150"+ 1) s,

which decouples u and T. Since u'|;; = 0 we see from Definition 3.4 that J[T £ €,v] >
Jr[u] = J|T,v]. The smoothness of | in the variable T > 0 implies that 2 J[t, 7] = 0.
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Differentiation yields, since H is constant along solutions (say H(u,u’, u",u"") = E),
0 ! 3
E][T, v] = /o [—7_457/0"2 — T_zgv’z + F(U)} ds

= T_l/ {—%yu”z — gu’z + F(u)] dt
0

= —T_l/ H(u,u',u",u")dt = —E.
0

Thus E =0, and H(u,u',u"”,u") = 0 for t € I. This immediately implies that H = 0 for all
teR O

The minimisers for | found in [89] also satisfy Definition 3.4, and we restate one of the
main results of [89].

Proposition 3.6 Suppose F is even and satisties (H), and 3,y > 0 are chosen such that
u = %1 are saddle-focus equilibria. Then for any terminated type g with parity either 0
or 1 there exists a minimiser u € M(g, p) of |.

From Definition 3.2, the crossings of u € M(g, p) with £1 are transverse and hence isol-
ated. We adapt from [89], the notion of a normalised function with a few minor changes
to reflect the fact that we now require every crossing of +1 to be transverse.

Definition 3.7 A function u € M(g, p) is normalised if, between each pair u(a) and u(b) of
consecutive crossings of £1, the restriction |, is either monotone or u|, ) has exactly
one local extremum.

Clearly, the case of u|, ;) being monotone can occur only between two crossings at differ-
ent levels 1, in which case we say that u has a transition on [a, b].

Lemma 3.8 Ifu € CM(g, p), then u is normalised.

Proof.  Since u € M(g, p), all crossings of u = %1 are transverse, i.e. u’ # 0. Thus for any
critical point ty € R, u(ty) # £1, and the Hamiltonian relation from Lemma 3.5 and (3.3)
implies that Ju"(t))*> = F(u(ty)) > 0. Therefore u is a Morse function, and between any
two consecutive crossings of +1 there are only finitely many critical points. Now on any
interval between consecutive crossings where u is not normalised, the clipping lemmas
of Section 3 in [89] can be applied to obtain a more J-efficient function, which contradicts
the fact that u is a minimiser. O

3.3 Minimisers of arbitrary type

In this section we will introduce a notion of convergence of types which will be used in
Section 3.5.1 to establish the existence of minimisers in every class M(g, p) by building on
the results proved in [89].

Definition 3.9 Consider a sequence of types (g", p") = ((§/)ie1,, p") and a type (g,p) =
((i)ie1, p)- The sequence (8", p") limits to the type (g, p) if and only if there exist numbers
N, € 2Z such that g}, y ., — i foralli € I asn — oo. We will abuse notation and write

&" p")— & p)-



84 3. Homotopy classes for stable patterns

We should point out that a sequence of types can limit to more than one type. For
example, the sequence (g",0) = ((00,2,2,1,4,4,4,4,1,2,2,2,...),0) limits to the types
((oo,2, 2, oo),O), ((00,4, 4,4,4,0), 1) and ((oo, 2,2,2,...), 0).

Theorem 3.10 Let (g",p") — (g, p) and u, € CM(g", p") with ||u,||1,c < C for alln. Then
there exists a subsequence u,, such thatu, — 0 € M(g, p) in C}, (R), and 1 is a minimiser
in the sense of Detinition 3.4, i.e. i € CM(g, p).

Proof.  This proof requires arguments developed in [89] to which the reader is referred
for certain details. The idea is to take the limit of u,, restricted to bounded intervals. We
define the numbers N, as in Definition 3.9, and we denote the convex hull of A; by I;.
Due to translation invariance we can pin the functions u, so that u,(0) = (—1)”*!, which
is the beginning of the transition between Iy, | ,._, and I}y . »_,. Due to the assumed
a priori bound and interpolation estimates which can be found in the appendix to [96],
there is enough regularity to yield a limit function 7 as a C;, -limit of u,, after passing to a
subsequence. Moreover, 1 satisfies the differential equation (3.2) on R. The question that
remains is whether 1 € M(g, p).

To simplify notation we will now assume that N, = 0 and p" = p = 0. Fixing a
small 5 > 0, we define I/'(6) D I} as the smallest interval containing I}’ such that u|gp ) =
(=1)*! — (=1)"*15 (if g is a (semi-)terminated type then I(5) may be a half-line). The in-
terval of transition between I}($) and I, ;(4) is denoted by L} (). To see that 71 € M(g, p),
one has to eliminate the two possibilities that a priori may lead to the loss or creation of
crossings in the limit so that i € M(g, p): the distance between two consecutive crossings
in u, could grow without bound or 7 could possess tangencies at u = +1.

Due to the a priori estimate in W we have the following bounds on J:
J[un ) <C (3.4)

where C and C' are independent of n and i. Indeed, note that for n large enough the
homotopy type of u, on the intervals I(d) is constant by the definition of convergence
of types. Since the functions u, are minimisers, J[u, |1 (] is less than the action of any
test function of this homotopy type satisfying the a priori bounds on u and u' on 01"(5)
(see [89, Section 6] for a similar test function argument). The estimate |L}(6)| < C(8) is im-
mediately clear from Lemma 5.1 of [89]. We now need to show that the distance between
two crossings of (—1)""! within the interval I7(5) cannot tend to infinity.

me] <C and J [t

First we will deal with the case when g7 is finite for all n. Suppose that the distance
between consecutive crossings of (—1)"*! in I”(8) tends to infinity as n — co. Due to (3.4)
and Lemma 3.8, minimisers have exactly one extremum between crossings of (—1)*! for
any € > 0, and hence there exist subintervals K, C I"(8) with |K,| = oo, such that 0 <
|uy, — (=1)"| < e on K,, where g, € {0,1}, and |u'|s,| < €. Taking a subsequence we may
assume that g, is constant.

We begin by considering the case where g, =i+ 1. Now € can be chosen small enough,
so that the local theory in [89] is applicable in K. If |K,| becomes too large then u, can
be replaced by a function with lower action and with many crossings of (—1)*!. Sub-
sequently, redundant crossings can be clipped out, thereby lowering the action. This
implies that u, is not a minimiser in the sense of Definition 3.4, a contradiction.
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The case where g, = i must be dealt with in a different manner. First, there are unique
points t, € K,, such that u/,(t,) = 0, and for these points u,(t,) — (—=1)" as |K,| = oco. Let
U, (s,) be the first crossing of (—1)"*! to the left of K,. Taking the limit (along subsequences)
of u,(t — s,) we obtain a limit function # which is a solution of (3.2). If |t, — s,,| is bounded
then # has a tangency to u = (—1)" at some t, € R. All u, lie in {H = 0} (see (3.3)) and
so does u, hence u"(t.) = 0. Moreover u"(t,) = 0, because u(t,) is an extremum. By
uniqueness of the initial value problem this implies that & = (—1)/, contradicting the fact
that u(0) = (=1)"*'. If |t, — s,| = oo, then u is a monotone function on [0, 00), tending to
(—1)" as x = 00, and its derivatives tend to zero (see Lemma 2.14 or [96, Lemma 1 Part (ii)]
for details). This contradicts the saddle-focus nature of the equilibrium point.

In the case that g = oo we remark that (3.4) also holds when I is a half-line. It
follows from the estimates in Lemma 5.1 in [89] that u? — (—1)""! as x = 00 or x = —0c0
(whichever is applicable). From the local theory in Section 4 of [89] and the fact that u, is a
minimiser, it follows that the derivatives of 1, tend to zero. The analysis above concerning
the intervals K,, and the clipping of redundant oscillations now goes on unchanged.

We have shown that the distance between two crossings of £1 is bounded from above.
Next we have to show that the limit function has only transverse crossings of +1. This
ensures that no crossings are lost in the limit. If # were tangent to (—1)*! in [;, then
we could construct a function in v € M(g, p) in the same way as in [89, Theorem 5.5]
by replacing tangent pieces by more J-efficient local minimisers and by clipping. The
function v still has a lower action than i on a slightly larger interval (the limit function
il also obeys (3.4), so that the above clipping arguments still apply). Since u, — 7 in
Ct. it follows that J;[u,] — J;[u] on bounded intervals I. This then implies that for n
large enough the function u, is not a minimiser in the sense of Definition 3.4, which is a
contradiction.

The limit function 7 could also be tangent to (—1) for some t, € I;. As before, such tan-
gencies satisfy i(ty) — (—1)' = @' (to) = #"(tp) = 4" (tp) = 0, which leads to a contradiction
the uniqueness of the initial value problem.

Finally, crossings of £1 cannot accumulate since this would imply that at the accumu-
lation point all derivatives would be zero, leading to the same contradiction as above. In
particular, if g/ — oo for some i, then |I}'| — oo and the crossings in A7 for j > i move off
to infinity and do not show in i, which is compatible with the convergence of types.

We have now proved that 71 € M(g, p), and since 1 is the C};, -limit of minimisers, I is
also a minimiser in the sense of Definition 3.4. O

Remark 3.11 It follows from regularity estimates on bounded solutions of (3.2), see e.g.
[96, Theorem 3], that in the theorem above we in fact only need an L*°-bound on the
sequence u,,. 3

Remark 3.12 It follows from the proof of Theorem 3.10 that there exists a constant 6, > 0
such that for all uniformly bounded minimisers u(t) it holds that |u(t) — (—1)"*?| > & for
all t € [; and all i € I. This means that the uniform separation property discussed in [89]
is uniformly satisfied by all minimisers. .
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3.4 Periodic minimisers

A bi-infinite type g is periodic if there exists an integer n such that 0"(g) = g. The (natural)
definition of the period of g is min{n € 2N|o"(g) = g}. We will write g = (r) where
r=(g1,..-,g») and n is even. Cyclic permutations of r, with possibly a flip of p, give rise
to the same function class M((r), p). In reference to the type (r) with parity p we will use
the notation (r, p). Any such type pair (r, p) can formally be associated with a homotopy
class in (P, 0) in the following way. Let ¢y and e; be the clockwise oriented circles of
radius one centred at (1,0) and (—1, 0) respectively, so that [eg] and [e;] are generators for
m(P,0). Defining 0(r,p) = erT”/(i) .--€}}/?, the map 0 : Uis1 2N%* x {0,1} = m (%, 0) is an
injection, and we define 7;" (P, 0) to be the image of 8 in (P, 0). Powers of a type pair
(r, p)t for k > 1 are defined by concatenation of r with itself k times, which is equivalent

to (r, p)t = 071((6(r, p))").

Definition 3.13 Two pairs (r,p) and (7, p) are equivalent if there are integers p,q € N
such that (r, p)? = (#, p)? up to cyclic permutations. This relation, (r,p) ~ (#,p), is an
equivalence relation.

Example: if (r,p) = ((2,4,2,4),0) and (%, p) = ((4,2,4,2,4,2),1), then 6(r, p)* = 6(%, p)*.
The equivalence class of (r, p) is denoted by [r, p]. A type (r,p) is a minimal represent-
ative for [r, p] if for each (7, p) € [r, p] there is k > 1 such that (#, p) = (r, p)* up to cyclic
permutations. A minimal representative is unique up to cyclic permutations. It is clear
that in the representation of a periodic type g = (r), the type r is minimal if the length of
r is the minimal period. Due to the above equivalences we now have that

M((r), p) = M((#),p), forall (¢, p) € [r, p].

It is not a priori clear that minimisers in M({r), p) are periodic. However, we will see that
among these minimisers, periodic minimisers can always be found.
For a given periodic type (r) we consider the subset of periodic functions in M({r), p),

Mpe:((r), p) = {u € M((r), p) | u is periodic}.

For any u € Me:({r), p) and a period T of u, I'(u|jo 7)) is a closed loop in P whose homo-
topy type corresponds to a nontrivial element of 7;" (%, 0). In this correspondence there is
no natural choice of a basepoint. For specificity, we will describe how to make the corres-
pondence with the origin as the basepoint, and thereafter we omit it from the notation.
Translate u so that u(0) = 0. Let y : [0,1] — P be the linepiece from 0 to (0, u'(0)), and let
Y*(t) = ¥(1 — t). Let ['(u|jor7) = v* o I'(u|p 1) © ¥, then [[(u|jo 17)] € 7/ (P,0). Now define
[F(ulpm)] = [f(u|[0,T})]-

For any u € Mpe((r), p) there thus exists a pair 07 [I'(u|p )] = (#,p) € [r,p], with
# = r* for some k > 1. Therefore we define for any (#, p) € [r, p]

Mper(?, P) = {1 € Mpe:((r), p) | [T (ut|po,17)] ~ O, p) € 7" (P) for a period T of u}.

The type # = g(ulo 71) is the homotopy type of u relative to a period T. This type has an
even number of entries. It follows that My (r, p) C Mper(?, p) for all (7, p) = (r, p), k> 1.

Furthermore Mye:((7), p) = Ug, pyefr,p)Mper(?, P). In order to get a better understanding of
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periodic minimisers in M({r), p) we consider the following minimisation problem:

Joer(r,p) = inf  Jrlu] = inf Jr[u], (3.5)
ueMper(r,p) Mger(r/p)
TeR*

where |1 is action given in (3.1) integrated over one period of length T, and Mger(r, p) is
the set of T-periodic functions u € My (r, p) for which g(u|[0,T]) = r. Note that T is not
necessarily the minimal period, unless r is a minimal representative for [r]. It is clear that
for v, 3 > 0 the infima J...(r, p) are well-defined and are nonnegative for any homotopy
type r. At this point it is not clear, however, that the infima %,..(r, p) are attained for
all homotopy types r. We will prove in Section 3.5 that existence of minimisers for (3.5)
can be obtained using the existence of homoclinic and heteroclinic minimisers already
established in [89].

Lemma 3.14 If J,..(r, p) is attained for some u € My (r,p), then u € C*(R) and satis-
fies (3.2). Moreover, since u is minimal with respect to T, we have H(u,u',u",u"") =0,
i.e., the associated periodic orbit lies on the energy surface H = 0.

Proof. ~ Since Jpe:(r, p) is attained by u € Mpe.(r, p) for some period T, we have that Jr{u+
@] — Jr[u] > 0 for all ¢ € HA(S', T) with ||¢|| 2 < €, where € > 0 is sufficiently small. This
implies that d]r[u] = 0, and thus u satisfies (3.2). The second part of this proof is analogous
to the proof of Lemma 3.5. O

We now introduce the following notation:

CM((r),p) = {ue€ M((r),p)|uisaminimiser in the sense of Definition 3.4},
CMpe:((r), p) = {u € CM((r),p)|uis periodic},
CMper(r,p) = {u € Mper(r, p) | u is a minimiser for Foe.(r, p)}-

3.4.1 Existence of periodic minimisers of type r = (2,2)*

If we seek periodic minimisers of type r = (2,2)*, the uniform separation property for
minimising sequences (see Section 5 in [89]) is satisfied in the class My (r). Note that the
parity is omitted because it does not distinguish different homotopy types here. The uni-
form separation property as defined in [89] prevents minimising sequences from crossing
the boundary of the given homotopy class. For any other periodic type the uniform sep-
aration property is not a priori satisfied. For the sake of simplicity we begin with periodic
minimisers of type (2,2) and minimise | in the class Mpe((2,2)).

Minimising sequences can be chosen to be normalised due to the following lemma,
which we state without proof; the proof is analogous to Lemma 3.5 in [89].

Lemma 3.15 Letu € M, ((2,2)) and T be a period of u. Then for every € > 0 there exists
a normalised function w € Mpe:((2,2)) with period T' < T such that Jp/[w] < Jr[u] + €.

The goal of this subsection is to prove that when F satisfies (H) and 3, > 0 are such
that u = +1 are saddle-foci, then %,.:((2,2)) is attained, by Theorem 3.17 below. The proof
relies on the local structure of the saddle-focus equilibria u = £1 and is a modification of
arguments in [89]; hence we will provide only a brief argument. The reader is referred
to [89] for further details.



88 3. Homotopy classes for stable patterns

In preparation for the proof of Theorem 3.17, we fix 79 > 0 and 4 > 0 so that the con-
clusion of Theorem 4.2 in [89] holds, i.e., the characterisation of the oscillatory behaviour
of solutions near the saddle-focus equilibria u = +1 holds®. Let u € Mger((Z, 2)) be nor-
malised, and let ¢y be such that u(ty) = 0. Then t, is part of a transition from F1 to %1.
Assume without loss of generality that this transition is from —1 to 1. Define t_ = sup{t <
to : |u(t)+1| < 6} and t =inf{t > t; : |u(t) — 1| < 6}. Let S(u) = {t : |u(t) £ 1| < 6} and
Blu, T] = |S(u) N [t4,t— + T]|, and note that [to,to + T] = {S(u) N [t4,t- + T]F U {S(u)° N
[to, to + T]}. With these definitions we can establish the following estimate (cf. Lemma 5.4
in [89]). For all u € Mpe:((2,2)) with Jr[u] < %er((2,2)) + €0, and € sufficiently small

[ullFe < CA+ Fper((2,2)) + B[, T (3.6)
First, ||1']|%: < C(%per((2,2)) + €9), and second if | %+ 1| > 6 then F(u) > n*u® for some
small 7 > 0, which implies that ||u||?, < 1/n? ftZOJrTF(u)dt + (14 8)*Blu, T] < C(Jr[u] +
B[u, T]). Combining these two estimates proves (3.6).
For functions u € Mger((2, 2)) that satisfy Jr{u] < %er((2,2)) + 1, it follows from [89,
Lemma 5.1] that there exist constants T} and T, (uniform in u) such that T, > |S(u)° N
[to,to + T]| > T1 > 0 and thus T > T;. The next step is to give an a priori upper bound on
T by considering the minimisation problem (cf. Section 5 in [89])

B.=inf{B[u,T] | u € per((2 2)) normalised, T € R" and Jr[u] < %e((2,2)) + €}

Lemma 3.16 There exists a constant K = K(tp) > 0 such that B. < K for all 0 < € < €.
Moreover, setting Ty = K+ T, for any 0 < € < ¢ there is a normalised u € per((2 2))
with Jr[u] < %e((2,2))+2eand T; < T < T,

Proof. Let (u,, T,) € M}fgr((Z, 2)) x R* be a minimising sequence for B., with normalised
functions u,. As in the proof of Theorem 5.5 of [89], in the weak limit this yields a pair
(4, T) such that B[#, T] < B.. We now define K((2,2), 7o) = 8((27o + 2) + 2). This gives two
possibilities for B[, T], either B[#, T] > K or B[#1, T] < K. If the former is true then we can
construct (see Theorem 5.5 of [89]) a pair (9, ™ e Mg;r((Z, 2)) x R*, with ¥ normalised,
such that A A
J#:[0] < J3[0] < Jper((2,2)) + € and B[9,T'] < B[u,T] < B,

which is a contradiction excludmg the first possibility. In the second case, where B[, T] <
K, we can construct a pair (9, T') with 9 normalised such that

J#:[0] < J3[0] + € < Jper((2,2)) +2¢, and B[, T'] < B[, T] <K,

which implies that T; < T" < K+ T, = Ty, and concludes the proof. For details concerning
these constructions, see Theorem 5.5 in [89]. O

Theorem 3.17 Suppose that F satisfies (H) and 3, > 0 are such that u = %1 are saddle-
foci, then Jper((2, 2)¥) is attained for any k > 1. Moreover, the projection of any minimiser
in CMper((2,2)) onto the (u, u')-plane is a simple closed curve.

Proof. By Lemma 3.16, we can choose a minimising sequence (u,,, T;,) € Mggr((Z, 2)) x R*,

with u, normalised and with the additional properties that ||tz < Cand T; < T, <

2The characterisation is the following: let Xt = {v € H?[0,T]|(v(0),7'(0)) = %, (v(T),v(T)) = y}. For
[|Z]], [|7ll < 8o the unique global minimiser 9 of | on Xr changes sign in any subinterval of length 7y in
[0,T] for T > 1.
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To. Since the uniform separation property is satisfied for the type (2,2) this leads to a
minimising pair (i, T) for (3.5) by following the proof of Theorem 2.2 in [89]. As for the
existence of periodic minimisers of type r = (2,2)F the uniform separation property is
automatically satisfied and the above steps are identical.

Lemma 3.8 yields that minimisers are normalised functions and the projection of a
normalised function in M,:((2,2)) is a simple closed curve in the (u, u')-plane. O

We would like to have the same theorem for arbitrary periodic types (r). For homo-
topy types that satisfy the uniform separation property the analogue of Theorem 3.17 can
be proved. However, in Section 3.5 we will prove a more general result using the inform-
ation about the minimisers with terminated types (homoclinic and heteroclinic minim-
isers) which was obtained in [89].

Remark 3.18 The existence of a (2,2)-type minimiser is proved here in order to obtain a
priori W'®-estimates for all minimisers (Section 3.5). However, if F satisfies the addi-
tional hypothesis that F(u) ~ |ul*, s > 2 as |u| = oo, then such estimates are automatic
(cf. Chapter 5 or [96]). In that case the existence of a minimiser of type (2,2) follows from
Theorem 3.26 below. To prove existence of minimisers of arbitrary type r we will use an
analogue of Theorem 3.26 (see Lemma 3.33 and Theorem 3.34 below). °

3.4.2 Characterisation of minimisers of type g = ((2,2))

Periodic minimisers associated with [eg] or [e;] are the constant solutions u = —land u =1
respectively. The simplest nontrivial periodic minimisers are those of type r = (2,2), i.e.
r € [(2,2)]. These minimisers are crucial to the further analysis of the general case. The
type r = (2,2) is a minimal type (associated with [e1e]), and we want to investigate the
relation between minimisers in M({(2,2))) and periodic minimisers of type (2,2)*.

Considering curves in the configuration space P is a convenient method for studying
minimisers of type (2,2). For example, minimisers in CM(((2,2))) and CMpe((2,2)) all
satisfy the property that they do not intersect the line segment L = (—1,1) x {0} in P.
If other homotopy types r are considered, i.e. r ¢ [(2,2)], then minimisers represented
as curves in P necessarily have self-intersections and they must intersect the segment L,
which makes their comparison more complicated. We will come back to this problem in
Section 3.5. Note that for a C!-function u the associated curve I'(u) is a closed loop if and
only if u is a periodic function.

Lemma 3.19 For any non-periodic minimiser u € CM(((2,2))) and any bounded interval I
the curve I'[u|;] has only a finite number of self-intersections. For periodic minimisers
u € CMper({(2,2))) this property holds when the length of I is smaller than the minimal
period.

Proof.  Fix a time interval I = [0, T]. If u is periodic, T should be chosen smaller than the
minimal period of u. By contradiction, suppose that P = (u, 1) is an accumulation point
of self-intersections of u|;. Then P is a self-intersection point, and there exists a monotone
sequence of times T, € I converging to ¢, such that I'(u(t,)) are self-intersection points
and I"(u(ty)) = P. Also there exists a corresponding sequence o, € I with o, # 7, such
that I'(u(t,)) = '(u(o,)). Choosing a subsequence if necessary, o, — sy monotonically.
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Since u is a minimiser in CM({((2,2))), the intervals [0, T,] must contain a transition, and
hence |1, — 0,| > Tp for some Ty > 0. Therefore, sy # t,, and we will assume that sy < £,
(otherwise change labels). The homotopy type of I'(u|[, ) is (2, 2)* for some k > 1 (since
I is bounded).

Assume that 0, and 7, are increasing; the other cases are similar. Using the times
0, < 80 < T, < ty, for & sufficiently small the curve I}, = I'[u|(5,_s,+5] can be decom-
posedas [, =aoy,o0yoyiob,whereb = I'(uli,_s5,1), Y1 = 't 507), V=T (Wl[s0,50), 2=
I'(ur, 1)), and a = T'(u|y, +,+5)- For n sufficiently large, y; and y, have the same homo-
topy type, and y; # v», since otherwise u would be periodic with period smaller than
to — 0, < T. We can now construct two more paths

so.to

[i=aoyioyoyob and [;=aoy,0yoy,0b

which have the same homotopy type for n sufficiently large. Since J[I}] is minimal, J[I7] >
JII.] and J[I3] > J[Ii], and thus J[y1] > J[y2] and J[y»] > J[y1] which implies that J[y;] =
Jlv2]. Therefore J[Ii] = J[Ii] = J[I3], and I3, T3 and T, are all distinct minimisers with
the same homotopy type and same boundary conditions. Since these curves all coincide
along vy, the uniqueness of the initial value problem is contradicted. An argument very
similar to the one above is also used in the proof of Lemma 3.24 and is demonstrated in
Figure 3.1. O

Lemma 3.20 Forr = (2,2)" with k > 1 one has that CMper(r) = CMper((2,2)), and Jper(r) =
k- ]per((zr 2))

Proof. Letu € CMpe(r) withr=(2, 2)* for k > 1, and let T be the period (one may assume
without loss of generality that T is the minimal period) such that the associated curve in
P, I'(u|j,1), has the homotopy type of 6((2,2)"). First we will prove that I'(u|j 1) is a
simple closed curve in P, and hence u € Mp((2,2)). Suppose not, then by Lemma 3.19
the curve I'(u|j ) can be fully decomposed into k distinct simple closed curves I for
i=1,...,k (just call the inner loop I3, cut it out, and call the new inner loop I3, and so on).
Denote by J; the action associated with loop I3, then Y, J; = Jr[u]. Let v; € Mpe:((2, 2)%)
be the function obtained by pasting together k copies of u|.. If v; were a minimiser in
Mpe:((2, 2)%), then by Lemma 3.14 the functions u and v; would be distinct solutions to
the differential equation (3.2) which coincide over an interval. This would contradict
the uniqueness of solutions of the initial value problem, and hence v; is not a minimiser,
ie. Je[vi] = k- Ji > Joer((2,2)F). Consequently %oer((2,2)) = 32, Ji > Joer((2,2)F), which is a
contradiction. Thus u € Mper((2,2)), and I'(u|y 1) is a simple loop traversed k times.
Now we will show that u € CM;e:((2,2)). Since I'(u) is the projection of a function into
the (u,u')-plane, u traverses the loop once over the interval [0, I], and Jper((2, 2 =k-
Jrelu). Suppose Jrj[u] > Fper((2,2)), then we can construct a function in Mper((2,2)*) with
action less than J[u] = %e:((2,2)*) by gluing together k copies of a minimiser in Mpe((2,2)),
which is a contradiction. O

Lemma 3.21 Forany k > 1, CMper((2,2)F) = CMper((2,2)) = CMper({(2,2))).

Proof. ~ We have already shown in Lemma 3.20 that CMpe((2, 2)) = CM,er((2,2)). We
first prove that CM,er((2,2)) C CMper({(2,2))). Let u € CM,er((2,2)) have period T. Sup-
pose 1 & CMper({(2,2))). Then there exist two points I'(u(t1)) = P; and I'(u(t;)) = P, on
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I'(u) such that the curve y between P; and P, obtained by following I'(1) is not minimal.
Replacing y by a curve with smaller action and the same homotopy type yields a func-
tion v € Mper(((2,2))) for which Ji;, 1,1[0] < Jit, 1,)[1]. Choose k > 0 such that kT > t, — t,.
Then u is a minimiser in CMpe((2, 2)F) = CM,;er((2,2)), which contradicts the fact that
it [0l < Jiey e [1]-

To finish the proof of the lemma we show that CMpe:({(2,2))) C CMper((2,2)). Let
u € CMper(((2,2))) have period T. Let I'(u| 1) be the associated closed curve in ? and let
w be its winding number with respect to the segment L. Suppose Jr[u] > Fer((2,2)%) =
w - Jper(2,2). This implies the existence of a function v € M,e((2,2)*) and a period T such
that J+[v] < Jr[u]. Choose a time t; € [0, T] such that u(t;) = 1 and u'(t;) > 0. Let P, =
(1,u'(tg)) € P. There exists a 6 > 0 sufficiently small such that u(to £ 6) > 0, u'(to £ 6) > 0,
and u does not cross 1 in [ty — &, ty + O8] except at {,. Let P, and P, denote the points
(u(to F 9), u'(to F 8)). Let v denote the piece of the curve I'(u) from P, to P, and y* the
curve tracing (1) backward in time from P, to P;. Now choose a point P; on I'(v) for
which v =1 and v’ > 0. We can easily construct cubic polynomials p; and p, for which
the curve I'(p1) connects P; to P; and the curve I'(p,) connects P; to P, in P. These curves
I'(p;) are monotone functions, and hence the loop I'(p1) o I'(p2) o v* has trivial homotopy
type in . Therefore I'(ul,1)* o ¥ ~ I'(p2) © I'(v];5 17) © I'(p1) in P for any k > 1, and from
Definition 3.4 it follows that J[I"(u| )" o ¥] < J[I'(p2) 0 F(U|[0’T])k o I'(p1)]. Thus,

k- Jrlul + Tyl < Jlpa] + Jlpa] + k- J2[0],
which implies
0 < k(Jr[u] — Jz[0]) < J[p]l + Jlp2] = JIv]-

This estimate leads to a contradiction for k sufficiently large. O

Lemma 3.22 For any two distinct minimisers u; and u, in CM,e((2,2)), the associated
curves I'(u;) do not intersect.

Proof.  Suppose I'(11) and I"(u;) intersect at a point P € P. Translate u; and u, so that
I'(11(0)) = I'(12(0)) = P. Define the function u € M,e:((2,2)?) as the periodic extension of

(t) M](t) fort e [0, Tl],
u =
uz(t — T1) fort e [Tl, T1 + Tz],

where T; is the minimal period of ;. Then Jr, i1, [1] = 2%er((2,2)) = Jper((2,2)?). By Lem-
ma 3.20 we have u € CMpe((2,2)), which in view of uniqueness of the initial value prob-
lem contradicts the fact that 1 and u, are distinct minimisers with I"(u1) # I'(uy). O

As a direct consequence of this lemma, the periodic orbits in Mpe((2,2)) are ordered
in the sense that I'(11) lies either strictly inside or strictly outside the region enclosed by
I'(u2). The ordering will be denoted by >.

Theorem 3.23 There exists a largest and a smallest periodic orbit in CMper((2,2)) in the
sense of the above ordering, which we will denote by .. and um, respectively. More-
over, 1 < |[tmin|[1,00 < ||ttmax||1,00 < Co, and tmin < 1t < Umax for every u € CMper((2,2)). In
particular, the set CM,e:((2,2)) is compact.

Proof.  Either the number of periodic minimisers is finite, in which case there is nothing
left to prove, or the set of minimisers is infinite. Let U = [J{'(u) |u € CM,((2,2))} C P,
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and let A = U N {(u,u')|u' = 0,u > 0}. Every minimiser in CM,((2,2)) intersects the
positive u-axis transversely and exactly once. Moreover, distinct minimisers cross this
axis at distinct points by Lemma 3.22. Thus we can use A as an index set and label the
minimisers as u, for « € A. Due to the a priori upper bound on minimisers (Lemma 5.1
in [89]), A is abounded set. The set A is contained in the u-axis and hence has an ordering
induced by the real numbers. This order corresponds to the order on minimisers, i.e.
a < f3in A if and only if u, < ug as minimisers.

Suppose «, is an accumulation point of A. Then there exists a sequence «, converging
to a.. From Theorem 3.10 (the a priori L*-bound on u,, is sufficient by Remark 3.11)
we see that there exists a 1 € CM(((2,2))) which is a solution of Equation (3.2) such that
Uy, — 1 in CL (R). Since u,, is periodic and the C|_-limit of a sequence of periodic func-
tions with uniformly bounded periods (compare with the proof of Theorem 3.10 to find a
uniform bound on the periods) is periodic, hence # € CMper({(2,2))). By Lemma 3.21,
il € CMper((2,2)). Furthermore, 1 corresponds to u,,, and hence A is compact. Con-
sequently A contains maximal and minimal elements. Let .« and umin be the periodic
minimisers through the maximal and minimal points of A respectively. This completes
the proof. O

The above lemmas characterise periodic minimisers in CM({(2,2))). Now we turn our
attention to non-periodic minimisers. We conclude this subsection with a theorem that
gives a complete description of the set CM(((2,2))).

Letu € CM({(2,2))) be non-periodic. Suppose that P is a self-intersection point of I'(u).
Then there exist times t; < t, such that I'(u(t,)) = I'(u(tz)) = P, and I'(u, +,)) is a closed
loop. By Lemma 3.19 there are only finitely many self-intersections on [t1, t;]. Without
loss of generality we may therefore assume that y is a simple closed loop, i.e., we need
only consider the case where P = I'(u(t1)) = I'(u(t)) and I'(u|, ,]) is a simple closed loop.
We now define Iy = I'(i|(s,,00)) and I'_ = I'(u|(—c0,1,)), and we will refer to Iy as the forward
and backward orbits of u relative to P.

Lemma 3.24 Letu € CM({((2,2))) be a non-periodic minimiser with at least one self-inter-
section. Let P and Iy be defined as above. Then the forward and backward orbits Iy
relative to P do not intersect themselves. Furthermore, P and Iy are unique, and the
curve I'(u) passes through any point in P at most twice.

Proof.  We will prove the result for I';; the argument for [_ is analogous. Suppose that
I"; has self-intersections. Define

t, = min{t > t; | F'(u(t)) = I'(u(t)) for some T € (t1,1)}.

The minimum ¢, is attained by Lemma 3.19, and t, > t, since ¥ = I'(uly;, 1,)) is a simple
closed loop. Let ty € (1, t,) be the point such that I'(u(ty)) = I'(u(t,)). This point is unique
by the definition of t,, and y =T (u|[t01t*]) is a simple closed loop. For small positive 6 we
define Q = TI'(u(t,)), B=T(u(t; —9)), E=T(u(t.+9))and I, = F(u|[tl_5,t*+5}), see Figure 3.1.
We can decompose this curve into five parts: I, = 03 0 ¥ 0 03 0 y 0 07, where o3 joins B to
P, 03 joins P to Q, o3 joins Q to E, and y and ¥ are simple closed loops based at P and Q
respectively, see Figure 3.1. The simple closed curves y and ¥ go around L exactly once
and thus have the same homotopy type. Moreover, y # ¥ since u is non-periodic.
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Figure 3.1: The forward orbit I} starting at P with a self-intersection at the point Q.
Lemma 3.24 implies that this cannot happen for non-periodic u € CM({(2,2))).

Besides I, we can construct two other (distinct) paths from B to E:
[i=o030000y0y00; and [;=030F0Fo0,00.

It is not difficult to see that I3, I; and T} all have the same homotopy type. Since J[I;] is
minimal in the sense of Definition 3.4, we have, by the same reasoning as in Lemma 3.19,
that J[11] > JI)] and J[3] > J[T.]. This implies that J[7] > J[¥] and J[y] > J[7], hence
Jly] = J[7]- Therefore J[I1] = J[I3] = J[Ii], which gives that I3, 1> and I, are all distinct
minimisers of the same type as curves joining B to E. Since these curves all contain the
paths 01, 0> and 03, and are solutions of (3.2), the uniqueness to the initial value problem
is contradicted.

Finally, the curve I'(1) can pass through a point at most twice because it is a union of I'y
and I'_, each visiting a point at most once. Moreover, points in I" (i, +,)), common to both
Iy and I, are passed exactly once. It now follows that if there is another self-intersection
besides P, say at R = I'(u(s1)) = I'(u(s2)), then s; < t; and t, < s, (since I'(u][;, 4,]) is a simple
closed loop). We conclude that the curve I'(u|, s,)) contains I'(u|};, 1)) and therefore it is
not a simple closed curve. Thus P is the unique self-intersection that cuts off a simple
loop. O

Lemma 3.25 Letu € CM({(2,2))) be non-periodic, and suppose that u € L*(R). Then u is
a connecting orbit between two periodic minimisers u_,u, € CMye((2,2)), i.e., there are
sequencest, ,t} — oo such that u(t — t,) — u_(t) and u(t + t,}) — u, (t) in C _(R).

loc

Proof. = Lemma 3.24 implies that Iy is a spiral which intersects the positive u-axis at
a bounded, monotone sequence of points («,,0) in P converging to a point («,,0). Let
t, be the sequence of consecutive times such that u(t,) = «, and u'(t,) = 0. Consider the
sequence of minimisers in CM({(2,2))) defined by u,(t) = u(t + t,). By Theorem 3.10 there
exist a Cf, -limit u, € CM({(2,2))). Suppose u, is non-periodic. Then the curve I'(i)
crosses the u-axis infinitely many times. On the other hand, from the Cl_ convergence
it follows that I'(u,) crosses this axis only at a,. By Lemma 3.24 the curve I'(u) can
intersect «, at most twice, which is a contradiction. The Cf‘oc—convergence follows from
regularity (as in the proof of Theorem 3.10). The proof of the existence of u_ is similar. [J

Theorem 3.26 Letu € CM({(2,2))). There are three possibilities: either u is unbounded, or
u is periodic and u € CM,e((2,2)), or u is a connecting orbit between periodic minimisers
in CMper(2,2)).
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Proof.  Letu € CM({(2,2))) be bounded, then u is either periodic or non-periodic. In
the case that u is periodic it follows from Lemma 3.21 that u € CM,((2,2)). Otherwise,
if u is not periodic, it follows from Lemma 3.25 that u is a connecting orbit between two
minimisers u_,u; € CMper((2,2)). O

In Section 3.5.2 we give analogues of the above theorems for arbitrary homotopy types r.
Notice that the option of u € CM({((2,2))) being unbounded in the above theorem does
not occur when F(u) ~ |ul*, s > 2 as |u| — oo (see Remark 3.18).

3.5 Properties of minimisers

In Section 3.4 we proved the existence of minimisers in Mpe((2,2)), which will provide
a priori bounds on the minimisers of arbitrary type. These bounds and Theorem 3.10
establish the existence of such minimisers. In this section we will also prove that certain
properties of a type g are often reflected in the associated minimisers. The most import-
ant examples are the periodic types g = (r). Although there are minimisers in every class
M((r), p), it is not clear a priori that among these minimisers there are also periodic min-
imisers. In order to prove existence of periodic minimisers for every periodic type (r) we
use the theory of covering spaces.

3.5.1 Existence

The periodic minimisers of type (2,2) are special for the following reason. For a normal-
ised u € Mpe:((2,2)), define D(u) to be the closed disk in R? such that 0D (u) = I'(u). Let
Umin be the minimal element of CM_e:((2,2)), see Theorem 3.23.

Theorem 3.27 For any periodic type (r) # ((2,2)) and any u € CM((r), p), it holds that
I'(u) C D(umin). For any terminated type g and any u € CM(g, p) it also holds then I'(u) C
D(umm)

Proof.  We start with the first assertion. If (r) # ((2,2)) then every u € CM({r), p) has the
property that I'(u) intersects the u-axis between u = £1. Suppose that I'(#) does not lie
inside D(tpyin). Then I'(1) must intersect I'(1m;,) at least twice, and let P; and P, be distinct
intersection points with the property that the curve /37 obtained by following I'(1) from P,
to P, lies entirely outside of D(umin). Let I3 C I'(imin) be the curve from P; to P, following
Umin, such that 7 and I; are homotopic (traversing the loop I'(umin) as many times as
necessary), and thus J[I7] = J[I3] is minimal. Replacing 7 by I; leads to a minimiser in
CM((r), p) which partially agrees with u. This contradicts the uniqueness of the initial
value problem for (3.2).

The second assertion is proved analogously. As in the previous case the associated
curve ['(u) either intersects I'(umin) at least twice or lies completely inside D(umin), and
the proof is identical. O

Corollary 3.28 For all minimisers in the above theorem, ||it||1,00 < ||#min]|1,00 < Co-

In order to prove existence of minimisers in every class we now use the above theorem
in combination with an existence result from [89].
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i}

X

Figure 3.2: The universal cover X of X is a tree. Its origin is denoted by O. For 8 = eqe; e,
the quotient space Xy = X/(6), depicted schematically on the right, is also a covering
space over X, and Xy ~ S'.

Theorem 3.29 For any given type g and parity p there exists a (bounded) minimiser u €
CM(g, p)- Moreover ||u||1,. < Co, independent of (g, p).

Proof.  Given a type g we can construct a sequence g, of terminated types such that
g, — g as n — oo. For any terminated type g, there exists a minimiser u, € CM(g,, p) by
Proposition 3.6 (Theorem 1.3 of [89]). Clearly such a sequence u, satisfies ||us||1,0 < C by
Corollary 3.28. Applying Theorem 3.10 completes the proof. a

3.5.2 Covering spaces and the fundamental group

The fundamental group of 2 is isomorphic to the free group on two generators ey and e,
which represent loops (traversed clockwise) around (1,0) and (—1,0) respectively, with
basepoint (0,0). Indeed, P is homotopic to a bouquet of two circles X = S; V S;. The
universal covering of X denoted by X can be represented by an infinite tree whose edges
cover either ¢ or e, in X, see Figure 3.2. The universal covering of 2, denoted by 7 : 7 —
P, can then be viewed by thickening the tree X so that P is homeomorphic to an open
disk in R?.

An important property of the universal covering is that the fundamental group 7 (P)
induces a left group action on ? in a natural way, via the lifting of paths in P to paths in
P. This action will be denoted by 0-p for 0 € m(P)and p € P. We will not reproduce
the construction of this action here, and the reader is referred to an introductory book
on algebraic topology such as [69]. However, we will utilise the structure of the quotient
spaces of P obtained from this action, which are again coverings of /. These quotient
spaces will be the natural spaces in which to consider the lifts of curves I'(1) which lie in
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more complicated homotopy classes than those in the case of u € Mpe((2,2)).

A periodic type g = (r) is generated by a finite type r, which together with the parity
p determines an element of 71;(P) of the form 6(r) = ef;”_ T -e,}. Since we only consider
curves in P which are of the form I'(u) = (u(t), u'(t)), the numbers r; are all positive. The
infinite subgroup generated by any such element 6 will be denoted by (6) C 7;(P). The
quotient space P = P/(6) is obtained by identifying points p and g in P for which g =
0% - p for some k € Z. The resulting space By is homotopic to an annulus, and 71y : Py P
is a covering space. Figure 3.2 illustrates the situation for X, since it is easier to draw, and
for P the reader should imagine that the edges in the picture are thin strips. The lift of
the path 6 = egpes¢) to X based at O, is indicated by the dashed line. This piece of the tree
becomes a circle in the quotient space Xo. Note that infinitely many edges in X are identi-
fied with this circle. The dashed lines in both X and X, are strong deformation retracts of
X and )~(g respectively, and hence 559 is homotopic to a circle. By thickening )~(g one infers
that B is homotopic to an annulus. Thus m (%) is a generated by a simple closed loop in
P, which will be denoted by {(r). For convenience we suppress the dependence of 8 and
¢ on the parity p.

Remark 3.30 If we interpret the shift operator o on finite types r as a cyclic permutation,
then My (r, p) = Mper(crk(r), T’L(p)) for all k € Z. Functions in My (r, p) have a unique
lift to simple closed curve in Py, with 6 = 6(r). ngever, functions in the shifted class
Mper(crk(r), T*(p)) are not simple closed curves in %. In order for such functions to be
lifted to a unique simple closed curve we need to consider the covering space i)ek, where

= 8(o*(), T(p)). .

3.5.3 Characterisation of minimisers of type (r)

In Section 3.4.2 we characterised minimisers in CM({(2,2))) by studying the properties
of their projections into P. What was special about the types (2,2)" was that the pro-
jected curves were a priori contained in ©? \ L, which is topologically an annulus. The
J-efficiency of minimising curves restricts the possibilities for their self and mutual in-
tersections. In particular, we showed that all periodic minimisers in CM({(2,2))) project
onto simple closed curves in 2 \ L and that no two such minimising curves intersect.
These two properties, coupled with the simple topology of the annulus, already force the
minimising periodic curves to have a structure of a family of nested simple loops.

Such a simple picture in the configuration plane ? cannot be expected for minim-
isers in CM(({r), p)) with r # (2,2). The simple intersection properties (of Lemmas 3.22
and 3.24) no longer hold; in fact, periodic minimising curves must have self-intersections
in P, as do any curves in P representing the homotopy class of ((r), p). However, by
lifting minimising curves into the annulus B, we can remove exactly these necessary
self-intersections, and this puts us in a position where we can emulate the discussion for
the types (2,2). More precisely, let (r, p) be a minimal type. For any u € Mper((r, p))
with period T such that 6! [I"(u|;y 17)] = (r, p)*, there are infinitely many lifts of the closed
loop I'(u},77) into %’9(1") (see Remark 3.30), but there is exactly one lift, denoted Ip(u|}o 77),
which is a closed loop homotopic to ¢*(r) in EAlag(r). We can repeat all of the arguments
in Section 3.4 by identifying intersections between the curves ly(u}o 71) in i’@(r), instead
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of intersections between the curves I'(u|jg 7)) in P \ L. Of course, when gluing together
pieces of curves, the values of u and u’' come from the projections into P. In particular,
the arguments of Lemma 3.21 show that I(u|o 1) must be a simple loop traced k-times,
which leads to the following.

Lemma 3.31 For every periodic type (r) and every k > 1 it holds that CMpe((r, p)) =
CMper(r/ P) = CMper(<r>/ P)

The proof of the next theorem is a slight modification of Theorem 3.23.

Theorem 3.32 For any periodic type (r) the set CM,e:(t, p) is compact and totally ordered
(1'n fpg )

The following lemma is analogous to Lemma 3.25. Note however that by Theorem 3.27
we do not need to assume that the minimiser is uniformly bounded.

Lemma 3.33 Let u € CM((r), p) for some periodic type (r) # ((2,2)). Then either u is
periodic and u € CM,(r, p), or u is a connecting orbit between two periodic minimisers
u_,uy € CMpe(r, p), i.e., there are sequences t; ,t; — oo such that u(t —t;) = u_(t) and
u(t +tr) — uy () in Cl_(R).

loc

Combining Theorem 3.29 and Lemma 3.33 we obtain the existence of periodic min-
imisers in every class with a periodic type (this result can also be obtained in a manner
analogous to Theorem 3.17).

Theorem 3.34 For any periodic type (r) the set CMpe(r, p) is nonempty.

The classification of functions by type has some properties in common with symbolic
dynamics. For example, if a type g is asymptotic to two periodic types, i.e. 0"(g) — r; and
o~ "(g) = r— as n — oo, with r, # r_, then any minimiser u € CM(g, p) is a connecting or-
bit between two periodic minimisers u_ € CMper(r—, p') and 1, € CMper(r4, p"), i.e., there
exist sequences t,, t;7 — oo such that u(t — t,;) = u_(t) and u(t + t,) = u,(t) in C} (R).
This result follows from Cantor’s diagonal argument using Theorems 3.10 and 3.33, and
thus we have used the symbol sequences to conclude the existence of heteroclinic and
homoclinic orbits connecting any two types of periodic orbits.

Symmetry properties of types g are also often reflected in the corresponding minim-
isers. For example, define the map ¥;, on infinite types by ¥; () = (§2i,—i)iez, and consider
types that satisty ¥; (g) = g for some iy. Moreover assume that g is periodic. In this case
we can prove that the corresponding periodic minimisers are symmetric and satisfy Neu-
mann boundary conditions.

Theorem 3.35 Let g = (r) satisfy ¥ ((r)) = (r) for some iy. Then for any u € CMpe:(t, p)
there exists a shift T such that u.(x) = u(x — 1) satisfies

(@) u(x) = u(T — x) forall x € [0, T] where T is the period of u,

(b) u'(0) =u(0)=0and u (1) =u?(}) =0, and

(c) ur is a Iocal minimiser for the functional | [u] on the Sobolev space H2(0,1)y={ue
H*(0, )| u'(0) = u'(3) = 0}.
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Proof.  Without loss of generality we may assume that iy = 1 and that g = ((1,...,8n))
for some N € 2N. We can choose a point ¢, in the convex hull of A; such that u'(t)) =
u'(to+ T) = 0 and g(ul, 1+17) = (81/2,82,---,8N,81/2). We now define v(t) = u(ty+ T —
t). Then by the assumptions on the symmetry of g we have in fact that (g1,...,gn) =
81/ rENIEN L1 8N ,82), hence (0|11, 1o+11) = gl jsy ty417)- SINCE Jity 10477(0) = Jity to417(1)
and I'(u(ty)) = I'(u(to + T)) = I'(v(ty)) = I'(v(to + T)), we conclude from the uniqueness of
the initial value problem that u(t) = v(t) for all ¢ € [to, to + T], which proves the first state-
ment. The second statement follows immediately from (a). The third property follows
from the definition of minimiser. O



Chapter 4

Attracting sets and stable equilibria

4.1 Introduction

Higher order parabolic equations of the form!
Up = —VUxxxx + ﬁuxx - F,(u)/ (t/ x) € R+ X (0/ L)/ (41)

with y > 0, B > 0, may display a multitude of stable equilibrium solutions depending on
various parameters in the problem such as v, 3, the potential F, the interval length L and
the boundary conditions at x = 0 and x = L. The goal of this chapter is to study the set of
stable equilibria of Equation (4.1), and its qualitative properties.

In our notation u is a function of the variables ¢t and x, and u; and u, denote the partial
derivatives. The initial state u(0, x) is denoted by 1. The function F € C? is a double-well
potential and satisfies

F(+1)=F'(+1)=0, F"(#1)>0 and F(u) > 0 foru # =+1. (4.2)

The following growth condition is imposed on the potential: F(u) > —Cy + Cyu* for some
Co, C1 > 0, i.e. F grows super-quadratically?. We will not require any generic properties
for Equation (4.1) such as non-degenerate equilibria.

We have not yet specified boundary conditions at x = 0 and x = L. In certain phys-
ical models (Swift-Hohenberg equation, Extended Fisher-Kolmogorov equation) in which
Equation (4.1) occurs, the boundary conditions

Ur(t,0) = tyx(t,0) =0 and  u,(t, L) = ttxn(t,L) =0

are often used. These boundary conditions are referred to as the Neumann boundary
conditions. In this case u = +1 are stable equilibria for all v, 3, L > 0. It should be noted
at this point that the Neumann boundary conditions that we impose on Equation (4.1) are
by no means a restriction for the results presented here, and different conditions can be
used. We will come back to this point later on (especially in Section 4.6).

An essential property of Equation (4.1) is that it is the L2-gradient flow equation for
the action

L
T[] = /0 Y (g + &2 + F() . (4.3)

This variational structure allows an extension of most of the results to more general ac-
tions: [ [u] = fOL j(u, 1y, uyy) dx, where j > 0 satisfies the convexity condition aflm j>6>0.
In order to best explain the overall features of our methods we restrict ourselves here to
actions of the form given in (4.3).

!Note that in this chapter the potential F(u) is defined with the opposite sign compared to Chapter 1.
This growth condition is taken to simplify estimates, but it can be weakened in various directions.
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To give an impression of the type of results proved in this chapter consider the special
case F(u) = %(u2 —1)2. When y = 0 (the Neumann boundary conditions then reduce to
ux(t,0) = u,(t, L) = 0) it follows that u = £1 are the only (asymptotically) stable equilibria.
We show that this remains true for all 0 < % < é, whereas for % > % the number of stable
equilibria changes dramatically and grows to infinity as L goes to infinity. In fact, it holds
for all F(u) satisfying (4.2) that when the equilibrium points u = 1 are saddle-foci, then
the number of stable equilibria grows exponentially as L — co. This behaviour occurs for

all kinds of boundary conditions.

Equations of type (4.1) occur in physical models for phase transitions. For instance,
Equation (4.1) with F(u) = }I(uz —1)? and vy, B > 0, the Extended Fisher-Kolmogorov (EFK)
equation, was proposed by Dee and Van Saarloos [53] as a model equation for phase trans-
itions in the neighbourhood of a Lifshitz point [142]. For 3 < 0 the model corresponds to
the Swift-Hohenberg equation [137].

There is a substantial literature now about the stationary solutions of (4.1) in the case
that v, B > 0 and the potential F satisfies the above hypotheses. In a series of papers Pe-
letier and Troy [117, 118, 119, 120] have studied the stationary problem of (4.1) by means of
a topological shooting method. In the case that 3, > s they find a great variety of different
stationary solutions (heteroclinic orbits, periodic solutions, chaotic patterns). For J; < 5
it was proved in Chapter 2 that the stationary solutions of (4.1) are in 1-1 correspondence
with the stationary solutions in the case ¥ = 0 (see also [96, 112] for related results).

In [88, 89, 90] stationary solution of (4.1) were found by means of minimisation of the
associated action (4.3). In particular, the results in [89] will be drawn upon to construct
stable solutions of the parabolic equation.

Recently light has been shed on the structure of the set of stationary solutions for 3 < 0.
A shooting method has proved the existence of different types of branches of periodic
solutions (see Chapter 6) previously identified by a numerical investigation [19]. Besides,
from a variational point of view the study of such solutions has led to the analysis of a re-
lated Twist map in the framework of Morse-Conley theory on the space of braid diagrams
(see Chapters 7 and 8). The latter method also gives insight into stability properties of the
periodic solutions. In this chapter we restrict our analysis to the parameter region 3 > 0.
In Section 4.9 we will give a brief indication of some numerical observations concerning
the (im)possibility to extend the present analysis to the parameter regime 3 < 0.

In order to simplify matters we carry out the construction of stable equilibria in the
case of the Neumann boundary conditions. The natural function space for this case is

HY = {u € H(0,L) | u,(0) = u,(L) = 0}.

Equation (4.1) has a compact attractor 4 = A(L,y, 3, F) forall0 < L < 0o, y, 3 > 0 and
for all potentials F that satisfy the growth condition liminf # > 0; for 3 < 0 one needs

|u|—o0

that liminf# > g (see e.g. [79, Section 4.3])°. If L is small enough then 4 contains

|u|—o00
exactly two stable equilibria (# = £1). The size of the attractor 4 depends on L in the
sense that if L increases, the attractor also becomes larger and the number of equilibria in

A increases. It is not a priori clear whether new stable equilibria are created.

3Note the difference with the earlier growth condition of F.
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For y = 0 the attractor is well understood. In fact, when F(u) = ;(u*> — 1)* then u = £1
are the only stable equilibria for all L > 0, and the attractor of the second order equation
can be characterised completely (see also Section 4.2). For 0 < 4; < 5 the following the-
orem gives a strong characterisation of the attractor, relating it to the second order equa-
tion. We first introduce some notation. The semi-flow associated with (4.1) and Neumann
boundary conditions is denoted by ¢(L,y, B). The tirst bifurcation of the homogeneous

solution u = 0 occurs at L = Lo(y, B) E @ V/}Z—T (and Ly(0, B) = Bm).

Theorem 4.1 Let F(u) = %(u2 1)? and suppose that 3 > 0 and 0 < 12 < %, then for all
L > 0 there is a semi-conjugacy between the flow on the attractor of (4 1) with Neumann
boundary conditions and the corresponding flow for the second order equation (y = 0).

To be precise, there is a semi-conjugacy between ¢(L, v, 3)|, and ¢(L fgg/;)),O, B)| 4-

This theorem implies in particular that for J; < g and all L > 0 the only stable solutions
are the homogeneous states # = £1. Another consequence is the existence of connect-
ing orbits between various stationary states (see Section 4.2 for more details). The above
theorem holds for a more general class of potentials F(u). For example, a sufficient con-
dition is that F is even, satisfies (4.2) and F"'(u) > 0 for u > 0 (this condition can be some-
what relaxed). The parameter range for which the theorem holds is then l < 4F,,( R
An analogous theorem holds for Navier boundary conditions: u(t,0) = uxx(t 0)=0and
u(t,L) = uy(t,L) = 0.

If %> ey ( 77y, then the situation changes dramatically. The origin of this change is the
fact that the nature of the equilibrium points u = £1 changes from real saddle to saddle-
focus at J; = m The aim of this chapter is to give a lower bound on the number of
stable equilibria of Equation (4.1) as a function of the interval length L, and to describe
the shape of these stable equilibria.

Since we do not require stationary solutions to be isolated, we need the more general

notion of stable set:

Definition 4.2 A set S of stationary solutions of Equation (4.1) is stable if for any € >
0 there exists an open neighbourhood U C B.(S) such that for all uy € U it holds that
u(t, x) € Be(S) for allt > 0.

We want to identify various attracting sets, i.e. forwardly invariant sets, in which we can
then find stable sets of equilibria.

Theorem 4.3 Let the potential F satisfy the hypotheses (4.2) and grow super-quadratic-
ally. Suppose that B > 0 and 2 > max{ ;7 —; 4F,,( Ty 4F,,(+1)} Then for any n € N there exists a
constant L, > 0, such that for a]] L > L, Equation (4.1), with Neumann boundary condi-
tions, has at least n disjoint stable sets of stationary solutions.

Each stable set in the above theorem consists of stationary solutions with a specific geo-
metrical shape, which differs from set to set. Notice that this theorem holds under very
mild conditions on the double-well potential F and that no non-degeneracy assumptions
are made. We stress that the result of Theorem 4.3 is by no means restricted to just Neu-
mann boundary data (see Section 4.6).

The idea of the method is to find regions in appropriate function spaces in which one
can find a local minimum of the action. This also reveals the shape of the minimisers.



102 4. Attracting sets and stable equilibria

-1

Figure 4.1: A sketch of the bifurcation diagram for y € [0, 1]. The shape of the bifurcat-
ing solutions +u,, £u; and fuj3 is indicated.

The neighbourhoods that we seek are roughly speaking product neighbourhoods of trun-
cated homoclinic minimisers, as found in [89]. Such homoclinic minimisers can only be
found in the case that % > max{ 4F,,}71), 4F,,} +1)}. Our results are therefore only valid in
this region.

For the EFK equation Theorem 4.3 holds for J; > &, while Theorem 4.1 covers the
range 2, < §- This shows that there is a sharp transition from a relatively simple attractor
to a rather complicated one. To better understand the transition from J; < 5 to 7> § we
investigate this bifurcation in Section 4.8. In this way one also obtains information about
the unstable stationary solutions for J; > 1. For other potentials F(u) this transition may
not be so sharp, but for all y, 3 > 0 for which u = %1 are saddle-foci, the number of stable
sets tends to infinity as L — oo.

The number of stable stationary states will grow rapidly as the interval length L goes
to infinity. In the proof of Theorem 4.3 various a priori estimates are used. If some of these
estimates are carried out more carefully one can find a lower bound on the number of
stable equilibria as a function of the interval length L. We prove that there is are constants
a; > 0 and a, > 0 such that

#{disjoint stable sets of equilibria} > a;e™". (4.4)

Hence the number of stable sets grows exponentially in L.

The dynamics near the attractor will thus depend in a very subtle manner on the
parameters y and 3, which is not captured by, for example, the general slow motion
results in [92].

The results in this chapter are not valid when 3 < 0. In Section 4.9 we undertake
a numerical study of the parameter region 3 < 0 and find that new phenomena occur,
which certainly merit further exploration. We refer to Chapters 6, 7 and 8 for recent
results on periodic solutions for this parameter regime. It is in fact quite natural that our
analysis cannot be performed globally, i.e. regardless of the sign of 3, because it has been
observed that most of the solutions found in this chapter cease to exist when 3 becomes
sufficiently negative (while the equilibria are still saddle-foci). See Section 4.9 for a further
discussion of this matter. An interesting open question is whether for 8 < 0 the number
of stable stationary states grows to infinity as L — 0o, or whether, on the contrary, this
number is bounded for sufficiently large |3].

The organisation of the chapter is as follows. In Section 4.2 we consider the case % < g

B
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and prove Theorem 4.1. In Sections 4.3 we recall some results from [89] and introduce
notation. A priori bounds and compactness results are proved in Section 4.4. These are
used in Section 4.5 to perform the gluing method and prove Theorem 4.3. The fact that
the number of stable solutions grows exponentially in L is proved in Section 4.7, but first
we discuss the role of the boundary conditions in Section 4.6. Results on the bifurcation at
7= & and numerical results for 8 < 0 are presented in Sections 4.8 and 4.9 respectively.
Finally, the hyperbolicity of the stationary solutions for J; < § is proved in Section 4.10.

4.2 The semi-conjugacy

We begin with the study of the attractor of (4.1) with F(u) = %(u2 —1)?> and Neumann
boundary conditions for }; < g, i.e.,

{ Up = —YUypxx + Bllgy +1u — 1° forxe€ (0,L), t >0 (45)
U (t,0) = uy(t, L) = thyye(t,0) = tt(t, L) =0  forall t > 0. '
Without loss of generality we put 3 = 1 throughout this section. We first consider the set
of stationary solutions. Clearly all stationary solutions can be extended to the real line
by reflection in the points x = 0 and x = L, and therefore they correspond to bounded

solutions of

—Vllprx + U + 1 — 1 =0. (4.6)
Solutions of (4.6) have a constant of integration, the energy:
Elu] = Yttty — Nl = Hux)* + 1> —1)* =E, (4.7)

where E € R is constant along solutions of (4.6).

It was found in Chapter 2 that for y € (0, é] the bounded solutions of (4.6) are in 1-1
correspondence with the bounded solutions of the second order equation (y = 0). To
be precise, for y € (0, %] the only bounded solutions of (4.6) are the three homogeneous
solutions u = 0 and u = £1; two monotone heteroclinic solutions connecting u = +1;
and a family of periodic solutions which are symmetric with respect to their extrema
and antisymmetric with respect to their zeros. These periodic solutions form a continu-
ous family and can be parametrised either by their energy E € (0, 1), or by their period

e (0,2my/ ¢13—4yy—1)' Existence of these solutions can be proved either via a shooting
method where the energy is used as a parameter [117], via a minimisation method where
the period is used as a parameter [124], or via continuation (see Section 2.8). The bifurc-
ation diagram for the stationary solutions of (4.5) is given by Figure 4.1. For small L the

only bounded solutions are the three homogeneous states. At L = Ly = 7 \/%71 two

non-uniform stationary solutions bifurcate. These solutions %u;(x; L) are monotone and
have exactly one zero. The bifurcation is a generic supercritical pitchfork bifurcation (see
e.g. [81, Section 6.2]). More generally, the same type of bifurcation occurs at L = nL, for
all n > 2. The bifurcating stationary solutions are just multiples of the primary bifurcating
branch.

For y = 0 the attractor of problem (4.1) with Neumann boundary has been extensively
studied (see [4, 37, 81]). For 0 < L < 7t the attractor consists of the three uniform states
and their connecting orbits. For 7 < L < 27 the attractor contains five equilibrium points,
namely the three uniform states and two monotone non-uniform states 1. For 27 < L <
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Figure 4.2: The attractor when ¥ = 0, for 0 < L < 77 on the left; for 7 < L < 277 in the
middle; and for 27t < L < 37 on the right.

37 the attractor is three-dimensional and consists of the seven equilibrium points u = 0,
u = £1, £u; and £u,, and their connecting orbits. The situation is depicted in Figure 4.2.
In general, for n7t < L < (n + 1)7 the attractor contains 2n + 3 equilibrium points. The
flow on the attractor can be described completely. In particular, for all L > 0 the flow
¢(L,0,1) on the attractor is conjugated to a simple ODE (see [105]).

We now turn our attention back to the fourth order equation with y € (0, %] The-
orem 4.1 states that there exists a semi-conjugacy between the flow on the attractor of
the fourth order equation and the corresponding flow for the second order equation with
the same number of stationary solutions. This follows immediately from [105, Theor-
ems 1.2 & 2.1], since our problem obeys the conditions required for the analysis presented
there:

e The semi-flows ¢(L,y, 1) have compact global attractors.

e The equilibrium solutions are given by the bifurcation diagram of Figure 4.1. The
zero solution undergoes generic supercritical pitchfork bifurcations, and the equilib-
ria u = =1 are stable.

e There exists a Lyapunov functional ] [u] (given by (4.3)).

We remark that the theorem implies that the dynamics on the attractor are at least
those of the second order equation. When we denote the solution on the k-th bifurca-
ting branch by uy, then there exists a connecting orbit going from u to u; if and only if
k <1 (hence Ji(ux) < Jr(u;) for k < I, which can also be derived directly from [124]). The
semi-conjugacy does not completely determine the flow on the attractor (as a conjugacy
would), since it is unknown whether the problem has the Morse-Smale property. The
following lemma shows that away from the bifurcation points the equilibrium points are
hyperbolic. Thus, the information which is lacking in order be able to check the Morse-
Smale property is a proof of the transversality of the intersection between unstable and
stable manifolds of the equilibria (for the second order equation this follows from the lap
number theorem [4, 82, 101]).

Lemma 4.4 The nontrivial equilibrium solutions are hyperbolic.

The proof of this lemma can be found in Section 4.10.
Again, the results in this section hold for a more general class of potentials F(u). Ana-
logous results also hold for the Navier boundary conditions (u(f,0) = u,.(t,0) = 0 and
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S

Figure 4.3: Sketch of the dependence of | on the interval length s for a gluing function
close to a saddle-focus equilibrium.

u(t,L) = uy(t,L) = 0), and for the mixed case of Navier boundary conditions on one
boundary and Neumann boundary conditions on the other boundary.

4.3 Homoclinic and heteroclinic minimisers

We start our investigation of Equation (4.1) with the Neumann boundary conditions
Uy(t,0) = Uyyx(t,0) = 0 and u,(t, L) = uyre(t, L) = 0 in the case that the equilibrium points
are saddle-foci. Extending the solutions to x € R by reflecting in x =0 and x = L, one
may regard equilibrium solutions u of (4.1) as a closed curves in (u, u,)-plane by drawing
the (1, u,)-curve over one period. In Chapter 3 it was proved that, when we puncture the
(u, uy)-plane in (£1,0), for all homotopy classes of closed curves in R? \ {(£1,0)} there
exist associated minimisers for J*. These minimisers lie on the energy level E = 0, where
the energy is defined by (4.7). The periodic minimisers give rise to minimisers of J; with
Neumann boundary conditions, but the interval length is dictated by the homotopy type
and thus they occur only for certain interval lengths L. Roughly speaking, when L is
sufficiently large, the numbers L ~ Sy + n'ly + mwy, n,m € N, occur as interval lengths,
where Sy, Ty and wy are constants depending only on vy, 3 and F. The integer m can be
written as m = Y., m;, m; € N and for every n-tuple (m;, ..., m,) there exists at least one
minimiser with interval length L ~ Sy 4+ nTy + mw,. We will prove that for values of L in
between one can also find minimisers. Such minimisers do not necessarily lie on E = 0.

Let us briefly explain the idea. Trying to fit two pieces of solution together one uses
a gluing function which lives in a small neighbourhood of the equilibrium point. In Fig-
ure 4.3 the dependence of the action | on the interval length s (on which the gluing takes
place) is depicted for a saddle-focus equilibrium. The local minima and maxima cor-
respond to solutions with energy E = 0. The minima have been found previously in
Chapter 3, i.e., stable solutions are found for discrete values of the interval length. The
intermediate solutions, although not local minima of the curve, can still be (local) minima
of the action for fixed s. The gluing procedure can be made rigorous under transversality
assumptions, see [36, 90] and Section 4.8. One may compare Figure 4.3 to the numerically
obtained picture in Figure 4.14, but one should keep in mind that in Figure 4.14 only an-
tisymmetric solutions are considered. In the absence of a transversality assumption, we
follow a different approach.

In order to construct attracting sets which contain stable equilibria we will use the

“For most homotopy classes when the evenness assumption on F is dropped.
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Figure 4.4: A heteroclinic solution with homotopy type g = (2,4). On the right the
projection I'(u) of the orbit onto the (u, u,)-plane has been depicted (schematically).

heteroclinic and homoclinic minimisers that were found in [89]. Let us first summarise
the results of [89]. Consider the punctured plane P = R* \ {P, P,}, where Py = (—1,0)
and P; = (+1,0). Let u be a heteroclinic or homoclinic solution of (4.1) and let I'(i) =
(u,uy) : R — P with I'(u(x))|x—t00 € {Po, P}, and define its homotopy type as follows.
As x goes from x = —oo to x = 0o, I' can intersect the lines L_ = {(u,u,) € P|u = -1}
and L, = {(u,u') € P|u = +1}. The number of consecutive intersections of L_ and L, is
always even. We do not count the intersections of L. at start and finish. In between one
obtains a finite sequence of even numbers denoted by g = (g1, ..., gx), which we call the
homotopy type of I' (see Figure 4.4 for an example). Note that given the homotopy type
g one still has the freedom of choosing the initial point to be either Py or P;. Whether I
terminates at P, or P; then depends on the length of g.

If F(u) = 1(u* — 1)? it follows from the results discussed in Section 4.2 that for 7 <3
the only minimisers are the constant solutions u = 1 and two heteroclinic connections
with trivial homotopy type. On the contrary, for J > § it is proved in [89] that for any
homotopy type g of any length there exists a ‘geodesic” I'(1). In other words by minim-
ising J[u] = [, j(u) over functions u for which the associated curve I'(1) has homotopy
type g, a minimiser is found in every homotopy class®. The minimisation is carried out
in classes of functions defined via the homotopy type, and there classes are denoted by
M(g, P,), where P, € {P,, P, } (i.e. v € {0,1} and (u, u,)(—o0) = P, for all u € M(g, P,)). To
be precise, let xo(x) be a smooth function such that x(x) = —1 for x < —1 and (x) =1
for x > 1. Let x1(x) = —1, and let x; = X moq2 for i > 2. Then we define for all m > 0 and
any g € N (see [89]):

Definition 4.5 A function u is in M(g, P,) if u — (—1)”x,, € H*(R) and if there exist non-
empty subsets { A;}"t! of R such that

Loul(£1) = UL Ax

2. #Al‘ = gi fori = 1,...,171,'

3. maxA; <minA;, fori =0,...,m;

4. u(x) = (=1)"** forallx € A;;

5. {max Ao} U (U, Ai) U{min A1} consists of transverse crossings of £1.
Under these conditions M(g, P,) is an open set in (—1)”x + H*(R). The function class with

m = 0 is denoted by M((0), P,). We will use the notation |g| = m if g € 2N", and drop the
implicit dependence of x|, on |g| from the notation.

>This result is actually proved for general even potentials F under the condition that % > M—il).
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Define

](g/Pv): inf ][u]/

ueM(g,Py)

where in this case the domain of integration is the entire real line. Finally, the set of global
minimisers of | over the function class M(g, P,) is denoted by

CM(g, Py) = {u € M(g, P.)|][u] = ], P»)}-

Since M(g, P,) is an open set, minimisers u € CM(g, P,) satisty the Euler-Lagrange equa-
tion
—YVUyxxx + Bl + P,(u) =0. (4.8)

In [89] the following theorem is proved:

Theorem 4.6 Let F € C*(R) satisfy (4.2) and grow super-quadratically. Suppose that 7>
max{ =3y, g7y - Then
(a) if F is even: (g, P,) is attained for any g.

(b) if F is not even: there exists a universal constant Ny(F,y, 3) € N such that J(g, P,) is
attained for any g = (g1,...gm) with g; € {2} U{n > Ny} foralli=1,...,m.

The homotopy types g selected in the above theorem are called admissible types. In the
following we will always assume that F satisfies the assumptions in the above theorem,
that % > max{ gp—5, g7y }» and that g is an admissible homotopy type.

It has been proved in [89] that all minimisers obtained in Theorem 4.6 are normalised,
i.e., all crossings of +1 are transverse, and between two consecutive crossings of £1 the
function is either monotone or has exactly one local extremum.

As was already pointed out, in order to find stable solutions with respect to the Neu-
mann boundary conditions we need to consider certain types of homoclinic connections
found in [89]. Of particular interest are the symmetric types with an odd number of
entries, i.e. g = (g1,...,§2n+1) With i = gon0—i. It follows from the minimising prop-
erty that the curves I" (and thus also the functions u) inherit the symmetry in g, ie.,
the functions u are symmetric with respect to the line u, = 0 (cf. Lemma 3.35). To be
precise, given a minimiser u there exists a point x = x( such that u(xo 4+ x) = u(xy — x).
Since the minimisers are invariant under translations, one can choose a representative
u such that xo = 0, and in particular we have u,(0) = 1,,,(0) = 0. For the functions
u_ = u|g- and u; = u|g+ one can define the restricted homotopy type as before by count-
ing the number of intersections of I'(u) with L_ and L. Thus g(u_) =(g1,...,8n, g"z“) and
g(uy) = (g”T“, Qnt2,---,Qon+1)- Restricting to functions over R we still have the freedom
of choosing the endpoint to be either P, or P;. Define for all (restricted) homotopy types
g§=1(g1,...gm) withg, € Nand g; € 2Nfori =2,...,m,

Mg+(g, Py) = {u € (=1)""" + H*(R") | u,(0) = 0, g(u) = (9)}-

Lemma 4.7 The infima [+ (g, Py) = inf,cn,, g,p,) Jr+[1] are precisely attained by u, = u|g+
withu € CM(g™'g, P,), where §7'¢ = (3, - -, 92,281, 2, - - -, §m) (under the same assump-
tions as in Theorem 4.6).

The minimisers of Jg+(g, Py) in Mg+(g, P,) are denoted by CMg+ (g, P,). For periodic solu-
tions one can set up the same construction (see Chapter 3). The homotopy type is now
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Figure 4.5: The intervals I; and ¢; are indicated for a function of type g = (6, 4).

determined over one period. The function classes and sets of global minimisers are de-
noted by Mper(g, Py) and CM,e(g, Py) respectively, and Jper(g, P,) is attained under the
same assumptions as in Theorem 4.6.

4.4 A priori estimates

For the class of homoclinic and heteroclinic connections that were found in Theorem 4.6
we prove certain a priori estimates concerning their asymptotic behaviour. We assume
throughout this section that for F even or F not even, the homotopy types are admissible
(see Theorem 4.6). Also assume that 3 > max{ ger=5y, g |-

For easy notation we lift the translation invariance of minimisers of | by defining
CM.(g, P,) = CM(g, P,)/R, represented by functions u € CM(g, P,) with the property
that #(0) = (—1)" and such that (—1)"u(x) < 1 for all x < 0 (this corresponds to taking
min(A;) = 0). For a minimiser u € CM.,(g, P,) recall that the sets A; represent the success-
ive crossings of (—1)***!, i =1,..,|g| and define (see also Figure 4.5)

= [min A;, max A;] and ¥; = [max A;—;, min A;4].

The a priori bounds on minimisers u € CM(g, P,) obtained in this section will imme-
diately carry over to minimisers on the half line on account of Lemma 4.7.

Lemma 4.8 There exist constants C;, C,, C3 > 0 such that for any admissible homotopy
type g and any u € CM, (g, P,) it holds that

lullwie@ < Ci,

and .
[t = (1) wroeey > Coe™81,  fori=1,2,...,[g],

where ¢; = [max A;_1, min A;;].

Before proceeding with the proof of this lemma we first introduce the notion of covering
spaces in the present context (see also Chapter 3). The fundamental group of P = R? \
{Py, P, } is isomorphic to the free group on two generators e; and e, which represent
loops (traversed clockwise) around Py = (—1,0) and P; = (1,0) respectively with base-
point (0,0). Since P represents the phase-plane, the curves corresponding to functions u
only traverse the loops in the clockwise direction. Note that © is homotopic to a bouquet
of two circles X = S; V S;. The universal covering of X, denoted by X, can be represented
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Figure 4.6: The universal covering X of X = S;V S is a tree. The universal covering

P of P is a thickened version of X. Its origin is denoted by O. The single and double
arrows indicate the two different generators e; and e, which can only be traversed in
one direction.

Figure 4.7: All minimisers in any class are bounded in the (u,1,) plane from the out-
side by u € CMper(2,2) and from the inside by u € CM((0), P,) (only u € CM((0), P1) is
depicted here). The dotted curve represents (part of) a minimiser.

by an infinite tree whose edges cover either e; or ¢; in X, see Figure 4.6. The universal
covering of P denoted by 77 : # — P can then be viewed as a thickened version of X so
that 2 is homeomorphic to an open disk in R?. The origin of P will be denoted by O.
Of course every point in  has many lifts. To be able to fix notation we distinguish a
particular lift 777! of the line {(0,u,)|u, € R} C P by requiring that 777((0,0)) = O and
continuous extension. Denote 77 1({(0,u,)}) by AL C P.

We now turn to the proof of Lemma 4.8.
Proof.  The first estimate (the outer bound) is proved in Theorem 3.27. It follows from the
fact that all minimisers are bounded in the (i, u,)-plane by a minimiser of class Mper(2,2)
(see Figure 4.7). We will show that the second estimate in Lemma 4.8 comes from a similar
argument where minimisers of class M((0), P,) take the role of inner bounds. The proof
is completely analogous to the first estimate when we lift the problem to the covering
space P. The idea is that all minimisers lie ‘outside’ the simple heteroclinic minimisers of
type g = ((0), P,), i.e., they spiral towards P, slower than these simple minimisers.

Let u € CM,(g,P,) with g # (0). The idea now is to compare different lifts of I'(1)
to P with lifts of minimisers in CM,((0), P,). Fix the index i to be any of the numbers

., |g]- Choose 1y € CM,((0), P) if v +1iis odd, and 1y € CM,((0), P;) if v +1i is even.
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Figure 4.8: On the left: the lifts of the simple heteroclinic 7z 1(I'(1)) of class g = ((0), P;)
and, as an example, a minimiser 7w~1(I" (1)) of class g = ((4,2), Py). On the right: the
heteroclinic class g = ((0), P1) and, as an example, (part of) a minimiser of class g =

((6), P1).

Set xo = max{x < min(4;) |u(x) = 0}. Now lift I'(¢) and I'(u) to P requiring that both
YT (up(0))) € N and 71~ 1(I"(1(x0))) € N, (where AL C P).

We claim that the lifts 7=}(I"(19)) and 77~'(I"(u)) intersect at most once. Indeed, sup-
pose they intersect twice in say 1y and 1, then their action | between y, and y; is equal,
since they are both minimisers. This implies that one can replace 1, by u between y, and
1, and in this way one obtains another minimiser of the same homotopy type. Since
all minimisers satisfy (4.8), this contradicts the uniqueness of the initial value problem,
which proves our claim. In fact the same argument shows that, for i = 1, and i = |g|, the
lifts 7171(I" (o)) and 7t~ (I"(1)) do not intersect at all.

For the remaining indices i we assert that if 777'(I"(ug)) and 7~ !(I"(1)) intersect, then
they do not cross. That is, if the curves have a point in common (intersect), then this inter-
section can be removed by an arbitrarily small perturbation (the intersection is tangent).
Indeed, if the curves would cross, then there would be a second intersection point con-
tradicting the statement above. This is most easily seen from the left picture in Figure 4.8
since both limits of 7r71(I"(1)) as x — F-00 lie on the same side of 777(I"(1)). It also follows
that 77~ 1(I"(u)) lies on the ‘outside’ of 77 1(I'(i9)), that is to say, on ¢; the curve I'(u) spirals
around P, or P; outside the spiral of I'(1) (see Figure 4.8; right).

Finally, the elements in the set CM,((0), Py) are ordered by their derivatives at the
origin u'(0) (since two minimisers cannot intersect in %’). Besides, CM,((0), P,) turns out
to be compact (see Lemma 4.13). Hence there exists a smallest and a largest element of
CM.((0), Py) (measured in terms of u'(0)). The smallest element (1) spirals exponentially
towards Py; as x =+ £00. A similar argument holds for CM.,((0), P;) (especially because
these are the same functions with inverted x). Since all other minimisers spiral outside
these minimal elements the second (exponential) estimate of the lemma follows. O

Another way to prove Lemma 4.8 is to construct annuli as covering spaces as was
done in Chapter 3.
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Remark 4.9 The proof also shows that the tails of any homoclinic or heteroclinic minim-
iser cannot spiral towards the equilibrium point faster than some fixed exponential rate.

In [89] the Uniform Separation Property was introduced. This property is closely related
to the question which types are admissible. Here the following result from [89] is used:

Lemma 4.10 There exist a constant C4 > 0 such that for any admissible homotopy type g
and any u € CM,(g, P,) it holds that

[ = (=1)"* ||y > Ca,
where [; = [min A;, max A;]
We now deduce a bound on the length of the interval between the tails.

Lemma 4.11 There exists a constant 6; > 0 so that for any admissible homotopy type g
and any 6 < &, there exists constants T; < 0 and T, > 0 such that for any u € CM,(g, P,)

||u — (_1)v+1||W1f°C(—OO,T§_) < 5, ||l/l — (_1)v+|g| ||Wl'°°(Tg',OO) < d.

Proof.  First of all we analyse the tails. We choose 4; > 0 so small that the local theory
near the equilibrium points from Section 4 in [89] applies for all 5 < §;. According to the
local theory there exists a 0 < 6, < é such that if a point x; € (—0o0, min A;) in the left tail of
u is such that |u(xg) — (—1)"*!| < &, and |t/ (xo)| < 8, then || — (—1)" |10 (—00, x7) < 8.
This expresses the fact that '(u) spirals towards P, as x = —oo. Of course a similar
statement holds for the right tail.

Now choose k = min{$,, C4, Cpe~ G maXisicyg 81, where C,, C; and Cy are defined in Lem-
mas 4.8 and 4.10. We are going to estimate the measure of

K. = {x € R|distg: ((u(x), ux(x)), {Po, Pi}) < K},

or rather of its complement K¢. By Lemmas 4.8 and 4.10 the interval [min A;, max A,] is
contained in K{ if k is sufficiently small. We assert that there is a constant C > 0 such that

Jlle] > CIK] .

Namely, considering u > 0 and u < 0 separately, we obtain that, for some C > 0, the
inequality j(u) > Ck? holds pointwise for all x € K¢ (since F has non-degenerate equi-

libria). Since J[u|x:] < J(g, Py) it follows that |K¢| is smaller than ! (g PV) . Hence, choosing

Py
T3] = Ha)

we have proved the lemma. a

Our next aim is to obtain compactness of the set of minimisers. To proceed we need to
convert to functions on a finite interval. The restriction of the minimisers in CM.,(g, P,) to
[Ty, Ti] is denoted by CM!(g, P,). Let HX(T; , T;) = {u € H¥(T;, T;") |u(0) = (—1)"}, then
CM](g,P,) C HX(T;, T;). Functions in CM! (g, P,) can be mapped back to CM,(g, P,) as
follows. Define the map E; : CM! (g, P,) = CM.,(g, P,):

‘X(x - T{/ (M(TE), MX(T(;))) X € (—OO, T{],
Eo[u] = { u(x) x €Ty, T, 4.9)
w(x = TF, w(Ty),u(TS))) x€[T],00),
where a and w are unique minimisers of an appropriate functional, i.e.,  is the unigque
minimiser (see e.g. [89]) for | over functions ¢ in (—1)*"!' + H?(—o00,0) for which
(9(0), x(0)) = (u(Ty ), u(T;)). A similar definition holds for w & (—1)v*8l + H?(0, 00).
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The map E, is well-defined for all u € HX(T;, T;") for which distg ((u, u™)(T5), {Po, P1 }) is
sufficiently small (see e.g. [36, 89]), say distg: (1, u* )(T5), {Po, P1}) < 6.
We now fix 1
5=1060= 5 min{8, 65},

where &, is defined in Lemma 4.11. Also fix T+ £ Tg; (see Lemma 4.11). The set
Ve(g, Py) = {u € HAT~,T")|dist;2(u, CM[ (g, P,)) < €},

is a bounded neighbourhood of CMI(g, P,). For every u € V, there exists v € CMI(g, P,)
such that ||u — v]|;2 < € and thus ||u — v||y1 < Ce, where C is the Sobolev embedding
constant. When Ce < 8, then the map E, is well-defined on V.. If we choose

def . _ ) ) -
€ S €0 = mln{‘SO/ C4/ Cze C3maX1515|g| gt}/C,

then by Lemmas 4.8 and 4.10 the set U, = E[V,] is contained M,(g,P,). Fix € = ¢ and
write V(g, P,) = Ve, (g, Py). Of course, when necessary one can choose smaller values of e
and 9.

Corollary 4.12 The map E, is well-defined for allu€ V (g, P,) and the sets U = Eo[V (g, P,)]
are subsets of M.,(g, P,).

One now obtains the following compactness result.
Lemma 4.13 For any admissible homotopy type g the set CM.(g, P,) is compact.

Proof. The set CM.(g, P,) C (—1)"x + H?(R) is closed and bounded (follows from Lem-
mas 4.8 and 4.11). It remains to show that CM.,(g, P,) is precompact. Let {u,}>°, C
CM.(g, P,), then by Lemma 4.11 we have that

distge ((n, Unx)(x),{Po, P1}) <6 forxe [T, TH]"

Define the functional |7 £ ] o E; on the bounded sets V. Since the functions u,, are min-
imisers it holds that dJ"[u,] = dJ o Eo[u,] = 0, where the restriction of u, to [T~,T"] is
again denoted by u,. This yields the relation 0 = u, + K[u,], where K is a compact op-
erator (cf. [90, Theorem 3.2]). For the sequence {u,} this implies that (possibly along a
subsequence) u, converges in H*(T~, T*) to some function u. Let us denote the tails of u,
on the intervals (—oo, T~] and [T+, 00) by «, and w, respectively. Since & is sufficiently
small and all o, and w, satisfy Equation (4.8) it follows from the local theory near the
equilibria that the tails a, and w, also converge to Eo[u] in H*(—oo, T~] and H?[T*, 00)
respectively. Indeed, F has non-degenerate equilibria and thus (F'(11) — F'(u2))(u1 — up) >
%P” (£1)(u1 — up)? for u; and u, sufficiently close to £1. Hence we obtain, using the dif-
ferential equation, for some small C > 0

T- T- T
7// |“n,xx - Ocm,xx|2 + ﬁ/ |“n,x - Ocm,x|2 + C/ |Ocn - Ocm|2 S
— —00 _

=V (O, exx — O, xx) (@ — O )(T) + V(A1 — O xe) (e — O ) (T7)

—B(on,x — otm,) (0t — tw)(T7).
The right-hand side tends to 0 as n,m — oo, since «,(—T) and «, .(—T) converge, and
oy, xx(—T) and o, v (—T) are bounded (this follows from regularity arguments). Therefore

the sequence {u,} converges strongly, possibly along a subsequence, in x + H*(R), which
concludes the proof. O
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For JT we can derive the following geometric properties.

Lemma 4.14 The set of all minimisers of [T in V(g, P,) is given by CM! (g, P,). Moreover,
there exist constants Co = Cy(g, F, v, B) > 0 such that J*|y > J(g, P,) + Co.

Proof. By definition U = Eo[V] and thus infy JT = infy ] > J(g, P,). Foru € CM[(g,P,) C
V it follows that J*[u] = J(g, P,) and therefore infy, J* = J(g, P,). Clearly, if J7[u] = J(g, P.)
for some u € V then Eo[u] € CM.(g, P,) which proves the first claim.

Suppose there exists no constants Cy such that ]|,y > J(g, P,) + Co. Then one can find
a sequence u, € dV such that [*[u,] — J(g, P,). By Ekeland’s variational principle [64]
there exists a slightly different sequence #, with ||, — u,|| g2 r+) = 0 as n — oo, such
that dJ"[a,] — 0, and JT[a,] < JT[u,).

Since V is bounded it follows that there exists a subsequence, again denoted by i,
such that 7, — u in HX(T~, T*) and u, = u in W'*(T~, T"). By the weak lower-semicon-
tinuity of | we obtain the estimate J'[u] < J(g, P).

From the fact that d]"[i,] — 0 it follows, arguing as in the proof of Lemma 4.13, that
ii, — u strongly in H*(T~, T*), hence u,, — u, implying that u € 0V, and Eo[u] € M.(g, D).
From the definition of J(g, P,) it follows that JT[u] > J(g, P,). Together with the reversed
inequality which was already obtained, this implies that u € dV' is a minimiser, a contra-
diction. O

Remark 4.15 The constant C, in the above lemma depends on the homotopy type g. In
Section 4.7 we will prove that when we the neighbourhood V(g, P,) is defined in a differ-
ent way, Cy can be chosen independent of g for a large class of homotopy types g. .

4.5 Stable equilibrium solutions

The a priori properties of minimisers can be used now to construct stable equilibria for
Equation (4.1) via a minimisation procedure partly based on techniques used in [36]
and [90]. Ouwr first goal is to construct stable equilibria for (4.1) that satisfy the Neumann
boundary conditions.

We split two symmetric homoclinics and glue the two halves together by matching
their tails (see Figure 4.9). The length of the plateau thus formed in the middle can be
arbitrarily long. Since our initial homoclinic minimisers are not necessarily isolated we
have to perform a careful gluing procedure in special subsets V of the function space,
so that the infimum of | on 9V is strictly larger than infimum of | on V, and hence the
minimum is attained in the interior of V.

Another way to express ’splitting” of symmetric homoclinic minimisers is to take
minimisers from CMg: (g, P,). Minimisers in CMg=(g, P,) are obtained from minimisers
in CM(g~'g, P,) in the following way. Normalise functions in CM(g~'g, P,) by setting
1(0) = 0 at the unique point of even symmetry. The sets CMg-(g, P,) and CMg+(g, P,) are
then obtained by restricting to the intervals (—oo, 0] and [0, 0o) respectively. For functions
in CM(g~'g, P,) that are normalised as described above, we now have that the conclu-
sions of Lemma 4.11 hold for |x| > T = (T* — T~)/2. Define CM}, (g, P,) and CML, (g, P,)
as the restrictions of functions in CMg-(g, P,) and CMg+(g, P,) to the intervals [—T,0]
and [0, T] respectively. Let H2(0,T) = {u € H*(0,T)|u,(0) = 0} and H2(—T,0) = {u €
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Figure 4.9: Two symmetric homoclinic minimisers which have to be glued together to
produce a stable stationary solution on the interval [0, L] satisfying Neumann boundary
conditions.

H?*(—T,0) | u,(0) = 0}, then CML_(g, P,) C H2(—T,0) and CM, (g, P,) C H2(0,T). Asin
the previous section we can define the map Ej : CM&+ (g, Py) = CMg+(g, Py):

[ u() x€[0,T]
B = toh— D () 31700

By the same token we define the map Ej : CM}-(g, Py) = CMg-(g, P,). The functionals
Jr- © E; and Jg+ o E} are well-defined on CM},_(g, P,) and CM}, (g, P,) respectively. As
in the previous section we can define e-neighbourhoods of CML, (g, P,) C H2(0, T*) and
CMg-(g, Py) C H2(0, T7), which we indicate by V*(g*) and V~(g™) respectively. The func-
tionals J are well-defined on these neighbourhoods if € is small enough, say € < €y(g)
(see Corollary 4.12). The following is an immediate consequence of Lemma 4.14.

Lemma 4.16 The set of all minimisers of ]; over V' is given by CMH% (g,Py). Moreover,
there exist constants Cy = Co(g, F, v, 3) > 0 such that Jg+ o EJ |av+g,p,) > Jr+(8 Pv) + Co.
The same statement holds for [g- o E; .

We now use Lemma 4.16 to construct neighbourhoods V C H%(0, L) with the property
that infyy | > infy |, where

HR(0,L) = {u € H*(0, L) | u(0) = u,(L) = 0}

In order to do so we again invoke the local theory near the equilibrium points (see The-
orems 4.1 and 4.2 in [89]). Take § = (y1,y2) and Z = (z3, z2), with both |7 — (1,0)| < &
and |z — (1,0)| < &, and &; sufficiently small (in fact one can take the same value as in
Lemma 4.11). Then the boundary value problem for Equation (4.8) on an interval of
length s with left and right boundary conditions given by (u, u')(0) = 7 and (1, u')(s) = Z
has a unique global minimiser if s is larger than some constant, say s > Sy = So(F, v, 3, 61).
This minimiser is denoted by g(x, 7, Z,s). A similar construction is carried out for 7 and z
close to (—1,0).

Let g~ and g* be two admissible homotopy types, i.e. g* = (¢, .., géﬂ), with g7 €
N and g € 2N for i = 2,..,|g*|. Define the map E5 : CML,(g",P,) x CML_(g~,P,) —
H%,(0,2T + s) as follows:

ut(x) x€[0,T]
Es[ut,u]= { g(x =T, (T),uf (7)), u (=T),u; (=T)),s) x€[T,T+s]
u(x —2T —5s) x €[T+s,2T +5]
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Arguing as in Section 4.4, since 6y < %51 it follows that when € = min{ey(g*), €o(g7)}, the
functional JT = Joris 0 B : VF(g™) x V= (g7) — R is well-defined for any s > So.
The estimate of Lemma 4.16 carries over to the current situation.

Lemma 4.17 There exist constants Sy, Co(g™), and Cy(g™) such that

1
inf T> —|— min{Cy(¢™"), C
vt Z vt >] {Glg™), GolgT)

for alls > S;.
Proof.  For any pair (u™,u~) € V*(g*) x V=(g~) we have that
Tt u] = f) jat)+ [ i) + [0 j)
= Jre o Eg[u*] = [77 (@) + [ 7(8) = [ 100 + Ji- 0 By [u7]
= Jrr o EJ[ut] 4+ Jr- 0 Ej[u~] 4+ A(s),

where A(s) = — [i° j(w) + [; j(g) — f?oo j(«). The behaviour of A(s) is governed by the
linear flow near a saddle-focus and we find that A(s) = Of(e COS) for s — 0o, where ¢y =

co(E,y,B) > 0. Indeed, A(s) = [;"*[j(9) — j(w)] — [ j(w) + [, ,[j(g(x +5)) — j(@)] —
/- oo/ j(x), and each integral decays exponentially in s. For the second and fourth term
this follows from the linearisation of the flow near the non-degenerate equilibrium point.
Besides, for the first term we obtain, in a similar manner as in the proof of Lemma 4.13,
that ||w — g[p2(,s/2) is controlled by boundary terms and hence is of order O(e~*) for

some c; > 0. It then follows that fos /2 j(g) — j(w) = O(e™*°) for some ¢, > 0, since w and g
are close to the (non-degenerate) equilibrium point. An analogous argument deals with
the term ffs/z j(g(x +5)) — j(x).

We choose S; > S such that A(s) < }Imin{Co(gﬂ, Co(g™)} for all s > S;. Applying
Lemma 4.16 now finishes the proof. O

The information of Lemma 4.17 can be used to find minimisers for JI in V*(g™) x
V=(g7) for all s > S;. Indeed, let (u;}f,u;,) € V*(g*) x V7(g~) be a minimising sequence
for ], for s > Sy fixed. Then ||u; || g2,y + ||t ,
(ut,u") € HX0,T) x H2(—T,0). In exactly the same way as in the proof of Lemma 4.14
one obtains that in fact (1}, u;;) — (u™, u~) strongly in H2(0, T) x H2(—T,0). It follows that
(ut,u”) e Vt(g") x V=(g7), and since J! is weakly lower-semicontinuous we derive that
(u™,u™) is a minimiser of JI on V*(g") x V7 (g™). The fact that the sets V(g") x V=(g7)
contain minimisers for ]I does not necessarily imply that the functions E§[u*,u "] are
solutions of Equation (4.8). However, since the minimisers (u*,u~) lie in the interior
of V*(g%) x V~(g~) one can prove that E5[u*,u"| are local minimisers for | and hence
solutions of (4.8).

Lemma 4.18 Let (u",u™) be a minimiser of J$. in V*(gT)x V= (g™). For all ¢ € H%,(0,2T + s)
with ||¢|| 2 sufficiently small it holds that [ors[E5[u™, u™] + ¢| > Jorss[E3[u™, u~]]. More-
over, the function v = Ej[u*,u~| satisfies Equation (4.8) with the Neumann boundary
conditions ,(0) = 1 (0) = 0 and u, (2T + s) = U (2T +5) = 0.

Proof.  Since the minimiser u = E5[u™,u "] lies in int(V*(g™) x V"~ (g~)) one can find
small open neighbourhoods W* C V*(g") and W~ C V=(g™) of u™ and u~ respectively
such that [T [ut + ¢, u=+ ¢~] > JIut,u~] forall " + ¢, u"+¢p~) e WH x W~.



116 4. Attracting sets and stable equilibria

Let W C H%(0,2T + s) be a small neighbourhood of u = Ej[u™,u~], i.e., v € W can
be written as v = u + ¢, with ¢ € H%(0,2T + s) and ||¢p|| 2 small. If the neighbourhood
W is small enough then ¢~ = @|745214) € W™ and ¢* = ¢ljor) € W*. The part in the
middle, ¢|r 14, is denoted by ¢°. We can write v + ¢° = v + ¢° + (¢° — ¢°), where v + ¢°
is the unique minimiser of Jir,r;, over functions with boundary conditions at x = T and
x=T+sequalto (ut+ ¢, ul + ¢ )T)and (u™ + ¢—,u; + ¢ (T + s) respectively, i.e.,
functions of the form vl 7. + o with Y° € H}(T, T +s).

We now have that

Joris[E5[u™, u ]+ @]

S it + o) + [T 0+ 0 + [ + )

> [ o )+ [ 4 0+ [ + )
= LrulEs[ut + ot + 7] =Tt + ¢t um +¢7]
> Jlut,uT] = hres[Es[ut,u]].

This proves the first claim. From the fact that u = E5[u*,u~] is a local minimiser of Jo7,
one easily deduces that u satisfies Equation (4.8) and the Neumann boundary conditions.
d

The next step is to construct proper attracting neighbourhoods in Hz,[0,2T + s] for
Equation (4.1) that contain the equilibria E5[u*,u"]. Let ¢ € B,(0) C H3(T,T + s) and
consider the triples (u™,u~, ¢) € V*(g*) x V-(g7) x B,(0). Define the map F*: V*(g™) x
V=(g7) x B,(0) = H%(0,2T + s) as follows: F*(u*,u~,¢) = E3[ut,u"] + ¢, where ¢ €
H3(0,2T + s) is the extension by zero of ¢. Set Y = F(VH(gT) x V7(g7) x B,(0)). We
want to show that infyy Jor4s > infy o745, and from Lemma 4.17 we see that the remaining
problematic boundary of Y is V*(g") x V~(g~) x B,(0). However, if we for example
choose r large enough, then this problem is overcome and

Joras|u] = JIE3[ut, u™] + ] > V+(g+i)rX1fV o JI+C,  forallu €Y,
for some Cy € (0, min{Cy(g7), Co(g)})-

Let S be a the set of minimisers of JI in V*(g") x V7(g7). As before u € Y is in §
if and only if there is a pair (4", u~) which minimises ]I on V*(g*) x V=(g™) with u =
Fs(ut,u",0). We will now show that  is stable.

Let 1 < € = min{eo(g7), €0(g™)}, then B,(S) = {u € H*0,2T + s)| dist;p(1,S) < n} is
contained in Y (for r large enough).

As before, we find that

def

1
a2 ( inf Ly, — inf S)>0.
> (63,7(5) Jor+ it Jor+

Define N? = J5;. . N B,(S), where [{,, . is the sub-level set

Joris = {u € HY(0,2T +5) | Jor4s[u] < Bif(ljf) Jor+s+a}.
n

It follows that Jor4s|one = a. Since Equation (4.1) is the L2-gradient flow equation of ], the
quantity Jors[u(t, x)] decreases in t, and thus for initial data u(0, x) = ug(x) € N? it holds
that u(t,x) € NZ for all t > 0. This proves that S is a stable set for Equation (4.1). Since
s > S; is arbitrary and this construction can be carried out for all admissible homotopy
types g* and ¢g~, we obtain the following theorem (Theorem 4.3 in the introduction).
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Theorem 4.19 Let J; > max{“,,%—fl), m} Then for any n € N there exists a constant
L, > 0 such that for all L > L, Equation (4.1) with the Neumann boundary conditions has
at least n disjoint sets of stable equilibria (in the sense of Definition 4.2).

4.6 Different boundary conditions

Theorem 4.3 states that Equation (4.1) has an arbitrary number of stable equilibria pro-
vided that the interval length L is large enough. In the previous section we proved this
in the case of Neumann boundary conditions. The result remains unchanged for various
other types of boundary conditions.

In the case of the Neumann boundary conditions the stable solutions are construc-
ted using minimisers defined on the half-spaces R* and R™, which satisfy the Neumann
boundary conditions at x = 0. These minimisers are derived from the homoclinic minim-
isers found in [89].

Now consider Equation (4.1) with the so-called Navier boundary conditions: u(t,0) =
u(t,L) = 0, uyx(t,0) = uyx(t,L) = 0. In order to construct stable equilibria we need to
find minimisers on the half-spaces R* and R~ which satisfy the boundary conditions
1(0) = u,,(0) = 0. If the potential F is even such minimisers can be derived from the results
in [89]. Indeed, consider heteroclinic minimisers with homotopy type (g, .., 1,81, -, &m)-
From Chapter 3 and [89] it then follows that such minimisers are odd with respect to a
unique point of odd symmetry. Due to translation invariance we can choose this point
to be x = 0. The restriction such a minimiser to the intervals R" and R~ now satisfies
the boundary conditions 1#(0) = u,,(0) = 0. From this point on the construction of stable
equilibria is identical to the construction carried out in the previous section. The state-
ment of Theorem 4.3 for the case of the Navier boundary conditions remains unchanged.
Although this construction can only be carried out when F is even, the result also holds
when F is not even, as we will shortly see.

Another set of boundary conditions that can be considered, are Dirichlet boundary
conditions. General Dirichlet boundary conditions for (4.1) are (u(t,0),u,(t,0)) = y =
(1, v2) and (u(t, L), ux(t, L)) = Z = (21, 22). The minimisers on the half-spaces R" and R~
needed for the construction of stable equilibria cannot be found via the results in [89].
To obtain such minimisers on for example R*, we minimise Jg+[u] over functions u for
which the induced curve I'(u) starts at 7 and terminates at P; (or F)), and which has a cer-
tain homotopy type g. The homotopy g is defined as before by counting the number of
consecutive crossings of the lines u = —1 and u = 1 excluding the intersections in the tail.
This leads to the homotopy vector g = (g1,..,¢m), with g1 € Nand g; € 2Nfori=2,...,m.
The function classes of a given homotopy g and initial point 77 are denoted by Mg+ (g, 7).
The potential F is not assumed to be even here. As in [89] (see also Theorem 4.6) there ex-
ists a universal constant Ny(¥) such that, for homotopy types g with g; > Ny or g; = 2, the
infima of Jg:+ over Mg:(g, 7) are attained. These minimisers are again the building blocks
for constructing stable solutions of the Dirichlet problem. Consequently, the statement of
Theorem 4.3 also holds for the Dirichlet boundary conditions.

Let us now come back to the Navier boundary conditions when the potential F is not
even. In this case the minimisers on the half-spaces R*, needed for the construction of
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stable solutions, are found in function classes in the space {u € H*(R") | u(0) = 0}. It fol-
lows from the variational principle that minimisers satisfy the second boundary condition
U (0) = 0.

The various boundary conditions discussed above are not the only possibilities. For
example, one can also treat non-homogeneous Neumann and non-homogeneous Navier
boundary conditions. Furthermore, one can consider various types of mixed boundary
conditions. The bottom line is that as long as one considers boundary conditions for
which Equation (4.8) has a variational principle, then the method in this chapter applies
and a variant of Theorem 4.3 can be obtained.

4.7 Estimating the number of equilibria

Some of the estimates obtained in Sections 4.4 and 4.5 can be made uniform with respect
to the homotopy type g. With such uniform estimates one can obtain a lower bound on
the number of stable solutions of Equation (4.1) as a function of L. The crucial ingredient
in this context is the constant introduced in Lemma 4.14:

Co= ig}/f][u] - ir‘}f][u].

We recall from Section 4.4 that fixing y, 3 and F, one has that €y only depends max; <;<|g i-
The following lemma is a uniform analogue of Lemma 4.14 and shows that, with an ap-
propriate choice of the neighbourhood V' the constant Cy also depends on max;<j<iq &i
only.

Lemma 4.20 For all N, € N there exists positive constants Cy, D, and D, such that for any
admissible homotopy type g with g; < 2N, for alli=1,2,...|g|, there exists a bounded
neighbourhood V(g,P,) C HXT~,T") of CMI(g, P,) with |T*| < D; + D,|g|, such that
Eo[V(g, P.)] C M.(g,Py) and infsy J o Eg — J(g, Py) > Co.

It should be clear that we need to restrict the magnitude of g; to get such a uniform estim-
ate, since the higher g; the closer CM,(g, P,) gets to the boundary of the class M.(g, P.),
i.e., the more oscillations around one of the equilibrium points the closer the function
approaches the equilibrium. Note however that the length |g| of the homotopy type is
arbitrary. This is made possible by an appropriate choice of V(g, P,), which will be dis-
cussed later on.

Before we prove the lemma we will first explain how the lemma can be used to count
the number of equilibria (or attracting sets) as L — oo. Our goal is to derive the exponen-
tial lower bound on the number of stable equilibria as a function of L, mentioned in Equa-
tion (4.4). Choosing V(g, P,) as in Lemma 4.20 it follows from the proof of Lemma 4.17
that S; depends on N, only (since Cy depends on N, only). We now fix N, > 1 and only
consider g with g; < 2N,.

One can now construct stable solutions of (4.1) as in Section 4.5 by using building
blocks (u*,u™) € V*(g™) x V=(g™) for which g7, g].+ < 2N,. The solutions are defined on
intervals of length L = T(g") + T(g~) + s with s > S;. Since s > S; can be chosen arbitrar-
ily, a stable solution of such type then exist for all interval lengths L > T(g") + T(g") + Si1.
Since T(g*) < D; + D,|g*| by Lemma 4.20, a stable solution thus exist for all interval
lengths L > 2D, + D»(|g"| + |g|) + S1- Hence we obtain a stable solutions on an interval
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of length L for every pair (g%,g7) with &7, ¢/ < 2N, such that |[g*| +[g7| < (L — 51 —
2D;)/D,. The number of such pairs to grows as (N, )E=5172P0/D2 that is, exponentially
in L. This establishes Equation (4.4).

To prove Lemma 4.20 we first recall the Uniform Separation Property from [89] (see
also Lemma 4.10) which holds for all admissible types g:

Uniform Separation Property: There exists a 5 > 0 and an & > 0 such that for all
admissible homotopy types g and all u € M(g, P,) with J[u] < J(g, Py) + & we
have |u(x) — (=1)*"| > éforallx € L;,i =0,...,|g| + 1.

Although in [89] € depends on g and the Uniform Separation Property is only used for
so-called normalised functions, the constant € can in fact be chosen independent of g and
in absence of normalisation.

The justification of the construction of the neighbourhoods V needed in Lemma 4.20
is quite technical. First define

def

W, = {u € M.(g, P,) | distg (I"(u|y,,.), Pi) > e fori =0,1},

where leore = [max Ag, min A, | is the core interval. Next define

def

U, s ={u e Wc|Ju] <J(g P+ 6}

By Lemmas 4.8 and 4.10 the set W, is a neighbourhood of CM.(g, P,) for € small enough
and all g with g; < 2N,. By the Uniform Separation Property we have U, s C M.(g,P,) for
6 small enough.

In order to reduce to function on a finite interval, define

ur = {u € HXT~,T") ‘ distga (F(u(T7)), Py) < n, distge (IF'((T™)), Pyt ig/-1mod2) < n},

where 1 is chosen so small that E (see Section 4.4) is well-defined on ‘UTT,i. In what follows
1 is fixed. The following lemma shows that U, s C ‘Zlgi for T* large enough.

Lemma 4.21 There exist constants 5(n) > 0, T(n) > 0 such that for any 6 <  and any g
with ¢; <2N, foralli=1,2,...|g| (and n and e small enough) it holds that when u € U, s
then u € ZZT, with T~ = C~(g) — T and T* = C*(g) + T, where the constants C*(g) can
be chosen such that C* < C|g| for some C independent of g and 1.

Proof.  The functions u in U, s are uniformly bounded in Wb, Indeed, a function u €
M.,(g, P,) with large W"*-norm can be easily modified to a function ii € M,(g, P,) with
J[#] < J[u] — C for some C > § (the appropriate estimates can be found for example in [89,
Lemma 5.1]). This contradiction shows that such u (with large W'*-norm) are not in U, s.

It follows from a test function argument (cf. [89, Section 4]) that there exists a constant
C > 0, independent of g;, such that J[u|,] < C, and thus J[u|;,.] < C|g|. Since u € W,
i.e., I'(u) stays away from the equilibrium points (&1,0), this implies that || < C|g| for
some C = C(é) > 0.

After taking care of the core interval, we need to estimate the tails. The action of
the tails is also uniformly bounded by a test function argument. For § smaller than $
(defined in the Uniform Separation Property above) this implies that the norm |u —
(=1)Y|| 12 00,max(4,)) Of the left tail is uniformly bounded (and similarly for the right tail).

Taking T =T(R) large enough there exists a point x; € [max(Ay) — T, max(Ap)] such
that I'(u(x1)) € By(P,). From, again, a test function argument and the local behaviour
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Figure 4.10: The boundary of V, s a priori consists of three parts, since it is the intersec-
tion of ’ngi, the sub-level set [5; and the set Eo_l(We). When ¢ is sufficiently small then
the (appropriate part of) the sub-level set is contained in ZIT.

E;'(We)

near the equilibrium it follows that for fj small enough J{u|-c0 )] < 17 + & for some
c1 > 0. On the other hand, in order for I'(1) to go from 0B, ,(P,) to 9B, (P,), it costs at
least an amount c(1) > 0 of action. Take fj < 17/2 and moreover choose 7 = fi(n) and
5 = 8(n) so small that ¢;7* + & < ¢(n). This ensures that I'(1(x)) € B,(P,) for all x < x; (and
x; € [max(Ap) — T, max(Ay)]). Taking T* = C|g| + T we obtain that u € ‘UT. O

Finally, we pick up the proof of Lemma 4.20. Let 5(17) and T be as in Lemma 4.21. We
next define the neighbourhoods V needed in Lemma 4.20:

def

Ves(g, P) = {u € UM | Eo[u] € W, and ] o Eo[u] < J(g, P,) + 6}

This is a bounded neighbourhood of CM] (g, P). Moreover, the construction of V is such
that dV consists of three parts, i.e., any u € dV satisfies one of the following possibilities
(see also Figure 4.10):

e JoEo[u] =J(g,P)+5;
o I'(u(T*)) € 0B, (P,);
° Eo[u] € 6W€

The first possibility is no problem, since we in fact want to show that infsy J o Eg —infy J o
Ey is bounded away from zero (uniformly in g). The second possibility is excluded by
choosing & < 5(2) so that u € ‘21572 by Lemma 4.21. The third possibility is dealt with in
the next lemma, which states that for such u we have | o Eo[u] > J(g, P,) + Co for some
Co > 0 if & and e are sufficiently small. Taking Cy = min{Cy, &} finishes the proof of
Lemma 4.20.

The following lemma deals with the third of the three possibilities above.

Lemma 4.22 There exist constants Cy and € such that for § sufficiently small and any g
with g; < 2N, for alli =1,2,...|g| it holds that when u € V. s and Eo[u] € 0W,,, then
J o Eolu] = J(8,Py) + Co.

Proof.  Assume by contradiction that such Cy and €, do not exist. Thus, for all §, and €
there exist functions u, € V., 5,(g", P\,) and u,, € 0W,,(g", P,,) such that J[u,] — J(¢", P,,) =
0 as n — 0o. We will choose 6y and ¢, later on.

By taking a subsequence we may take v, constant, say v, =0, and we will drop P,

from our notation. Let x,, € I} . be points such that

distg (I (ua(x4)), (=1)*,0)) = €.
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Again taking a subsequence, we may assume that k, is constant in the previous expres-
sion, to fix ideas say k, = O for all n (the case k,, = 1 is analogous).

We now want to locate the points x,, and for this purpose we define the following sets
(see also Figure 4.5 for the definition of ¢; and I;):

S'd_ef{ Ei if i is Odd,

fori=1...|¢g|—1
I; ifiiseven, ort 8l -1,

and
def { L) if |g| is odd,

g
8! [max Ay, min A ,q] if [g]is even.

These sets cover the core interval, i.e. I.oe = UE‘lSi. The points x, are in at least one of
these sets S;, say S;,. Taking a subsequence we may assume that one of the following

three cases holds:

1. 1<i, < |g| for all n;
2. i, =1forall n;

3. iy, = |g| for all n.

We will exclude each of these three possibilities by choosing €, and §y small enough.

We start with Case 1. Taking a subsequence one may assume that i, either is odd for
all n, or even for all n. In the latter case we easily reach a contradiction by choosing €, < &
and &) < 4, where & and 5 are defined in the Uniform Separation Property above.

We now deal with the case that i, is odd for all n, which is somewhat more complic-
ated. Taking a subsequence we can assume that ¢ is constant, say ¢! = ¢ € 2N. Shift all
uy so that x, = 0 for all n. We now take another subsequence such that g} , and g ,; are
independent of n as well, say ¢/ _; = & and g} | = &

Let I, & [max(A;,—2), min(A;,+»)]. The functions u, are uniformly bounded in W', as
discussed in the proof of Lemma 4.21. By a test function argument it follows that J[u,

is bounded, which in turn (since u € W) implies that | I,| and ||u,]| ;) are bounded.
2

)

Take a weak limit of u, (along a subsequence) in H{. which converges to v weakly in
H2_and strongly in W,>°. We have that distg. (I'(v(0)), (1,0)) = €. The intervals I, and S;,
converge to intervals I, and S, respectively. It holds that v(x) =1 on 01, and v(x) = —1
on 0S,. Besides, v(x) has on I, subsequently §, crossings of —1, then § crossings of +1 (in
fact these crossings occur in S), and finally §; crossings of —1.

Moreover, it is not too difficult to conclude that v|;, is a minimiser of | in the sense
of Definition 3.4, i.e., among function with the same boundary conditions (i.e., matching
to (v,7')|5;,) and the same number of crossings of +1, where the interval length is arbit-
rary. However, such minimisers satisfy the result of Lemma 4.8 on the interval S,, i.e.,
|2 — 1||wices,) > cre” 2N+ for some ¢y, ¢; > 0. We now take €y < c1e” 22" to reach a contra-
diction, i.e. contradicting the fact that distg. (F (v(0)), (1, 0)) = €9. Hence, the possibility in
Case 1 is excluded.

In Case 2 a very similar argument holds. Namely, arguing along the same lines we
now define I, = [T~, min(A3)] (or [T—, T"] if |g| = 1). We again find a weak limit v and 7|,
is a minimiser of ] o E, in the same sense as above, i.e., Eo[0]|(—co,max(1,)) 1S @ minimiser of |
among function with the same boundary conditions (instead of a left boundary conditions
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one takes functions in —1 4+ H?) and the same number of crossings of +1. A contradiction
is reached as in the previous case.

Case 3 is completely analogous to Case 2, except that we now use Remark 4.9 to reach
a contradiction.

Having reached a contradiction in all three cases, we have proved the lemma. O

4.8 The bifurcation

In this section we analyse the bifurcation that occurs at J; = 5. In particular, for 7 slightly
larger than } we will completely describe the set of stationary solutions for all L > 0.

Without loss of generality we set 3 = 1:
—YUxxxx + Uy + U — u = 0, (410&)
U(0) = Uy (0) = 1y (L) = 1y (L) = 0. (4.10b)

We stress that the bifurcation analysis in the present section is the only part of this chapter
where we need transversality information.

4.8.1 The finite dimensional reduction

As discussed in Section 4.2, for y = § the bifurcation diagram is as depicted in Figure 4.1.
The results of Chapter 2, which are used in Section 4.2, can also be applied to y > 3. One
obtains the following: the only solutions of (4.10a) with ||u| < 41YT+yl (any y >0)areu =0
and a one parameter family of periodic solutions, symmetric with respect to their extrema
and antisymmetric with respect to their zeros. This family of periodic solutions can be
parametrised by the energy or by the period. Denote this continuous family, including
u =0, by #,. These solutions of (4.10) form the skeleton of the bifurcation diagram.

The additional solutions that appear in the bifurcation diagram for y slightly larger
than § are all in a small neighbourhood of the heteroclinic cycle. We denote the unique
monotonically increasing heteroclinic solutions at v = § by 1y, and we divide out the

translational invariance by fixing 1((0) = 0. Let the heteroclinic cycle in phase space be
A = {(&1,0,0,0)} U {(uo(x), uh(x), ) (x), ulf (0)) | x € R},
and define B.(A) to be the e-neighbourhood of A in R*.

Lemma 4.23 There exists a constant €y > 0 such that for all 0 < € < ¢ there exists a 6y =
do(e) > 0 such that for all é <y< é + 89 any bounded solution of (4.10a) is either an
element of ', or its orbit is entirely contained in B.(A).

Proof. ~ Suppose by contradiction that the assertion does not hold. Then there exists an
e > 0 and sequence y, | 3 with corresponding bounded solutions u, of (4.10a), such that
u, ¢ F,, and (u,, ul, ull,ul")(x,) ¢ B.(A) for some x, € R.

After translation we may assume that x, = 0 for all n € N. Since bounded solu-
tions of (4.10a) are uniformly bounded in W™ there exists a subsequence, again de-
noted by u,, which converges in C} _ on compact sets to some limit function u. This
function u is a bounded solution of (4.10a) for y = % Since (u,u’,u”,u")(0) ¢ B.(A) we
have that u is one of the solutions in 7% (this follows from the complete classification

of bounded solutions at y = g). Therefore E[u] € (0,1] and |lu||x < 1. In particular
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||u]]oo < % for n sufficiently large. We now assert that |[u,||cc — ||tt|/cc, Which im-
plies that u,, € ¥, for n sufficiently large, a contradiction. Indeed, we show that u,, — u
in phase space, i.e. orbital convergence, which implies that |[u,||cc = ||t|/cc- First no-
tice that E[u,] — ‘E[u], since this holds for x = 0. Let B.(u) be the e-neighbourhood
of {(u(x),u'(x),u"(x),u"(x))|x € R}. Suppose now, by contradiction, that there exists
a constant 17 > 0 such that distgs (4, u},, 1), 1")(x4), Be(1t)) > 11 for some points x, € R.
As before, taking a subsequence, we obtain that u,(x + x,) converges in C* on compact
sets to some limit function v. Again, v is a bounded solution of (4.10a) for y = % and
distgs ((v, v', 0", 0")(0), Be(11)) > 1. On the other hand it follows that E[v] = lim,,_. E[u,] =
E[u]. Since there is only one bounded solution of (4.10a) with y = § in each energy level

E € (0, }I] we conclude that u = v modulo translation, a contradiction. O

For y = % the heteroclinic orbit is the unique, transversal intersection of W*(—1) and
W?(+1). For v slightly larger than  this transversal intersection persists. This enables us
to glue the two heteroclinics (going from —1 to +1 and back) together to form multitrans-
ition solutions. In particular we can find, for y sufficiently close to %, all solutions of (4.10)
in a neighbourhood of the heteroclinic cycle. This method has already been successfully
applied in [90] to show that there is a countable infinity of heteroclinic solutions. Besides,
in [131] the stability of multiple-pulse solutions converging to a saddle-focus was studied
via a reduction to a finite-dimensional center manifold (when the pulses are far apart).
Here we will use the transversality to find all solutions of (4.10) and their index.

Let 1 be the unique monotonically increasing heteroclinic solution of (4.10a) at y = %
The transversality implies that d?J[u] is an invertible operator on H?(R) = {u € H*(R)|
u(0) = 0}, where we have made the usual identification (H?)* = H2. Moreover, since u
is a non-degenerate minimum of ] one has (d?][uo]v, v) > Col|v||* for some Cy > 0 and all
v € HA(R). As in Section 4.4 we consider the restriction of u to a large finite interval
[T, T]. The tails can be recovered by an application of the extension map E, defined
in (4.9). Note that E; also depends on y. Taking T large enough this extension map E[u] is
well-defined in a small neighbourhood of 1, in H2(—T, T) for y close to % A perturbation
argument shows that there exists a C; > 0 such that (d%(J o E})[u]v,v) > Cy||v||? for all
u in a small n-neighbourhood U, (uy) C H2(—T,T) of uy, all v € H>(—T,T) and for all y
sufficiently close to § and T sufficiently large.

To glue transitions from —1 to 41 and vice versa together, we introduce several gluing
functions, as in Section 4.5. Write i/ for the pair (u, u’). For § = (y1,y2) and Z = (z1, z) close
to (£1,0) and for large s we define g;(x, 7,5), §.(x, ¥,s) and g(x, ¥/, Z,s) as the unique local
solutions of (4.10a) near the equilibrium points u = %1, such that

80,7,5)=0, &'0,§s)=0 and & 75 =7
§0,g5) =7 and g7 =0, g2 =0;
20,7,z,s)=9 and g(s,7,Z5) =z
Here we have implicitly assumed that it will be clear from the context whether these solu-
tions are close to +1 or close to —1. The functions g are the unique solutions of the bound-
ary value problem which lie entirely in a small neighbourhood of the equilibrium point in

phase space. On the other hand, in function space they are the unique global minimisers
of the corresponding variational problem, and the unique critical points a neighbourhood
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of £1in H2 By symmetry one has g;(x, (y1, ¥2),) = g(x + s, (1, —y2), (1, 2), 2s), and sim-
ilarly for g,. Note that the solutions g also depend on .

We now glue n transitions together. Let Sy = (2k +1)T + Y2~ s;, and define for n > 1
the gluing maps E} = EX[u1,...,Uu;So,.-.,5x] @s

( gz(f, ﬁo(—T),So) fort €[0,Sg— T]
M](t — S()) fort € [So — T, S() + T]
g(t — S() — T, ﬁl(T), ﬁz(—T), Sl) fort € [So + T, S] — T]
u(t— S forte |51 —-T,5+T

EY = | 2 1) [S1 1+ T]

g(t - Snfz - T/ Zj[nfl(T)/ ﬁn(_T)/ Snfl) fort e [Snfz + T/ Snfl - T]
u,(t — S,_1) forte€[S, 1—T,5, 1+ T]

[ & (t = Suc1 + T, 11,(T),s4) forte [S,.1+T,S,—T].

This gluing function is well-defined for (u,...,u,) in a product neighbourhood V, =
U,y (up) X Up(—ttg) X -+ x Up((=1)" ) in (HX(—T,T))", and for sy, ...,s, large enough.
Note that E}[u] — E}[u] as so,s1 — oo. Similarly E}[u;,u,] tends to a concatenation of
E}[u1] and E}[u] as so, 51,52 — 00, etcetera.

Introduce the notation u = (u4,...,u,) and s = (s, ...,S,). For fixed s we can find the
unique critical point of J; o E} in the product neighbourhood V,,. This is easily seen by
using the following fixed point argument. Consider the iteration (with 1, the unit matrix
in R")

e = e — (P 0 ED[uo] 1,) " du(J1 0 E}[mis ).
This is a contraction on V/, for 1 sufficiently small (say 0 < 1 < 1g) and |y — é| < 61(n) and
min(s) = minp<i<, 5; > o(n). Here 61(n) and o(n) are positive constants which, as a func-
tion of 1, are non-decreasing and non-increasing respectively. For an explicit calculation
of the derivative d,(J. o E)) we refer to [90]. The contraction thus has a unique fixed point
z(s) which depends smoothly on s for min(s) > o(1). Since (d*(J o E})[u]v,v) > Cy||v]|? it
follows that z(s) is the minimiser of [, o E} on V,,. We substitute this vector into the action
and obtain
Kn(s) = J1 0 E}[2(s);8)]-

The variational problem has thus been reduced to a finite dimensional setting. Solutions
of (4.10) correspond to critical points of X ,(s) under the constraint y ;_,s; = L — 2nT.

Lemma 4.24 Let n < 1o, let y € (3,3 + 61(n)) and let s with min(s) > o(n) be a critical
point of K, under the constraint }__,s; = L — 2nT. Then E[z(s); s] is a solution of (4.10).
The index of the critical point s (under the constraint) is equal to the index of the solution
EX[z(s);s]-

Proof.  Itis immediately clear that u = E}[z(s), s] is a piecewise solution of the differen-
tial equation. We assert that these pieces connect nicely to a solution on the whole inter-
val. Let v be a function in H 12\, in a small neighbourhood of u. Then v has precisely n zeros,
say at xy,...,%,. Let v;(x — x;) = 0(X)|;y,—14mand to = x; — Tand t; = x;11 — x; — 2T, 1 <
i<n—1landt,=L—x,—T. Thenvcanbewrittenasv=E}[v1,...,0nto, ..., tn] + D iy Pi
with ¢; € H3(t;, 7+ t;) for 1 <i<n—1where ;= 2iT + Z;(_:B ty, and ¢y € H%,(0, to) and
¢, € HZ (L —t,,L). Here H2,(0,ty) = {u € H*(0, 1) | u'(0) = u(to) = u'(ty) = 0}, and Hj, is
defined similarly. This shows that all variations in H are covered by the decomposition
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of the variational method, hence u is a solution on the whole interval [0, L]. The statement
about the index follows from the fact that both g(:, 7,Z,s;) and z(s) are non-degenerate
minimisers, thus the unstable directions only come from variations in s;. O

The previous lemma describes all solutions in a small neighbourhood B.(A) of the
heteroclinic cycle.

Lemma 4.25 Let n < 1. There exists a constants €(n) such that when u is a solution
of (4.10) fory € (%,% + 61(n)) with u entirely contained in B.,(A), then for some n > 1 it
holds that u = E,(z(s, s)), where s is a critical point of K, under the constraint Y ;_,s; =
L —2nT and min(s) > o(n).

Proof.  Let u be a solution of (4.10) which lies entirely in B.(A). Since u;(0) # 0, it follows
that for e sufficiently small u has a finite number of zeros, say at x1,...x,. Letso =x; — T
ands; =xiy1 —x; —2T,1<i<n—1lands,=L—x, —T. Let u;(x — x;) = u(x)|[x,_1.x,+7),
and Y;(x — x; — T) = u(X)|}r, 745, Where 7; = 2iT + Z;:O sk- The orbit of u passes close to
the equilibrium points £1. If € is small enough then the distance between two zeros is
larger than 2T + o(n), hence s; > o(n).

First, we infer that ; = g(, #4i(T), #f;i11(—T), s;) since 1; is entirely contained in some
small neighbourhood of the equilibrium point £1, and g is the unique local solution of
the corresponding boundary value problem. Second, for e sufficiently small u; € U, (1),
hence u € V,,. Since z are the unique critical points in V,, we have that # = z(s) and thus
u = EY[z(s);s]. Finally, since u is a critical point in H%(0, L) it follows that s must be a
critical point of X, under the constraint Y _._,s; = L — 2nT. Therefore u is obtained from
a critical point of X,. O

It follows from the above lemma that €;(17) can be chosen to be a non-decreasing func-
tion of 1. Hence for € < €;(19) there exists an 171 (€) < 1y such that €1(11(€)) < €. Combining
Lemmas 4.23-4.25 now implies the following theorem:

def

Theorem 4.26 Let e < €, = min{ey, €1(10)}, and let 5,(¢) = min{8y(€), 51 (11 (€))}. When u
is a solution of (4.10) fory € (%, % + 5(€)) and u &€ F,, then u is entirely contained in B.(A)
and u corresponds to a critical point s of X with min(s) > o(11(€)).

For y < § the functions %, can also be defined, but their only critical points are the sym-
metric sequences (5o, 250,25, . - .,250,50), corresponding to the simple periodic solutions
in 7. For vy slightly larger than g, Theorem 4.26 implies that the additional solutions ap-
pearing in the bifurcation are completely determined by the bifurcation function K (s). Part
of the bifurcation diagram is still formed by the solutions in #,. The solutions corres-
ponding to critical points of X, will fit exactly onto those in ,, and they form all of the
remainder of the bifurcation diagram.

In the following we fix € < €, write 0 = 0(11(€)), and assume that 0 < y — % < &(e).

4.8.2 Analysis of the bifurcation function

What remains is to determine the critical points of the bifurcation function X, for all n >
1. For easy notation we denote the 4 1 gluing functions by go, g1, - ., $n—1,$n- Recall that,

by symmetry, one has g;(x, (y1,y2),5) = g(x + 5, (y1, —V2), (1, Y2),2s) and similarly for g,,
so that all g; can be dealt with on the same footing (taking care to correctly transform the
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variables). In the following we will only discuss those g; which live in a neighbourhood
of 41, the other case being completely analogous. Calculating the partial derivatives one
obtains that

0%K(s)

o = Elgi(, 2(9), )],

where ‘£ is the energy, see (4.7). This follows from an explicit calculation, see e.g. [90].
To investigate the partial derivatives we use the following characterisation due to Buf-
funi and Séré [36]. When y > é then the equilibria £1 are saddle-foci. Shift the equi-
librium point to the origin and choose coordinates & = (&1, &2, &3, &4) such that the local
stable and unstable manifolds are given by Wi . = {(&1,é2,0,0) | &1, &, small} and W}, =
{(0,0,&3,&4)| &5, &4 small}. Denote & = (&1, ) and &, = (&3, &4). In a small neighbourhood
B4(6) = {|&s] < 6, || < 6} of the origin. the flow is given by

A —-w 0 0
&= (cg 400 )5+f(,5) (4.11)
0 0 w)\

where f(0,0) =0, f'(0,0) =0, fu(&,0) =0 and £;(0,&,) = 0. The parameters A > 0 and
w > 0 are the real and imaginary part of the eigenvalues of the linearised problem re-
spectively. An important observation, to which we will come back later, is that A —+ 2 and
w—0asyl % Introduce polar coordinates (r;,6;) and (ry, 6,): x1 = r5cos 65, X, = r5sin b,
and x3 = r, cos0,, x4 = r, sin6,. Write the gluing function gi(x, z(s),s;) in these polar co-
ordinates: (rs,0s,74,0,)(x;s). One obtains the following characterisation [36, Lemma A.2]
of the energy

£ lsis] £ Egl2(6),s] = 2o
= VA2 4 w?|p(s;;s)|* cos(@(si; 8)) + O(|p(si; 8) %), (4.12a)
where
p(si;s) = e 2\/ry0;s)ru(si;s) (1 + O(5)), (4.12b)
P(si;s) = wsi+05(0;8) — Ou(si;8) — p+ O(0). (4.12¢)

Here p is a constant which tends to 0 as y — %. The terms O(8) and O(|p(s;; s)|®) are due to
the nonlinear influences near the equilibrium point, i.e., they represent the higher order
terms in (4.11).

We first analyse the values of 74(0;s), 6,(0;s), 7,(s;;s) and 6,(s;; s), which will turn out
to depend only weakly on s;, i.e., they are almost constant.

One should keep in mind that for y close to § we have w &~ 0 and A ~ 2. However, the
linearisation for y = 3 is not given by (4.11) Wlth w=0. ThlS is caused by the change of
coordinates necessary to convert to the above form. For y = } one can choose coordinates
such that for ¢ € B4(d) R

e=(1 gt h) e+ so.
0 00 A
Of course we choose T so large that (i, uh, ulj, ult')(T) € By(d) and that the gluing func-
tions g; are entirely contained in By(5). Before making the connection between the ¢- and
&-coordinates, we briefly look at the picture in {-coordinates. All orbits in W*, and in
particular the heteroclinic solution uy, tend to the origin along the ¢, axis. In fact, in (-
coordinates 1 behaves as ;(x)/((x) = O(1/x) for x = co. Fory = +6,,0< 6, < 1
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the eigenvalues are +2(1 £i,/26, — 35, + O((S?;/ %)). And after an appropriate scaling in x
we may assume that the real part A of the eigenvalues is constant, i.e., the eigenvalues
are of the form 2 + iw and we may take w (or w?) as the parameter instead of y. The
choice of coordinates is such that W* is always given by {3 = {s = 0} = {|{u| = 0}. As
opposed to the £-coordinates, the ¢-coordinates are chosen to depend smoothly on w for
w | 0. The flow becomes

-2 —140(w) 0 0
_ 240(w?) =2 0 0
= (w 0 0 2 1+O(w)) ¢+ f(0).

0 0 w?+0(w?) 2

The coordinate change to get from ( to & is of the form &; = w(; + O(w?) and &, = (. Since
0 = arctan ? = arctan “’C%O(w) it follows that 6;(0) = O(w/T) or 65(0) = w4+ O(w/T), and
similarly for 8,(s;). For the difference 6;(0) — 6,(s;) there are now two possibilities, differ-
ing by a factor 7r. To determine which of these possibilities occurs, we look at situation
at the bifurcation point. For y = § the only solutions of (4.10) are the periodic solutions
in 71, and they have energy £ € (0, 1), see Section 4.2. For large periods these solutions
can also be described by the present variational gluing method. Since these solutions are
symmetric they correspond to a critical point of the form s, = (so, 25y, . .., 250, 59) for some
so > 0, and z(s) = (u1, —uy, uy, . ..) for some u; € H2. Hence E¢[2sy, s,] € (0, %] By continu-
ity, for small w and sy > o not too large the energy £, [2s¢; s.| must be positive. Therefore
it must hold that 6,(0;s) — 0,(s;;s) = O(w/T).

Choosing € small in Theorem 4.26, the constants 4, and 1, are arbitrary small and o
is arbitrary large, and it follows that we may restrict our attention to gluing functions g;
such that the point (g, 8}, 87,8/ )(0, z(s), s;) is arbitrary close to (o, u, uy, ug')(T). Let 6, =
distps ((uo,uo,uo,u{)”)(T), (1,0,0, O)). One thus has, for some constant 0 < €, < §,, that
|¢s| — 84| < €2, and || < €. Hence 15(0) = 8, 4+ O(e,) and similarly 7,(s) = 8, + O(ez).

Having obtained estimates on 7(0;s), 6;(0;s), r.(si; s) and 6,(s;; s), we are ready to in-
vestigate the function E,[s;; s]. We will first concentrate on solutions with one transition.
We thus look for critical points of the function X (s, s1) under the constraint sp 4 s; = L —
2T, i.e., zeros of Eg[so; 8] — E¢[L — 2T — sg; s] with min(s) > o, where s = (sp, L — 2T — s).
Since in the present case one has to think of the gluing functions g; and g, as half of an or-
dinary gluing function g, we define s = 25y and G(s) = E¢[$; (5, 1)) — E,[05 (5, 2,
where Ly = 2(L — 2T).

For Ly not too large and w small, there is only one solution of the equation G(s) =0,
since the corresponding function necessarily belongs to ,, namely s = Ly/2. It is imme-
diately clear that for any Ly > 20 there is a symmetric solution corresponding to s = Ly /2.
More generally, looking for zeros of G(s) we consider the good approximation

G(s) & Go(s) = VA2 + u?s? (e’)‘s cos ws — e "% cos w(Ly — s)) :

The scaling 5 = ws is useful as well, effectively setting w =1and A = coasy | 1.

It follows that for small w, zeros of Gy(s) only occur in the neighbourhood of the lines
(in the (s, Lo)-plane) s = &, and s = @07 s < Lo for ke N, and s = Ly — &%, 5 > Lo
for k € N, see Figure 4.11. The second and third case are related by symmetry Next We
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Figure 4.11: Critical points of X1 can only occur in the grey regions, which are shown
both in the (Lo, s)-plane and in the (s, s1)-plane.

consider the derivative of Gy in the neighbourhood of these lines:
Go(s)
VA4 w? 82

—Ae M cos ws — we ¥ sin ws

— Ae M09 cos w(Ly — 5) — we Mo sin w(Ly — s).

First, in a neighbourhood of the line s = LO it follows that G| (s) # 0 if (s, Lo) is away from
L0 _ @k—Dm

the points s = 3¢ = ===, because there the first and third terms in G(s) are dominant
(w = 0). This means that for fixed Ly % (2k wl)” the only zero of Gy(s) in a neighbourhood
of s = % is on the diagonal itself: s = L,.

Second, in a neighbourhood of the line s = (Zkz Lm s < LO it follows that G|(s) # 0 if
(s,Ly) is away from the point s = % = @& Dr because there the second term in G{(s) is
dominant. This implies that for fixed Ly > (2"_71)" there is exactly one zero of Gy(s) in a
neighbourhood of s = (2k 1)

We conclude that, away from the special points s = LZO = (Zkz U7 the zeros of Gy(s) are
transverse and thus depend smoothly on Lj. On the line s = 0 there are bifurcation
points s, near s = Qk{% These points are characterised by the fact that G{(s,) = 0. In-
terpreting Gy as a function of s and the parameter L, one calculates that at these points
(s = s«, Lo = 2s,) a forward pitchfork bifurcation takes place:

6G0 . 62G0 —0 62G0 63G0
0L, 082 08Lyds 0s3

Next one has to consider the difference between G(s) and Gy(s). We have already
obtained estimates on 74(0;s), 65(0;s), 7,(s;;s) and 6,(s;; s), but we also need estimates on
their derivative with respect to s;. For this purpose we first look at 20285 = [ et yg
consider g(x;s;) = gi(x,¥,Z,s;) — 1, which is the solution of (we write 7 = (1 iI— Y1,Y2) and

Z=(1+2zy,22))

<0. (4.13)

{ Vg""-l—g _2g23g2+g—3
(O) Y1, § (O) = Y2, g(si) = 2, g_l(si) = 2.
Scaling ¥ = x/s; we get for §(¥) = g(x):
{ ,)/14g////+lgu_2g~:3g2+g~3
50) =y, §0) = ys;, §(1) =21, F(1) = zs.
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For h(%) = g - we obtain:

fl"" hII 2h 6hg + 3hg 4 4yg/m %g//
h(O) =0, h’(O) y2, h(1) =0, B'(1) = 2.

And finally for h(x) = /(%) = 3£ = % one gets:

—‘)/I’l"" + W' —2h = 6hg + 3hg_2 + 4_7/g//// Zg//
1(0) = 0, H(0) = ya/si, h(s) =0, H(s) = z2/s:.

Since ||7 — (1,0)|| < 6 and ||z — (1,0)|| < &, we conclude that ||h|[ysx(s) = O(8/si). By
differentiating the identity d(J o EY)[z(s); s] = 0, one finds that

) 2,0 E) = 0% )

Here the last equality follows from an explicit calculation of d,(J o E}). Combining this
with the above estimate on ||% o |[wax(,s), we obtain that %) — O(5/s:), so that a“(o 5l —
O(8/s:), 249 = O(5/s;), and 69“(50. %) = O(w/s;), L) = O(w/s ).

From the previous analysis it is clear that we alie only interested in values of s which
are larger than approximately 7, since for smaller s there will only be one critical point
of K1, which is of the form (3, 5). Since 4 is small it follows that for such values of s the
dominant term in (4.12c) is ws;, so that the zeros of G(s) can again only occur near the
liness =%, ands = &% s< L forkeN ands=Lo— &7 s> Lo for k €N, see

Flgure 4, 11 To be able to carry over the analysis of G{(s) to G’ (s) we need that rl gg <L A,

% < w, which is true by the estimates above for large s;, i.e. for w sufficiently small.
Moreover, we need estimates on the derivatives of the terms of order O(9) in (4.12). Since
these terms originate from the higher order terms in (4.11) one finds that they are of order

O(az(s)) = O(8/s;). Therefore these terms are dominated by w, for small oand s; > -

Hence, as for G|(s), we conclude that, away from the special points s = 2 = (Zkzj)”, the

zeros are unique (near the fore-mentioned lines) and depend contmuously on L.
The analysis of the bifurcation points also carries over from Gy(s) to G(s), since es-

. . . . . . 2
timates on the higher order derivatives are found in a similar manner as before: 2 azs(zs) =

O(5/s?) and 2 az(f) = O(8/5?). Thus, at the bifurcation points s,, characterised by G'(s,) = 0,

the inequality of (4.13) holds (for G instead of G,), while the equalities follow from the
symmetry.

dy(J o E})

Lo

Finally, the index of a critical point (5, =) is easily calculated: it is 1 if G(s) < 0,
and it is 0 if G'(s) > 0. More explicitly, the mdex is 0 if either s = 2 and s € ((4k I
e,(4k2£) )kEN ors~(4ka})”s< —€eors~ L (4k1)”s>L°-|—efork€N
Here € is some small positive number which tends to 0 as w — 0. On the complementary
(parts of) branches the index of the critical point is 1. The points where the index changes
are of course precisely the bifurcation points. Because all this is much easier to under-
stand from a picture, Figure 4.12 shows all solutions (and their index) on the first branch
(consisting of solutions with one zero/transition) of the bifurcation diagram for y slightly

1
larger than 3.

We now turn our attention to the solutions with more transitions/zeros. To find critical

points one needs to solve 67(" = BK” for all 0 <7, j < n. Since all partial derivatives are of
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(a)
(b)

(c)
/
1 L%S_Z 0

-1 —

() (b)

(©

Figure 4.12: A blow-up of the first branch of the bifurcation diagram for y slightly larger

than %. The branch consists of solutions of (4.10) with one zero (at which it has positive
slope). The profile of solutions on different parts of the branch are depicted below (for
large L). The index of the solution branches is also shown.

the form (4.12) the analysis of the case n = 1 can be repeated for n > 2. To make notation
easier we define 5, = 25y and §,, = 2s,, and subsequently drop the tildes from the notation.
The critical points of %, can only occur near the diagonal {s) =s; = --- =s,}, and, for
any permutation 7, any 0 < m < n — 1 and any sequence {k;}", C N with k; < k; 11, near
the line

{5:0) = (Zk’i;wl)”, 0<i<m}N{Sepmiy="""=5Sc() > (Zk"z’%)” . (4.14)
In words this means that some (but not all) of the s; are fixed at an odd multiple of 5=,
while the remaining s; are all equal and larger than the maximum of the fixed s;. This gives

the complete bifurcation diagram; for fixed L one needs to restrict to Y_;_os; — 23 =
L —2nT.
We are solving the (1 + 1) equations f; = ‘%“ — 3772”1 =0,0<i<n-1,and f, =

Z’;:o sj — (Lo —2nT) = 0. To conclude uniqueness (and continuous dependence) of the

solutions of these equations, one needs det(%) # 0. A direct calculation shows that
]

ofi - OF;[sj; s]
det(a—sj) = Z H T] + other terms,
i=0 0<j<n
j#i
where all other terms are small compared to the first term if 5, w and —L 5 are sufficiently
small. As in the case n = 1 discussed above, good bookkeeping reveals the dominant

term(s) in this expression when (s, Ly) is not close one of the exceptional points, and one
concludes that det(%) # 0. The exceptional points are the points where two or more of
the lines, which were] defined above, meet.

The index of the critical points is equal to the number of negative eigenvalues of the

.92 TP B . ; —1
(n x n)-matrix 22t a;a;j 2iz0%) Gince %—f} = Eglsi;s] — Eg[L — 31— ks8] and E,[s;; s
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Figure 4.13: A blow-up of part of the second branch of the bifurcation diagram for y

slightly larger than §. The branch consists of solutions of (4.10) with two zeros. The
profile of solutions on different parts of the branch are depicted below (for large L). The
index of the solution branches is also shown.

is well approximated by F(s;) = Ce™ cos ws;, we get

B _ (TH s T
(552) = (Fo vt ¥ ) s mallerm.
5105 Flon P60 e Pl +F(sn)
On the diagonal {sy =s; = --- = s, } this reduces to

0> K, ) 211
<0sz-6sj) ~ Fleo) (1 T 2) '

Since the matrix is positive definite, the index of the critical point (3,s,s,...,s,5) is 0 if
s € ((4k I 4 g, (4k 1)” —€), k € N with € > 0 small. On the complementary part of the
diagonal the mdex is n.

Working out the number of negative eigenvalues on the other branches of solutions
we get the following. Near the line (4.14) and away from the bifurcation points the index
of the critical point is equal to the number #{0 < i < m | k; is odd} raised by n —m — 1 if
Se(mi1) = = Sen) € (W +e€, % — ¢€) for some j € N,

A full examination of the bifurcation points for n > 2 is beyond the scope of the
current investigation. We remark that a (numerical) analysis for the model function
F; = Ce ™icos ws; (instead of E,[s;; s]) already gives a lot of insight. Walking along one of
the curves of solutions near the lines (4.14), branches bifurcate in the neighbourhood of
points where all s; are equal to an odd multiple of 5. The number of bifurcating branches
is (n — m)(n — m — 1), which can be explained as follows. The jump in the index along the
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primary curve is n — m — 1., while there is an (n — m)-fold symmetry which is broken
upon bifurcation. We refer to [14, 66] for rigorous results on the multiplicity of bifurcat-
ing branches in the presence of symmetries. However, keep in mind that the symmetry
is usually broken upon returning to E,[s;; s| instead of the model function F;. As an illus-
tration part of the branch of solutions of (4.10) for n = 2 (i.e., with two transitions/zeros)
is shown in Figure 4.13.

4.9 Numerical results

The analysis in this chapter describes properties of the attractor for 3 > 0. It is not diffi-
cult to see that the results also hold for 3 = 0 (the estimates needed are slightly more in-
volved). A natural question is to ask what can be said about the parameter region 3 < 0.
To answer that question, fairly detailed information is needed about the stationary solu-
tions of the problem, and this information has so far been lacking. Although an overall
picture is still missing, recent progress has been made in the investigation of periodic sta-
tionary solutions. In Chapter 6 the existence of many families of periodic solutions with
energy E = 0 is proved by a shooting method, some existing for all 3 € (—o0,v/8), others
existing only in a finite parameter range. The variational structure is used in Chapters 7
and 8 to prove the existence of many periodic solutions with the use of a Twist map.

In this section we shall briefly discuss some numerical results on what happens to the
stationary solutions found for 3 > 0 when 3 becomes negative. We focus on stationary
solutions of the Equation (4.5), which for 8 < 0 corresponds to the well-known Swift-
Hohenberg equation [137]. Without loss of generality we fix ¥ = 1 throughout this section.
The numerical calculations were performed using the continuation program AUTO [57].
Part of these calculations were also presented in [19], but there the emphasis was on
heteroclinic solutions instead of solutions on a finite interval.

We have investigated the branch of solutions which bifurcates at the first bifurcation
point from the trivial solution u = 0, and for simplicity we have restricted our attention
to solutions which are anti-symmetric with respect to the zero at x = £. There are many
bifurcations which break this symmetry, but we want to focus on the simplest possible
case. As characteristic parameters for the solutions we have chosen the interval length L,
the action |, and the energy E.

In Figure 4.14 the (J, L)-diagram of this branch is shown for 3 = —2. This picture is
representative for the whole range —2 < 3 < v/8. One sees the bifurcation from the trivial
solution u = 0 (the straight line in the figure) and as one follows the branch it converges
in an oscillating manner to a limiting value of | as L — oo. The branch is also represented
in the (J, E)-plane, where we see that it spirals to a point on the line E = 0.

The solutions for five points on this branch for f = —2 are presented in Figure 4.15.
The first four points are chosen in the energy level E = 0, which are special points in
the sense that the action | is extremal at these points. This is due to the fact that when
variations in the interval length are taken into consideration, then the extrema of | all
lie in the energy level E = 0 (e.g. see Chapter 3). The existence of the infinite number of
solutions with E = 0 on this branch can been proved by a shooting method (see Chapter 6
and [118]) in the parameter regime 0 < 3 < /8. Half of these, namely the solutions for
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Figure 4.14: The (J,L)- and (J, E)-diagram of the simplest branch at 3 = —2. The little
squares indicate the solutions shown in Figure 4.15 (in the (], E)-diagram only the first
three of the squares are indicated for clarity).
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Figure 4.15: The five functions for the parameter values indicated by the little squares
in Figure 4.14 (3 = —2). The functions in figures (a)-(d) have energy E = 0.

which | attains a minimum, can also be found by a variational method (see Chapter 3).
However, these methods fail for 3 < 0 and we will come back to this later on.

We see that the four solutions with E = 0 are clearly distinguished by the number
and relative position of their minima and maxima (relative to the lines/solutions u =
+1). This is a general phenomenon: all solutions with E = 0 on this branch are clearly
distinct. The fifth solution shown has interval length L = 100 and its energy is, for all
practical purposes, indistinguishable from 0. The branch of solutions thus converges to a
heteroclinic orbit, in fact a very simple one

The solutions on this branch are not all stable (they form the central branch in Fig-
ure 4.12), but they are stable in the class of antisymmetric functions (e.g., taking Navier
boundary conditions on the left and Neumann boundary conditions on the right).

In Figure 4.16 the first four functions are continued in the parameter 3, where we
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have fixed the energy level E = 0. The first three branches (Figure 4.16a) exist for all
3 € (—o00,v/8). These solutions have been proved to exist in Chapter 6 and [120], and in
the limit 8 — /8 they converge to a simple heteroclinic solution (cf. [120]). We remark
that there are many other branches of solutions with zero energy which start at 3 = /8,
bifurcating from the heteroclinic orbit, and extending all the way to 3 — —o0.

Another feature is that the action ] becomes negative along two of the branches. This
is responsible for the breakdown of the variational method of [89] in the parameter re-
gime 3 < 0. It seems likely that the variational method could give results as long as any
monotone lap between two extrema has positive action J. This ceases to be true at the first
zero in Figure 4.16a, i.e., at approximately 3 = —0.92. We conjecture that this (3 ~ —0.92)
is in fact the highest value of 3 for which there exists a monotone lap with action less than
or equal to O (cf. [46, 106]). Let us remark that the minimisation technique in homotopy
type classes used in [88, 89] and in this chapter, relies on the positivity of the Lagrangian L
to apply cut-and-paste techniques, i.e., it only works for 3 > 0. Nevertheless it seems that
one might be able to extend this to 3 < 0 as long as 3 > —0.92, since for 3 > —0.92 every
function corresponding to a loop in the configuration plane P has positive action. There-
fore, cutting out a loop always lowers the action. As mentioned before, it is only natural
that our analysis cannot be performed globally, i.e. for all 3 < 0, because it is observed
that most of the solutions found in this chapter cease to exist when 3 becomes sufficiently
negative (while the equilibria are still saddle-foci). An example of this phenomenon is
discussed next.

The fourth branch (Figure 4.16b) does not exists for all 3 € (—oo, V/8) but folds back
at approximately 3 = —2.06. The lower part of the branch converges again to the simple
heteroclinic solution as 3 — 1/8, while the upper part converges to three copies of this
heteroclinic (one increasing from —1 to 41 and two decreasing from +1 to —1), which
move further and further apart as 3 — v/8. Again, there are many other branches which
behave in this way. They all have a different value of 3 where they fold back. The infinite
number of solutions with E = 0 on the branch in Figure 4.14 all behave in this way, except
for the first three (Figure 4.16a). As mentioned before, existence of these solutions has
been proved for 3 € [0,4/8), while the fact that the folding point is different for each
branch makes it difficult to extend these results to negative 3. The fact that the pair
of solutions (of index 0 and 1) is able to coalesce and disappear (at 3 ~ —2.06) can be
understood from the Morse-type analysis in Chapter 8.

In Figure 4.17 three solutions on the folding branch of Figure 4.16b are shown and
we clearly see the difference between the two functions for f = —1 on the lower and
the upper part of the branch. In Figure 4.17c we see how the upper part of the branch
converges to three copies of a heteroclinic orbit.

Note that apart from the two types of branches shown in Figure 4.16 there exists a third
type of branch. This type exist on a finite interval (3o, v/8), where 3y < —+/8 is different
for each branch (but contrary to the folding branches, there is an expression for ). As
B — o the solutions on such a branch converge to one of the homogeneous states u = £1.
We refer to Chapter 6 for an extensive description of this type of branches.

In Figure 4.18 the continuation of the heteroclinic of Figure 4.15e is shown (of course,
in reality it is a solution on a finite, but large, interval). Existence of this heteroclinic
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Figure 4.16: On the left the continuation in 3 of the solutions in Figures 4.15a-c (with
corresponding labels) lying in the energy level E = 0. On the right the continuation of
the solution in Figure 4.15d. The functions corresponding to the little squares are shown
in Figure 4.17. The extrapolation to 3 = v/8 is shown by a dotted line. The region where
the equilibrium points u = £1 are saddle-foci is bounded by the two vertical dashed

lines.
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Figure 4.17: The three solutions which are indicated by little squares in Figure 4.16b: a)
the solution for 3 = —1 with lower action J; b) the solution for 3 = —1 with higher J; c)
the solution on the tip of the upper part of the branch.
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Figure 4.18: The continuation diagram of the simple heteroclinic solution. The solu-
tion for 3 = 0 on the upper part of the branch is shown on the right. The solution in
Figure 4.15e (for 3 = —2) lies on the lower part of the branch.
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Figure 4.19: At the top the (J, L)-diagram for 3 = —2.1. The solutions indicated by the
little square and the little are depicted below, in (b) and (c) respectively (the fact that the
maximum of this function lies on the line # = 1 is purely coincidental). The little circle
denotes the bifurcation point.

solution has been proved for all 3 € [0,00) [117, 118, 124]. For 3 € [\/g,oo) it has been
shown to be unique (see Chapter 2 and [96]). The branch of heteroclinic solutions folds
in the same way as the solution in Figure 4.16b, and this is characteristic for all branches
of heteroclinic solutions: they all have a folding point 3. € (—/8,0). Existence of many
families of heteroclinic solutions has been proved in [89, 118] for 3 € [0, v/8) and the fold-
ing behaviour has been extensively investigated numerically [19]. Similar behaviour was
observed for homoclinic solutions [35]. In [141] the folding behaviour of the branches of
heteroclinic solutions is discussed in the context of homoclinic snaking.

The branch in Figure 4.14 contains an infinite number of solutions with E = 0. Since
the fourth of these solutions ceases to exist for 3 smaller than about —2.06, it is interesting
to see what happens to the branch of solutions for 3 < —2.06. In Figure 4.19 the branch
is depicted for 3 = —2.1, and we indeed see a very different behaviour. The branch starts
of in the same manner as for 3 = —2, but then suddenly goes in a different direction,
and finally tends to a heteroclinic orbit (Figure 4.19b) which differs significantly from the
limiting heteroclinic for 3 = —2. In the (J, L)-diagram the second branch bifurcating from
u = 0 is also shown (dotted line). It is just a (triple) multiple of the first branch, and it
crosses the first branch at a bifurcation point, denoted by a circle. The solution at this
bifurcation point is shown in Figure 4.19c.

To get a better understanding of the difference between 3 = —2 and 3 = 2.1, we
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Figure 4.20: At the top the (J, E)-diagrams for 3 = —2 (left) and 8 = —2.1 (right); in
black the branch coming from the first bifurcation point, and in grey a different branch.
One of the limits of the grey branch is depicted below.

have in Figure 4.20 compared the (], E) diagrams for these two values. In black we see, as
usual, the branch bifurcating from the first bifurcation point of the trivial solution. In grey
another branch of solutions is shown; one of the limits of this branch, the limit which is
(almost) the same for both values of j3, is also depicted in Figure 4.20. This limit consists
of a simple heteroclinic orbit with half a homoclinic orbit on each side. The heteroclinic
and homoclinic pieces move further and further apart as the interval length grows.

The other limit of the grey branch is different in both cases: for 3 = —2 it resembles the
function in Figure 4.19c, whereas for 3 = —2.1 it resembles the function in Figure 4.15e. It
should be clear from these pictures that a bifurcation, where a connection of branches is
exchanged, has occurred between 3 = —2 and 3 = —2.1, most probably at 3 ~ —2.06, the
folding point in Figure 4.16b.

The phenomenon described above repeats itself as 3 decreases. On the left in Fig-
ure 4.21 the branch for 3 = —2.3 is depicted. One sees that the limiting heteroclinic now
has two central oscillations compared to one central oscillation for 3 = —2.1.

When f < —+/8 the equilibrium points u = %1 are centers and heteroclinic solutions
no longer exist. It is therefore natural to ask what happens in this parameter range. On
the right in Figure 4.21 the branch is shown for 3 = —3. We see that the process discussed
above has (presumably) repeated itself an infinite number of times. The branch does not
converge to a heteroclinic solution but continues to generate more and more oscillations
around 0. Notice that we have no clear information about the index, and an overview of
the attractor is still very much lacking.
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Figure 4.21: On the left the (J, L)- and (J, E) diagram for 3 = —2.3 and below the lim-
iting heteroclinic solution. On the right the same diagrams for 3 = —3 and below a
characteristic solution on the branch.
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We stress that we have only tried to describe one interesting phenomenon which oc-
curs when 3 becomes negative. There are of course many other branches of solutions
which we have not shown here. It is clear that this parameter regime has to be subjected
to a deeper investigation, both from the point of view of stationary solutions, as well as
regarding the behaviour of the parabolic equation. For example, an interesting question
is whether for all 3 < 0 the number of stable stationary states grows to infinity as L — oo,
or whether on the contrary this number is bounded for sufficiently large |3|.

410 Hyperbolicity

We show that the non-trivial solutions of (4.5), for > < ¢ 1, are hyperbolic for all L > 0
(Lemma 4.4). It is clear that the homogeneous states u= :I:l are hyperbolic and stable
for all L > 0, and that u = 0 is hyperbolic except at the bifurcation points L = nLy =

2y . 1 . .
.n7r V" € N. For convenience we set ¥ = 1 in (4.5) and we also shift the interval,
ie.,

{ u"(x) — Bu"(x) —u(x) +ud(x) =0 for x € (— 2’ 2 (4.15)

() =u"(*5 =0

The condition 3 > /8 corresponds to S . As before we will extend solutions of (4.15)
to all of R.

As is depicted in Figure 4.1 we have the following lemma, which follows from the
results in Chapter 2:

Lemma 4.27 For all 3 > /8, problem (4.15) has, apart from the homogeneous solutions
u =0 and u = 1, exactly the following solutions: for anyn > 1 and all L > nLy(j3) there
are two solutions, tu,(x; L) with precisely n zeros on (—5, 2) It holds that u,(x;L) =

u(x+ 5= L L/n), i.e., u,(x; L) is obtained by extending the solution u,(x; L/n). The func-
tions ul(x L) have the property that u(x;L) > 0 and |u1(x;L)| < 1 for all L > L, and all

X € (—5, L). Besides, u; is antisymmetric with respect to its zero, and u{(x) < 0 for all
x € (0, ] Finally, uq(x; L) is a continuous function of L and u/(0; L) is strictly increasing
in L.

To show that all these solutions are hyperbolic we need to investigate the 0-eigenvalue
problem
0" (x) — Bo"(x) + Bui(x;L) = Do(x) =0 forxe (—%,%)
V(%) =0v"(x5) =0.
To tackle this problem we use the following Comparison Lemma (see also Lemma 2.4
and [35]):

Lemma 4.28 (Comparison Lemma) Let |u(x)| < 1 for all x € R and let B > /8. Suppose
that v, and v, are bounded functions on R, both satisfying

o!" — Bv! + BuP(x) —1)v; =0 forallxeR,i=1,2, (4.17)

(4.16)

and
(v1 — v2)(0)

> (01 — 2)"(0) — A(v1 — 2)(0)
(01 —02)'(0) >

0, >
0 (01 = v2)"(0) = A(vy — v2)'(0) > O,

where A = £ — (g)2 —2. Then v; = v,.
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The proof of this lemma is along the same lines as in Lemma 2.4 (see Section 2.2), and we
will not repeat it here. The core of the argument is the splitting of Equation (4.17) into

v —Av = w,
w" —pw = (3 —3u(x)?)y,

where = £ + 4/ (g)z — 2, and observing that the right-hand sides are increasing (in w
and v).

Let us start with the simplest case, namely that u; is hyperbolic, i.e., ; does not have
a 0-eigenvalue. The following lemma shows that there is no symmetric 0-eigenfunction.

Lemma 4.29 For n = 1 there is no symmetric nontrivial solution of problem (4.16).

Proof. By contradiction, suppose that v(x) is a symmetric nontrivial solution of prob-
lem (4.16). Notice that u;(x) and v(x) are bounded functions on R. If v(0) = 0, then the
Comparison Lemma (comparing with the function @ = 0), implies that v = 0. One thus

finds that v(0) # 0. Taking vy (x) = ‘;j(‘(g)v(x) and v,(x) = u}(x), we find that

(01 =02)(0) =0, (01 —v)(0)=0, (v1—122)"(0)=
Since either (v; — v2)"(0) > 0 or (v, — v1)"(0) > 0 holds, we now find from the Comparison

Lemma that v; = v,. However, vl( ) = 0 whereas vz( ) = uf ( ) < 0 (see Lemma 4.27), a
contradiction. 0

The next lemma is slightly more involved. It shows that there is no antisymmetric
0O-eigenfunction of problem (4.16).

Lemma 4.30 Forn =1 there is no antisymmetric nontrivial solution of problem (4.16).

Proof. By contradiction, suppose that v(x) is an antisymmetric nontrivial solution of
problem (4.16) for L = L,. We first introduce the notation z(x; &, 17) for the solution of

IIII ﬁZII z _|_ Z3 — O
z0)=0, Z0)=«, Z"(0)=0, z"(0)— AZ'(0)=n,
where, as before, A = g — (g)z — 2. Now define two families of solutions. First, consider
the family
w(x;8) = z(x;u4(0) + 0'(0)s, u’"(0) — Auj(0) + [0"(0) — Av'(0)]s).
One has aw(x 0) = v(x). Since v (L*) =" (L*) = 0, this implies that

% (L;0,000'(0) + 2£(%50,0)[0"(0) — A'(0)] = O,
az”’( +;0,0)0'(0) + 62”’ L*-o 0)[0"(0) — Av'(0)] = O.
Viewing these as linear equations in v’ (0) and v"(0) — A?'(0), one concludes that

(% - &%) (450,00=0. (4.18)

Second, consider the family u;(x; L). Clearly u;(x; L) = z(x; x(L), (L)) for certain con-
tinuous functions «(L) and 1(L). We know from Lemma 4.27 that «(L) is strictly increas-
ing, and hence invertible. We may therefore write

y(x; ) = z(x; 0, (L)) = w1 (x; L)),
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and from the Implicit Function Theorem we obtain

9z 92" 902" 92"\ (Lx.
(6oc on on Boc) 0 O)

1 9z 19z (L, .
G - REG00)]

Here the denominator is nonzero (this follows from the analysis in Section 2.8), whereas
the numerator is zero by (4.18), and hence di (x(L,)) = 0. Combining this with the fact that
y'(L(x), &) = u}(L(x); L(«)) = 0 and similarly y"'(L(x); ) = 0, we infer that %%X( s, o(Ly)) =
and Oy (L*;(x(L*)) = 0. It follows that 3(x) = O—Z(x,' «(L,)) satisfies (4.16) for L = L,, and thus
7is an antlsymmetric O-eigenfunction of u;(x; L,).

Notice that #(x) > 0 for x € (0,%). Indeed, 9(x) > 0 for x € (0,%) since u;(x;L) >
u1(x; L) for all x € (0, E) and L > L (see e.g. the proof of Lemma 2.35). If #(x;) = 0 for some
X0 € (0, L*) then also @'(xy) = 0, and it follows from the Comparison Lemma that ¥ = 0,
but 7'(0) > 0, a contradiction.

Finally, using integration by parts and the differential equation (4.15), we obtain that

—(OC(L ) =

Ly Ly
2 2
0= / w (" — A" 4+ (Bu? — 1)9) = / 2uid
0 0
which contradicts the fact that #; > 0and 7 > 0 on (0, % . O

Combing these two lemmas we obtain:
Lemma 4.31 Forn =1 there is no nontrivial solution of problem (4.16).

Proof. By contradiction, suppose that w(x) is a nontrivial solution. Then either v(x) =
w(x) + w(—x) or 9(x) = w(x) — w(—x) is a nontrivial solution of (4.16). However, the exis-
tence of a symmetric (i.e. v(x) = v(—x)) O-eigenfunction is excluded by Lemma 4.29, while
an antisymmetric (i.e. 3(x) = —9(—x)) O-eigenfunction is excluded by Lemma 4.30. O

We now proceed by induction. Let n > 1 and suppose that u; has no 0-eigenvalue for
k < n. In the following it is proved that then u, has no 0-eigenvalue. As in Lemma 4.31
we may assume, without loss of generality, that an eigenfunction is either symmetric or
antisymmetric. We split up the argument into four cases.

1. If n is even then there is no antisymmetric 0-eigenfunction.
2. If nis odd then there is no symmetric 0-eigenfunction.

3. If n is even then there is no symmetric 0-eigenfunction.

4. If n is odd then there is no antisymmetric 0-eigenfunction.

Proving these four statements finishes the proof. Case 1 and 2 follow from the Compar-
ison Lemma as in Lemma 4.29. Next we deal with Case 3. Suppose, by contradiction,
that v(x) is a symmetric O-eigenfunction of u,(x;L). Note that u,(x — ;L) = 11,,5(x; §).
Obviously v(x — %) is therefore a 0-eigenfunction of u,, /»(x; %), contradicting the induction
hypothesis.

As for Case 4, let n > 3 be odd and assume, by contradiction, that v(x) is an antisym-
metric 0-eigenfunction of u,(x; L). The function u, has an extremum at x = 2— 4, and it
is symmetric with respect to this extremum. One distinguishes two cases: v(22) = 0 and
v(2a) # 0.

In the case v(2a) = 0, define v1(x) = v(x 4+ 2a) and v,(x) = —v(—x + 2a), then

(11 —v2)(0) =0, (v1—1)(0)=0, (v1—1)"(0)=0
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As in Lemma 4.29 the Comparison Lemma implies that v; = v, i.e., v is antisymmet-
ric with respect to x = 2a. Since v is antisymmetric with respect to x = 0 and x = 24, the
boundary conditions v'(na) = v"'(na) = 0 (with n odd) imply that v'(a) = v"'(a) = 0. There-
fore v(x) is a 0-eigenfunction of u;(x; %) on (—a, a), contradicting the induction hypothesis.

If v(2a) # 0, define w(x) = v(x 4+ 2a) — v(x — 2a). Since v(x) is antisymmetric, w(x) is
symmetric. We now apply the Comparison Lemma to v;(x) = LZ‘;j((g))w(x) and v(x) = u'(x),
which yields

v(x +2a) — v(x — 2a) = cu'(x), where ¢ = 2;’,((20”)) # 0. (4.19)

Successively substituting x = 2ka in (4.19) fork =1,2,.. .. gives that v(2ka) = (—1)*"'kv(2a),
fork=0,1,2,... (since u'(2ka) = (—1)*u'(0)). This is impossible since v is symmetric with
respect to x = na, and a contradiction has been reached.



Chapter 5

Travelling waves

5.1 Introduction

Fourth order parabolic equations of the form
Up = —VUyyxxy T Uxx + f(u)/ Y > 0/ (51)

where x € R, t > 0, occur in many physical models such as the theory of phase-transitions
[53], nonlinear optics [1], shallow water waves [35], etcetera. Usually the potential F(u) =
[ f(s)ds has at least two local maxima (stable states), and one local minimum (unstable
state)!. A prototypical example is f,(u) = (u+ a)(1 — u?*) with -1 <a < 1.

For a thorough understanding of Equation (5.1), the stationary problem is of great
importance. An extensive literature on this subject exists (see e.g. [3, 21, 35, 88, 89, 90, 112,
116, 117, 118]). Typically, depending on the parameter 7y, the stationary problem displays
a multitude of periodic, homoclinic, and heteroclinic solutions. The stationary equation
is Hamiltonian, which restricts the possible connections between the equilibrium points.
As an example we mention that when the maximum of F is attained in two points, e.g.
F(u) = —}I(uz — 1)2, a solution connecting these maxima exists for all ¥ > 0. One could
regard this solution as a standing wave. The heteroclinic solution is unique (modulo the
obvious symmetries) for small values of y, say y < yi(f) (see Chapter 2 and [96]). On
the other hand, for large v, say v > y2(f), there is a multitude of (multi-bump) solutions
connecting the two maxima [89, 90, 118]. This is due to the fact that as y crosses the
critical value y = y»(f), the eigenvalues of the linearised stationary equation around the
two maxima of F become complex.

In the special case f(u) = u — u’, corresponding to F(u) = —%(u2 —1)?, it holds that
11(f) = v2(f) = §. Although in many simple cases equality holds, generally there will be
a gap between y1(f) and y»(f). The critical value y; is not necessarily small, and a lower
bound on y; can in general be explicitly determined (see Chapter 2 for more details).

For the time-dependent problem travelling fronts of the form u(x,t) = U(x 4 ct), con-
necting extrema of the potential F, play a prominent role in most models. Results on
travelling waves for Equation (5.1) have previously been obtained in [34], where nonlin-
earities of the form f(u) = f,(u) = (u + a)(1 — u?), a = 0, are studied using transversality
arguments and perturbing near a standing wave. Moreover, in [2] singular perturbations
techniques were applied near y = 0. In both cases travelling waves between local max-
ima (stable states) are studied. A recent work [130] deals with singular perturbations
techniques for travelling waves connecting an unstable and a stable state; the stability of
these waves for very small y is also established. Furthermore, in the context of singu-
lar perturbation theory, travelling waves for higher order parabolic equations have been

3

!Sometimes the potential is denoted by —F so that the stable states correspond to local minima.
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studied in [72].

The objective of this chapter is to obtain existence results for a large range of para-
meter values. We therefore study travelling waves of (5.1) via topological arguments
rather than perturbation methods. To illustrate the underlying ideas of the method, let
us consider the related second order parabolic equation, i.e. ¥ = 0. Such equations arise
as models in for example population genetics and combustion theory [11]. In the spe-
cial case where f(u) = f,(u), Equation (5.1) with ¥ = 0 admits a travelling wave solution
u(x,t) = tanh("*”T‘ft). This travelling wave connects the two stable homogeneous states
u = —1and u = +1. The literature on this problem is extensive and we will not attempt
to give a complete list. However, a few key references are of importance for explaining
the similarities of the second and fourth order problems. In the case ¥ = 0 the equation
for travelling waves u(x,t) = U(x + ct) is given by cU’ = U" + f(U). A phase-plane ana-
lysis for both 0 < ¢ < 1 and ¢ > 1 shows two topologically different phase portraits, from
which the conclusion may be drawn that a global bifurcation has to take place for some
intermediate c-value(s). In this way a wave speed ¢y can be found for which a travel-
ling wave exists which connects the two local maxima of F. In this context we mention
the work by Fife and McLeod [68] based on an analytic approach, and Conley’s more
topological approach [48].

From the second order problem we learn that for the present problem it is sensible to
look for topologically different phase portraits (in R*) for small and large values of ¢. A
big part of our analysis will be to do just that.

In order to simplify the exposition of the main results we reformulate (5.1) as

Ut = —Uyxxy T ﬁuxx + f(u)/ (52)

1

via the rescaling x — yix, with g = 7

B<0.
Let us start now with the hypotheses on the nonlinearity:

(o F'(u) = f(u) € C'(R);

f(u)=0<ue{-1,—a,1} forsomea € (—1,1),and f'(£1) #0, f'(—a) #0;
F(—1) < F(+1);

F(u) - —oo as u — £o0;

for some M > 0 it holds that f'(1) < M for all u € R

. Notice that Equation (5.2) also has meaning for

(Ho) <

\
Of course, the prototypical example f,(1) = (u + a)(1 — u?) satisfies (Hp) for a > 0. We
remark that the third condition excludes the existence of a standing wave which connects
two different equilibria. The last condition is a technical one, which we use to obtain
certain a priori bounds. Without loss of generality we set

F(u) = /1 " (s)ds,

so that F(1) = 0.
Denote the wave speed by ¢, and, searching for a travelling wave, we set u(x,t) =
U(x + ct), which, switching to lower case again, reduces (5.2) to the ordinary differential

2Note that f'(1) may be unbounded from below.
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equation

cu' = —u"" 4+ Bu" + f(u). (5.3)
An important ingredient of our analysis is a conserved quantity for (5.3) when ¢ =0,
which is a Lyapunov function when ¢ # 0. Define

Eu,u',u",u™) E —u'u" + %u”z + gu'z + F(u). (5.4)
Multiplying (5.3) by u’ we find that

mn

) =cu'?, (5.5)

so that £, which will be referred to as the energy of the solution, is increasing along orbits
if ¢ > 0, constant if ¢ = 0, and decreasing if c < 0. When we are looking for a solution
of (5.3) connecting u = —1 to u = 1, we see that we can restrict our attention to ¢ > 0.

The first theorem deals with the connection between the two stable states u = —1 and
u = +1. This connection is non-generic with respect to the wave speed c. Noting that
F(u) < 0for all u € Rif f satisfies hypothesis (H,), we define

E'u,u',u",u

def . —F(u)
o(f) = _jmin o Fur (5.6)
Theorem 5.1 Let f satisfy hypothesis (Ho) and let 3 > m
c = co(f) > 0, there exists a travelling wave solution of (5.2) connecting u = —1 tou = +1.

The analogous condition on y for Equation (5.1) reads 0 < y < o(f). We remark that the
theorem also holds when f'(—a) = 0, since the (non)degeneracy of u = —a does not play
any role for connections between —1 and +1.

At the minimum in (5.6) the equality ;j(fff)‘g =17 o
model nonlinearity f, we have o(f,) > 8(1 5 forall 0 < a <1. Although this estimate is
sharp for a — 0, it is not sharp at all for larger values of a.

For general nonlinearities f(u) satisfying (Hy), a lower bound on o is

holds. We easily derive that for our

o> min{ 1€ (=1, —a)and f'(u) < 0}. (5.7)

-1
af'(u)
This estimate is often easier to compute than o itself, but it is in general a rather blunt
estimate. Finally, we remark that the critical value o is also encountered in the study
of homoclinic orbits for ¢ = 0 (see [116, Theorem B]). This originates from the similarity
of that problem with the proof of Lemma 5.20, which is in fact the only instance in our
analysis where 7y is required to be smaller than o.

We do not obtain much insight in the shape of the travelling wave from Theorem 5.1.
Because Theorem 5.1 does not give information about the wave speed, it is not known
whether the connected equilibrium points are approached monotonically or in an oscillat-
ory manner. The linearised equation around the equilibrium points leads to the following
characteristic equation for the eigenvalues: cA = —A* 4+ BA + f'(£1). A few conclusions
can be drawn from analysing this equation. It follows that for 3 > /—4f'(1) the travelling
wave tends to +1 monotonically as x — oo. Besides, for 3 < /—4f'(—1) the travelling
wave tends to —1 in an oscillatory way as x —+ —oo. For other cases the behaviour in the
limits depends on the (a priori unknown) value of c.

The travelling wave solution found in Theorem 5.1 connects the two maxima of F.
Theorem 5.1 can be extended to potentials F having many local extrema, i.e. f(x) having
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many zeros. In that case we find a travelling wave connecting the global maximum and
the second largest local maximum of F. The other conditions on F remain the same, but
we also need the sign condition f(u)u < 0 for large values of |u|. The definition of ¢ in
this case is (setting max,cg F(u) = 0):

def . _-F
o(f) = mf{ 2f($;2

‘ u € Rand f(u)f'(u) > o}.

The travelling wave solution found in Theorem 5.1 connects the two stable states. The
following theorems deal with travelling waves connecting the unstable state u = —a to
one of the stable states u = 1. These theorems also apply to the parameter regime where
B3 > 0, but for these parameter values we need an additional condition on f:

(Hy) f satisfies (Hy) and lim 7" = _

lu|—oc0 U
Theorem 5.2 Let 3 € R and let f satisfy hypothesis (Hy) if < 0 and (H;) if 3 > 0.°
Then for every ¢ > 0 there exists a travelling wave solution of (5.2) connecting u = —a to

u=-—1.

The limiting behaviour of the travelling waves can be determined from the character-
istic equations. For 3 > /—4f'(—1) the solution tends to —1 monotonically for x — oo
regardless of the speed c. On the other hand, for 3 < /—4f'(—1) the limit behaviour
is oscillatory for small ¢ and monotonic for large c. The limit behaviour near u = —a as
x — —oo is more complicated. For small c the behaviour is generically oscillatory, while
for large c the solutions generically tends to —a monotonically. We do not know whether
the behaviour is indeed generic. However, for 3 > /12f'(—a) there is an intermediate
range of c-values for which the travelling wave certainly tends to —a monotonically.

For general potentials F this result applies to any pair of consecutive non-degenerate
extrema u_ (a minimum) and u, (a maximum), for which the interval (F (u_), F (u+)) con-
tains no critical values and either u_ or u, is the only critical point at level F(u.). The
other conditions on F remain the same. The method of proof of Theorem 5.2 requires
only one of the two extrema —1 or —a to be non-degenerate.

The next theorem deals with the case of travelling waves from —a to +1.

Theorem 5.3 Let 5 € R and let f satisfy hypothesis (Hy) if 3 < 0 and (H;) if 3 > 0. Then
there exists a constant c*(f) > 0, such that for every ¢ > c* there exists a travelling wave
solution of (5.2) connecting u = —a tou = +1.

Theorem 5.3 extends to general potentials, giving travelling waves between any pair
of consecutive non-degenerate extrema #_ (a minimum) and #, (a maximum), provided
the local minimum #_ on the other side of u., if it exists, satisfies F(ii_) > F(u_). Of
course, if the opposite inequality holds then one can exchange u_ and #i_. If equality
holds, i.e. F(ii_) = F(u_), then one obtains for every c > c¢* a travelling wave connecting
either u_ or 7i_ to u,. Again, the other conditions on F remain the same.

In certain cases one obtains information about the constant c* in Theorem 5.3. In that
case the situation is very much analogous to the second order equation.

3The result also holds when F(—1) = F(+1).
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Corollary 5.4 Let f satisfy hypothesis (Hy) and let 3 > \/(17(—1() Then there exists ac*(f) >0,

such that c* is the largest speed for which there exists a travelling wave solution of (5.2)
connecting u = —1 tou = +1. Moreover, for allc > c* there exists travelling wave solution
of (5.2) connecting u = —a tou = +1.

Finally, we discuss nonlinearities with different behaviour for u —+ *o00. Assume that
f has two zeros and satisfies
(¢ F'(u) = f(u) € CI(R);
f) =0 ue{0,1},and f'(0) # 0, /(1) # 0;
for some D < 0 it holds that F(u) > F(1) for all u < D;
F(u) =+ —oo as u — oo;
if B >0, then lim | o, 2% = —cc.

(Hz) |

\

A typical exampleis f(u) = u(1 — u). The following theorem is analogous to Theorem 5.2.

Theorem 5.5 Let 3 € R and let f satisfy hypothesis (H,). Then for every c > 0 there exists
a travelling wave solution of (5.2) connecting u =0 tou = 1.

This last theorem is just an example of how the methods in this chapter can also be
applied when F(u) does not tend to —oco as u — £00. The theorem holds under weaker
conditions, but we leave this to the interested reader.

Of the results in this chapter, the proof of Theorem 5.1 is by far the most involved.
This is caused by the fact that connections between local maxima are non-generic with
respect to the wave speed c. Hence, part of the problem is to determine the wave speed c.
The idea behind the proof is that one can detect a change in the phase portrait (in R*)
of Equation (5.3) as c goes from small values to large values. In particular, looking for
a travelling wave which connects —1 to 41, we investigate the global behaviour of the
orbits in the stable manifold W*(1) of the equilibrium point u = +1.

The analysis for ¢ > 0 large is based on a continuation argument deforming the non-
linearity f(u) into a function which is linear on some interval containing u = 1. For ¢ > 0
small the analysis is much more involved. A crucial step is that for ¢ = 0 all orbits in W*(1)
are unbounded. A first result in this direction was already proved in Chapter 2. There it
was shown that, for y not too large, the bounded stationary solutions of (5.1) correspond
exactly to the bounded stationary solutions of the second order equation (y = 0). This
excludes the existence of bounded orbits in W*(1). However, since the analysis comprises
all bounded solutions, this result is limited to a restricted parameter regime. In particular,
the equilibrium points # = +1 need to be real saddles. In the present situation we want to
exclude bounded solutions in the stable manifold of u = 1, i.e., we can restrict the analysis
to the energy level £ = 0. This allows us to cover a larger range of 3-values, to be precise:
B > —*~—. This parameter regime includes cases where both equilibrium points u = +1

Vo)

are saddle-foci. To give an example, for our model nonlinearity f, = (u + a)(1 — u?) with
0 < a < 1 the result from Chapter 2 holds for 3 > +/8(1 + a). The equilibrium points u = 1
and u = —1 become saddle-foci for B < 1/8(1+4) and 3 < 4/8(1 — a) respectively. One
may compare this to the estimate o(f,;) > ﬁ Notice that this estimate, although sharp
for a — 0, is very blunt for a close to 1.
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For the description of unbounded orbits we use a modified Poincaré transformation
which we believe is of independent interest. We investigate the unbounded orbits, and
we will show that, in an appropriate compactification of the phase space, these orbits
must converge to a unique periodic orbit lying at infinity in the phase space. The analysis
at infinity largely relies on a global analysis of bounded and unbounded solutions of the
family of equations

u" +u* =0 with the convention that u° = |u[*'u, s > 1.

This equation is invariant under the scaling u(t) — ku(k's t) for all kK > 0. The analysis
of this equation is in particular used in the proof of finite time blow-up of unbounded
solutions, and, more importantly, to determine the behaviour of unbounded orbits for
0<cx1l.

From this analysis we conclude that the phase portrait for ¢ positive but small is dif-
ferent from the phase portrait for c large, which in turn is used to prove the existence of a
connection between —1 and 41 for some intermediate wave speed cy.

The organisation of the chapter is as follows. We start with some a priori bounds in
Section 5.2. In Section 5.3 we give the proof of Theorem 5.1, and in the Sections 5.4 to 5.6
the details of this proof are filled in. In particular, in Section 5.4 we perform an analysis
of the flow ‘at infinity’. Sections 5.5 and 5.6 deal with the analysis of the orbits in W*(1)
for small c and large ¢ respectively. Section 5.7 discusses the existence of travelling waves
connecting u = —a to u = £1; Theorems 5.2 to 5.5 are proved here. We conclude with
some remarks on open problems in Section 5.8.

5.2 A priori estimates

We establish a priori bounds on the wave speed c and the profile u for any travelling wave
connecting —1 and +1. The bound on the wave speed c holds for all 3 € R.

Lemma 5.6 Let f satisfy hypothesis (Hy) and let 3 € R. There exists a constant cy, de-
pending only on 3, F(—1), F(—a), and the upper bound M for f'(u), such that when c > 0
is a speed for which there exists a travelling wave solution of (5.3) connecting —1 to +1,
then ¢ < ¢y.

Proof. ~ Suppose u is a solution of (5.3) connecting —1 to +1. Integrating (5.5), we have

o0

—F(-1)=F1)—F(-1)=c / u’, (5.8)

—0o0

Multiplying (5.3) by u” and integrating (by parts) we obtain

/ u" + B / " = / (f)u' = / fluu® <M / =M= (C_l). (5.9)
Let u; € (—a,1) be defined by

F(—a)+ F(-1)

5 .
There must be points ty, t; € R, ty < t1, such that u(ty) = —a, u(t;) = uy and u(t) € [—a, u4]
for t € [to, t1]. The length of this interval is estimated from below by

F(uy) =

(i1 +a)* = (/tl u’(t)dt)2 < (t —to)? /tl W (82dE < ( — t)? —F(—l).

c
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On the one hand, because the energy ‘£ increases along orbits, we have
ti
/ (—u"(tyu'(t) + u”(t)2 u’(t)z)dt
fo

> /t (F(=1) — Fu(t)) dt

> (F(-1) — Fu)(t — 1) = -0 FED

F(—1) — F(—a)

- 2 —F(=1)

We now first restrict to the case that 3 > 0, and come back to the other case later on.
Using (5.8) and (5.9), we obtain the estimate

(t1 — to)

(uq +a) (5.10)

/t1 (_u’”(t)ul(t) + %ull(t)Z + gu'(t)z)dt

</ tl(%(u’”(t)%u”(t)z) 2P a
: F( 0

< (Mmax{ 1} +14B) (5.11)

By combining (5.10) and (5.11) we obtain

F(=1) — F(-a)
2

F( )

< (Mmax{-, L

(1 +a) B’

C
“FCD S 1} +1+48)

Since also

F(-1) ; F(=a) _ F(uy) — F(—a) < %(ul +a)%,

it follows that _F(=1)

F(=1) = F(=a)’
This completes the proof of the lemma for the case that 3 > 0.
We now deal with the case 3 < 0. The first part of estimate (5.11) is replaced by

B

c< M%(Mmax{%,l}-l—l—l-ﬁ)%

/l(_uul(t)ul(t)_I_ %ull(t)Z_I_ ul(t)Z)

< /_ N (%u’"(t)z + Eu"(t)2 + %u’(t)z)dt

[o.e]

- /OO (402 + B 02 + (5 — B)u" (0 — S + 22l (07t

[o.9]

w 4B — 4
S / (um(t)z + Bu//(t)z + ﬁ < /3 + 5u’(t)2) dt,
where we have used that [ u"? <A o ou" 24 =5 u'? for all A > 0. The remainder of
the proof is the same as above. a

The L*-bound on the profile u holds for 3 > 0, or equivalently, for all y > 0.

Lemma 5.7 Let f satisfy hypothesis (Hy) and let 3 > 0. There exists a constant C,, de-
pending only on 3, F(—1), F(—a), and the upper bound M for f'(u), such that when u is,
for some ¢ > 0, a travelling wave solution of (5.3) connecting —1 to 41, then F(u) > C;.
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Proof. = We may suppose that there is a connection u with range not contained in the
bounded interval {u € R|F(u) > F(—a)}, otherwise we already have our desired uniform
bound. Therefore, without loss of generality we may assume that

F(u(0)) = min F(u(t)) < F(~a). (5.12)

We consider the case where u(0) < —1 (the case u(0) > 1 is completely analogous).

Since
E(u,u',u",u")(t) € (P(—l), F(l)) = (F(—l), 0) forallt € R, (5.13)

we clearly have that

u(0) < =1, w'(0)=0, 0< \/Z(F(—l) — Fu(0))) < u"(0) < v/—2F(u(0).

We now consider two cases: u"'(0) > 0 and u"'(0) < 0. We start with the latter case. Since
u(t) tends to an equilibrium point as t — —oo, there exists a t; < 0 such that u"(t) < 0 for
t; <t < 0and u"(t;) = 0. Equation (5.5) implies that

—u' (Ou""(t) + F(u(t)) — F(u(0)) = —% (u"(t)* — u"(0)%) — gu'(i})2 + c/t u'(s)’ds.  (5.14)
0

By (5.12) we know that F(u(t1)) > F(u(0)), so that

1 " 2 )2 E ! 2 _ ° 1(c)2

2(u (t)* —u"(0)%) + i (t)* < —c | u'(s)°ds.

ty
Since 1" (t) decreases on (t1,0) and f3 is positive, this implies that ¢ < 0, a contradiction.
We now deal with the case that u"(0) > 0. Since ©""""(0) > 0 by the differential equation,

and since u(t) tends to an equilibrium point as t — oo, there exists a t, > 0 such that
u"” () > 0for 0 <t <t and u"'(t;) = 0. By (5.12) we know that F(u(t,)) > F(u(0)). Since
3 > 0, it follows from (5.14) and the fact that u”(t) increases on (0, t,), that

ty o0
gu’(t;l)2 < c/ u'(s)ds < c/ u'(s)*ds < —F(=1). (5.15)
0 —00
Furthermore, from the fact that u"(t) increases on (0, t;) we infer that
u"(O) <u'(t) < u'(t) for t € [0, f]. (5.16)

On the one hand it follows from (5.15) and (5.16) that £u/(t,)* < ¢ f0t2 u'(s)?ds < cu'(t,)*t,,
hence 8
> —. .
> (5.17)
On the other hand it follows from (5.15) and (5.16) that —F(—1) > ¢ fotzu’(s)zds > 1etju”(0)%
Combining with (5.17) we thus obtain that
—24c%F(—1)
/3 '
This gives a bound on 1"(0)?, because it follows from Lemma 5.6 that the wave speed c is
bounded above by a constant ¢y (3, M, F(—a), F(—1)).
Finally, by (5.12) and (5.13) we have

u'(0)* <

F(u(t)) > F(u(0)) > F(-1) — %u”(O)z forall t € R.

This completes the proof of Lemma 5.7. a
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5.3 Proof of Theorem 5.1

In this section we give the proof of Theorem 5.1. Some of the major steps, which require
a quite involved analysis, are only stated as a proposition in this section and are proved
in subsequent sections.

We first use the a priori bounds of Section 5.2 to reduce our analysis to nonlinearities
f(u) of the form f(u) = —u® + g(u), where ¢(u) has compact support. The advantage of
such nonlinearities is that they behave nicely as © —+ o0, and it will thus be possible to
analyse the flow near/at infinity.

Let f(u) satisfy hypothesis (Hy). Lemma 5.7 implies that there exists a constant Cy such
that any travelling wave solution u connecting —1 to +1 satisfies ||u|| < Co. Define the
cut-off function ¢ € CP with0< ¢ <1, ¢p(y) = 1 for |y| < Cp, and ¢(y) = 0 for |y| > Co+ 1.
We now consider the modified nonlinearity f (u) = pu)f(u) — u*(1 — ¢p(u)). Lemma 5.7
ensures that u is a travelling wave solution for nonlinearity f(u) if and only if u is a
travelling wave solution for nonlinearity f (u). Besides, o(f) = o( f ). This shows that we
may restrict our analysis to nonlinearities f(u) such that

f(u) = —u+ g(u) with g compactly supported, and f satisties hypothesis (Hy). (5.18)

The purpose of the reduction to nonlinearities f which satisfy (5.18) is that it makes it pos-
sible to analyse the orbits which are unbounded. An important property of unbounded
solutions, which we will need in the following, is formulated in the next lemma.

Lemma 5.8 Let f satisfy hypothesis (5.18) and let 3, c € R. Then any unbounded solution
of (5.3) blows up in finite time.

This lemma is proved in Section 5.4.5, Theorem 5.18b, and is based on the analysis of the
flow near/at infinity.

As already discussed in the introduction, denote the wave speed by c. For finding a
travelling wave we set u(x, t) = U(x 4 ct), which reduces (5.1) to the ordinary differential
equation (5.3). Written as a four-dimensional system, (5.3) becomes

u=v v=w w=z 2z=pw-co+ f(u). (5.19)

The equilibria of this system are (1, v, w,z) = (—1,0,0,0), (1,9, w,z) = (—a,0,0,0) and
(u,v,w,z) =(1,0,0,0) (for short: u = —1, u = —a and u = 1). To prove Theorem 5.1 we
look for a ¢ # 0 and a corresponding heteroclinic orbit of (5.19) connecting u = —1 to
u = 1. Linearising around u = %1 we find that, irrespective of ¢, bothu = -l and u =1
have two-dimensional stable and unstable manifolds, denoted by W*(£1) and W"(£1).
Generically W*(1) and W"(—1) will not intersect but varying c we expect to pick up a
non-empty intersection.

We recall that the energy is defined as

E(u,v,w,z) = —vz + %wz + gvz + F(u),

where the potential F(u) = flu f(s)ds is depicted in Figure 5.1. Since we are looking for a
solution of (5.3) which connects u = —1 to u = 1, we see from (5.5) that we can restrict our
attention to ¢ > 0. The energy E thus increases along orbits.
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Figure 5.1: The potential F(u) and the energy level E separating u = —a from u = +1.

To separate the equilibrium point u = —a from u = %1, we choose an energy level E,
such that (see also Figure 5.1)

F(—a) < Ey < F(—1) <0,
and we define the set
K= {(u,0,w,z) € R*| E(u,v,w,z) > Ey}. (5.20)
This allows us to formulate the following lemma:

Lemma 5.9 Let f satisfy hypothesis (5.18) and let 3 € R. If ¢ > 0 is such that W*(1) N
W*(—1) = @, then every orbit in W*(1) enters K through its boundary 6K and F=ws1)n
0K is a simple closed curve. The set of positive c for which this property holds is open
and I varies continuously with c.

Proof. Inview of (5.5) the intersection of W*(1) and 6K must be transverse. Assume that
Ws(1) N W*(—1) = &. We need to show that every orbit in W*(1) can be traced back to
0K, for then there is bijection between W*(1) N 6K and a smooth simple closed curve in
W; (1) winding around u =1 (in W} (1)). Arguing by contradiction we assume that there
is an orbit in W*(1) which is completely contained in K. Let u(t) be a solution representing
this orbit. Then u(t) exists on some maximal time interval (fmin, 00). Since u(t) has energy
larger than E,, it follows from (5.5) and (5.20) that

o0 F(1)—E —E
/ W< ( )C 0 _ : 0 (5.21)
t

so that u(t) remains bounded on (tmin, 00) if tmin is finite. Therefore tni, = —oo and, by
Lemma 5.8, u(t) is bounded. It follows from standard arguments that the orbit converges
to a limit as t + —oo. Because u = —1 is the only equilibrium in K with energy less
than the energy of u = 1, we infer that u(t) € W*(—1). This contradicts the assumption
that W*(1) N W*(—1) = &. The second statement is an immediate consequence of the
(topological) transversality of W*(1) N 6K. O

It now suffices to show that there is a ¢ > 0 for which the assumption of Lemma 5.9
fails. Again arguing by contradiction, we assume that Lemma 5.9 applies to all ¢ > 0 and
search for a topological obstruction. This requires a description of 6K that allows us to
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S,
0?,3// Q

)
L0
T

Figure 5.2: The projection (in grey) of 6K onto the (u, z)-plane. The closed curves which
form the boundary of the grey area are given by Equation (5.22). The other two curves
depict I' (i.e., the projection of W*(1) N 6K onto the (u, z)-plane) for small c and large c.

form a global picture of this set. To this end we write 6K as (with 3 > 0)
ﬁ 1 1, 1

‘ v —z) +5w = — F(u) + —ﬁz }

In Figure 5.2 we have plotted the projection of 6K onto the (u, z)-plane. For (u,z) lying

inside one of the two closed curves (see Figure 5.2) defined by

0K = {(u,v,w,z) eR?

— F(u) + _/32 =0, (5.22)

every (1, v, w, z) belongs to K, hence there are no points in 6K with (u, z) lying inside these
two closed curves. For (1, z) lying outside the two closed curves we have that (1, v, w, z) is
in K if (v, w) is outside the ellipse defined by 5 (U — —z) —|— 1w? = 0. We conclude that the
projection of 5K onto the (u, z)-plane is the region outside the two closed curves defined
by (5.22), see Figure 5.2.

The projection of 5K onto the (1, z)-plane maps I = W*(1) N 5K, which by assumption
exists for all ¢ > 0, to a closed but not necessarily simple curve I" in the (u, z)-plane for
which the winding numbers* n(I", —=1) and n(I", 1) around (u, z) = (—1,0) and (&, z) = (1,0)
respectively, are well-defined and independent of ¢ (by continuity). However, the fol-
lowing proposition establishes the configuration depicted in Figure 5.2, contradicting the
assumption that W*(1) N W*(—1) = @ for all ¢ > 0, and thereby completing the proof of
Theorem 5.1.

Proposition 5.10 Let f satisty hypothesis (5.18).

1 — — —
(a) Letf > WET > 0 such thatn(I',—1) =1 and n(I",1) =1 for all
0<c<ec,.
(b) Let 3 € R. Then there exists a c* > 0 such that n(I"',—1) = 0 and n(I",1) = 1 for all
c>c".

*We may choose the orientation of the simple closed curve in W{ (1) winding around u = 1 in such a way
that its projection onto the (u, z) plane has winding number equal to +1.
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Part (a) of Proposition 5.10 will be proved in Theorem 5.22 in Section 5.5, while Part (b) is
proved in Section 5.6, Theorem 5.24.

5.4 C(lassification of unbounded solutions

In this section we investigate the behaviour of unbounded solutions, or in other words,
we analyse the flow at infinity. This analysis is relevant both for the proof of finite time
blow-up of unbounded solutions, and to determine the behaviour of unbounded orbits
for 0 < ¢ < 1. We have argued in Section 5.3 that we may restrict our attention to nonlin-
earities of the form f(u) = —u® + ¢(u), where ¢(1) has compact support. It turns out that
the flow for large u is governed by the reduced equation u"” 4+ u®> = 0, i.e., only the highest
order derivative and the highest order term in the nonlinearity play a role at infinity. In
the following sections we investigate the reduced equation, and in Section 5.4.5 we come
back to the full equation.

5.4.1 A modified Poincaré transformation

We analyse the reduced equation
u” +u* =0 with the convention that ° = |u|* 'u, s > 1, (5.23)

and we use this notational convention throughout. Written as a system, (5.23) reads
X] = Xo;  Xp = X3, X=Xy Xy = —Xj, (5.24)
"

where x1, X3, x3 and x4 correspond to u, u’, u" and u
(or Hamiltonian)

. Note that for this system the energy

2 s+1

X kst
H(x1, X0, X3,%3) = —xpx, + 22 — 121
(1/ 2743, 4) 244 2 P 1

is a conserved quantity.

Introduce five new dependent variables X;, X,, X3, X4 and X5 > 0 by setting
X;
X0
where the exponents a; are to be chosen shortly. Unbounded orbits of (5.24) will cor-

respond to orbits in the new variables with X5 approaching zero. By substituting (5.25)
in (5.24) we obtain the equations

X, = (i=1,2,3,4), (5.25)

XsX) — o Xi Xh = XpXith%, (5.26a)
XsXy— mXoXh = XaXot2%; (5.26b)
XsXj— a3 X3 Xh = Xy Xoto; (5.26¢)
XsXy —ay Xy Xt = —X;XatH™m, (5.26d)

with a fifth equation pending. We choose the exponents in such a way that all the expo-
nents in the right-hand sides of (5.26) are the same, i.e,

bE14+a—ar=14+ay—a3=1+a3—a,=1+a, —say.
Solving for a4, ay, as, a, and b we find

a1 =4A, aa=06+3)A a3=25s4+2)A; ay;=@Bs+1A;, b=1—-(s—1)A, (5.27)
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where A is still free and, for the moment, positive. We close system (5.26) by imposing as

a fifth equation
X; X1+ XoX; + XX + Xu Xy = 0. (5.28)

If we multiply (5.26a-5.26d) by X3, X5, X5 and X, respectively, and add up the resulting
equations, we obtain

PX. = —%ng. (5.29)
Here we have set
P E 41X, + (34 5)X3 + (24 25)X2 + (1 + 35)X3, (5.30)
which is non-negative, and
Q= Xj(X2 — Xy) + X3(Xa + Xa).

Introducing a new independent variable, we write
. 1
X5 = PXS XL = —5QXs, (5.31)

where the dot denotes derivation with respect to this new independent variable from
which the old one may be recovered by integration. Thus, combining (5.31) and (5.26),
we arrive at the system

Xi = XoP—-4X,Q; (5.32a)
X =  XzP—(3+435X0; (5.32b)
X; =  XyP—(2+29X:0; (5.32¢)
Xy = —=X{P—(14+35)X,0. (5.32d)

Note that X5 has been decoupled from the equations. By construction (the choice
of (5.28)) the system (5.32) leaves the surfaces
s+1 2 2 2
sl xxy | BB, B X oclag 6
invariant for all Cy > 0. The free parameter A only appears in (5.31) and may be discarded.

The Poincaré transformation (5.25) is used here to blow up the flow near ‘infinity’. As
will be explained in Section 5.4.4 this is equivalent to blowing up the flow near the equi-
librium point u = 0. This blowing-up technique is frequently used in the study of flows in
the neighbourhood of non-hyperbolic equilibrium points (see e.g. [60, 61, 110]). The trans-
formation defined by (5.25) and (5.33) is a variant of the standard Poincaré transforma-
tion, which has a; = a; = a3 = a4 = 1 and imposes as fifth equation that X7 + X3 + X3 +
X? + X2 be constant, so that the transformed problem is situated on the Poincaré sphere.
The modification presented above, in particular the choice of exponents, is needed to ob-
tain a non-trivial vector field at infinity from which we may derive the qualitative proper-
ties of the flow of the system (5.24) near infinity. The values of the exponents are derived
from the invariance of (5.23) under the scaling u(t) — KM(K% t).

In Equation (5.28) we have chosen not to include a term X5X! and to modify the ex-
ponent of X;. This simplifies the new vector field and allows the decoupling of the Xs-
equation. Note that instead of a Poincaré sphere we now have a Poincaré cylinder IT,
namely the topological product of the deformed sphere £ and the positive Xs-axis:

def

M= {(X1/X2/ X3/ X4/ X5) | (X1/X2/ X3/X4) € Z'/ XS Z 0} = 83 X [0/ OO)
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The flow of (5.24) is completely determined by the flow of (5.32) on £. Therefore we have
a reduction from dimension 4 for (5.24) to dimension 3 for (5.32). The roles of X5 = 0 and
X5 = oo can be reversed by changing from positive to negative A at the expense of a minus
sign in (5.31).

Remark 5.11 The choice of Cy > 0 in (5.33) is arbitrary, because the flows on all spheres
I are C'-conjugated (modulo the introduction of the new independent variable in Equa-
tion (5.31)). This is in fact the very idea of Poincaré transformations, namely that we
divide out the invariance of (5.23) and focus on the resulting flow. From a more abstract
point of view one can construct a flow on the quotient manifold (R*\{0})/R" = S° via
the scaling invariance u(t) — Ku(K%i’) (Rt-action), see [109] for more details. Our con-
struction involves explicit choices of coordinates, for which the flows, by general theory,
are all related by conjugation.
To be explicit, let X; and Y; be two sets of Poincaré coordinates, i.e.,

X Y; .
Xi= =5 = — fori=1,2,3,4,
t Xgl Ygl
with constraints
X X3 X5 X
m+7+7+7 == Co, (5.34a)
Y s+1 Y2 Y2 Y2
LETRESNRE IR PN Ci. (5.34b)

s+1 2 2 2
When we define u = );—:, then the two sets of coordinates are related by

X5 = uYs and X;=u"Y; fori=1,2,3,4. (5.35)

Substituting this into (5.34a) we obtain

2

Y|s+1 YZ YZ Y
G(Y1, Yy, Y3, Yy, 1) = (s+l)u1|17 2ay 12 2a3 13 20574 _ o
(Y1,Y2, Y3, Yy, u) = 1 s—|—1+“ 2+u 2+u2 0

Since % > 0 for all Y; that obey (5.34b), it follows from the Implicit Function Theorem that
n(Y1,Y2,Ys,Yy) is a differentiable function. It is now easily seen from (5.35) that X; and Y;
are related by a C'-conjugacy. Therefore, we may choose the constant Cy according to our
liking to obtain a description of the flow that is most suitable to our needs. .

5.4.2 The flow at infinity

For the analysis of (5.32) we first observe the following.
Lemma 5.12 System (5.32) has no stationary points on X for any Cy > 0.

Proof.  Since X; = X, = X3 = X4 = 0 is excluded we have that P, defined by (5.30), is
positive. Equating the right-hand sides of (5.32) to zero and considering the resulting
equations as linear equations in P and Q, it follows that we can only have solutions if
every determinant of every pair of two equations vanishes. This would give for instance
that

< (2425)X5 = (349X Xy,
< AIX T = — (14 35) X0 X,
We conclude that X, Xy = 0 and with any of the X; = 0 the others follow immediately. O
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We next use the conserved quantity to obtain a further reduction from dimension 3 to
dimension 2 for the limit sets of orbits of (5.26) which approach infinity (X5 — 0) or the
origin (X5 — o0o). In the new variables the Hamiltonian is

X3 |X1|S+ _a)(
H=(-XX X,

( 2t 2 s+1 )

Denote the first factor of H by Hy:
. X? X, |5t

Ho ¥ —X,X, + 73 - % (5.36)

Since H is a conserved quantity, we conclude that for A > 0
Xs—=0 & Hy—0. (5.37)

For the classification of unbounded orbits we have to analyse the flow restricted to the
invariant set given by

T £ {(X1,X,X3,Xs) € £ | Hy=0}
|X1 |s+l X% X?% XZ XZ |X1 |s+1
= X /X /X /X DY - =C 4 = XaX
{03 %,%) 41 T2 T2t =6 2Rt +1}
This set is a topological torus as can be seen by setting
&+ ¢ &—¢&
Xi=&; Xp= 2 ; X3=4&; Xy4= 2 4, (5.38)

V2’ V2

so that, in terms of the &-variables,

{(51,52,53,54) \ |«£1|S+1 +& =8+ = co} =~ Sl x St (5.39)

Clearly we have that T is the product of two topological circles, one in the (&3, &,)-plane,
the other in the (&3, &4)-plane.

Lemma 5.13 Lets > 1 and fix the constant Cy, > 0. Then there exist precisely two periodic
orbits A_ and A, of (5.32) on the torus T.

Proof.  The proof is based on the observation that the coefficient Q in (5.31), which after
transforming by (5.38) reads

Q = V2(& &+ &rés), (5.40)
plays a double role. Obviously it determines which parts of infinity attract solutions
towards X5 = 0, in forward and in backward time. We begin by showing that Q can also

be seen as minus the divergence of the vector field restricted to the invariant torus T.
From (5.32) and (5.38) we derive

i = 52\2‘5413—4&@; (5.41a)
b = ‘53;113—«2+2s)52+<1—s)a4)Q; (5.41b)
by = 52\%£4P—(2+25)63Q; (5.410)
& = 25 (- 96+ @+298)0. (5.41d)

V2

We parametrise T by “polar coordinates’

&= h(P); &=g1(d); &=/ (0); &i=g(0), (5.42)
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|

0
Figure 5.3: A fundamental domain of the torus, in which T_, Ty and Tj are indicated
(schematically).
satisfying

fi==8u &i=f; h=-8 &= (5.43)
Note that when Cy =1 and s = 1 we just have
&1=cos¢;, & =sing; &3 =cosO; &4 =sinb.
From (5.41a), (5.41c), (5.42) and (5.43) we derive that on T the flow is given by: .

._i__ fl

0 = %(1 — )+ 2(s + 1)Q§— = w,(¢p, 0), (5.44b)

where in terms of f1, 41, f2, $2,
P=4(s+1)Co+2(1-5)g1g2, and Q= v2(fig: + fog1).

The functions w; and w,, defined in (5.44), appear to have singularities, but using (5.39)
they can be written as

wi$,0) = V2[=2s+1)Co— (s+ )18+ (s = 1)g3 +4f1f2],
wa(,0) = V2[2s+1)Co— Bs + Dgig2 + (5 — Dgi +2(s + Dfi .
Taking the divergence of the vector field w we obtain (using (5.43),

= wi(¢,0), (5.44a)

Vow= %—i‘; + %2 = /25— 39)(fis: + fog) = ~Bs +5)Q.

Next, we split T into
T+ = {(Xl/ XZ/ X3/ X4) | Q > 0} and T_ = {(Xl/XZI X3/ X4) | Q < 0}
These two sets share the boundary

TO = {(Xl/XZI X3/ X4) | Q = 0}/

which, in view of (5.39) and (5.40), consists of two topological circles, which both wind
once around the two homotopically distinct simple loops on the torus (see Figure 5.3). We
will show in Lemma 5.14 that, when C is chosen properly, an orbit can only pass through
Tp from T_ to T,. It then follows from the negativity of V - w in T, and the winding
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properties of T on T, that T, contains precisely one periodic orbit. The same statement
holds for T_ with respect to the backward flow on T.

To be precise, we deduce from (5.42), (5.43) and (5.39) that we may choose &3 = f,(6) =
v/Cocos 6. Define the set S = {(0,¢) € T|0 = 2}, and it follows that

9‘5 = V2[2(s +1)Co — Bs + 1)y/Cog1 + (s — D).

Since |g1| < 4/Cy, it is easy to check that 6], > 0, and equality only holds at the point
where ¢; = /Cy. By continuity arguments the orbit through this point also crosses S in
the direction of increasing 6. Thus S is a global section for the flow on T. Moreover,
the return map is well-defined, since there is no point in T for which the forward orbit
is contained in T \ S. Indeed, such a forward orbit would either be contained in T_ or
eventually be in T, because T is positively invariant and orbits can only pass through Ty
from T_ to T;. In the absence of equilibrium points (Lemma 5.12) its w-limit set would
be a periodic orbit. However, there would have to be an equilibrium point inside this
periodic orbit, contradicting Lemma 5.12. Hence the return map is well-defined. The
intersection S N (T U Ty) consists of the line segment {(6,¢) € T'|0 = 7, fi(¢) > 0}. The
return map maps this line segment into itself, which implies the existence of a periodic
orbit in T,. Similarly there exists a periodic orbit in T_. The return map is contracting
in T, and expanding in T_, since the divergence of the vector field is negative in T, and
positive in T_. This proves the uniqueness of the two period orbits and shows that all
other orbits on the torus T have A _ as a-limit set and A, as w-limit set.

We remark that the same conclusion can be reached by combining the Poincaré-Ben-
dixson theorem for flows on the torus with Morse theory for Morse-Smale flows.

Finally, note that although the preceding proof needs Cj to have a particular value (see
Lemma 5.14 and Equation (5.47)), the statement in Lemma 5.13 is true for any choice of
Co > 0 (see Remark 5.11).

Another observation is that the linear case s = 1 may be treated by direct computa-
tion, i.e., by transforming the general solution of the then linear equation (5.23) to the
X-variables. O

We still have to show that an orbit can only pass through T from T_ to T.

Lemma 5.14 Lets > 1. There exists a Cy > 0 such that orbits on T can only pass through
Ty in the direction from T_ to T, .

Proof. We deduce from (5.40) and (5.41) that
Qlo = P(|£1|25 +E+E+E+ GG - D&+ 54)54) : (5.45)

Notice that for s = 1, P is positive on T (see (5.30)), thus Q| 0=0 > OonT. Fors > 1 we
define R as the second factor on the right-hand side of (5.45) and simplify it using the
expression (5.39) for T:

R Z |&+ &2+ 4824641 =D&+ )i
2
= 2Co+ |&* - S—I——1|£1|S+1 -(1- S|51|S_1)(52 + &4)é4- (5.46)

From (5.39) we infer that
2 11 2
(&2 4+ &)és < ((Co — S-I-—1|£1|SH)% +CHC =C(1+(1 - ———

s+1y3
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Fix

Co= 2 (1)“, (5.47)

and set I
|&1] = x (—)S_l, where 0 < x < 1.
s

It follows that

s+1
R > 2 (é) — (2 n s+ 1x25 _ xs+l _ (1 _ xsfl)(l 4 (1 _ xs+l)%)>

- s+1 2s
s+l
=5 i (5) (e et e o e - e
2 1 Zi—_l S 5 s 1 s 11 o S+]_ s
= 5(5) (@=wMia - - - )+ 4 ),

Since 0 < x <1 we see that R > 0 unless x = 0. Looking at (5.46) we infer that R can only
be zero if & = & =0 and & = & = £4/Cy, or, in terms of the X, if X; = X3 = X, = 0. By
continuity arguments it follows that also in these two points the orbits go from T_ to T.
Thus, with the particular choice of Cy given by (5.47) we have indeed that T, is positively
invariant and T_ is negatively invariant. a

Having proved the existence of precisely two periodic orbits, A_ and A, on the torus
T, we analyse some of their properties.

Lemma 5.15 The three non-trivial Floquet multipliers of /A are contained in the interval
(0,1), and the three non-trivial Floquet multipliers of A_ are contained in the interval
(1, 00).

Proof.  Restricted to T the nontrivial Floquet multiplier of A equals (see e.g. [125,

p- 198])
exp(}{\ % w) = exp(?{\ —(3S+5)Q>.

Since Q is uniformly positive on A, this Floquet multiplier lies in the interval (0, 1).
Close to the periodic orbit A, we choose ¢, 8, X5 and Hj as coordinates on the Poincaré
cylinder IT, where Hy given by (5.36). Since H = HyX; """ is a conserved quantity on
IT, it follows from (5.31) that

H() = —4(5 + 1)Q Ho.
Together with (5.31) this implies that the other Floquet multipliers are

exp(j{\ —4(5—|—1)Q) and exp(ﬁ —%Q),

which are in (0, 1) as before. Thus A, is exponentially stable. The statement for A_ is
obtained by time reversal. O

Lemma 5.16 Every orbit (other than A\, ) on the sphere X, has /A_ as a-limit set and /.
as w-limit set.

Proof.  We have already dealt with the flow on the torus T in Lemma 5.13. Orbits of the
flow on the complement £ \ T of the torus T on the sphere X, correspond to solutions
with non-zero Hamiltonian H. Since X5 does not appear in (5.31), the motion on X is
independent of Xs5. Let X5 # 0, then the dynamics of X5 are governed by (5.32), and the
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motion takes place in the part of the Poincaré cylinder IT that corresponds to the finite
part of phase space in the x-variables. In other words, orbits of the flow on the set £ \ T
correspond to solutions of (5.24) with non-zero Hamiltonian.

Since H = Hyp X &+ and Hy is bounded on I (because £ is compact), it follows that
for such orbits X5 remains bounded, i.e., in x-variables the solution stays away from the
origin. Thus orbits in X \ T are bounded in the X-variables and hence have nonempty
invariant a- and w-limit sets. We have to show that these limit sets can only be the two
periodic orbits A_ and A, provided by Lemma 5.13. To this end it suffices to show that all
solutions of (5.23) with H # 0 are unbounded in forward and backward time, i.e., X5 — 0
along a sequence of points in forward and backward time.

Postponing the proof of the unboundedness of solutions with H # 0, we first show
how unboundedness in backward and forward time implies that A_ and A, are the «-
and w-limit sets. By (5.37) X5 — 0 implies that also Hy —+ 0. An unbounded orbit thus
comes arbitrary close to the torus T. We choose an open tubular neighbourhood A¢ of
A_in T, such that Q < 0in A%. Clearly all orbits starting in T \ A% tend to A in forward
time. Note that TyU T, C T \ A°. By compactness of T and since /. is asymptotically
stable (see Lemma 5.15), there exists an open neighbourhood T¢ of T'\ A¢ in IT such that
all orbits starting in T¢ tend to A, in forward time. Since an orbit which comes close to
X5 = 0 (and thus close to T), can only do so with non-negative Q, it enters T and hence
tends to /.. The statement for A_ follows by time reversal.

We still have to prove that any solution of (5.23) with non-zero Hamiltonian is un-
bounded in forward and backward time. We recall that solutions with H # 0 stay away
from the origin. If an orbit would be bounded in backward or forward time, then its
(nonempty) - or w-limit set would consisted of bounded orbits, i.e., orbits which are
bounded for all time. However, this is not possible, because it has been proved in [96]
that (5.23) admits no bounded solutions except u = 0. Here we present a different proof
of the fact that (5.23) admits no bounded solutions except u = 0, because we need to ex-
tend this result to more general situations (see Remark 5.17).

Assume, by contradiction, that u # 0 is a bounded solution of (5.23). First observe that
if u tends to a limit as t — +o00, then this limit can only be 0. It follows that u attains
at least one positive maximum or one negative minimum. Switching from u to —u if
necessary, we may suppose that u attains a positive maximum at ¢y:

u(t)) >0, u'(t) =0, u"(tp) <O0.

Changing from f to —t if necessary, we may assume that u"(ty) < 0 and apply an oscilla-
tion argument from Section 2.4, which we repeat here for the sake of completeness. There
exists a t* > to such that u"'(t) < 0 for ty < t < t* and u"'(t*) = 0. Using the fact that,
H=—y'y" + %ulﬂ . S_{_Ll|u|s+l

is constant, it follows that u(t*) < —u(ty) and that the next minimum must occur at t; > t*
with u(t;) < u(t*) < —u(ty) and both u"(t;) and u"'(t;) positive. Repeating this argu-
ment we obtain a sequence t; < t, < t3 < ..., in which u(t) has non-degenerate extrema
with |u(ty)| < |u(tz)| < |u(ts)| < .... By assumption these extrema remain bounded, say
lim;, |u(t;)] = a € RY, and the derivatives are bounded as well. A compactness argu-
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ment now shows that there must be a solution i of (5.24) in the w-limit set of u with
i(t)=a, #'(t)=0, a"(t) <0, and @"(t)) <0 atsome ty € R,

and such that |ii(f)| < a for all t € R. However, when we apply the above argument to
il we obtain that 7I < —a at the first minimum to the right of ¢;, a contradiction. This
completes the proof of Lemma 5.16. O

Remark 5.17 The oscillation argument above will be applied several times in this chapter
to differential equations that differ from the present one. It holds that any solution of (5.3)
with ¢ = 0 and 3 > 0 which does not have its range contained in

{u e R[F(u) 2 F(-a)},

oscillates towards infinity either in forward or in backward time in exactly the way de-
scribed above (the additional second order term does not cause any difficulties). For more
details we refer to Section 2.4. °

5.4.3 The reduced system in the linear limit

We have shown in the previous section that for any s > 1 the flow of (5.23) is basically
governed by two periodic orbits at infinity. For the linear equation (s = 1) this was already
observed (in a broader setting) by Palis [110]. The analysis thus shows that the behaviour
for all s > 1 is largely analogous to the linear equation. In this section we make some
observations about the limit s | 1.

Let us rewrite this system as

X = V(X/S)/ X = (XIIXZI X3/ X4) (548)

Then the vector field V(:,s) is continuously differentiable for every s > 1 and the first
order partial derivatives are bounded on compact sets, uniformly in s > 1. We do not
have that V(-,s) — V(-,1) in C._because of the term X; appearing in V, but we do have
that V(-,s) = V(-,1) uniformly on compact sets. Therefore the orbits of (5.48) with s > 1,
which are bounded uniformly in s in view of (5.33), converge to orbits of (5.48) withs =1

as s — 1. More precisely, the solution map

(1,&,8) = X(T;£,5),
where X(T;¢,s) is the solution X(T) of (5.48) with X(0) = ¢, is continuous on R x R* x
[1, 00). In particular, this implies that the two periodic orbits A_ and A, depend continu-

ously on s for s € [1, 00).
In the limit case s = 1 the two periodic orbits on

T= {(El/ 52/ 53/ 54)| 512 + E,% = £,§ + EZ = CO}

are given by

E1é3 — &84 =10, (5.49)
or in terms of (5.42), by ¢ + 0 = 7. This can be seen from a second conservation law that
exists in the linear case: multiplying u"" 4+ u = 0 by u"" we infer that 11" 24 uu’ — u' %is
constant. In particular, after transforming to the X-variables,

1 1
EX‘% + X1 X5 — Exg =0

is invariant, whence (5.49), which defines two circles on the torus T.
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Figure 5.4: A schematic view of the flow on the Poincaré cylinder IT for the equa-
tion u"" + u® = 0. The role of X5 = 0 and X5 = oo is reversed when A is negative.

5.4.4 Small solutions

We observed in Section 5.4.1 that the role of X5 = 0 and X5 = oo may be reversed. This is
a direct consequence of the scaling invariance of (5.23). Therefore we may also use (5.25)
for the analysis of small solutions to (5.23). The situation is depicted schematically in
Figure 5.4. We simply apply (5.25) with a negative A so that X5 — 0 corresponds to u — 0.
This only changes the sign in the Equation (5.31) for X5 and means that the orbit A now
lies in the part of X5 = 0 which repels solutions with X5 > 0. Hence the stable manifold
of A, is contained in IT N {Xs = 0}. The unstable manifold of A, is given by the direct
product A, X {X5| X5 > 0} and has dimension 2. In the original variables it is the unstable
manifold of u = 0 if s = 1 and the center-unstable manifold if s > 1. Likewise, the stable
manifold of A_ is A_ X {X5| X5 > 0}, i.e., the direct product of A_ and the positive Xs-
axis. As we have seen in Section 5.4.3, the limit s — 1 is well behaved in the X-variables.

We will use this analysis of the behaviour near the equilibrium point u = 0 in Sec-
tion 5.5 to perform a continuous deformation of the stable manifold for s =1 to the
center-stable manifold for s > 1. We remark that, based on the similarity of the linear
and nonlinear problem, the equilibrium point u = 0 of (5.23) for s > 1 can be considered
as the nonlinear equivalent of a saddle-focus.

5.4.5 The full system

Applying the Poincaré transformation (5.25) with exponents (5.27) to the full differential
equation (5.3), or more generally, to

! . ! . ! . !
Xy =Xy, Xy =X3; X3=2x4 Xy = D(x1,X2,X3,Xs),

we arrive at
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X = X,P-4X,Q, (5.50a)
X, = X3P—(3+95X,0Q, (5.50b)
X; = X4P—(2+25)X:0, (5.50¢)
X, = YP—(1+35)X4Q, (5.50d)
) 1
X5 = — XXSQ , (5506)
where
Q=XiXo + Xu¥ + X3(Xao + Xy), (5.51)
and

X, X X3 X4 ) ,

Y= Xg‘;“qb( :
AA7 x(B+S)A7 3 (2+25)A (143s)A
X5 XS X5 X5

In the case of (5.3) we have
D(x1, X2, x3) = Bx3 — cx2 + f(x1),

where f(x;) = —x} + g(x1) with g(x1) compactly supported. With s =3 and A = ] we thus
obtain .
W= X3+ BXsX2 — X X3 + g(fg) X8, (5.52)
5

The last term in (5.52) is C? and has its derivatives up to second order vanishing in X5 = 0.
The extra terms are thus at least quadratic in X5 for small X5. Therefore the local analysis
near X5 = 0 and in particular the Floquet multipliers of A, in the previous section are
completely unaffected. The flow on the sphere £ at infinity is identical to the flow for the
reduced equation (5.24). Only the flow on IT \ X is different. Note that in this analysis it
is essential that the exponent s is larger than 1. We have the following theorem (compare
Lemmas 5.13, 5.15 and 5.16).

Theorem 5.18 Let f satisfy hypothesis (5.18) and let 3,c € R.
(a) The stable periodic orbit A, of (5.32) is an asymptotically stable periodic orbit of the
tull system (5.50) with non-trivial Floquet multipliers in (0, 1). Every solution of (5.3)
which is unbounded in forward time corresponds to a solution of (5.50) having A,

as w-limit set. A similar statement holds for solutions unbounded in backward time
and N_.

(b) Unbounded solutions of (5.3) blow up oscillatorily in finite time.

(c) Ifc # 0 the energy ‘E also blows up.

Proof. By Lemma 5.16 all solutions of (5.50) which lie in the invariant set IT N {X5 = 0} \
A_ tend to A, in forward time. Reminiscent of the proof of Lemma 5.16 we choose a small
negatively invariant open tubular neighbourhood AZ of A_ in IT. By compactness of
ITN{X5 = 0} there exists an open neighbourhood XZ¢ of ITN {X5 = 0} \ A% in IT such that
all orbits with starting point in ¢ tend to A, in forward time. Clearly every unbounded
solution of (5.3) enters X ¢ and thus tends to A,.

For Part (b) we observe that the exponent b in (5.29) is smaller than 1 so that in the
old time variable X5 can only go to zero in finite time. Finally we have that the energy £
can only remain bounded if its derivative is integrable. For ¢ # 0 this implies that u’ is
square integrable (see (5.5)) and thus u itself is (locally) bounded, which prohibits finite
time blow-up, a contradiction. O
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Remark 5.19 Theorem 5.18 establishes that large solutions of (5.3) are really described by
oscillating solutions of u"" + u®> = 0. Thus large solutions do not “see” the other terms
in (5.3) as they oscillate away to infinity. This is not only true for perturbations of the
form —u® + g(u) with ¢ compactly supported and smooth, but also for global lower order
perturbations. For such lower order perturbations Theorem 5.18 applies as well. o

5.5 The winding number for small speeds

In this section we prove Part (a) of Proposition 5.10. Before we can prove this theorem
we first need a description of the global behaviour of W*(1) for ¢ = 0. In the following
lemma we show that for 3 > —2-— all orbits in the stable manifold W*(1) are unbounded,

Vo)

and, after transforming to the X-variables of Section 5.4, they all have A_ as a-limit set.
Because all the non-trivial Floquet multipliers of A_ lie in (1, 00) (see Theorem 5.18a), this
remains true for ¢ > 0 sufficiently small.

Lemma 5.20 Let f satisfy hypothesis (5.18), let 3 > ﬁ and c = 0. Then W*(1) consists

of unbounded orbits only, all of which connect A_ tou = 1.

Proof.  The proof is a combination of arguments also used in [112]. Any bounded solu-
tion must have its range in the set

V ={u € R|F(u) > F(-a)},

because a solution reaching outside this interval oscillates away towards infinity, as men-
tioned in Remark 5.17. Besides, any bounded solution must have at least one minimum
below the line u = —a, again basically by the same oscillation argument as in the proof
of Lemma (5.15). We now assume, arguing by contradiction, that u is a bounded orbit
in W*(1). We will show that the range of u is not contained in V, so that u is in fact
unbounded. It then follows from Theorem 5.18 that u tends to A_ as t = —oo.

Thus, suppose that u is a bounded solution in W*(1). Changing from ¢ to —t if neces-
sary we have that in such a minimum (using the fact that E(u, u’, u", u"") = 0)

u(t)) < —a, u'(t)) =0, u"(to) =+/—2F(u(ty)) >0, u"(tp)>0. (5.53)
We will show that u(t) increases to a value outside V for t > t;, which immediately leads

to a contradiction.
Define an auxiliary function

G(t) = u"(t) — /—2F(u(t)).

The following line of reasoning is depicted in Figure 5.5. First, G(ty) = 0 and we show
that G(t) > 0 in a right neighbourhood of t,. It is seen from the condition on 3 and the
observation that f(1) > 0 on (—oco, —1) U (—a, 1), that

flu) > — —%ZF(u) foru < 1. (5.54)

If u"(ty) > 0O, then clearly G'(tp) > 0, whereas when u""(t;) = 0 then G'(t;) = 0, and (since
u'(to) = 0)
f(u(to))

Tty t) = BV 2Futo) + 2f (ko) > 0

G"(to) = u™(to) +
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-1 —a 1 U

1%

Figure 5.5: The (u, u")-plane with the curve u” = /—2F(u). We have sketched the orbit
of u for t > ty, which is discussed in the proof of Lemma 5.20. We have also indicated
the set V, in which every bounded solution has its range.

by the differential equation, and (5.53) and (5.54). Thus G(t) > 0 in a right neighbourhood
of to.

Second, we show that G(¢) > 0 as long as u(t) < 1. We define t; > t, as the first max-
imum of u(t) and t, > t; as the first point where G(t,) = 0 (a priori, both t; and t, may
be c0). Then t, < t; since u”(t) > 0 as long as G(t) > 0. It now follows from the expres-
sion (5.4) for the energy and by (5.54) that

! _ 1724 f(u(t)) !
Gt = wo+ LD
1,,n2
L) + Fu() <§ Fu) ) ,
= o 2T =2 ) Y

> 0,

as long as G(t) > 0 and u(t) < 1. Since G(t) > 0 in a right neighbourhood of ¢, this implies
that G(t) > 0 and G'(t) > 0 as long as u(t) < 1, and thus u(t;) > 1.

Finally, we define t3 > t; as the first point where u(t) = —a. It is now immediate that
tz < t,. By the energy expression we have that u"'(t) > 0 as long as G(t) > 0, thus u"(t,) >
u"(ts) > +/—2F(—a). Combining the inequalities u(t,) > 1 and F(u(t,)) = —iu"(t,) <
F(—a), we infer that u(t,) lies outside V, so that u is unbounded. By Theorem 5.18 all
unbounded orbits converge to A . O

Remark 5.21 Because all the non-trivial Floquet multipliers of A_ lie in (1,00) (see The-
orem 5.18a), Lemma 5.20 remains true for ¢ > 0 sufficiently small. o

The following Theorem is equivalent to Proposition 5.10a. We recall that K is defined
in (5.20), and that its boundary 5K is a level set of the energy.

Theorem 5.22 Let f satisfy hypothesis (5.18) and let 3 > \/(17(—1() For F(—a) < Ey < F(-1)

let K be defined by (5.20) and let W*(1) be the stable manifold of the equilibrium u = 1.
Then, provided c > 0 is sufficiently small, W*(1) N 6K is a topological circle. Its projection
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I" on the (u,u"")-plane winds exactly once around a disk containing both closed curves
defined by Ey — F(u) + %u”’z = 0 (see also Figure 5.2),i.e., n(I',=1) =n(I',1) = 1.

Proof.  Our strategy is to deform f(u) in several steps to the pure cubic —u® and let 3
go to zero. We have to do this in such a way that for each intermediate f the conclusion
of Lemma 5.20 remains valid. All orbits in the stable manifold W*(1) thus tend to A_
in backward time, and this remains true during the entire deformation process. At the
end of the deformation process we arrive at the reduced equation 1" + 1> = 0. We then
use the analysis performed in Section 5.4 to find a precise description of the orbits in
W?(1). Finally, we obtain the results of Theorem 5.22 for the original equation (5.3) via
continuation arguments.

Recall that f(u) = —u® + g(u) with ¢ having compact support, say g(u) = 0 for all

|u| > Cy. Taking C, sufficiently large, define the cut-off function ¢ € CP with0 < ¢ <1,
¢(y) =1 for |y| < Cy, and ¢(y) = 0 for |y| > Co + 1.
Step 1. First deform f(u) to a function which changes sign at u = 1 only. Let
fau) = f(u) = Au = Dp(u).
For A large enough, say A > Ay, the function f,(u) has a zero at u = 1 only.
Lemma 5.23 Let B > —2— and replace f(u) by fi(u). Then for all A € [0, o] the stable

v o)
manifold W*(1) consists of unbounded orbits only, all of which connect A_ tou =1.

Proof. Let Ay =inf{A| fa(u) > 0 for all u < 1}. For any A < A, the argument is exactly the
same as in the proof of Lemma 5.20, where we use the following generalised definition

of o:
[ —F(u)
o) = min 7100
Note that o(f)) < o(fo) for 0 < A < Ay, since fy(u) and —F,(u) are increasing in A for all
u < 1. For A > A the result also holds, but by a different and less restrictive oscillation
argument, which applies to any f(u) with a single zero at which it goes from positive to
negative, and all § > 0. We already used this in the proof of Lemma 5.16; the argument
showing that every solution u # 1 oscillates towards infinity is almost identical (for 3 > 0
the second order term does not cause any difficulties). This completes the proof of the

‘ u<1andf(u)<0}.

lemma. O

def

Continuing with the proof of Theorem 5.22, we change f to f! = f,, by letting A go
from 0 to Ag. This leaves the local structure near X5 = 0, and in particular near A_, unaf-
fected (see Section 5.4.5).

def

Step 2. We change (1) = —u® + ¢'(u) with ¢'(u) = g(u) — Ao(u — 1) to f2(u) = —u’(1 —
¢) — (u — 1)¢. Using the deformation functions

fa() = —1>(1 = p(w)) + (1 = A= p(u) + &' (1)) — A — D)p(u),
we let A go from 0 to 1, thus continuously deforming f! into f2. All orbits in W*(1) are still

unbounded and tend to A_ as t =+ —oo during this deformation, since f,(u) has a single
zero at which it goes from positive to negative (see the proof of Lemma 5.23).

Step 3. It is now easy to shift the zero to the origin. Define

frw) = =121 — p(u)) — (u — (1 = A)p(u).
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Letting A change from 0 to 1 deforms f2 into f> = —u3(1 — ¢) — u¢. Since we have shifted
the origin we now have W?*(0) instead of W*(1). All orbits in W*(0) are still unbounded
and tend to A_ as t — —oo0.

Step 4. Next we let 3 go to zero. The stable manifold W*(0) changes smoothly and the
local structure near /A again remains unaffected because 3 only appears in terms quad-
ratic in Xs. For 3 = 0 we have arrived at the equation

u" — FPu)=0, with fP(u) = -1’1 — ¢p) — ud.
Step 5. We change f° using a family of functions
fs(u) = —uP(1 — @) — u' .

Letting s increase from s = 1 to s = 3 we obtain a function f*(u) £ 13, We note (see
Section 5.4.4) that for s > 1 the manifold W is the center-stable manifold of 0. Here we
use Section 5.4.3 to conclude that in this process W changes continuously, with the orbits
in manifold W = W<(0) still tending to A_ in backward time.

3

By Sections 5.4.1 and 5.4.4 we have that, after going through Steps 1-5, W is the
product of A_ and the Xs-axis, i.e. W = A_ x {X5| X5 > 0}. In view of the non-trivial
Floquet multipliers of A_ being in (1, 00), it holds that for any small ¢ > 0 there exists a
negatively invariant tubular neighbourhood A¢ of A_ in IT with

NS C {X = (X1,X2,X3,X4,X5) € l7|d(X,/\_) < E}.
We can choose this neighbourhood such that
/\—E_ﬂ {X5 = E} = {(X],Xz,X3,X4) € /\_, X5 = E}. (555)

Besides, we can choose /. such that the flow for our final equation u"” + 13 is transverse

to 0A%. Moreover, for € > 0 sufficiently small, we can choose A, such the flow is trans-
verse to 0% for every intermediate f(u) and f3 in the deformation process of Steps 1-5
above, hence also for the original equation (5.3) with ¢ = 0.

For any given r > 0 we can choose ¢ > 0 so small that the projection I'; of WN 6A¢ on
the (x1, x4)-plane (or, equivalently, on the (1, u"")-plane) is a curve with minimal distance
to the origin at least r. To see this, we observe that the solution of (5.23) represented by
/A_ cannot have a point where u = u"" = 0, for in such a point also #” = 0 in view of the
energy E being zero. This would contradict the fact that Q < 0 on A_. Thus in the X-
variables A_ is uniformly bounded away from (X;, X4) = (0,0), so that for any » > 0 we
can find an € > 0 such that the projection of A¢ on the (1, u")-plane has a distance larger
than 7 from the origin. Therefore, the winding numbers around u = %1 of the projection I;
of WN 6A® on the (1, u"")-plane are well-defined for ¢ sufficiently small.

It follows from (5.55) that for our final equation u"” 4+ u® = 0 we have

wn 5/\i = {(Xl/XZI X3/ X4/ X5) | (X11X2/ XS/ X4) € A—I X5 = 5}/

so that, choosing r large, n(l;,—1) = n(l;,1) = 1. By continuity the winding numbers
of I do not change if we reverse Steps 1-5, and again by continuity arguments and Re-
mark 5.21 this remains true for ¢ > 0 sufficiently small.

Finally, for our original equation (5.3) we know that, tracing back orbits in W*(1) until
they hit 6/\¢, their energy  remains close to 0, provided we keep ¢ > 0 sufficiently small.
Thus W*(1) N 6K is contained in A¢ for small ¢ > 0. Following W*(1) N 6A° backwards
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along the flow to W*(1) N 6K (which is a transverse intersection for ¢ > 0), we see that the
winding numbers n(I", £1) of the projection of W*(1) N 0K are also 1. This completes the
proof of Theorem 5.22. O

5.6 The winding number for large speeds

In this section we prove Part (b) of Proposition 5.10:

Theorem 5.24 Let f satisfy hypothesis (5.18) and let 3 € R. For c > 0 sufficiently large
the intersection of the stable manifold W*(1) of u = 1 and the boundary 0K of K is a
smooth simple closed curve, which projects on a closed curve I" in the (u, z)-plane with
n(l',=1)=0and n(l',1) = 1.

Proof. ~ We first prove the theorem for a deformation of f(u). We choose the nonlinearity

f(u) to satisfy
f(u) = f'(1)(u — 1) in a neighbourhood B.(1) of u = 1.
For this deformed nonlinearity f we compute the energy Z on a closed curve in W =

W?(1) winding once around u = 1 with u-values contained in B,(1). The equation is now
linear near u = 1, and the characteristic equation

—ut+ B+ /(1) =cu
has two eigenvalues —p; and —p, with negative real part (recall that f'(1) < 0). For ¢ > 0
large enough 1 and 1, are real, and asymptotically

—f'@)

c

Hy ~ ¢ and Uy ~ as c — 00. (5.56)

Since the equation is linear, W is given by (for ¢ large enough)
W= {(u, v, W,2) | u=u(t)y=1+ Ae Mt 4 AjemH! v = u'(t), w=u"(t), z= u'"(t)} (5.57)

We may choose a curve S; C W around u = 1 parametrised by ¢ € [0,27), by taking t = 0
and Ay =rcos¢, A, =rsing@ in (5.57) for some fixed r > 0. The projection of S; on the
(u,u"")-plane is given by

{(u,z)|u =1+ r(cos ¢ +sing), z= —r(uw; cos ¢ + 5 sin¢), 0 < P < 277},
The energy on S; is given by

-E = / Cu'(t)zdfzc/ (Arpre™" + Agppe™2")?dt
0 0

At 2A1Acmpy Al Al 2A1A0m A3
c + + =c + + —=). 5.58
72 11 + 2 2 )T T, T2 O

Using (5.56) and estimating (5.58) from below we have, for c sufficiently large,

"(1
Z§¥r2<0 on S;.

Thus, choosing an energy level 0 > E; > @rz, we have that S; lies in the complement of
K. Let S = WN éK. Then S lies inside S; and is obtained by tracing solutions in (5.57) of
the linear equation forwards in time (starting on S;) until they enter K. It follows that S,
and S wind around u = 1 in W exactly once and therefore its projection I on the (, z)-
plane winds once around (u, z) = (1,0).
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The calculations above only involve u-values between 1 — rv/2 and 1+ rv/2 so we
may change the definition of f(u) outside this range. In particular, taking r small, we may
choose f(u) such that F(«) has a minimum F(—a) < Ey and a maximum F(—1) € (Ey, F(1)),
with =1 < —a <1 —rV2. Clearly I" does not wind around the point (1,z) = (—1,0).

We continuously deform f to f and E, to E, keeping the above configuration, and
taking c large enough as to stay within a class of nonlinearities for which there does not
exist a connection between u = —1 and u = 1 (see Lemma 5.6). By continuity we still have
that n(I"',—1) =0and n(",1) = 1. O

5.7 Travelling waves connecting an unstable to a
stable state

In this section we focus on travelling waves that connect the unstable state # = —a to one
of the two stable states u = £1. As in the proof of Theorem 5.1 in Section 5.3 we begin by
reducing to nonlinearities f which satisfy (5.18).

To obtain the necessary bound for 3 > 0 we fix ¢ > 0 and simply follow the argument
in the proof of Lemma 5.7 with F(—1) replaced by F(—a) (for connections from —a to +1),
or by F(—1) — F(—a) (for connections from —a to —1).

By different methods it is also possible to prove a priori bounds in the case that g < 0.
Applying a result by T. Gallay [71] to the present context we obtain the following. Let
f satisfy (Hy), i.e. limy, o % = —o00, and fix ¢ > 0. Then for any 3 € R there exists
a constant Cy such that any travelling wave solution u(t, x) = U(x + ct) of (5.1) satisfies
||]|o < Co. The constant Cy only depends on f and m = sup{|u] : @ > —Dg}, where
Dg > 0 is a constant which depends on 3 only.

The idea is to consider @,(f) = [*_h,(x)u?(t, x)dx, where h,(x) = ﬁ Using the
differential equation (5.1) one obtains an estimate of the form d‘% < Ap — @, for some
constant Ay independent of y and t (Ay only depends on 3 and m), hence @,(t) < A +
@, (0)e". Defining ¥(t) = Sup, g ®@,(t) one derives that for travelling waves ¥ is inde-
pendent of t, hence ¥ < Aj,. Combining with the fact that ffooo(fl—z)zdx = w, one
then obtains an L*-bound on u.°

Thus, for every ¢ > 0 there exists a constant Cy > 0 such that any solution of (5.3)
connecting —a to 1 satisfies ||u|| < Co. This a priori estimate implies that we may replace
f by f(u) = ¢(u)f(u) — u*(1 — p(u)), where the cut-off function ¢ € C° is such that 0 <
¢ <1, ¢(y) =1 for |y| < Cop, and ¢(y) =0 for |y| > Cy+ 1. As in Section 5.3 it holds
that u is a travelling wave solution with speed ¢ for nonlinearity f(u) if and only if u is a
travelling wave solution with speed c for nonlinearity f (u).

The above argument shows that, looking for travelling waves, we may as well assume
that f satisfies (5.18). The next theorem thus proves Theorem 5.2.

Theorem 5.25 Let f satisty hypothesis (5.18) and let 3 € R. For every c > 0 there exists a
solution of (5.3) connecting u = —a tou = —1.

5With a little bit more effort the estimate can be made uniform in c.
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Proof.  For all c > 0 we have that the three equilibria are hyperbolic and

dim W8(£1) = dimW"*(£1) =2, dimW"(—a) =3, dimW?*(—a)=1.
Travelling wave solutions connecting # = —a and u = —1 correspond to a nonempty in-
tersection of W*(—a) and W3(—1). Recall that

ﬁ 12 — !
Sl + F(u), where F(u)_/1 f(s)ds,

satisfies (5.5). We take F(—1) < E; < F(1) and consider the set
B e

L p
Z(u, u/’ u”, Z/l///) = —y'y" + Eu// +

K={(u,v,w,z)|Eu,vw,z)=—vz+ 2w +5

Now suppose that for some ¢ > 0 the theorem is false. Then all orbits in W*(—a) have
to leave K through &K, because an orbit with bounded energy has no other choice than to
converge to an equilibrium, see the proof Lemma 5.9, and u = —1, the only equilibrium
in K with energy larger than £(—a,0,0,0), is excluded by assumption. Thus we have that
the intersection of W*(—a) and &K is homeomorphic to a 2-sphere S2.

For the moment we consider the case that 3 > 0. Since 6K is given by

B — %)2 +w? = 2E, — 2F(u) + %2 (5.59)

we may deform it smoothly into

o? + F(u) < E1}.

{(w,v,w,z) |u* + 2 =1+ v* + w?},

which defines a 3-manifold homeomorphic to R? x S'. As deformations we use
AB+1—AN)(v— 7\%)2 Fw? =GN+ (1 —A+ %)zz,

with A running from 1 to 0, and G(u, 1) = 2E; — 2F(u) and G(u,0) = —1 + u?. Singularities
dG

can only appear in points on these manifolds where %2 = v = w = z = 0 and can thus be
avoided by the choice of E;.

It follows that 5K is homeomorphic to R? x S?, or, equivalently, to the open solid torus.
The intersection W*(—a) N 8K, being homeomorphic to S?, divides 6K into two compon-
ents, one bounded and homeomorphic to an open ball in R?, the other unbounded. This
division is in fact not completely straightforward. One needs to lift (a neighbourhood of)
W(—a) N &K to the universal covering space R® of K and show that the unbounded part
of the complement of the countable union of lifts is path-connected. Using the fact that
the intersection W*(—a) N 6K is induced by a flow, one can invoke the generalised Schoen-
flies theorem (see [30, Theorem 19.11]) to conclude that one lift of W*(—a) N 6K divides R?
into an unbounded and a bounded component, which is homeomorphic to an open ball.
Besides, the bounded components of the countable infinity of lifts can be contracted to
points. The unbounded component (the complement of the countable union of bounded
components) is thus homeomorphic to R® \ Z, hence path-connected®.

Now consider the piecewise smooth 3-manifold formed by the disjoint union of the

point (—a,0,0,0) and W¥*(—a) N K and the bounded component of 6K \ (W*(—a) N &K).

®We gratefully acknowledge several discussions with H. Geiges. He showed us that, via the Jordan-
Brouwer separation theorem and an inductive Mayer-Vietoris argument, the division of 5K into two com-
ponents can also be derived without using the extra information provided by the flow.
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This 3-manifold is homeomorphic to two closed three-dimensional balls sharing an S?,
namely W*(—a) N 6K, as boundary and is therefore homeomorphic to an S°. By the
Jordan-Brouwer theorem this 3-manifold divides R* to two components, one bounded,
the other unbounded. We notice that the bounded component is negatively invariant.
Clearly both components contain exactly one of the two orbits which together form the
stable manifold W*(—a). Now consider the orbit in W*(—a) contained in the bounded
component (which is negatively invariant). Since its energy is bounded we may, again by
the argument in the proof of Lemma 5.9, conclude that, tracing it backwards, it must go
to an equilibrium with energy less than the energy of u = —a. Since such an equilibrium
does not exist, we have arrived at a contradiction.

The cases 3 < 0 and 3 = 0 are similar, the only changes being that we deform 5K,
given by (5.59), to u? + 0> =1+ z> + w? if B < 0, and that for 3 = 0 we rewrite 6K as
—2vz 4+ w* = 2E; — 2F(u), which deforms into —2vz + w? = -1+ u? or 3(v + z)* + u* =
1(v — z)* + w? 4 1. This completes the proof of the theorem. a

Remark 5.26 In the proof of Theorem 5.25 above we have used the non-degeneracy of the
equilibrium point u = —a, while u = —1 may degenerate (i.e. f'(—1) = 0). The theorem
also holds when u = —a is degenerate and u = —1 is non-degenerate; in this case the
argument in the proof of Theorem 5.27 below can be used. If F(—1) = F(1) one also applies
the proof of Theorem 5.27, see Remark 5.28. o

Next we prove Theorem 5.3. Let
¢* = inf{¢ > 0there is no connection from —1 to 41 for ¢ > ¢}.

From Lemma 5.6 we see that c* is well-defined, and ¢* > 0 for 3 > \/1(—f) by Theorem 5.1.

The argument at the beginning of this section shows that, in order to prove Theorem 5.3,
we may restrict to nonlinearities f which satisty (5.18). If ¢, > 0, then it follows from
Lemma 5.9 that for ¢ = ¢* there exists a solution of (5.3) which connects —1 to +1. The
following theorem thus proves both Theorem 5.3 and Corollary 5.4.

Theorem 5.27 Let f satisfy hypothesis (5.18) and let 3 € R. For every c > c* there exists
a solution of (5.3) connecting u = —a tou = 1.

Proof. ~ We consider the stable manifold W = W*(1) of u = 1. We have shown in The-
orem 5.24 that for ¢ > 0 large enough the intersection of W and the boundary 6K of K
(defined in (5.20)) is a smooth simple closed curve which projects on a closed curve I" in
the (u, z)-plane with n(I", —1) = 0 and n(I", 1) = 1. It follows from the definition of c¢* and
Lemma 5.9 that, by continuity, this remains true for all ¢ > c,. Now fix ¢ > ¢*.

Let us assume by contradiction that there is no connection between # = —a and u = 1.
The intersection between W and 6K depends continuously on the energy level E as long as
we do not encounter an equilibrium point. Assuming there is no connection between u =
—a and u =1, we let E decrease from F(—1) > E(, > F(—a) to E; < F(—a). The projection
I" in the (1, z)-plane then depends continuously on E, as do the winding numbers, so that
n(l',—1) =0and n(I",1) =1 for all E, < E < E,. However, for the energy level E, we have
that (—1,0) and (1, 0) lie in the same component of the complement of the projection of 6K
onto the (u, z) plane. Therefore n(I", —1) = n(I", 1), a contradiction. d
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Remark 5.28 When F(—1) = F(+1) then the same method shows that there exist travel-

ling waves connecting u = —a to u = —1 and connecting u = —atou = +1forallc > 0
and all 3 € R. Besides, as already noted in Remark 5.26, the method in the proof of The-
orem 5.27 can be used to obtain an alternative proof of Theorem 5.25. o

Finally, we prove Theorem 5.5 which deals with nonlinearities with two zeros (and a
different behaviour for u — F00).

Theorem 5.29 Let 3 € R and let f satisfy hypothesis (H,). For every c > 0 there exists a
solution of (5.3) connectingu =0 tou = 1.

Proof.  Since the shape of the nonlinearity differs significantly from the one considered
so far, we cannot invoke Lemma 5.9 directly. Besides, we find a priori bounds via a
slightly different method.

Let D = sup{ii < 0| F(u) > 0 on (—oo, 71)}. Travelling wave solutions connecting 0 to 1
satisty u > D, since it follows from (5.4) and (5.5) that u can have no extremum in the
range u < D (at an extremum one would have £ > F(1), which is impossible). Therefore,
we may without loss of generality replace f by any function f; for which f;(u) = f(u) for
u > D, and f1(u) < 0 for u < D. We choose f; such that f1(u) =u foru < D —1.

Now that we have a bound from below, we can also obtain a bound from above. As
was just explained, a connecting solution of (5.3) is also a solution of (5.3) with f; replaced
by any f, for which fo(u) = fi(u) for all u > D — 1. We choose fo(u) = —u® foru < D — 2,
and argue as at the beginning of this section to conclude that there exists a uniform bound
||u]|e < Cp on all travelling wave solutions. We may thus replace f; by a function f; for
which f3(u) = fi(u) for u < Cy and f3(u) = —u® for u > Cy + 1. We conclude that u is a
travelling wave solution with speed c for nonlinearity f(u) if and only if u is a travelling
wave solution with speed c for nonlinearity f;(u).

In the following we therefore assume, without loss of generality, that f(u) = u for
u<D-1,and f(u) = —u® foru > Cy+ 1.

We now follow the argument in the proof of Lemma 5.9. However, we cannot use
Lemma 5.8 to show that orbits in W*(1) which are completely contained in K, are bounded.
Instead, we argue as follows. Suppose, by contradiction, that an orbit u(t) in W*(1) is
completely contained in K and is unbounded. As in the proof of Lemma 5.9 it follows
from Equation (5.21) that u(t) exists for all t € R. There are now two possibilities: either
u(t) > D —1forallt € R, or there exists some t; € R such that u(ty) < D — 1. First we deal
with the latter case.

Since u(t) cannot attain an extremum in the range u < D (see above), it follows that
u(t) is increasing for t < t,. Hence u(t) obeys, for t < t,, the linear equation cu’ = —u"" +
Bu" 4+ u. Since u is unbounded as t — —oo, it follows that u = —age "' + 0(1) for some
a9,a1 > 0 as t = —o0. By substituting this into Equation (5.21) a contradiction is reached.

Next we deal with the case where u(t) > D — 1 for all t € R. Clearly u(t) is a solution
of (5.3) with f replaced by any function f for which f (u) = f(u) forallu > D —1. We
choose f(u) = —u® for u < D — 2, and it follows from Lemma 5.8 that u blows up in finite
time, a contradiction.

Having circumvented the problem in the proof of Lemma 5.9 we conclude that for
F(0) < Ey < F(—1) the intersection of the stable manifold W of u = —1 and the boundary
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0K of K (defined in (5.20)) is a smooth simple closed curve which projects on a closed
curve " in the (u, z)-plane with n(I",1) = 1.

The rest of the argument is analogous to the proof of Theorem 5.27. Assuming that
there is no connection between u = 0 and u = 1, the final contradiction is now obtained
by the fact that n(I", 1) = 0 for E, < F(0). O

5.8 Concluding remarks

The most apparent open problem concerns the range of 3-values for which a travelling
wave connecting —1 to +1 exists. For some examples it can be shown that such a trav-
elling wave does not exist for all 3 € R. The more general question whether for any
nonlinearity satisfying (H;) a bound . € R exists such that there are no travelling waves
for 3 < 3, remains open.

Regarding the uniqueness of the various travelling wave solutions not much is known.
For large B (i.e ¥ ~ 0) the travelling wave connecting —1 to 4+1 may be expected to
be unique (analogous to the limiting second order case). The results in [34] show that
uniqueness does not hold for f,(u) = (u + a)(1 — u?) with a small when 3 < V8. Equa-
tion (5.1) with f(u) = u — u® admits an abundance of standing wave solutions for 0 < 8 <
/8. Tt has been proved in [34] that these solutions can be perturbed to travelling waves
for f,(u) with small a2 and small ¢ = c(a). Since this can be done for any standing wave,
an infinite family of solution curves in the (4, c)-plane passing through the origin is thus
obtained.

The method used in this chapter does not give any information about the shape of
the solution. For example, we would like to know for which values of 3 the solution is
monotone. Since we do not know the value of ¢ for which a traveling wave occurs, we
in general do not even know whether the connected equilibrium points are approached
monotonically or in an oscillatory manner.

Finally, the question arises to what extent the travelling wave solution is of importance
to the dynamics of the PDE. It might be a limit profile for a broad class of initial condi-
tions as is the case for the second order equation [68]. Since travelling waves connecting
u = —a to u = £1 exist for large ranges of c, it would also be interesting to know which
of these waves is generally encountered. In [53, 62] the wave selection mechanism has
been investigated for a propagating front which is formed from localised initial data (i.e.,
u + a is localised). Using the physically motivated assumption that the linearised equa-
tion (around u = —a) drives the system, it is argued that for 3 > |/12f'(—a) one of the
travelling waves is selected (and the wave speed is calculated), while for 3 < 1/12f'(—a)
the propagating front is argued not to have a fixed profile. However, the only rigorous
stability result that we know of, is of a perturbative nature [130] (i.e. 3 very large) and
moreover it does not answer the question of the selection of the wave speed.



Chapter 6

Multi-bumps via the shooting method

6.1 Introduction

In this chapter we present new families of global branches of single and multi-bump
periodic solutions of the fourth order equation
4 2
%-i-q%—i-u?’—u:O, geR. (6.1)
This equation arises in a variety of problems in mathematical physics and mechanics. As
an important example we mention that (6.1) describes stationary solutions of the Swift-
Hohenberg (SH) equation:
2

%—?:—(1+%)2U+aU—U3, > 0. (62)
Equation (6.2) was first introduced by Swift & Hohenberg [137] in studies of Rayleigh-
Bénard convection, and was proposed by Pomeau & Manneville [126] as a good descrip-
tion of cellular flows just past the onset of instability. Of particular interest in these stud-
ies was the formation of stationary periodic patterns, and the selection of their wave-
lengths. For further references about the SH equation we refer to the book by Collet
& Eckmann [47] and the survey by Cross & Hohenberg [52]. If o > 1, then stationary
solutions U of Equation (6.2), when suitably scaled, are readily seen to be solutions of
Equation (6.1). Specifically, U and u are related through

1 1 2
U((x—1)"1x and = .
T U=t 1= —
It is clear from (6.3) that in this example, g only takes positive values. An example where g
takes negative values, is the Extended Fisher-Kolmogorov (EFK) equation [49, 53],
ou o'u  o*u 5
E—_VW-Fﬁ-I-U—UI Y >0,
which yields (6.1) if we set

u(x) = (6.3)

ux)=UyY4x) and g= L

VY
Equation (6.1) also arises as the Euler-Lagrange equation of variational problems in-
volving functionals with second order gradients, such as in the study of period selec-
tion in cellular flows [126] or layering phenomena in second order materials [99, 46, 106].
We mention in particular in this context the governing equation of a strut [86, 138] with
stiffness EI under an axial compression P and subjected to a load Q(y):

EIy™ + Py" + Q(y) = 0.

Here y denotes the deflection of the strut in a direction perpendicular to its axis.
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Figure 6.1: Folding of a stiff layer in a ductile material (reproduced from [129]).

(a) (b) (c)

Im Im Im

Figure 6.2: The spectrum of the linearisation around P, and P_: (a) for g < —/8; (b) for
g€ (—v/8,v/8); (0) for g > V/B.

The investigation in this paper is part of a study of complex patterns in physics and
mechanics in the description of which Equation (6.1) plays an important role. A typical
example of such a pattern is the phenomenon of localised buckling in mechanics. In this
type of buckling, the deflections are confined to a small portion of the otherwise unper-
turbed material. In Figure 6.1 we give an example of such a pattern due to Ramsay [129].
It shows the effect of compression on a layered material in which the layers have dif-
ferent stiffness. Because the stiffer layer (black, in the center) will not contract as easily
as the more ductile material that surrounds it, the stiff layer deflects sideways and pro-
duces folds. Patterns are described by bounded solutions of Equation (6.1) on the real
line. Thus, mathematically this study amounts to an investigation of the different types
of bounded solutions Equation (6.1) possesses.

In recent years a great deal has been learnt about the structure of the set of bounded
solutions of Equation (6.1) on the real line. It turns out to depend very much on the
value of the parameter . In particular, one can identify two critical values of g: ++/8
and —+/8. At these values the linearisation around the constant solutions u = +1, i.e. the
points P, = (£1,0,0,0) in (u,u’,u",u") phase space, changes character, as indicated in
Figure 6.2.

Forg < —+/8, the set of bounded solutions is very limited, and consists (modulo trans-
lations) of a one parameter family of single bump periodic solutions, which are even with
respect to their extrema and odd with respect to their zeros, and two heteroclinic orbits
or kinks, connecting P, and P_ (see Chapter 2 and [117, 120]); both are odd, one is strictly
increasing and one is strictly decreasing. Because we shall often need to refer to it, we
denote the odd increasing kink for g = —8 by @(x).
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As g increases beyond —+/8 the set of bounded solutions becomes much richer. It
has been proved that for —v/8 < g < 0 it includes a great variety of multi-bump periodic
solutions, heteroclinic orbits and homoclinic orbits to P, and P_, as well as chaotic solu-
tions. For detailed results we refer to [90, 89, 118, 119, 120]. For g > 0 the results are more
tentative and incomplete: although numerical studies for Equation (6.1) [19] and related
equations [35, 43] suggest an abundance of bounded solutions in this parameter range as
well, much of this still remains unproved.

The aim of this chapter is to investigate the existence and qualitative properties of
multi-bump periodic solutions of Equation (6.1). By this we mean here solutions which
have more than one critical point in each period. When g lies in a right neighbourhood of
—+/8, then all local extrema of the periodic solutions lie near the constant solutions u =
+1, and solutions have transitions between these uniform states. In this regime the term
‘multi-bump’ corresponds to the way it is commonly used in dynamical systems theory.
However, as ¢ moves away from —4/8, local extrema are no longer tied to u = +1, and
it is not easy to identify the transitions. However, we shall still describe such solutions
as multi-bump periodic solutions. Thus, this work extends previous results [120, 106]
in which the properties of single bump periodic solutions were studied. In particular, we
will investigate the existence and global behaviour of families of odd and even, single
and multi-bump periodic solutions which bifurcate from the strictly increasing kink ¢ at
g = —/8. Odd solutions may also be even with respect to some of their critical points.
On the other hand, by even solutions we mean solutions, which are not odd with respect
to any of their zeros. Below we indicate some of our findings:

1. We obtain a family of periodic solutions, bifurcating from the kink ¢ at g = —/8
and extending to infinity, i.e., these solutions exist for all § > —+/8 (see Figure 6.3a).
The family consists of a countable infinity of distinct periodic solutions. The simplest
examples of these are shown in Figures 6.4-6.6. In the bifurcation diagram we graph
the supremum norm M = ||u|, against 4.

2. In addition, another pair of families, both consisting of a countable infinity of distinct
periodic solutions, are proven to exist for g € (—+/8,0]. These solutions continue to
exist for some, but not all, positive values of 4. Numerical evidence suggests that the
solutions from both families pairwise lie on loops in the (g, M) plane (see Figure 6.3b),
of which the projection on the g-axis is of the form (—+/8,4*], and one solution lies
on the top of the loop while the other solution lies on the bottom. At g* > 0 the two
solutions coalesce.

3. Finally, we find a third kind of periodic solutions. These again come as a family
of countable many distinct periodic solutions which bifurcate from the kink ¢ at
g = —+/8. However, this family does not extend to infinity nor do they lie on loops.
Instead, our numerical results indicate that these periodic solutions bifurcate from
the constant solution u = 1 as g tends to a critical value g, (see Figure 6.3c) which is
of the form

qn:ﬁ(nJr%), n=1,2,.... (6.4)

Note that g, = V/8, that Jnt1 > qn for every n > 1, and that g, — oo as n — oo. For
n > 2 these solutions come in pairs. Graphs of some of them are shown in Figures 6.8,
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Figure 6.3: The three types of bifurcation graphs: (a) Type 1; (b) Type 2; (c) Type 3.

6.9 and 6.11. The critical values g, arise when the moduli of the eigenvalues of the
linearisation around u = 1 are a multiple of one another. Further details of the deriv-
ation of (6.4) are given in Section 6.5 (see also [42]).

Samples of the bifurcation curves in the (g, M) plane of these three types of solutions are
shown in Figure 6.3.
Equation (6.1) admits a first integral, often referred to as the energy,

def 1 1 n !
Elu] £ - S @'V + 1w + Fw),

where! ,
F(u) = Z(u2 —1)>%

The energy E[u] is constant if u is a solution. For the solutions u(x) = ¢(x) and u(x) = 1
it is clear that E[u] = 0. In this chapter we focus on branches of periodic solutions which
bifurcate from either u = ¢ or u = 1 or both. This motivates us to consider solutions
which have zero energy, that is for which

E[u] = 0. (6.5)

In constructing periodic solutions, we make extensive use of symmetry properties of
solutions: if 2 € Ris a point where 1’ = 0 as well as u" = 0, then thanks to the reversibility
of Equation (6.1), it is easily verified that u is even with respect to a:

u(a—y)=u(@+y) for all € R.

Also, since the function F is even, it follows that if b € R is a point where u = 0 as well as
u" =0, then u is odd with respect to b:

ulb—y)=—-ulb+y) for all € R.
We begin with a brief summary of previous results [120, 106] in which the existence of

two families of single-bump periodic solutions #, and u_ was proved.

Theorem 6.1 For every q > —+/8 there exist two periodic solutions u, and u_ of Equa-
tion (6.1) such that E[u.] = 0. Both u, and u_ are odd with respect to their zeros and
even with respect to their critical points, and

M; =max{u;(x)|x e R} >1 and M_=max{u_(x)|x € R} < 1.

'Note that in this chapter the potential F(u) is defined with the opposite sign compared to Chapter 1.



6.1. Introduction 179

M
4l
I
2 -
ok‘r_
-/8 5 q
Figure 6.4: The branches Iy and I_.
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Figure 6.5: Small and large single bump periodic solutions (g = 1).

We denote these two families of solutions by
Fe = {us(,9)|q > -V8}.

Numerical computations of these branches made with AUTO [57] are shown in Figure 6.4.
As will be done throughout this chapter when depicting solution branches, we set g along
the horizontal axis and the supremum norm of the solution,

def

M=

U]Joo,

along the vertical axis. Graphs of 1, and u_ made with Phaseplane [65] are given in
Figure 6.5.

The two families 'y and I_ will be used to construct families of multi-bump periodic
solutions of greater complexity. We shall characterise these solutions by the critical points
and the critical values of their graphs. We label the positive critical points corresponding
to local maxima by {&;} and the positive critical points corresponding to local minima by
{n}. For odd solutions with u'(0) > 0 these points satisfy

0<&EmS&H <.

In fact, since —u(x) is a solution whenever u(x) is, we will assume throughout that u'(0) >
0 for odd solutions. For even, non-constant solutions such that E[u] = 0, we find that
u(0) € R\ {—1,1}. In this case u' also has infinitely many positive zeros and these satisfy

0<& <m<& <., if  u"(0) >0,
O<m<&L<Sm <., if u"(0) <O0.

Starting from the solutions u, and u_, we use a shooting technique to obtain a count-
able family of odd multi-bump periodic solutions which also exists on the entire g-interval
—/8 < g < 00. The solutions of this family obey the rule that all their local maxima lie
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Figure 6.6: The branches T, and T3, and corresponding solutions at g = 1.5: (b) the
solution on T5; (¢) the solution on T5.
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Figure 6.7: Loop-shaped branch and odd periodic solutions at § = — 5. The solution in
(b) is on the lower part of the loop.
above u = 41 and all their local minima lie below u = —1. However, the first point of sym-
metry ( is an exception: at such a point u(() lies below u = —1 if it is a maximum, and above
u = +1if it is a minimum:
u(ld) < -1 if = & for some k > 1,
u(Q) > +1 if { = n; for some k > 1.

We denote by Ty the branch of odd periodic solutions of this family, of which the Nt
critical point Cy is the first point of symmetry:

Tn = {u(-,q)|qg > —V/8, u(-,q) is symmetric with respect to {y}.

In Figure 6.6 we give the numerically computed branches T, and T3, as well as specific
solutions which lie on T, and T3 at g = 1.5. In Section 6.3 the precise result for this family
is formulated in Theorem 6.16.

In addition to these branches which exist on the entire g-interval (—\/g, 00), We prove
the existence of a second family of odd periodic solutions on (—+/8,0]. They exist in pairs,
and our numerical experiments indicate that they lie on loop shaped branches, which
extend well into the regime g > 0. An example of such a loop, together with the cor-
responding two solutions, is given in Figure 6.7. For this particular family, the solutions
are symmetric with respect to 111 with —1 < u(1;) < 1. The precise description of these
solutions is given in Theorems 6.17 and 6.19.

The techniques used to prove the existence of these solutions for —/8 < g < 0 have
been developed in [120, 118, 119]. In the present chapter we show how to obtain several
families of single and multi-bump periodic solutions via this method. However, we do
not aim at completeness, and there are many more branches of periodic solutions that
can be established using this technique for —v/8 < g < 0 (see also [118, 119]) than those
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Figure 6.8: Branch of even single bump periodic solutions. The solution at g = —2 and
q = 2 are depicted in (b) and (c) respectively.

presented here. We are not able to extend this existence proof to the regime g4 > 0. An
essential difficulty seems to be that the solutions cease to exist at a coalescence point g%,
which is different for every branch of solutions.

A different method for proving the existence of periodic solutions with energy E[u] =
0 in the regime —/8 < g < 0 has been presented in [89]. There, a minimisation proced-
ure is used to obtain periodic solutions both with and without symmetry with respect
to a zero or an extremum. Since only the minimisers of an associated functional are con-
sidered, the variational method establishes (for example) the existence of only one of the
two solutions in Figure 6.8.

In Sections 6.4, 6.5 and 6.6 we turn to even periodic solutions of Equation (6.1). Here
we find a third type of branching phenomenon: solutions existing on finite g-intervals of
the form (—/8, qn), still bifurcating from the kink ¢ at the lower end, and according to
numerical evidence, also bifurcating from the constant solution u =1 at the top end. Our
results here extend those obtained in our analysis [121] of the equation

u(iv) + C2 " + el —1= 0,

proposed in [97] in connection with the study of travelling waves (with speed c) in sus-
pension bridges. Concerning even single bump periodic solutions of (6.1) we prove the
following existence theorem:

Theorem 6.2 For every q € (—+/8,/8) there exists a periodic solution u of Equation (6.1),
such that ‘E[u] = 0, which is even with respect to all its critical points, with the property:

—1 < min{u(x) : x € R} < +1 < max{u(x): x € R}.

Two such solutions, at § = —2 and g = +2, are shown in Figure 6.8b,c, and the branch of
solutions on which they lie is presented in Figure 6.8a.

In order to formulate our results about even multi-bump periodic solutions we need to
introduce the notion of an n-lap solution. If u is an even periodic solution for which all
the critical points are local maxima or minima, we say that u is an n-lap solution if it is
symmetric with respect to its n critical point, so that its graph will have 217 monotone
segments in one period. Recall that g, = v/2(1 + )

Theorem 6.3 For eachn > 2 there exist two families of even periodic n-lap solutions when
q € (—/8,4,). At the points of symmetry, (,, we have

u(g,) > 1 for everyn > 1.
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Figure 6.9: Two even periodic 2-lap solutions at g = 2: (a) on the upper branch I5,; (b) on
the lower branch I3;,. See Figure 6.10 for a picture of the complete branches I3, ;.
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Figure 6.10: Branches of even periodic 2-lap solutions, and a blowup at g».

Forn =2and n = 3,and q € (—/8, q,) it is possible to show in addition that the critical
values of the solutions all lie in the interval (—1,1) with the exception of the point of
symmetry, and, if the solution is symmetric with respect to a minimum, its neighbouring
maxima. Note that the case n =1 is discussed in Theorem 6.2, and corresponding 1-lap
solutions are shown in Figure 6.8.

In Figure 6.9 we present two 2-lap solutions and in Figure 6.10 we show the branches
of the two solutions, as well as a blowup near the point (g, M) = (42, 1).

In Figure 6.10, the solutions on the upper branch I3, satisfy u"(0) < 0 and are sym-
metric with respect to &. Along the lower branch I3, the solutions satisfy #”(0) > 0 and
are symmetric with respect to n7;. Thus, both branches consist of 2-lap solutions. The
existence of these solutions is proved in Theorem 6.33.

Corresponding results for 3-lap solutions are presented in Figures 6.11 and 6.12. Solu-
tions on the upper branch I3, satisfy u”(0) > 0 and are symmetric with respect to &. On
the lower branch I3, the solutions satisfy u"(0) < 0 and are symmetric with respect to 1,.
Thus both branches consist of 3-lap solutions. The existence of these solutions is proved
in Theorem 6.36.

It is interesting to note the difference in the local behaviour of the solution branches
near the points (g»,1) and (g3, 1) in the (g, M)-plane (see Figures 6.10 and 6.21). Although
a detailed analysis of this local behaviour is beyond the scope of this chapter, we do
present a local analysis of the branches I, and I3, near (g»,1). This yields the angles 6,
and 6, between the branches I3, and I3, and the g axis at (4»,1). They are given by

2/2 V2

3 and tan9b = —?

In addition to the branches of n-lap solutions extending over (—v/8, g,,), which bifurc-

tan6, =
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Figure 6.11: Two even periodic 3-lap solutions at 4 = 2: (a) on the upper branch I3,;
(b) on the lower branch I3;,. See Figure 6.12 for a picture of the complete branches I3, ;.
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Figure 6.12: Branches of even periodic 3-lap solutions, and a blowup at g3.

ate at g = —y/8 and at g = g, it is possible to construct branches of even periodic solutions
which bifurcate at g = —+1/8 and at q = Gm,n, Where
nom
= —+ — > 1. .
qm,n \/E(m+n), m,n>1 (66)

In this chapter we do not study these solution exhaustively, but merely prove the exis-
tence of two branches of 3-lap periodic solutions which connect g = —1/8 and g = g2 3.
This is done in Theorem 6.37.

As an example of the general phenomenon we present in Figures 6.13 and 6.14 solu-
tions which lie on the branches that bifurcate at g = g,,, 5 for m = 1,2,3,4. In each case only
solutions on one of the two branches bifurcating from each bifurcation point are shown.
All depicted solutions are at g = 2. Without going into details, we observe that n is the
number of monotone laps, while m is the number of laps that cross the constant solution
u =1 (between two points of symmetry).

The organisation of the chapter is the following. In Section 6.2 we introduce some
notation and recall the important properties of critical points obtained in earlier papers
[117,118, 119, 120, 121]. In Section 6.3 we establish the existence of several families of odd
periodic solutions, some of which exist for all § > —1/8 and some on finite g-intervals
only. In Section 6.4 we begin our analysis of even periodic solutions with a discussion of
the interval —v/8 < q < \/8. After a brief section on the local behaviour of solutions near
u = 1, this study is continued in Section 6.6 for values of g in the interval (—v/8,43). In
this interval it is possible to obtain information about the location of the critical values of
the solution graphs thanks to a Comparison Lemma which is valid for —v/8 < g < g3. In
Section 6.7 we study the local behaviour of solution branches near g, and in Section 6.8
we establish of families of periodic solutions with an arbitrary large number of laps (The-
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Figure 6.13: Four branches of periodic 5-lap solutions. See Figure 6.14 for the shape of
the solutions.
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Figure 6.14: Periodic 5-lap solutions on branches (see Figure 6.13) that bifurcate at g =
Gm,s for (@) m =1; (b) m = 2; (c) m = 3; (d) m = 4. All solutions are at g = 2.

orem 6.3). In Section 6.9 we conclude with the rather technical proof of the Comparison
Lemma used in Section 6.6.

6.2 Critical points

To establish the existence of new families of periodic solutions we shall further develop
the topological shooting method established in [120, 118, 119, 121]. For this, we begin
with a summary of the key properties of critical points in Lemmas 6.4, 6.6 and 6.9. Then,
in Lemma 6.12, we prove a new global result. Finally, Lemmas 6.13 and 6.14 summa-
rise two previously obtained global results. These properties will allow us to extend our
shooting method and enables us to obtain further families of solutions and more detailed
information about their qualitative properties.

The solutions we discuss in this chapter will be either even or odd, and thus we shall
study Equation (6.1), which we restate here for convenience:

u@ +qu’ +u —u=0, (6.7)
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and supply appropriate initial conditions. When looking for odd solutions we impose the
conditions

u0) =0, u'(0)=«a u"(0)=0 u"0)=24, (6.8a)
and when looking for even solutions we set
u@@)=«, u'(0)=0, u"(0)=p5, u"(0)=0. (6.8b)
In both cases we shall assume that the first integral is zero, i.e.
Elu] = u'u" — %(u")2 + g(u')2 + i(u2 —-1)*=0. (6.9)
This means that the constants & and j3 are related by
—%X - 4i (ax #0) for odd solutions, (6.10a)
BEB@=q T
+—|a*—1 for even solutions. 6.10b
7! | (6.10b)

For brevity we denote problem (6.7), (6.8a), (6.9), (6.10a) by Problem A and prob-
lem (6.7), (6.8b), (6.9), (6.10b) by Problem B. We observe that if u is a solution of Equa-
tion (6.7), then so is —u. Therefore, when discussing odd solutions of Problem A, we
restrict our attention to solutions with a positive initial slope, i.e. @ > 0.

For any given o € R* there exists a unique local solution of Problem A and for any
given o € R there exists a unique local solution of Problem B. In both cases we denote it
by u(x, «). The critical points of the solution graphs of u(x, ), that is the zeros of u'(x, x),
will play a pivotal role in the construction and classification of the different families of
periodic solutions. Below we summarise the most important properties of these points.
They were derived in [117, 118, 119, 120, 121].

We begin with a preliminary lemma which implies that all critical points are isolated.

Lemma 6.4 ([120]) Suppose that u is a non-constant solution of (6.1) such that E[u] =0,
and that u'(xy) = 0 at some xy € R.

(@) Ifu"(xp) =0 then u(xo) = £1 and u"'(xo) # 0.
(b) If u(xo) = +£1 then u"(xp) = 0 and u""'(xy) # 0.

Lemma 6.4 implies that, unless u is a constant solution, we can number the critical
points of the graph of u(x, ). We denote the positive local maxima by &, and the minima
by ne with k =1,2,.... At inflection points these points coincide. To start the sequences,
we need to distinguish two cases:

(i) u' > 0in (0,9) and (i) u' < 0in(0,9),
for some small 6 > 0.
Case (i): When u’ > 0 in a right-neighbourhood of the origin, we define
& =sup{x>0|u' >0o0n[0,x)}. (6.11a)
If u" (&) < 0 we set
m =sup{x > & |u' <0on (&, x)}. (6.11b)
When u"(&;) = 0, and so u(&;) = 1 by Lemma 6.4, we set

m =& (6.11¢c)
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Case (ii): When 1’ < 0 in a right-neighbourhood of the origin, we skip &; and define
m =sup{x>0]u’' <0on|0,x)}. (6.11d)

In (6.11) we have defined the first terms in the sequences {&;} and {n,} in both cases. We
can now continue formally to larger values of k. For k > 2 we define

£ = { sup{x > 1 [u'>0on (e v, b ifu' >0 (e mer+8), o
Mk—1 otherwise,
where 4, is some small positive number. Similarly, we set
! s ! s
e = sup{x > & |u' < 0on (&, x)} if u' < Q1n (&, éx + 62), (6.12b)
Ek otherwise,
in which 4, is some small positive number. It is readily seen that
&k < M < kg, k>1. (6.13)

We will make extensive use of the following observation:

Remark 6.5 If u is a non-constant solution, then one of the inequalities in (6.13) must be
strict. To see this, suppose that & = nx. Then, because the zeros of u' are isolated by
Lemma 6.4, it follows from (6.12b) that u’ > 0 in a right-neighbourhood of &, so that u
has an inflection point at &, where 1" > 0. Hence by (6.12a) 1y < &x1. On the other hand,
if N = &k+1, then by Lemma 6.4 and (6.12a) 1’ < 0 in a right-neighbourhood of &, and u
has an inflection point at n;, where 1" < 0. Therefore by (6.12b) & < . In particular, this
implies that & < &1 and 1y < 141 for every k > 1. .

In the following lemma we present the important continuity properties of the critical
points. In particular, we emphasise that, as « changes, critical points are preserved and
cannot disappear by coalescing with one another.

Lemma 6.6 ([118, 120]) Suppose thatq > —+/8. For every a € I, where I = R* in Problem
A,and I =R\ {—1,+1} in Problem B, and for every k > 1,

(a) &x(a) < oo and mi(e) < 0o,

(b) u'(&x(a), &) = 0 and u'(mi(«), &) = 0;

(c) & € C(I) and nx € C(I).

Remark 6.7 In [118, 120], Lemma 6.6 has been proved for solutions of Problem A. For
solutions of Problem B the proof is similar (see also [121]). .

Remark 6.8 For odd solutions we have the following result: if g < — /8, then there exists
a unique value &g > 0 for which the corresponding solution u(x, &) tends monotonically
to 1 (the kink), so that &;(ap) = oo and the sequence {é} is not well defined [117]. o

In order to proceed with the construction of new families of periodic solutions with
complex structure, we need to determine the precise local behaviour of u(&) and u(ny)
when they cross the level u =1 or u = —1 as « changes. This is the subject of the next
lemma.

Lemma 6.9 ([118, 121]) Letq € R. Suppose that for some k > 1
uw&)=1 and u"(&)=0 ataa= o,



6.2. Critical points 187

and for some 6 > 0
u(ép(a), ) >1 fora* < a < a* + 0.

(@) Ifu"' (&) > 0 at «*, then there exists an ¢ > 0 such that
u(ée(a), ) > u(mp(ax), ) >1 fora* < a < & +e.
(b) Ifu""(é) < 0 at «*, then there exists an ¢ > 0 such that
u(ép(x), @) > u(me1(ax), ) >1 fora* < a < o* +¢.
Remark 6.10 In [118], Part (a) of Lemma 6.9 was first proved for g <0, and in [121] this
restriction on g was subsequently removed. The proof of Part (b) is completely analogous

to that of Part (a). A similar result applies when u(&;) and u(y) cross the line u = 41 from
below, or when u(é;) and u(1ny) cross the line u = —1 from above or below. .

Remark 6.11 It is clear from Lemma 6.9 that critical values cross the lines u = +£1 in pairs.
This is a property which we shall very much exploit in Section 6.8. o

The next three lemmas give important global properties of solutions of Equation (6.1).
The first one applies to solutions which have a critical point on the lineu =1oronu = —1.
Thus, let u be a solution of Equation (6.1), and let 2 € R be a critical point where u has the
following properties:

u(@)=1, u'@=0, u"(@=0 and u"(a)>0. (6.14)
Then u' > 0 in a right-neighbourhood of a so that the point
b=sup{x>a|u' >0o0n (a,x)}
is well defined. By Lemma 6.6 it is also finite. We now derive some properties of u and

its derivatives at b.

Lemma 6.12 Suppose that

1
—\/§<q < q3=\/§(3+§>.
Let u be a solution of Equation (6.1) which at a point a € R has the properties listed

in (6.14). Then
ub) >1, u'(by=0, u"(b)<0 and u"(b)<O. (6.15)

The proof of Lemma 6.12 is given in Section 6.9. This result will play an important role in
the analysis of n-lap periodic solutions given in Section 6.6.

The second lemma applies to solutions for which 0 < u < % at a critical point, and
yields properties of the subsequent maxima and minima. We emphasise that it is only
valid for non-positive values of .

Lemma 6.13 ([119]) Suppose that —/8 < g < 0. Let u be a solution of Equation (6.1) on R
such that E[u] = 0, and let for some a € R

0<u()< L u'(@)=0, u"(@@)>0 and u"(a)>0.

75

lu| >V2 whenever u'=0 on/(a,w).

Then

Here [a, w) is the maximal interval in [a, 00) on which u exists.
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We conclude with a universal bound for bounded solutions.

Lemma 6.14 ([119] or Lemma 2.27) Suppose that —/8 < q < 0. Let u be a solution of
Equation (6.1) which is uniformly bounded on R. Then

l|t]|00 < V2.

6.3 Odd periodic solutions

In this section we investigate the existence and qualitative properties of odd periodic solu-
tions of Equation (6.1) for which E[u] = 0. In previous studies (cf. Chapter 2 and [120]) it
was shown that for ¢ < —+/8 there are no such odd zero energy periodic solutions. How-
ever, for ¢ > —+/8 odd zero energy periodic solutions do exist. In fact, it was proved
in [120] that as g increases from —1/8, two families of odd, single bump periodic solutions
emerge as the result of a bifurcation from the unique increasing kink ¢ which exists at
q= —+/8, and it was shown in [120] and [106] that they continue to exist forall g > — V8. A
precise description of these results is given below in Theorem 6.15. As we shall see, these
families of single bump periodic solutions will form a basis for our topological shooting
arguments, which lead to the construction of multi-bump periodic solutions with a more
complicated structure.

Theorem 6.15 For every q > —+/8 there exist two odd periodic solutions u, and u_ of
Equation (6.1) such that E[u.] = 0, with the following properties:

@) ||u+]loo >1and ||u_|l < 1.

(b) Ifuy(a) =0 for somea € R, thenu,(a —y) = —us(a+y) forye R

(c) Ifu'.(a) =0 for somea € R, thenu,(a —y) =usi(a+y) fory € R.

By way of convention we choose the origin such that u/, (0) > 0. It was also shown
in [120] that, as g decreases to —+/8, both families of periodic solutions tend to the unique
odd increasing kink ¢ at § = —v/8: u+(-,q) = ¢ as g — —+/8 uniformly on compact sets.
On the other hand, as g tends to infinity, the small amplitude solutions u_ tend to zero
uniformly on R, while the amplitude of the large solutions u, tends to infinity. More
specifically,

1
u_(x,q) ~ —=sin(x,/q) as g — oo, (6.16a)
D~ Vi 9
and
ui(x,q) ~qV(x\/q) as g — 0o, (6.16b)

where V is an odd solution of the equation
v(iv) + " + 7)3 =0,

which possesses the symmetry properties listed in Theorem 6.15, and

1
max{|V(t)|: te R} € (O,m)

At present it is not known whether the solution V' is unique. Thus, the convergence

in (6.16b) is along sequences, and the function V may possibly depend on the choice of
the sequence.
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Figure 6.16: Small and large single bump periodic solutions (g = 1).

A numerically obtained plot of the two branches Iy and I'_ of odd single bump peri-
odic solutions . = {u+(-,q) : ¢ > —+/8} is presented in Figure 6.15. Along the vertical
axis we put M = ||u||. In Figure 6.16 we give graphs of solutions on the branches I'y and
[_ at g = 1. As mentioned earlier, the two families of single bump periodic solutions will
be used to construct further families of periodic solutions. In the following theorem we
present a family which also exists on the entire interval —1/8 < g < co. These solutions
look like u, in that their local maxima lie above u = +1 and all the local minima lie below
u = —1, with the exception of the point of symmetry x = {. At that point these extrema
lie on the “‘wrong’ side of the constant solution u = +1, in case of a maximum, or u = —1
in case of a minimum:

u(l) < -1 if { = &, for some k > 2,
u(Q) > +1 if { = n; for some k > 1.

We denote by Ty (N > 2) the branch of odd periodic solutions of this family, of which the
N*™ critical point is the first point of symmetry:
Tn = {u(,9)|q > —v/8, 4/ (Cn, q) = 0, " (Cn, q) = O}

The branches T, and T3, as well as solutions on these branches at 4 = 1.5, are presented in
Figure 6.6. The existence of this family is the content of the next theorem.

Theorem 6.16 Letg > —\/g.

(a) For each N > 1 there exists an odd periodic solution u of Equation (6.1) such that
Elu] =0 and u'(0) > 0, which is symmetric with respect to 1y, and has the properties

uy) >1 for1t<k<N

un) < —1 forl<k<N-1(N3>2  nd u#lw)>1.
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(b) For each N > 2 there exists an odd periodic solution u of Equation (6.1), such that
u'(0) > 0, which is symmetric with respect to ¢y, and has the properties

u(ée) > 1 forl1<k<N-1

u(m) < —1 forl<k<N-1 and u(én) < —1.

Proof. ~ We use an iterative type of argument, and begin by proving the existence of a
periodic solution which is symmetric with respect to 1;. This is the case N = 1 of Part (a).
Such a solution is illustrated in Figure 6.6b.

We denote the initial slopes of the zero energy odd single bump periodic solutions .,
and u_, constructed in Theorem 6.15, by oy and o respectively, i.e. ar = 1/, (0). From the
construction in [120] we know that 0 < a_ < «... Plainly (see Figure 6.16),

u(éy) > 1and u(ny) < —1 fork>1 when o = «, (6.17a)
O<u(é)<land —1<u(n) <0 fork>1 when o = «_, (6.17b)

where u(é;) = u(ér(x), «) and u(ny) = u(n(x), ). In view of (6.17a) we can define
ap = inf{a > 0| u(é;) > 1on (a, )},

and it follows from (6.17b) that a; € (x_, ;). By Lemma 6.6, the location of the first critical
point &;(«) depends continuously on «, and by standard theory the solution u(x, x) of
problem (6.7), (6.8) depends continuously on « for x in compact sets. Since E[u] = 0, it
follows from Lemma 6.4 that

u()=1, m=4¢& and u"(&)>0 ifa=ua. (6.18)

By Lemma 6.9 this implies that u(n;(x), «) > 1 for « € (a1,a1 4 5), where 6 > 0 is a small
positive constant. Hence, we can define

al = sup{a > a1 |u(m) > 1on (a1, x)}.

As we saw in (6.17a), u(m;) < —1 at a4, so that af € (a1, ;). Invoking the continuity of
m(x) and u(x, «), we deduce that

um)=1, m=& and u"(m)<0 ifa=af. (6.19)

Using the continuity of 1;(«) and of u and its derivatives, we see that (6.18) and (6.19)
imply that there must exist a point «af € (a1, a;") where u"(1;) vanishes, and so

w'(mag),a)) =0 and u"(m(af), af) = 0.

This means that the solution u(x, ) is symmetric with respect to 1;(«). Since it is also
odd with respect to the origin, we conclude that u(x, af) is a periodic solution with period
4m;. It is readily verified that it has the desired properties.

We continue with the construction of the periodic solution which is symmetric with
respect to &. This is the case N = 2 of Part (b), and such a solution is illustrated in
Figure 6.6c.

Because u(n;) < —1 at a;, we can define

by = inf{la < ay |u(m) < —1on (a, ;)},

and it follows from (6.18) that b; € (a], «y). Like at a], we once again invoke the continu-
ity of m; and u and the fact that £[u] = 0 to conclude from Lemma 6.4 that

um)=-1, m=4& and u"(m)<0 at b;.
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Figure 6.17: Solutions symmetric with respect to 171 from Theorem 6.17a; N =1, = — %.
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Figure 6.18: Solutions symmetric with respect to & from Theorem 6.17b; N =2, 9 = — .
By a result similar to Lemma 6.9 we find that u(&,) < —1 in an interval (b, by + ), where
0 > 0 is sufficiently small. Thus, we can define

bi = sup{a > b1 |u(&) < —1on (by, )}

Remembering (6.17a), we see that b} € (b, «;), and using the continuity properties of &,
and u, we conclude that

u@)=-1, &=m and u"(&) >0  atb].

Another application of the continuity of £, and u and its derivatives implies the existence
of a point b; € (b1, b}") such that

ul&) < =1, u'(&)=0 and u"(&)=0 at bj.

As in the previous case, this means that u(x, b}) is a periodic solution with period 4¢&,.

Recall that b > a3, so that u(&;) > 1. Thus, this solution has the desired properties.
Continuing in this manner, we successively prove the existence of all the periodic

solutions listed in Theorem 6.16. a

In addition to these branches of solutions, which exist for all g > —+/8, there exists
a multitude of odd zero energy periodic solutions for —v/8 < g < 0. In Theorems 6.17
and 6.19 we present a few of these families. They exist in pairs. Those corresponding to
Theorem 6.17 are shown in Figures 6.17 and 6.18, and those obtained in Theorem 6.19 in
Figure 6.20. A numerical study shows that the solutions obtained in Theorem 6.17 lie on
branches which are loop shaped. The branch for Part (a) is shown in Figure 6.19.

Theorem 6.17 Let —\/g <g<0.

(a) For each N > 1 there exist two odd periodic solutions u; and u, of Equation (6.1)
such that E[u;] = 0 and u}(0) > 0 (i = 1,2), which are symmetric with respect to 1y,
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Figure 6.19: Branch of solutions as constructed in Theorem 6.17a for N =1

and have the properties
ur(&e) > 1, u(&) > 1 for  T<k<N
ur(me) < =1, uy(mp) < —1 for 1<k<N-1(fN>2)
=1 <u(nn) <0 <up(nn) <1

(b) For each N > 2 there exist two odd periodic solutions u; and u, of Equation (6.1),
such that E[u;] = 0 and u}(0) > 0 (i = 1,2), which are symmetric with respect to &y,
and have the properties

u1(&e) > 1, ux(ép) >1 for 1<k<N-1
ur(me) <=1, w(m)<-1 for 1<k<N-1
=1 <ui(én) <0 <up(én) < 1.

Proof. ~ We pick up the line of argument in the proof of Theorem 6.16, and consider the
interval [ay, b;]. We recall that

u(m)=1 atm and u(m)=-1 atb;.

By continuity this implies that #(1;) has a zero on (a1, b;). Let c; be the smallest zero of
u(m1) on (a1, by), and let

c; =inf{a < c1|u(m) < 1on (a,c1)}. (6.20a)
Similarly, let d; be the largest zero of u(n;) on (a1, b1), and let
di =sup{a > dy|u(m) > —1on (d;,a)}. (6.20b)
Plainly, ¢; € [a],c1) and df € (dq, 1], and
u(m)=1 atcy and u(m)=-1 atdf.

Since u(&;) > 1 on (a1, by], it follows that u"(17;) < 0 at ¢ as well as at d .

We deduce from Lemma 6.13 that u"(17;) > 0 at ¢; and at d;. For suppose to the con-
trary that u”'(11;) < 0 at ¢; or at d;. Then we deduce from Lemma 6.13 that u > /2 at every
critical point on the interval [—m;,11]. But u(—n;) = 0 because u is odd, a contradiction.
Thus, u"(111) changes sign on (cj, ¢1) and on (dq, d), so that there exist a point ¢} € (¢, ¢1)
and a point d; € (d;,d]) such that

u"(m)=0 atc]anddj.

Writing u4(x) = u(x,d}) and u,(x) = u(x, cj), we conclude that u; and u, are odd periodic
solutions which are symmetric with respect to 171, and that they have the properties

i) >1, ux(é)>1 and —1<uy(m)<0<u(m)<1
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This completes the proof of the case N = 2 of Part (a).
Next, we construct a pair of odd periodic solutions which are symmetric with respect
to &. This corresponds to the case N = 2 of Part (b). To this end, we define

a; = inf{a < a; | (&) > 1 on (a, 1)}

Plainly, by < a; < a. Because u(&;) = —1 at by and u(&,;) = +1 at ay, u(&;) has a zero on
(b1,a2). Let g be the smallest zero of u(&;) on (b1, a,) and f; the largest. Then, proceeding
as in the previous case we show that u"(&;) has two zeros, e} and f{, on (b], a2) such that
uq(x) = u(x,ej) and u,(x) = u(x, f{) are periodic solutions with the following properties:

u(é1) >1land u;(m) < -1 (i=1,2), and —1<u(&) <0< u(é) < 1.

This completes the proof of the case N = 2 of Part (b).
For the next step we define

by = inf{la < oy |u(m2) < =1 on (o, )}

Since u(1;) = 1 at a,, it follows that b, > a,. By repeating the arguments applied to the
interval [ay, 1] to [a,, by], we prove Part (a) for N = 2. We can continue this process in-
definitely, and so successively prove all the cases in Parts (a) and (b) of Theorem 6.17.

[l

Remark 6.18 Using a continuity argument, we can show that the families of periodic
solutions described in Theorem 6.17 continue to exist for small values of g > 0. This is
consistent with the numerically computed bifurcation branch shown in Figure 6.19 for
the case N = 1 of Part (a). .

In the next theorem we obtain a different family of periodic solutions. To explain the
difference, let u be a periodic solution which is symmetric with respect to its n't critical
point ¢,. Then solutions of Theorem 6.17 have the property that

|u(@)| >1 for1<k<n—-1 and  |u()|<1.
In contrast, the solutions of Theorem 6.19 have the property that
|u(@)| >1 for1<k<n-2 and  |u(gm-1)| <1, |u(G)| < 1.

Thus, whereas in the first family, the point of symmetry is the only critical point at which
u € (—1,1), in the second family the value of u at the point of symmetry, as well as at the
two adjacent critical points, lie in the interval (—1,1). A pair of such solutions is shown in
Figure 6.20. Since the characteristics of these solutions are not very clear when g <0, we
have set g = 1.5.

Theorem 6.19 Let —1/8 < g < 0.

(a) For each N > 2 there exist two odd periodic solutions u; and u, of Equation (6.1)
such that E[u;] = 0 and u}(0) > 0 (i = 1,2), which are symmetric with respect to &y,
and have the following properties:

ui(éy)>1 for 1<k<N-1

”i(rlk)<—1 for 1SkSN_2(1fN23) } f01'l=1,2,

and .
0< ui(EN) <1 fori=1,2,

-1 <ui(Mn-—1) <0< ur(nn-1) < 1.
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Figure 6.20: Solutions symmetric with respect to & from Theorem 6.19a with N = 2.
The solutions in (b) and (c) are at g = 1.5, the one in (b) being on the lower part of the
loop.

(b) For each N > 2 there exist two odd periodic solutions 11 and u, of Equation (6.1)
such that E[u;] = 0 and u}(0) > 0 (i = 1,2), which are symmetric with respect to 1y,
and have the following properties:

ui(é)>1 for 1<k<N-1

ui(m) < =1 for 1§k§N—1} fori=1,2,

and )
—1<u(ny) <0 fori=1,2,

=1 <u(én) <0 <ua(én) < 1.

Proof. = We begin with the proof of Part (a) for N = 2. To that end, we return to the
interval [a;, b;] defined in the proof of Theorem 6.17, and consider the two subintervals:

Il_: [01,C1] and Ir: [dl,b1],

where ¢ and d; are, respectively, the smallest and the largest zero of u(n;) on (a1, b;). We
observe that by Lemma 6.13,

u(éy) >1 and u(m) < —1 fork >2 atcyand d;. (6.21)
We first consider the interval I;". As in (6.20a) we set
c; =inf{a < c;|u(m) <1lon (a,c)}.

Then af < ¢] < ¢;. By Lemma 6.9 u(&;) < 1 in a right-neighbourhood of c7, so that we
can define
ci =sup{a > c; |u(&) <lon(c;,ax)}.

It is clear that ¢ € (c;,¢1) and that
u@)=u(m)=1 and u"(&H)>0  atcf.

Since u"(&;) < 0 at c7, it follows that u"(é;) has a zero ¢; € (c7, ci). Thus ux(x) = u(x, c})
is an even periodic solution with the properties

(&) >1, 0<uy(é) <1, 0<uy(m)<1l and uy'(&)=0.

For the second solution we consider the interval I = [dy, b1]. Because u(m1) = u(é,) =
—1 at b; we can define

by =sup{a > d;|u(m) > —1on (dy,x)}.
Then by € (d;, 1], and we define
di =inf{a < by |u(é&) <1on (a,by)},
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and in view of (6.21) it follows that di € (dy,b7). Since u(1;) < 0on I} and u(é) =1 atd;,
we conclude that u'(&,) > 0 atd. Let

B1 = sup{a > df |u(é&,) > 0on (df,a)}.

Plainly, d < f3; < by. As in the proof of Theorem 6.17, we deduce from Lemma 6.13 that
u" (&) < 0 at 1. Therefore, u' (&,) changes sign on (47, f31), and hence there exists a point
b; € (df, 31) where u" (&) vanishes. This means that u;(x) = u(x, b}) is a periodic solution
endowed with the properties

w&)>1, 0<u(é) <1, —1<u(m)<0 and uy'(&)=0.

This completes the proof of Theorem 6.19a for N = 2.

To prove Part (a) for N = 3, we repeat the above arguments for the interval [a,, by]
defined in the proof of Theorem 6.17. For N = 4 we consider the corresponding interval
[a3,b3] and generally, we consider the interval [ay_1, by_1] for arbitrary N > 2.

For the proof of Part (b), say for N = 2, we consider the interval [b;,a5]. Proceeding as
in the proof of Part (a) (N = 2) we now find solutions which are symmetric with respect to
1 for values of o on (b1, e1) and (f1, 42), where e; and f; have been defined in the proof of
Theorem 6.17. The argument, and its generalisation to higher values of N is very similar
to the arguments involved in the proof of Part (a), and we shall therefore omit the details.

[l

6.4 Even periodic solutions: —/8 < g < V8

In this section we establish the existence of an infinite sequence of countable families of
even periodic solutions of Equation (6.1) for g € (—/8,1/8), distinguished by the number
and location of local maxima and minima of their graphs. Thus, whereas some of the
results obtained for odd solutions were only valid for g < 0, the results proved in this
section are also valid for positive values of g up to v/8. In the next five sections we go
even beyond this number, and show how the branches of multi-bump periodic solutions
obtained in this section extend to higher values of q. As we stated in Section 6.2, we shall
use a shooting technique to establish the existence of these solutions, and hence, thanks
to symmetry with respect to x = 0, we will study the initial value problem

u® +qu" +u*—u=0  forx >0, (6.22a)
u@0) =«a, u'(0)=0, u"0)=pB, u"(0)=0. (6.22b)

Again, we only discuss solutions for which the first integral is zero, i.e.
e 1
Z[u] def u'y™ — E(uu)z 4+ g(u/)z 4 F(u) =0, (6.23a)

where 1
F(u) = Z—L(u2 —1)? and F'(u) = f(u) = v’ —u. (6.23b)

This means that
def

dt gy Lo
B ple) = £l 1]
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Figure 6.21: The small and the large single bump periodic solutions for Case I.
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Figure 6.22: Even single bump periodic solutions for (a) g = —2 and (b) g = 2.

The cases u"(0) > 0 and u"(0) < 0 will be dealt with in succession. We refer to them by,
respectively, Case I and Case II:

Casel: u"(0) >0 and  Casell: u"(0)<O0.

In both cases we shall denote the solution of problem (6.22) by u(x, «).

Note that the single bump periodic solutions of Section 6.3 become even solutions
after a shift over a quarter of a period. Thus if the period of u. is 4¢,, and My = ||u+ ||,
then

u(x,—Mzy) =us(x —£y) in Case I,
u(x,+Mz) = us(x 4+ £+) in Case II.

These solutions provide the point of departure for the shooting arguments which will
yield new families of even periodic solutions with more complicated structure. For con-
venience we provide the graphs of u(x, —M.) in Figure 6.21.

We begin by establishing the existence of a new family of even, single bump periodic
solutions whose maxima lie above the line u = +1, and whose minima lie between the lines
u = —1and u = 41. In Figure 6.22 we give examples of two such solutions computed at
g=—-2and q=2.

It is readily apparent that these solutions are qualitatively different from those shown
in Figure 6.21. Like I_ and [}, this new family of solutions forms a branch /7 which bi-
furcates from the unique odd kink ¢(x) atg = —+/8. However, as the bifurcation diagram
in Figure 6.23 shows, in contrast to the branches I~ and I, which extend all the way to
g = 400 (see Figure 6.4), our computations indicate that /7 only extends over the finite
g-interval (—\/g, \/g), and bifurcates at g = V/8 from the constant solution u = +1. In
Theorem 6.20 we prove that the new solutions indeed exist for every g € (—/8,v/8).
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Figure 6.23: Branch of even single bump periodic solutions
Theorem 6.20 Let g € (—+/8,1/8). Then there exists an even, single bump periodic solu-
tion u such that E[u] = 0, and
—1 < min{u(x)|x € R} < 4+1 < max{u(x)|x € R}.
Proof.  The proof uses ideas developed in [121]. We seek a single bump periodic solu-

tion, and we choose Case I, i.e. u”(0) > 0. We follow u(&,) as « varies, and seek a value of

a € (—1,1) such that
u(é) > 1 and u" (&) = 0.

Then, by symmetry, u is a periodic solution with half-period L = &; whose maxima and
minima are located as indicated above:

min{u(x)|x e R} =a €(-1,1) and max{u(x)|x € R} =u(&) > 1.

To find such a value of &, we use the auxiliary functional
1
H(w) = S0 + La'? + Fw),
where F has been defined in (6.23b). Let u(x) be a smooth function. Then we write
def

H(x) = H (u(x)).

Differentiation yields
H' =u"u" + qu'u" + f(u), (6.24)

and if u is a solution of Equation (6.1), then
H" = "y 4+ qu'u" + f'(u)(u)>. (6.25)
The right-hand side of (6.25) is a second order polynomial in ", with discriminant
D = {q* — 4f (}()2.
Thus, H" will be nonnegative whenever
7 +4
12

7 <4@Bu*—-1) or  u*> (6.26)

Define

(6.27)
Then «p € (0,1) as long as g* < 8.

Lemma 6.21 Letg” < 8, and let « € [, 1). Then
u(é;) >1 and u"(&)<0.
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Proof of Lemma 6.21.  Let « € [, 1). Then u"(0) > 0, so that u/(x, &) > 0 and u(x, &) > a
for 0 < x < &;. This implies, by (6.25) and (6.26), that H"(x) > 0 for 0 < x < &;, and so

H'(x)> H'(0)=0 forx € (0,&]. (6.28)

Hence
H(&1) > H(0). (6.29)

According to the identity (6.23),
(u"? =2Fw) ifu' =0. (6.30)
Therefore, at any critical point ¢ of u we have
H(C) = 2F(u(0))- (6.31)
Combining (6.29) and (6.31), we conclude that
F(u(&1)) > F(a).

Because F' = f < 0 on (0,1) and « € (0,1), this implies that u(&;) > 1. From (6.30) we
deduce that 1" (&;) < 0. Because H'(&;) > 0 by (6.28), we conclude from (6.24) that u"'(&;) <
0, and the proof of Lemma 6.21 is complete. O

We now continue with the proof of Theorem 6.20. By Lemma 6.21, u(&;) > 1 at o« = .
Thus, remembering that u(&;) = M_ < 1 when o« = —M_, we can introduce the point

aq = inf{a < o | u(&1) > 1 on (a, xg) },

and conclude that o; € (—M_, ). It follows from the continuity of &;(«) and u(&;(x), «),
established in Lemma 6.4 and Lemma 6.6, which we can apply because E[u] = 0, that

ué)) =1, u"&)>0 and &=m at . (6.32)

The fact that u"(&;) is positive at «; follows from Lemma 6.4 and the definition of &;. Thus
u"' (&) has changed sign on (a, a). Since u"(&;(x), ®) depends continuously on « by
Lemma 6.6, there must be a point «} € (a1, &) where 1" (&;) vanishes, i.e. u"' (& (), af) =
0. Remembering that u'(&;) = 0 as well, it follows by symmetry that the function u(x, «7)
is an even, single bump periodic solution, which is symmetric with respect to &;, such
that u(&;) > 1 and the period is 2&;. This completes the proof of Theorem 6.20. a

We continue with the construction of an even, 1-bump periodic solution, which is
symmetric with respect to &. We have seen in (6.32) that when o« = &y, then u = 1 and
u" > 0 at &. This means that u(&;) > 1 at a;. We now define the point

d = sup{a > —M_|u(é;) <1lon(—M_, a)}.
Then & € (—M_, ), and (6.32) holds, but now at &;. Thus, u(&,) > 1 at &;, and we define
a = inf{a < & |u(&) > 1on (a, &)},

Since u(&,—M_) = M_ < 1, we can conclude again that o, € (—M_, &;). As before,
u"(&) > 0 at ap. Thus, it remains to determine the sign of u"'(&) when o = &;. We

have
H’(E]) =0 at 5(1.

Because u(x) > 1 for x € (&, &), it follows that H” > 0 on (&3, ,), and
H'(&) =u"(&)u" (&) >0  at &.
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Figure 6.24: Multi-bump periodic solutions of Theorem 6.22 with u”(0) > 0 at g = 2 for

(@) N=2and (b) N = 3.
Plainly, u(&;) > 1, and hence, by the first integral, u"”(&) < 0. Thus, u"'(&) < 0 at &,
and u"'(&;) has changed sign on (ay, &), and therefore has a zero o in this interval:
u"(&1(a3), ) = 0. By symmetry this yields an even periodic solution u(x,«3) which
is symmetric with respect to &, so that u(&) > 1, u(&;) < 1 and the period is 2&; (cf.
Fig 6.24a).

We can now construct an N-bump periodic solution for any N > 2 by continuing the
above process in an iterative manner. This yields a decreasing sequence of numbers {«; }
such that the solutions u,(x) = u(x, &) are even and periodic with period 2&;. They have
the properties

u(&) <1 forj=1,..., k-1 and ur(&x) > 1.
Thus we have proved:

Theorem 6.22 Let —/8 < q < /8. Then for any N > 2 there exists an even periodic
solution u of Equation (6.1) such that ‘E[u] = 0 and u"(0) > 0, which is symmetric with
respect to &y and has the properties:

u(éy) <1 for1r<k<N-1 and u(én) > 1. (6.33)

For N =2 and N = 3 such solutions are shown in Figure 6.24. Equation 6.33 means that
all the local maxima of u, except the one at the point of symmetry &y, lie below the line
u=1,butu(éy) > 1.

Remark 6.23 The proof of Theorem 6.22 can be modified to obtain more precise informa-
tion on the position of the local minima. One can prove that there are solutions which, in
addition to (6.33), satisfy —1 < u(mnx) < 1 for 1 <k < N — 1. Hence these solutions obey
u(x) > —1 for all x € R. This is also observed in Figure 6.24. In the following theorems
(and in Sections 6.6 and 6.8) this additional property can in fact always be proved. o

In addition to the family of periodic solutions uy described in Theorem 6.20 and The-
orem 6.22, which are symmetric with respect to £y for some N > 1, there exists a cor-
responding family of periodic solutions which are similar to uy, but they are symmetric
with respect to ny. Such solutions are shown in Figure 6.25. The existence of this family
of solutions is established in Theorem 6.24.

Theorem 6.24 Let —/8 < g < v/8. Then for every N > 1 there exists an even periodic
solution u of Equation (6.1) such that ‘E[u] = 0 and u"(0) > 0, which is symmetric with
respect to ny and has the properties:

u(éy) <1 fort<k<N-1ifN>2, and u(én) > 1 and u(ny) > 1.
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Figure 6.25: Multi-bump periodic solutions of Theorem 6.24 with u”(0) > 0 at g = 2 for
(@) N=2and (b) N = 3.

Proof. ~ We give the proof for N = 2. For N =1 and for N > 3 it is similar. For further

details we refer to [121]. We recall the point «, defined in the proof of Theorem 6.22, and
in particular that

ul)=1, u"(&)>0 and &H=mn, at a. (6.34)

Therefore, by Lemma 6.9, u(1,) > 1 for a € (o, & + 8) for some small 6 > 0. At the point
o > o, also defined in the proof of Theorem 6.22, the solution u(x, &) is symmetric with
respect to &», and hence

u(m) =u(m) <u(é) <1  atas.

Thus
dy = sup{a > oy |u(1p) > 1 on (g, @)}

is well defined, and &, € (a,, ;). We have
u(&)>1, u(@m)=1 and u" (7)) <0 at ;.

Remembering from (6.34) that u"'(1,) > 0 at a, we conclude that there must be a point
o* € (axy, &y) where u"'(11,) vanishes, so that u(x, a3*) is a periodic solution of Equation (6.1)
with the properties listed in Theorem 6.24 for N = 2. a

Forany g € (—/8,/8), there exists yet another family {u,} of even periodic solutions.
They are characterised by the properties:

(P1) For every n > 1, u, is symmetric with respect to the n' critical point (;

(P2) Fork=1,...,n —1 it holds that u,(x) > 1 if {; is a maximum, whereas u,({;) < 1
if ¢ is a minimum; these inequalities are reversed for k = n.

This family was first investigated in some detail in [121], where the proof of their existence
can be found. We show three solutions of this family in Figure 6.26. These solutions are
interesting because of the following conjecture:

Conjecture 6.25 For any q € (—+/8,1/8), let u, be a sequence of even periodic solutions
with the properties (P1) and (P2), and letu,(0) = «,,. Then o, = a* asn — oo, and u(x, «*)
is an even homoclinic solution of Equation (6.1) with u(0, a*) < 1.

Remark 6.26 Following the construction described in [121], it is possible to obtain an
infinite sequence of periodic solutions 7, such that i7,(0) > 1 and #//(0) < 0. This leads
one to conjecture that there exists a second homoclinic solution (x) of Equation (6.1), this

one with i1(0) > 1 (for any g € (—/8,v/8)). .
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Figure 6.26: Multi-bump periodic solutions at 4 = 2.5 with properties (P1) and (P2) for
n =2,3,4. They figure in Conjecture 6.25.

We now investigate Case I, where we assume that 1”(0) < 0, and establish results sim-
ilar to those obtained in Theorems 6.20, 6.22 and 6.24 for Case 1. We emphasise that since
the first critical point is now a minimum, which is denoted 1;, we skip &; and number the
critical points as follows:

0<T11<£2<172<....
We begin our analysis of Case II by proving a result analogous to Lemma 6.21. Recall the
definition of & given in (6.27), and the fact that 0 < oy < 1 for —/8< q< V8.

Lemma 6.27 Let g*> < 8, and u”(0) < 0. Then there exists a point & € («y, 1) such that if
o € [&,1), then
u(é) >1 and u"(&)<0 at .

Proof. From a linear analysis at u = 1, of which the details can be found in Section 6.10,

we see that
37T

\Va+ /3

where a and b are positive constants which are independent of «, and given in Equa-
tion (6.98) of Section 6.10. Thus, there exists an & € (ag, 1) such that if « € (&, 1), then

&H(x) — and u(m(x),a)~1—(1— oc)% sinh(ﬂ) asax — 1,

2b

ulx,a) > if0<x <&y
Hence by (6.26)
H'(x) >0 if0<x<é&,.
Because H'(0) = u"(0)u""(0) = 0, this implies that
H((x)>0 if0<x<é,. (6.35)
Thus H(0) < H(n1) < H(&,), and hence by (6.31), F(1(0)) < F(u(n1)) < F(u(&2)). This means

that u(&,) > 1. We also deduce from (6.35) that H' = u"u"" > 0 at &,. Since u"(&;) < 0, we
conclude that 1" (&;) < 0. This completes the proof. O

Thus, for « € (0,1) sufficiently close to 1, we have u(&,;) > 1 and u"'(&,) < 0. On the
other hand, when a« = M_, we have u(&,) < 1. Therefore, we can define the number

ap = inf{a < 1|u(é) > 1on (a,1)}

and o, € (M_, &). Plainly, u(&;) = 1 and u"'(&;) > 0 at a, so that u"'(&;) must have a zero
for some o € (M_, 1), which yields the first of a family of even periodic solutions with
u"(0) < 0. As in the proof of Theorems 6.22 and 6.24, we can continue inductively and
prove the existence of two families of periodic solutions (see also Figure 6.27):
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Figure 6.27: Multi-bump periodic solutions with #”(0) < 0 at g =2: (a) N = 2, see The-
orem 6.28; (b) N = 3, see Theorem 6.29.

Theorem 6.28 Let —/8 < q < /8. Then for any N > 2 there exists an even periodic
solution u of Equation (6.1) such that E[u] = 0 and u"(0) < 0, which is symmetric with
respect to &y and has the properties:

u(éy) <1 for2<k<N-1ifN >3, and u(én) > 1.

Theorem 6.29 Let —/8 < q < v/8. Then for every N > 2 there exists an even periodic
solution u of Equation (6.1) such that E[u] = 0 and u"(0) < 0, which is symmetric with
respect to iy and has the properties:

u(é) <1 for2<k<N-1ifN >3, and u(én) > 1 and u(ny) > 1.

6.5 Local analysis near u =1

In order to extend the existence results of the previous section to the range g > /8, we
need to develop further analytical techniques. This is because Lemma 6.21 no longer
holds for g > +/8. These techniques will rely on a detailed analysis of the local behaviour
of solutions near u = 1. Thus, we substitute u = 1 + v into (6.1) and require that u(0) =
1 — ¢ After omitting the higher order terms in ¢, we then obtain the linear equation

o™ +qv" +20=0 (6.36a)
and at the origin, the initial conditions become
00)=-1, 2(0)=0, ¢"*0)=2, and ¢"(0)=0. (6.36b)

The fact that v should be even implies that v' and v" vanish at the origin, and the as-
sumption that the energy E is zero leads to the condition on v"*. A detailed analysis of
this problem is given in Section 6.10 and in [121, Appendix B]. For easy reference, we give
here the main results of this analysis. As in Section 6.4, it is necessary to distinguish two
cases:

Casel: 0"(0)=+v2 and  Casell: v"(0) = —V2,

and we denote the solution of problem (6.36) in these two cases by v.(x), so that v’/ (0) =

++/2.

The roots £A and £ u of the corresponding characteristic equation are defined by
A=ia and u=1ib, (6.37a)
in which a > 0 and b > 0 are defined by

f=%W+ 7#—8) and V=%w— 7* = 8). (6-37b)
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In what follows, the values of g at which resonance occurs (cf. [77], p. 397), i.e.
a n

b= mneN (n>m), (6.38)
will play a special role. These values are readily computed to be
n m
Tun = V2 (- + ). (6.39%)

For convenience we write g, = g ,, 1.e.

u = V2 (n - %) (6.39b)

In the following two lemmas we state the main results about the solutions v (x) of prob-
lem (6.36). In the first one we present the explicit expressions of these solutions.

Lemma 6.30 The solutions v+(x) of problem (6.36) are given by
v+(x) = Ay cos(ax) + B cos(bx),

b F V2 @ F V2
o and Bi:—az_bz.

In the second lemma we concentrate on the critical points of the solutions v of prob-
lem (6.36). In particular, it will be important for our shooting arguments in Section 6.6
that we know the location of these point with respect to the v = 0 axis (above or below) and
the sign of the third derivative v at these points.

where
A:t ==

Lemma 6.31 Let ( be a critical point of the solution v of problem (6.36), i.e. v'({) = 0. Then
sin(al) 4 sin(b{) =0 in Case I,
sin(al) — sin(b) =0 in Case II

and

0:(0) = ”f‘[(q: cos(ag) — cos(ba)),

o) = b(a®F V2)sin(b().

In both cases,

signov({) = —sign(cos(bQ)),
and

signv"”'(¢) = sign(sin(b()).

The proof of Lemma 6.31 is elementary, and makes use of the observation that A, /B, =
+b/a and that ab = /2.

6.6 Even periodic solutions: —/8 < g < g3

In this section, and in Section 6.8, we investigate the existence of even periodic solutions
for which E[u] = 0. As was explained in the introduction, we find it convenient to label
the solutions according to the number of monotone segments, or laps, that go in a half-
period. Thus, the solutions of Theorem 6.20 are called 1-lap solutions. In the subsequent
theorems of Section 6.4 we have shown that for every g € (—+/8,/8) there exist n-lap
solutions for any n > 1.
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Numerical evidence suggest that the 1-lap solutions of Theorem 6.20 no longer exist
for g > /8, but that 2-lap solutions still exist for some values of 4 > /8, and that n-lap
solutions exist for n large enough. Specifically, we prove the following result. Let

qn:\f2<n+%), n>1.

Theorem 6.32 For each n > 2 there exist two families of even periodic n-lap solutions
when g € (—+/8,4,). At the points of symmetry ¢, we have u(¢,) > 1 for alln > 1.

Whereas in Section 6.4 we could use the properties of the functional # (1), when
g > /8 this is no longer possible. The main ingredients used in the proof will now be
the linear analysis given in Section 6.5, a powerful Comparison Lemma (Lemma 6.12)
valid for g € (—+/8,43) and, in Section 6.8, a counting argument which is reminiscent of a
topological degree argument.

The Comparison Lemma enables us to obtain information about the location of all
the critical values of the solutions with respect to the line u = 1. In the present section
we assume that —/8 < g < g3, so that the Comparison Lemma holds. In Section 6.8 we
allow g to be arbitrary large, and develop the counting argument.

In the first result of this section we show that when —1/8 < g < g,, then there exist two
families of n-lap solutions with n > 2. We begin with a pair of 2-lap solutions.

Theorem 6.33 Let —/8 < q < g,. Then there exist two even 2-lap periodic solutions 1,
and uy, of Equation (6.1) such that E[u,,| = 0 and E[uy,| = 0, with the following proper-
ties:

(a) The solution u,, is even with respect to &,, and u%,(0) < 0, and u,(&;) > 1.

(b) The solution u,, is even with respect to 11, and u5,(0) > 0, and uz,(171) > 1.

We denote the branches of these solutions by, respectively, I3, and I3,. These branches, as
well as graphs of two specific solutions u5, and uy, are presented in Figure 6.28.

Proof. ~ We first consider Part (b) and prove the existence of the solution uy, for which
u"(0) > 0 (Case I). For convenience we have dropped the subscript 2b. We distinguish
three cases:

(i) V8 < g <435 (i1) 9 = q35, (iii) q35 < q < go.
According to (6.38) and (6.39a), these cases correspond to

(i)1§%<§, (ii)%:g, (iii)§<%<2.

Case (i): Recall from Section 6.5 that v denotes the solution of Equation (6.36a), the linear-
isation of Equation (6.1) around u = 1. It follows from Lemma 6.31 that in this case

v(é1) >0 and v(m) < 0.

Hence, it follows from continuity that there exists a > 0 such that
u(é;)>1 and u(m)<1 forl—do<a<l.
Recall that u(é;) = M_ < 1when o« = —M _, and define
a = inf{a < 1|u(&) > 1on (a,1)}.
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Figure 6.28: The solutions obtained in Theorem 6.33: (a) the branches I3, and I, and (b)
a blowup at g5; (c) graph of uy, and (d) of uy;,, both at 4 = 0.5.

Thenby Lemma 6.9, u(1n1) > 1 for a; < o < a; + € for some small ¢ > 0. However, u(1;) <1
for « close to 1. Therefore

by = sup{a > a; |u(m) > 1on (a1, x)} € (a1,1).

Plainly, at b; we have u(;) = 1 and by Lemma 6.4, u"(1;) < 0. Since ©""(1;) > 0 at a; and
u"'(m) < 0 at by, it follows that 1"(17;) has a zero for some a* € (a1, b;), and again we use
symmetry to conclude that u(x, «*) is a periodic solution with the desired properties.
Case (iii): From Lemma 6.31 we see that in this case

v(é1) > v(m) >0 and v"'(m) < 0.
Hence, there exists a & > 0 such that
u(€) >u(m)>1 and u"(n;) <0 forl—é6<a<l. (6.41)

As before, we define
m =inf{a < 1|u(&)>1on («,1]}.
and
by = sup{a > a; |u(m) > 1on (a1, )} € (a1,1].

Recall that u"'(m1) > 0 at a3, so that b; > a; by Lemma 6.9. If b; =1, then (6.41) implies
that "' (n11) < 0 for & near by. On the other hand, if b; < 1, then u"(171) < 0 at b;. Thus, in
both cases #"(17;) changes sign on (a1, b;). Once again the existence of a periodic solution
of the desired type follows.

Case (ii): From Lemma 6.31 we see that in this case,

v(&)>ov(m)=0 and  9"(m) <0,
Thus, there exists a 4 > 0 such that

u(&)>1 and u"(m) <0 forl—é6<a<l1.
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Fix @ € (1 —6,1). If, for this value of «, one has u(1;) < 1 then the proof is completed as in
Case (i), and if u(1;) > 1, then one can complete it as in Case (ii7). This finishes the proof
of Part (b).

Next, we prove Part (a). Recall that &, denotes the first positive local maximum of u
since u”(0) < 0. From Lemma 6.31 we conclude that

v(m) <0 and ©v(&) >0, 0"(&) <0
for the entire interval q; < g < g». Hence, there exists a 6 > 0 such that
u(m) <1 and u(&)>1 u"(&) <0 forl—-d6<a<l. (6.42)

Set

a = inf{a < 1|u(&) > 1on (a,1)}.
Then M_ < a, < 1. Plainly, u"(&;) > 0 at a,. Since by (6.42), u"'(&;) < 0 for « close to 1, it
follows that there exists a point o € (a3,1) such that 1"/ (&;) > 0 at 5, and hence u(x, ;)
is an even periodic solution with period 2&;(«3). Finally, u(&,, a5) > 1 since a, < o5 < 1.
This completes the proof of Theorem 6.33. a

Remark 6.34 We have now shown that the solutions u,, and 1, exist over the entire in-
terval (—\/g, g2). Our numerical investigation (Figure 6.28a) indicates that u,, does not
exist past g, although it appears that u,, does exist on a small g-interval beyond g,. Our
experiments also indicate that the branches I3, and I3, on which these solutions lie, dis-
appear at g, as a result of a bifurcation from the constant solution # = 1. In Section 6.7 we
shall give an explanation for the behaviour of the two branches I3, and I3, near the point

(4, M) = (g2, 1). .

Theorem 6.33, together with Lemma 6.12, enables us to establish the existence of two
families of even n-lap periodic solutions, for any n > 2.

Theorem 6.35 Let —/8 < q < q», and let n > 2. Then there exist two families of even
n-lap periodic solutions u of Equation (6.1) such that E[u] = 0, one for which u"(0) > 0
and one for which u"(0) < 0. They are symmetric with respect to the n™ critical point (,.
The critical values have the properties

ul@) <1 ifk<n-2(n>3) and u(g,) >1,

and
u(, 1) <1 if {,, is a maximum,

u(C,—1) > 1 if ,, is a minimum.

Proof. ~ The proof proceeds very much along the lines of the proofs of Theorems 6.22
and 6.24. To show how Lemma 6.12 is used, we give the proof for the 3-lap solution when
u"(0) > 0. This solution is symmetric with respect to &,. Otherwise, we leave the proof to

the reader. Let
oz =sup{a > —M_|u(é;) <1lon(—M_a)}.

It follows from Theorem 6.33 that a3 € (—M_, 1). In addition,
u(&)=1 and u"(&) >0 at az.
Thus, in view of Lemma 6.12,

u(&)>1 and u"(&) <0 at az.
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Figure 6.29: The solutions obtained in Theorem 6.35: (a) the branches I3, and I3, and (b)
a blowup at g3; (c) graph of u3, and (d) of u3,, both at g = 2.

Next, let
d; = inf{a < a3 |u(éy) > 1on (a, a3) }.

Then &3 € (—M_, &3), and
u()=1 and u"(&) >0  atas.

Therefore, u"'(&,) changes sign, and thus has a zero &}, on (&3, a3). It is clear from the
construction that the solution u(x, «3) has the required properties. O

Next, we turn our attention to the interval (—+/8, q3), and show that n-lap solutions
continue to exist up to g3 for n > 3. We first focus on 3-lap solutions.

Theorem 6.36 Let —v/8 < g < g3. Then there exist two even 3-lap periodic solutions u3,
and ug, of Equation (6.1), such that E[us,] = 0 and E[us,] = 0, with the following proper-
ties:

(a) The solution us, is even with respect to &,
uz,(0) >0 and Uz (&1) <1, uz(&p) > 1.
(b) The solution us, is even with respect to 15,

uy,(0) <0 and uzp(m2) > 1.

The branches I3, and T3, of these solutions, as well as graphs of the solutions u3, and u3,
at a specific value of g are presented in Figure 6.29.
Proof.  For —/8 < g < g2, the existence of solutions such as u3, and u3, has been es-
tablished in Theorems 6.22, 6.29 and 6.35. Thus, it suffices to prove Theorem 6.36 for
42 < q < g

We begin with Part (a). Set

a =sup{a > —M_|u(&) <lon(—M_,x)}.
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From Lemma 6.31 we know that when g, < g < g3, then
v(é1))>1 and ov(mp) < 1.
Hence, by continuity, there exists a constant 6 > 0 such that
u(é) >1 and u(mp) <1 forl-d<a<l.
Therefore a; € (—M_, 1), and
u(é) =1, u"(&)=0 and u"(&)>0 at a = ay.
This implies that u(&;) > 1 and, by Lemma 6.12, that u"'(&,) < 0. Let
1y = inf{a < a1 |u(&) > 1 on (a,a1)}.

Then
u(é)=1 and u"(&) >0 ata=a,

because u(m1) < u(&;) < 1. Therefore, u"'(&;) changes sign on (a»,4;), so that there exists
a point a} € (aa,a1) such that u"(&;) = 0 at a3, and u(x, a}) is a periodic solution which is
symmetric with respect to &. By construction u(&;,a3) < 1 and u(&,,a3) > 1, as required.
This ends the proof of Part (a).
Turning our attention to Part (b), we analyse the following three cases separately:
(i) 2<q9<q37 (i) 9 =q37, (iii) q37 < g < gs.
Again, according to (6.38) and (6.39a), these cases correspond to
a 7 a 7 7 a
Ny ® 7 a4 _7 /4 '
(z)2_b<3, (zz)b 3 (111)3<b<3
Case (i): It follows from Lemma 6.31 that in this case

0(&) >0, () <0 and 0"(m) <O,
so that for some small 6 > 0,
u(é)>1 and u(m) <1 forl—dé<a<l. (6.43)

Define
a = inf{a < 1|u(é) > 1on(a,1)}.

Because u(&;) = M_ < 1 when a« = M_, it follows that M_ < a; < 1, and hence
u()=1 and u"(&) >0 ata,

since u(1;) < M_ < 1 at a;. This means, according to Lemma 6.9, that u(1,) > 1 for a; <
a < a; + ¢ where ¢ > 0 is some small constant. Define

by = sup{a > a1 |u(n2) > 1on (a1, x)}. (6.44)

As we have seen in (6.43), u(n,) < 1 for « close to 1. Therefore b; € (a1,1). Since u(&;) > 1
at by it follows that () < 0 at b;. Hence, in view of (6.44), u" () changes sign, and
therefore has a zero at a point af € (a1,b1). Thus, u(x,«]) is an even periodic solution
which, by construction, is symmetric with respect to 1,, and u(n,, «}) > 1, as required.
Case (iii): In this case

0(&) >0, v(m2) >0 and v"(my) <0,

so that
w(&)>1, u(@m)>1 and u"(m) <0 forl—é6<a<l1 (6.45)
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when 6 > 0 is sufficiently small. As before, we define
ay = inf{a < 1|u(é) > 1on(a,1)},

and since u(&;) = M_ when o« = M_, it follows that a, € (M_,1). Because in this case,
u(m) < a <1 we deduce that

u(&)=u(m)=1 and u" (7)) >0 if x = a,. (6.46)
By Lemma 6.9, u(1,) > 1 in a right-neighbourhood of a,. Let
by = sup{a > a, | u(n2) > 1 on (1, ) }.

We claim that u"'(1,) changes sign on (ay, by). If b, = 1, then this assertion follows at once
from (6.45), (6.46), and continuity. If b, < 1, then u(n,) = 1 at b, and because u(&;) > 1 at
by, it follows that u"(1n,) < 0, so that in view of (6.46), u"(n,) also changes sign on (a,, b,).

Thus, there exists a point o; € (ay,b,) such that u(x,a3) is an even periodic solution
which is symmetric with respect to 1, such that

u(m) <1, u(é)>1 and u(n)>1.
Case (ii): By Lemma 6.31,
v(&) >0, v()=0 and 0"(7,) <0,
so that for some small 6 > 0,
u(é)>1 and u"(m) <0 forl—-s<a<l. (6.47)

Fix ¢ € (1 —6,1). If u(n2) < 1 we continue as in the proof of Case (i) and if u(n,) > 1 we
continue the proof as in Case (iii). This completes the proof of Theorem 6.36. a

About the families of n-lap solutions we can repeat the claim of Theorem 6.35 for the
larger range of g-values: g € (—\/g, g3). However, the minimum number of laps is now
raised from 2 to 3.

Until now we have studied branches of even multi-bump periodic solutions with £ =
0 on intervals of the form (—+/8,¢,) for n > 1. These branches appear to bifurcate from the
points (g,,1). In addition to these solutions there exist families of even periodic solutions
which exist on intervals of the form (—+/8, Gmn), Where g,, , is givenin (6.6),and n > m > 2.
The corresponding branches appear to bifurcate from the points (g,,,,, 1). We shall not go
into a general analysis of such solutions. Instead, we provide the details for one example,
and choose m = 2 and n = 3. We denote the two branches of even periodic solutions by
I3, and I3 3, and the solutions that lie on these branches by u5 3, and u5 35, respectively.
Two such solutions are presented in Figure 6.30b,c at 4 = 2.

We note that g,3 = %\/E € (91, 92)- Therefore, we may again use Lemma 6.12 to prove
the existence of these two new families of solutions.

Theorem 6.37 Let —/8 < q < g,3. Then there exist two even 3-lap periodic solutions
Up 3, and u, 3, of Equation (6.1) such that ‘Elus3,] = 0 and E[u, 3] = 0 with the following
properties:

(a) The solution u, 3, is symmetric with respect to 1,, and

Uz3,(0) <1, ulzl,sa(o) <0, uz.(&2)>1, upz(m2) <1
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Figure 6.30: The solutions obtained in Theorem 6.37: (a) the branches I3 3, and I3 3;;
(b) graph of u, 3, and (c) of u; 3, both at g = 2.

(b) The solution u, 3, is symmetric with respect to &, and
up3p(0) > 1, up4,(0) >0, upzp(m) <1, upz(éz) > 1.
Proof. ~ We start with Part (a). If 1 < g < g3, then, according to Lemma 6.31,
v(0)=-1, v(m)<0, v(&) >0, v(m)<0 and v"(m)>0.
Hence, for any g € (g1, 42,3) there exists by continuity a 6 > 0 such that for « € (1 —§,1)
u(m) <1, u)>1, u(@mp) <1, and u"(n,) >0. (6.48)

Let
a = inf{a < 1|u(&) > 1on (a,1)}.

Because u(&;) < 1 when a« = M_, it follows that a; € (M_, 1), and
u(é)=1 and u(m)=1 ata.
Next, let
ay = inf{a < 1|u(nz) < 1on(a,1)}.
Then a, > a; by Lemma 6.9 and hence
u(m)=1, u)>1 and u"(m) <0 at a,.

Remembering (6.48), we conclude that u"'(1,) changes sign on (a,, 1). Thus, by continuity
there exists an a} € (a,, 1) such that u"'(n;) = 0 at a3. Therefore, u*(x) = u(x, a}) is a periodic
solution which is symmetric with respect to 1, and has the properties

M*(O) < 1/ u*(nl) < 1/ u*(EZ) > 1/ ”*(772) < 1/

as required.

Next we prove Part (b). We now take u(0) > 1 and u"(0) < 0, as opposed to the state-
ment in the theorem (we will come back to this shortly). If g1 < g < 4,3, then we have to
analyse three different cases separately, as in the proof of Part (b) of Theorem 6.36 (in the
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present case q = g5y is the separating value). After some manipulations along the by now
usual lines of which we omit the details, we find an &« > 1 such that

u(m) <1, u()>1, u(@p)>1, and u"(7,)=0,
and thus u is symmetric with respect to x = 0 and x = n,. The shift 7i(x) = u(x — 1) is
now the solution desired in Part (b) of the theorem.

Proving that the solutions u,3, and u; 3, exist for -8 < g < q1 as well is left to the
persevering reader. O

6.7 Local behaviour near g,

In Figure 6.10 (or 6.28) we saw that the numerically computed branches I, and I3, of
even 2-lap periodic solutions approach the bifurcation point (g»,1) in the (g, M)-plane
from different directions. In this section we present a local analysis at the point (g,,1),
and compute the angles 6, and 8, which these branches make with the positive g-axis at
the bifurcation point. Specifically we obtain the following result.

Proposition 6.38 . Let 6, and 6, be the angles with which the branches I3, and I, ap-
proach (q,,1). Then
2v/2 V2

3 and tan9b = —7

We shall discuss the two branches in succession.

tan6, =

The branch I;,. The solutions that lie on I3, have the properties
u"(0)<0 and u"(&)=0,

and &, is the first point of symmetry. We use e =1 — u(0) > 0 as a small parameter, and
we make the Ansatz:

ue) = 1+ev+w+ O, (6.49a)
qe) = qo+eqi+ O, (6.49b)
&) = &+ &+ 0. (6.49¢)

To keep the notation simple, we have denoted the zero'" order terms in the expansion
of g and &, by, respectively, go and &y. Thus, in this notation, gy = g» and &y = &;|.—o. We
recall that
and hence a=2"*andb=2""* (a=20b),

_3
qo_\/i

and we obtain from Lemma 6.30 that

T
=2 =4
&o b us
In this notation, we need to compute
tan@, = U(EO).
q1
When we substitute the Ansatz (6.49) into Equation (6.1), use the initial conditions
1

ul)=1—-¢ u'0)=0, u"0)= (1—u?, u"0)=0,

V2
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and equate terms of equal order in ¢, we obtain

U(i?}) + qOU” + 2,0 — 0
v(0)=-1, 2'(0)=0, 2"0)=-v2, 2"(0)=0,

and '
w™ + gow" + 2w = —q,0" (x) — 30%(x)

/ _ " _ L 1 —
w(0)=0, w(0)=0, w(O)——i—\/i, w" (0) = 0.

The problem for v has been discussed in Section 6.5, where we found that
v(x) = cos(ax) — 2 cos(bx).
Note that v does not depend on the value of q;. For later use we note that
v(&) =3, V(&) =0, v"(&)=—6l", v"(&)=0, v (&)=18b"
Thus, we find that
u,e,q) = 1+ ev(&+ O(e)) + O(e?)

= 1+ e0(&) + O()

= 1+43e+0().
In order to compute & we write

W', eq) = ev'(&+ ek + O(?)) + Ew'(& + Ofe), q1) + O(e?)
= ev'(&) + 280" (&) + €' (&, q1) + O(€%) = 0.

Hence

_ w,(‘g()/ lh)

& = ey

To compute q; we observe that we can write

w(x, g1) = wo(x) + qrws(x),

and an easy computation shows that

wo(x) = f(x) —38(x),

where f is given by
1
f(x)= m{— cos(ax) + cos(bx)}.
and g is given by ) N
g(x) = e /0 K(x — t)v*(t) dt,
in which

sin(bx) _ sin(ax)

Kx) = b a

For w1 (x) we find , N
ws(x) = —ﬁ/ K(x — t)o"(t) dt.
a?—"b? J,

(6.51a)
(6.51b)

(6.52a)
(6.52b)

(6.53)

(6.54)

(6.55)

(6.56)

(6.57)

We wish to choose ¢; in such a way that u"(¢, ¢, ) = 0. Differentiating u we obtain

M'"(E, € q) — /EU///(EO)+62510(1'0)(50)_'_62(@06"(50) +‘71wl1"(50)) + 0(63)

= ¢ (51U(iv)(50) + wy' (&) + lhw’l"(fo)) + 0(53)/

(6.58)
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because v"'(&) = 0 by (6.53). Remembering from (6.55) the expression for &; we write

o(&) [, .
v"(&) (wo(éo) + Q1w (50)) . (6.59)

We saw in (6.53) that v (&) /v" (&) = — % When we use this in (6.59) and substitute the
result into (6.58), we find that

£10(&) = —

u"(&,¢,q) = X(q1) + O(),

where

X(g:) =0 (@) + (e + 1 (@) + 2

Thus we need to choose ¢; so that X(g1) = 0. Using the expression for wy given in (6.56)
and for w; given in (6.57), we find that

wh(&))-

3
wy(éo) =0 and  w('(&) = —?n
! T n 77-[
Therefore
3T 77 3 7w 3T 47
X(q) = T +q (?b - ﬁ%> =T + ‘hgbf
so that X(q;) = 0if 9 9
"= 55 avn

Remembering (6.54), we conclude that the branch I3, leaves the point (g, M) = (g2,1) un-
der an angle 6, given by
3 2V2

tan0, = —
ano, o 3

The branch TI;,. The solutions that lie on I3, have the properties
u"(0)>0 and u"(m;)=0.

In the notation introduced in (6.49), we again need to compute

v
tan Qb = (EO) ,
q1
where now &, denotes the location of the first maximum of v when g = go.
For solutions on this branch, 7, is the first point of symmetry. We expand u and g as

in (6.49) drop the subscript 1 from 7n;, and write
n(e) = mo + em + O(&?).

From Lemma 6.30 we find that
1
v(x) = — 3 (cos(ax) + 2 cos(bx)),
and

_ _ _1 _Q @)y — 7
‘SO_sb/ Mo = b/ U(EO)_zl (4 (T]O)_ 3 s (4 (770)— 3/

so that .
o®@(me) 7

v"(1o) B \/E
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We now proceed exactly as in the previous case, and we find that
um(‘sl &, 0]) = 52Y(‘11) + 0(53)/
where

Y(a0) = a0+ b m) + a1 (') + =i )

For wy and w; and their derivatives we obtain at 1:
27 57

wp(10) = ops and wy (10) = b
wim)=g; and  w@{'(m) = —7b.
Therefore - Ao
Y(q) = N + Ih?b,
so that Y(q1) =0 if 3

Since v(&) = 3, it follows that

11 V2
0p=-—= .
tan b 5 0 3

Near g = g, and o = 1 (¢ = 0), we may use (6.49a) and the information about v and w
obtained in this section to make the following observations.

1. There exists a 6 > 0 such that in the case that u"(0) < 0 we have for g = ¢,
u(é)>1 and u"(&) <0 forl—-é6<a<l.

Therefore, the proof of the existence of u,, in Theorem 6.32 also holds for g = g, = %
2. Again in the case that u"(0) < 0, for every 6 > 0 we have

u(&) <0 for q=q2+e(q1+9)
u" (&) >0 for qg=gq,+ (g1 —9)

for € > 0 sufficiently small. Hence, fixing 6 > 0, there exists an ¢, > 0 such that for
g2 < g < g2 + € there are two periodic solutions u,, and 7, which are symmetric with
respect to é; and such that u(&;) > 1. The first one has 1 — % <a<l-— Z;”g, and itis
found by varying « between these values and searching for an  such that u"'(&,) = 0.
The second one has o« < 1 — % and can be found as in the proof of Theorem 6.32. A
similar statement holds for the solutions of type u,;, but there is only one solution of
this type. Continuity of the branches near g4 = g, and « = 1 can be proved using the

Implicit Function Theorem, but we will not going into that here.

6.8 Even periodic solutions: g > g3

In Section 6.4 we have exhibited the existence of an even single bump, or 1-lap periodic
solution for —v/8 < g<q1= /8. In Section 6.6, we extended this result and showed that
there exist two even 2-lap periodic solutions for —1/8 < g < g, and two even 3-lap periodic
solutions —/8 < g < g3. One solution is convex at the origin (1”(0) > 0) and one solution
is concave at the origin (1"(0) < 0). The goal of this section is to extend these results to the
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parameter regime g > g3. It is important to note that the sharp qualitative results obtained
in Sections 6.4 and 6.6 were proved by means of Lemma 6.12. However, this lemma
no longer applies in the range g > g3. Thus, to determine the existence and qualitative
properties of periodic solutions, we shall develop further analytical techniques.

We recall that an even periodic solution u is called an n-lap periodic solution if it is
even, and symmetric with respect to its n't positive critical point ¢, (and not symmetric
with respect to any of the critical points in between 0 and ;). In order to determine if an n-
lap periodic solution u attains a relative maximum or minimum at the point of symmetry,
one needs to know whether 7 is odd or even, as well as whether ©"(0) is positive or
negative. For convenience we list the correspondence in the following table:

Cn = Emr1))2 when 7 is odd
Cn = Tn)2 when 7 is even

} if u”(0) >0,
(o =E&pin,  wWhenniseven ,

fu"(0) < 0.
Cn = Mu+1)2  Whennis odd ifu(0) <

We will also always assume that 1(0) € (—1,1).
In the present section we extend the existence theorems to n-lap periodic solutions for
arbitrary n > 2.

Theorem 6.39 Letn > 2, and let

—V8 < q<{qn.
Then there exist two even n-lap periodic solutions, u, and uy,, such that
Uap(Cn) >1 and  u) () =0, (6.60)

while u/(0) > 0 and u;/(0) < 0, and u,;(0) € (—1,1).

We prove Theorem 6.39 in two steps: first, we establish the existence of n-lap solutions
which satisfy (6.60) in intervals of the form (432,-1,,), and then we show that these n-lap
solutions exist on the whole interval (—+/8, gn). Note that the following lemma does not
state that ¢, is the first point of symmetry (this fact is postponed until Lemma 6.46).

Lemma 6.40 Letn > 2. Then for all q3,,—1 < q < q, there exist two even periodic solution
u, and u, which are symmetric with respect to their n' positive critical point (,, such that

U, p(Gy) > 1 and u’(0) >0, u;(0)<D0.

Proof.  For the cases n = 2 and n = 3 we refer to the stronger results of Section 6.6.
Thus, in the remainder of this proof we assume that n > 4. We only consider the case
where #”(0) > 0. The case u”(0) < 0 is analogous. Let u(x, a_) be the small amplitude,

even, single bump periodic solution for which #”(0) > 0. Then «_ = —M_, where M_ =
|-, -)||oo < 1. In particular, u(&x(a-), ) < 1 and u(nx(e-), «—) > —1 for all k > 1 (see
Figure 6.21).
Fix n > 4 and define m = (n+ 1) /2 if n is odd, and m = n/2 if n is even. We set
a=sup{a>a_|uli(a),a) <lfori=1,...,m}. (6.61)

We stress that this definition is completely different from the ones used so far. For all
a > a at least one of the maxima &; withi =1,2,...m lies in the region {u > 1}.

We assert that a < 1. To see this we study the behaviour of u(x, ) when « is close
to 1. Let v be the solution of the problem obtained by linearising around u = 1, which
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was introduced in Section 6.5. Then, according to Lemma 6.31,
v(é,) >0 and 0"(,) <0 if g € (g32n-1,9n)-
Therefore, there exists a constant 4 > 0 such that
up(a),a) >1 and u"(éu(x),x) <0 forl—é6<a<l. (6.62)

From the first inequality in (6.62) we deduce that a < 1, as claimed.
It follows from the definition of 2 and Lemma 6.4 that

u(éx(a),a) <lfork=1,....m—1 and u(é,(a),a)=1. (6.63)

From (6.63) and the energy identity (6.5) it follows that u"'(¢,,) # 0 at a. Because u(1,,—1) <
u(&,-1) < 1it follows that

u" (&u(a),a) = u" (nm(a),a) = u"(,(a),a) >0, (6.64)
where we remark that ¢, = &,, if n is odd, and ¢, = n,, if n is even. We now define
b=sup{ax€@a,1)|u(,) >1on (a,x)}, (6.65)

which is well-defined because of the definition of a, Equation (6.63) and Lemma 6.9. Be-
sides, we define (in view of (6.64))

c =sup{a € (a,1)|u" () > 0on (a,x)}.

We now first consider the case that {, = &, (i.e. n odd). If b = 1, then it follows
from (6.62) that ¢ < 1, thus u(x,c) is an even n-lap periodic solution which is symmet-
ric with respect to &,, and u(&,,) > 1.

If b < 1 then we use the following result to obtain a solution.

Lemma 6.41 Leta and b be defined as in (6.61) and (6.65). If b < 1, then u"'(,,) < 0 atb.

We postpone the proof of Lemma 6.41 for a moment and first finish the proof of
Lemma 6.40. We conclude from Lemma 6.41 that ¢ < b, and as we saw before, this implies
that there exists an even periodic solution which is symmetric with respect to &, such that
u(&y) > 1.

The case that {, = n,, (i.e. n even) is dealt with in a similar manner, but we have to
distinguish three cases (the situation is similar to the proof of Part (b) of Theorem 6.33).
According to Lemma 6.31 we have

0"(nm) <0 forall g € (g320-1,9n),
and

0(Mm) >0 ifg3o01 < g < qn,

0(1Nm) =0 if ¢ = q3 2011,

o(Mm) <0 ifg300-1 < q < 32041
If 32141 < g < g, then the proof is finished in the same way as above. If 43 5,—1 < g < §321+41
then b < 1 and the proof is finished with the help of Lemma 6.41. Finally, if § = 432441
then we have, for 6 > 0 small enough,

u(€,) >1land u"(n,) <0 forl—é6<a<l.

We now choose an o € (1 —9,1). If u(n,,) > 1 then we finish the proof as in the case
where g35,41 < g < g,, whereas if u(n,,) < 1 then we finish the proof as in the case where
Jaon-1 < g < g320+1. This completes the proof of Lemma 6.40. O
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Before we give the proof of Lemma 6.41 we introduce some notation. We define the
sets of maxima and minima in the region {u > 1} by

Ci = {1<k<m—1]u(&) > 1},
C. = {1<k<m—1|u(n) >1}.

The following proposition shows that for all « € [a,b] we have u(&) > 1 if and only if
u(m) > 1. Besides, if u(&;) > 1 for some 1 < ¢ < m — 1 then u(¢) > 1 for all critical points ¢
in between &, and &,,.

Proposition 6.42 For all « € [a,b] we have

Ci=C. =@ or Ci=C-={¢L+1,...,m—1} forsomel € {1,2,...m —1}. (6.66)

Proof. ~ We first notice that #(0) < 1 and u(¢,,) > 1 for all « € (a,b) (note that u(n,,) > 1
implies that u(&,,) > 1). For &« = a Equation (6.66) holds since C; = C- = &. It follows
from the definition of 2 and Lemma 6.9 that C, = C_. = @ for « € (a,a + 6) with 6 > 0

sufficiently small. We now use a continuation argument in « to show that Equation (6.66)
holds for all « € [a,b). We define

o, = sup{a € (a,b) | Equation (6.66) holds on (a, )},

and we suppose, by contradiction, that o, < b. Then at o, we have u(&,) = 1 for some
1 < n <m — 1. There are now two possibilities: either u(n,_1) =1 or u(n,) = 1.
Concerning the first case, it follows from Lemma 6.4 that at o« = «,

u@, )>1 and u(m,) <1, (6.67)

and by continuity (6.67) holds for o € (. — 6, ) with § > 0 sufficiently small. However,
using Lemma 6.9 one finds that this contradicts the fact that Equation (6.66) holds for all
a € (a, ). Thus at a, there isno k € {1,2,...,m — 1} such that u(é;) = u(nx-1) = 1.
Therefore, we must have u(é,) = u(n,) =1 at «, for some 1 <n < m — 1. As before, it
follows that
u(n+1) >1 and  u(mu-1) <1

We assert that this implies that u(&,_1) < 1. Namely, the possibility u(&,_1) > 1is excluded
by the definition of «, and the fact that u(n, 1) < 1. Besides, u(&,-1) = 1 would imply that
u(1,—2) = 1 which has already been excluded above. Hence u(&,-1) < 1, and thus also
u(n,—2) < 1. A repeated argument shows that u(&;) < 1forall1 <k <n —1. Analogously
it is proved that u(n,) > 1 for all n +1 < k < m — 1. By continuity this also holds for «
close to «,.

Finally, by the definition of «, there must exist a sequence «; | «, such that

u(éu(ag), o) >1 and  u(n,(a), ) < 1.

The existence of such a sequence is excluded by the proof of Lemma 6.9, which can be
found in [121, Lemma 6.13]. Hence, having obtained a contradiction, we have proved
that Equation (6.66) holds on the entire interval « € [4,b). The case « = b follows by
continuity. O

Remark 6.43 It follows from the previous proposition that (&) and u(n,) can only enter
and leave the region {u > 1} together. o
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Proof of Lemma 6.41.  To prove Lemma 6.41 we argue by contradiction. Thus, suppose
that u"'(¢,,) > 0 atb. Then {, = ¢é,, = n,,, and it follows that u(n,, 1) < 1 at &« = b. Therefore,
m —1 ¢ C_. By Proposition 6.42, this implies that u(n;) < 1 forall 1 <k <m —1, so that
C- = 2. Besides, since C_ = C by Proposition 6.42, this also implies that C; = @. Thus,
we conclude that u(&) <1foralll <k <m—1and u(é,)=u(n,) =1ata =0>b. Since a was
defined as the largest value of « for which this situation occurs, this situation is excluded
and we have reached a contradiction. O

We recall the definition
c=sup{a >a|u"(¢,) >0o0on (a,a)}.
Clearly ¢ < b <1 by the proof of Lemma 6.40.

Proposition 6.44 For all « € [a,c] we have that
u"(&) >0 and u"(m) >0 forallke C, =C-.

Proof. ~ We first notice that since u(&) and u(1,) only enter {u > 1} together, we must
have u"'(&) > 0 and u"'(n,) > 0 at the point of entry. Suppose now, by contradiction, that
there exists a smallest « € [a, ¢], for which Proposition 6.44 does not hold: let

d=sup{a>a|u" (&) >0, u"(n) >0forallk € C.},

and suppose that d < c. Then at o = d there is a critical point ¢ € (0, ;) such that u(¢) > 1
and u"'(¢) =0, i.e., { is a point of symmetry.

Since by Proposition 6.42 all the critical values between ¢ and ¢, lie above u =1, it
follows that u(x) > 1 for x € [{,,]. In fact, since { is a point of symmetry, we have
that u(x) > 1 for all x € [2{ — {,, {y]. Since u(0) < 1, this means that 2¢ — ¢, > 0. By
symmetry, 2 — (, is a critical point, and from the definition of d we see that u"'(2¢ — ¢,) >
0. Therefore, again by symmetry, u"'(¢,) < 0, so that from definition of c it follows that
¢ < d. Since by assumption, d < ¢, we conclude that d = ¢, and u"'(¢,) = 0. But then u is
symmetric with respect to both ¢ and ¢,. This means that u(x) > 1 for all x € R, which
contradicts the fact that u(0) < 1. O

Remark 6.45 Another way of obtaining the final contradiction above, is via the observa-
tion that

W" +qu)y =u(l—u?) <0  on ().
Upon integrating over (¢, {,) we obtain that () < 0 at « = d, contradicting the as-
sumption thatd < c. o

Lemma 6.46 Let n > 4. For every q € [q,-1,qx) there exist two even n-lap solutions u,
and uy, such that u,;(¢,) > 1 and u;’,(,) = 0, while u; (0) > 0 and u;(0) < 0.

Proof. Since g3pn-1 < gn-1 for n > 4, it follows immediately from Lemma 6.40 that
there exist two periodic solutions which are symmetric with respect to ,, and such that
U, 5(Cy) > 1. We assert that ¢, is the first point of symmetry. Proposition 6.44 ensures that
(y is the first point of symmetry in the region {u > 1}. Besides, there is no critical point
0 < ¢ < ¢, with ©”'(¢) = 0 in the region {u < 1}, since that would imply (by Proposi-
tion 6.42 and the symmetry with respect to 0) that u(x) <1 for all x € R, contradicting the
fact that u(¢,) > 1. O
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The following Lemma is a reformulation of Theorem 6.39. It shows that the n-lap
solutions obtained in Lemma 6.46 exists for all g € (—/8, 4,).

Lemma 6.47 Letn > 2 and let —/8 < g < gq,,. For any N > n there exist two even N-lap
solutions u, and u;, such that u,,((n) > 1 and u;',(Cn) = 0, while u; (0) > 0 and u;(0) < 0.

Proof.  The range g € (—1/8,43) was already covered in Sections 6.4 and 6.6. For g €
[9n-1,qx) with n > 4 we see from Lemma 6.46 that there exists two n-lap solutions. For
N > n we again restrict our attention to the case 1”(0) > 0, the other case being completely
analogous. We can define 4, b and ¢ as before for both n and N. We havea, <c¢, <b, <1
and ay < cy < by < 1. If cy < 1 then clearly we have an N-lap solution. Arguing by con-
tradiction we assume that cy = 1. It follows directly from the definition of a and (6.63) that
an < a,. Proposition 6.44 shows that u"(¢,) > 0 if u(¢,) > 1 for all « € (an, 1]. However,
u"(¢,) =0 for a« = ¢, > a, > ay, a contradiction. O

6.9 Proof of Lemma 6.12

In this section we prove Lemma 6.12. We recall the setting: we assume that u is a solution
of Equation (6.1), and that a € R is a critical point where u has the following properties:

u(@)=1, u'@=0, u"@@=0 and u"(a)>0. (6.68)
Then u' > 0 in a right-neighbourhood of a so that the point
b=sup{x>a|u' >00n(0,x)} (6.69)

is well defined. By Lemma 6.6, it is also finite.
Let us now recall Lemma 6.12

Lemma 6.48 Suppose that

—\/§<q<q3=\/§(3+%>.

Let u be a solution of Equation (6.1) which at a point a € R has the properties listed
in (6.68). Then at its next critical point b defined by (6.69), we have
u(by >1, u'(by=0, u"(b)<0 and u"(b)<O.
Proof. If —/8 < q < +/8 we use the function H introduced in Section 6.4. Since u > 1 on
(a,b), it follows that H” > 0 on (a, b). At critical points of 1, we have by (6.24)
Hl — ullulll‘

Hence H' = 0 at a, and therefore H' > 0 at b. Since u"(b) < 0, and even u"(b) < 0 by the
first integral, it follows that u"'(b) < 0, as asserted.

If 7 > /8 we can no longer prove that H” > 0 on (a,b) and we have to proceed differ-

ently. Without loss of generality we may assume that @ = 0 and consider the initial value
problem

u® +qu’" +ud —u=0, (6.70a)
u0 =1, u'0)=0, u"0)=0 u"(0)=A, (6.70b)

where the initial values are derived from (6.68) and A is a positive number. We denote
the solution of problem (6.70) by u(x, A), and its first critical point, corresponding to b, by



220 6. Multi-bumps via the shooting method

¢(A):
¢(A) = sup{x > 0|u'(-,A) >0o0n (0,x)}.

We need to show that
u"(¢(A),A) <0 forevery A > 0. (6.71)

As a first step we show that (6.71) is satisfied for A large enough. This can be proved
by means of a simple scaling argument. With the variables

x=A"Y% and u(x,A) = APw(t,A), A>0,
the initial value problem (6.70) can be written as
) + I]A_Z/SZU” + w3 — A_4/5ZU =0,
{ w(0)=A"25 w'(0)=0 w"(0)=0 w"(0)=1.
By standard ODE arguments, w(t, A) =+ W(t) on compact intervals, as A — oo, where W is
the solution of the limit problem
W) 4+ W3 =0,
W(@O)=0, W'©0)=0, W"'0)=0, W"0)=1.
Plainly,
T=sup{t>0|W >00n (0,1} < o0
and W"'(T) < 0. Hence, by continuity, for A large enough, w"'(-, A) < 0 at the first zero of
w'(-, A). Thus, u""(¢(A), A) < 0 for A large enough.
Proceeding with the proof of Lemma 6.48, we suppose that (6.71) is false and that

u"(L(Ag), Ao) > 0 for some Ag > 0. Then there exist a constant A* € [y, 00) such that
u"(C(A*), A*) = 0. At ¢* = ¢(A*) we then have

u' > 0o0n(0,0%), u'(*)=0 and u"(C*)=0. (6.72a)
This means that u(-, A*) is symmetric with respect to ¢* and that
u' < 0on (%20, u(2¢*)=1 and u'(2¢*)=0. (6.72b)
For further reference, we introduce the notation
u(*)=a*>1 andhence u"({*) = %(1 — (a)?). (6.72¢)

In the remainder of the proof we show that if 1 < a/b < 3, where a and b have been
defined in (6.37b), i.e. if v/8 < g < g3, then a solution u(x, A*) with the properties listed
in (6.72) cannot exist. We shift the origin to x = ¢* and u = 1 and write

x=+% and u(x) =14 w(X).

Then w is the solution of the problem
w0 +gqu" + 2w = w3+ w), (6.73a)

w0)=a" -1, w'(0)=0, w"(0)= % (1-("?), w"(0)=0, (6.73b)

where we used (6.72) and have dropped the tilde. We shall compare the solution w =
w(x, a*) of problem (6.73) with the solution v of the linear problem
v 4 qv" + 20 =0, (6.74a)

WO =a—1, v0)=0, "(0)= %(1 — o), 9"(0)=0, (6.74b)
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where o > 1 is an arbitrary number, which eventually will be chosen equal to a*. We de-
note the solution of problem (6.74) by v(x) or v(x, ). An elementary computation shows
that v(x) can be written as

v(x) = A cos(ax) + B cos(bx), (6.75)
where we recall that a and b are the positive roots of the equation
kK*—gk*+2=0,
given by
a* = %(q +4/42—8) and V*= %(q — /3% —8). (6.76)
The coefficients A and B are given by
A= —bz(‘z;# and B= ”’Z(‘ZZ_# B = —%((xz —1). 6.77)

Let
xo(a) = sup{x > 0|v(-,&«) > 0 on [0, x)}.

In order to proceed with our comparison argument we need the following result.

Lemma 6.49 Suppose that /8 < q < g3 or, equivalently, 1 < 3 <3. Then for any « > 1 we
have xy(a) < 0o and v'(-, &) < 0 on (0, xo(«)].

We postpone the proof of this lemma until after the proof of Lemma 6.48 has been com-
pleted.

We now continue with the proof of Lemma 6.48. Let
Yo(ax) = sup{x > 0|w(-,&) > 0 on [0, x)}.

Our goal is to prove that w'(yo(x), «) < 0 for any « > 0. Translating this result back to
the variables x and u, we find in particular that #'(2¢*) < 0, which contradicts (6.72b) and
completes the proof.

By the variation of constants formula, we find that

w(x) = v(x) — ﬁ /0 {% sin(bt) — %sin(at)}h(x —fdt,

where h(s) = w?(s){3 + w(s)} > 0aslong asw > 0, i.e. on [0, yo]. Note that

w'(x) =0'(x) — ﬁ /Ox{cos(bt) — cos(at) }h(x — t)dt. (6.78)

At the first zero x, of v (which exists by Lemma 6.49) we have

w(xp) = —ﬁ /0 {%sin(bt) _ %sin(at)}h(xo —fdt.

Hence, if
def

K(t) = %sin(bt) — %sin(at) >0 for0<t< x, (6.79)
then w < v on (0, x¢], and therefore yy < x¢. In addition, if
K'(t) = cos(bt) — cos(at) > 0 for 0 < t < xo, (6.80)
then w’ < v’ < 0 on (0, yo] by (6.78). In particular, w'(y,) < 0, as asserted.
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The conclusion of the proof consists of a detailed analysis of the function K(t) to show
that (6.79) and (6.80) hold on (0, yo]. An elementary computation shows that

K(0)=0, K'(0)=0, K'(0)=0, K"(0)=a>—-b*>>0.
Hence K > 0 and K’ > 0 in a right-neighbourhood of the origin. We set
t; =sup{t >0|K>0on(0,t)},
and
to=sup{t >0|K' >00n(0,1)}.
Plainly 0 < ty < t; and K'(t;) < 0. We recall the assumption that
T m  3m 37

a
1<3 <8 & << <o (6.81)

Because a/b > 1, it follows from (6.79) and (6.81) that ; € (£, 3%), and hence, that to< 3%
On the other hand, since ;= < 7 it is clear that K" > 0on (0, ”] so that £y > 5~. Observe
that

cos(at) <0 on (£,37) and cos(bt) >0 on (0,2).

Because a/b < 3 and hence 3* > 2 it follows that K’ > 0 on [Z, Z], and we conclude that

7oty < 28 (6.82)

The value of v at t; can easily be computed by using the formula (6.80) for K’ in the
expression (6.75) for v. We obtain

U(to)— x— ; cos(bty),

which, in view of (6.82), shows that v(to) < 0. We conclude that xy < ty < t;, and hence
that the properties (6.79) and (6.80) of respectively K and K’ are true. This completes the

proof of Lemma 6.48. O
Proof of Lemma 6.49. ~ We first show that the assertion is true for
a>qv2—1. (6.83)
Note that
(0" 4+qv') =—-2v<0 aslongas ©v>0, (6.84)
and hence, still as long as v > 0,
0"(x) + qo(x) < 0"(0) + qv(0) = (1 — o) (1%" —q).

Therefore, if (6.83) holds then
v < —qu< 0 aslongas ©v>0,

so that xy(«) < oo and v'(-, ) < 0 for 0 < x < xp(x).

Let
af =inf{& > 1|xp(a) < oo and v'(-, ) < 0 for & < a < 00}.

If «* =1, then the assertion is proved. Therefore, we suppose that a* > 1. We distinguish
two cases:

(1) xo(x*) = oo and v'(-,a*) <0 for 0 < x < o0, or

(71) xo(a*) < oo and v'(x1, &*) = 0, for some x; < xo(a*).
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To keep the notation as simple as possible, we shall henceforth omit the asterisk when
referring to o*.
Case (i): Because v' = 0 and v’ = 0 at the origin, integration of (6.84) over (0, x) shows

that
v"(x) 4+ gv'(x) <0 forx > 0.

Hence, integrating (6.84) again, but now over (1, x) we conclude that
(0" (x) + gv(x))’ < 0"'(1)+gv(1l) = =6 forx>1,
where 6 is a positive constant. Hence
v"(x) 4+ gqu(x) < C—é(x —1) and therefore v"(x) <C—6(x—1) forx>1,

where C = v"(1) 4+ qov(1) is a constant. Thus v"(x) - —o0 as x — oo, which implies that
xo(ax) < 00, a contradiction.
Case (ii): Suppose that x; < x¢(«). Then

v(x1) >0, ?'(x;)=0 and v"(x;)=0. (6.85)

When we multiply Equation (6.74a) by ¢', integrate over (0, x) and use the initial condi-
tions, we obtain

o' — %(U”)2 + g(v’)2 +v*=(a— 1)2{1 - }1(1 + oc)z} for x € [0, xo],
Evaluating the left-hand side at x;, using the properties of v at x; listed in (6.85), we obtain

() = (o — 1)2{1 _ }L(l n oc)z}. (6.86)

Since o > 1, the right-hand side of (6.86) is negative, while the left-hand side is nonneg-
ative, a contradiction.
It remains to consider the case that x; = x;, so that

v(x)=0 and v'(x9) =0. (6.87)
We begin with a preliminary result.

Lemma 6.50 Suppose that1 < a/b < 3. Then, if the solution v of problem (6.74) has the
properties (6.87), the point xo must lie in the interval (0, ;).

Proof. ~ We recall the formula for v:
v(x) = Acos(ax) + B cos(bx), (6.88)

where a and b are given in (6.76) and A and B are given in (6.77). We discuss in succession

the three cases:
(1) A=0, (i) A<O0 and (iii) A>D0.

Case (i): A =0. Since A + B = a — 1, it follows that in this case B = « — 1 and hence
v(x) = (¢ — 1) cos(bx).

Thus, xo = 5;. However, v'(xy) < 0, which contradicts (6.87), so that A cannot be zero.
Case (ii): A < 0. Observe that in this case

B cos(bxp) = |A| cos(axy),
andB=a—1—A=a—1+|A| > |A|. Remembering that a > b, we conclude that
Bcos(bx) > |A|cos(ax) > 0 if0<x< %.



224 6. Multi-bumps via the shooting method

By assumption

< 3
>

< (6.89)

NI
NI

S

and hence

u s
> if — < —.
Bcos(bx) > 0 > |A|cos(ax) if 7 <X¥<5p

Therefore 2 < xo < 3Z. This implies that
s

v" +a*v = (a®> — b*)cos(bx) <0  on (%,

xO) ’
and hence, because v’ < 0 on (0, xy),

{@")? +a**} =2(0" +a*v)0' >0  on (%,xo).
When we integrate this inequality over (3;, o), and use (6.87), we find that

{@)?+a*} <0,

a contradiction, hence A < 0 cannot occur either.

Case (iii): A > 0. We have
— a

T T
—)=A ——).
o( Zb) cos( 75 )
But, in view of (6.89), cos(%%) < 0. This means that v(%) < 0, so that xp < 5;. Sum-
marising, we have found that the constant A in (6.88) must be positive, and hence, that
Xo < 2—72 [l

We continue the proof of Lemma 6.49. Using the explicit expression (6.88) for v, we
deduce from (6.87) that the constants A and B must satisfy the equations

A cos(axy) + Bcos(bxg) =0 and aAsin(axy) + bBsin(bx,) = 0. (6.90)

Since A 4+ B = a — 1, they cannot both be equal to zero. Therefore, the determinant of the
system (6.90) of equations must be zero, and hence

acos(bxg) sin(axg) = b cos(axy) sin(bxy). (6.91)

By Lemma 6.50, cos(bx) > 0. Hence, if cos(axy) = 0, then sin(ax,) = 0 as well, and this
is impossible. Thus, cos(ax,) # 0 and we may divide (6.91) by cos(ax) cos(bx,). We thus
find that xy must be a solution of the equation

a T m T

tan(bx) = - tan(ax) in (0, ﬂ) ] (%, %), (6.92)
because 3% > Z by assumption. With A = a/b and bx = t, we can write (6.92) as
def . def 7T 7T 7T
$(t) = Atan(Af) —tan() =0  in = (0, ﬁ) U (ﬁ’ 5) (6.93)
Thus, we seek a root T = bx, of Equation (6.93). However, the following Lemma shows
that such roots do not exist, which completes the proof of Lemma 6.49 a
Lemma 6.51 If1 < A < 3, then equation ¢(t) = 0 has no roots in the set I.
Proof.  Observe that -
Atan(At) > tan(t) if0<t< 0 (6.94a)
and - -
Atan(At) < 0 < tan(t) if —<t<—. (6.94b)

2A A
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If A <2, then 71/2A > 71/2, so that it is immediately clear from (6.94) that ¢ cannot have a
zeroin I.

If2 < A <3, then 7/A < /2 < 37/2A and it follows that if ¢(t) has a zero in I, then it
must lie in the interval (§, 7), where both terms in ¢(t) are positive. Plainly,

(I)(%) = —tan(%) <0 and ¢(t) = —o0 ast — g . (6.95)

Suppose that ¢(t) has a zero, and that ¢ is the largest zero on (§, 7). Then (6.95) implies
that ¢'(ty) < 0. However, an easy computation shows that

¢'()=A*—1>0 when ¢(t) =0.

Thus, we have a contradiction, and ¢(t) cannot have a zero in I. This completes the proof
of Lemma 6.51. O

6.10 Linearisation

We linearise around the constant solution u = 1 of the equation
u® 4+ qu" + 1w —u=0.

Looking at the initial value problem (6.22), we write u =1+ ev and & = 1 — e. Omitting
higher order terms, we obtain

o™ + gv" + 20 = 0. (6.96a)
00)=-1, 9 (0)=0, "(0)==+v2, v"(0)=0. (6.96b)

We denote the corresponding solutions by v.(x). Substitution of v(x) = e’ yields the

characteristic equation
M4+ga?+2=0. (6.97)

We distinguish two cases:
() —vV8<g<+v8 and (i) V8<g< .

Case (i): Equation (6.97) has roots
A=xa+ib (6.98a)

in which a > 0 and b > 0 are given by

1 1
a:E\/\/g—q and bziy/\/g—i—q. (6.98b)

An elementary computation shows that the solutions v, (x) and v_(x) of problem (6.96)
are given by
v+(x) = — cosh(ax) cos(bx) + K. sinh(ax) sin(bx),

where

K = — =
N V844

Thus,
v', (x) = (Kya + b) cosh(ax) sin(bx),
v’ (x) = (K_b — a)sinh(ax) cos(bx).
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We see that for u(x, @) with 1"(0) < 0 (i.e. corresponding to v_) we obtain

m(x) = T and &(x) — 37” asa — 1.

V8+g V V844

u_(m(x), a) ~ 1—(1—oc)gsinh(%) as a — 1.

and, sincee =1 — «,

Case (ii): Equation (6.97) has roots
A==ia and A= +ib,
where 1 1
azzi(q-l— 7> —8) and bzzi(q— 7> —8).
For the solutions v (x) of problem (6.96) we find
v1(x) = Ay cos(ax) + B cos(bx),
P FV2 a2 F /2
Ai:az b2 2 _p

Properties of the solutions v..(x) and their critical points and critical values are given in
Lemma 6.31.

in which

and B, =—




Chapter 7

Second order Lagrangians
and Twist maps

7.1 Introduction

Various mathematical models for problems in nonlinear elasticity, nonlinear optics, solid
mechanics, etc. are derived from second order Lagrangian principles, i.e., the differential
equations are obtained as the Euler-Lagrange equations of a Lagrangian L that depends
on a state variable u, and its first and second order derivatives. The Euler-Lagrange dif-
ferential equations are fourth order and are of conservative nature.

In scalar models the Lagrangian action is defined by J{u] = [ L(u,u’,u")dt. A second
order Lagrangian system is, under suitable assumptions on the u"”-dependence of L,
equivalent to a Hamiltonian system on R*. Trajectories of the Lagrangian system, and
thus Hamiltonian system, lie on three dimensional sets Mg = {H = E}, where H is the
Hamiltonian (conserved quantity). The sets Mg are smooth manifolds for all regular E
values of H (i.e. VH|uy, # 0), and are non-compact for all E € R. It turns out that for
Hamiltonian systems that come from second order Lagrangians, one can find a natural
two dimensional section {u' = 0} N Mg which bounded trajectories have to intersect fi-
nitely or infinitely many times (possibly only in the limit) [96]. This section will be de-
noted by £ and X = N X R, where N is a one dimensional set defined by:

N = {(u,u”) ‘ %u" — L(u,0,u") = E} 7.1)

(see Section 7.1.1 for more details). The Hamiltonian flow induces a return map to the
section X, and closed trajectories (closed characteristics) correspond to fixed points of
iterates of this map. In many situations the return map is an analogue of a monotone
area-preserving Twist map (see e.g. [13, 102, 98]). The theory developed in this chapter
will be centred around this property. Lagrangian systems that allow such Twist maps
will be referred to as Twist systems. Definitions and a precise analysis will be given in the
forthcoming sections. This chapter will be concerned with the basic properties of Twist
systems and the study of simple closed characteristics. These are periodic trajectories that,
when represented in the (1, u’)-plane (configuration plane of the Lagrangian system), are
simple closed curves. In Chapter 8 we will investigate more elaborate types of closed
characteristics via a Morse type theory. One of the main results of this chapter is the
following.

Theorem 7.1 Consider a Twist system with Lagrangian L, and let E be a regular value. If
N has a compact connected component N, then there exists at least one simple closed
characteristic at energy level E with u(t) € 7" N for allt € R (where 7" N, is the projection
of N onto the u-coordinate).
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A precise statement of this result will be presented in Section 7.3.1 together with inform-
ation about the location and the Morse index of the trajectory (Theorem 7.11). The results
in this chapter are proved for Twist systems. We can safely conjecture that Theorem 7.1
remains true even without the Twist property. This can for example be achieved via con-
tinuation to a Twist system within the class of simple closed curves in the (u,u’)-plane.
This exploits the idea that no simple closed characteristics exist on the boundary of the
class of simple closed curves. Certain mild growth conditions on L are needed in this case
(also for the continuation). This idea will be subject of future study.

For singular energy levels a similar theorem can be proved (Theorem 7.13). The bot-
tom line is that under the same compactness assumptions there exists a simple closed
characteristic in the broader sense of the word, i.e., depending on possible singularities a
closed characteristics is either a regular simple closed trajectory, a simple homoclinic loop,
or a simple heteroclinic loop. We also explain how singularities can lead to multiplicity
of closed characteristics (this issue is addressed in full in Chapter 8).

In Section 7.4 we give some more background information on Twist maps including a
few observations deduced from numerical calculations. We also briefly discuss the ana-
logues of KAM-tori/circles for second order Lagrangian systems, and the issue of integ-
rability versus non-integrability.

Throughout the chapter specific examples of physical systems will be given such as the
Extended Fisher-Kolmogorov (EFK) and Swift-Hohenberg equations ("' — att” + F'(u) =
0 with a € R). The theory developed in this chapter also applies to systems on M = S! by
simply assuming L to be periodic in u.

The organisation of the chapter is as follows. We introduce the concepts that play a
major role in our analysis in Sections 7.1.1-7.1.3. The definition of the Twist property is
stated in Section 7.2.1. Some examples of Twist systems are given in Section 7.2.2 and in
Section 7.2.3 we explain to what extent the assumptions can be weakened. Subsequently,
we apply the theory to Twist systems on energy levels with (Sections 7.3.2 and 7.3.3) and
without singular points (Sections 7.3.1). We deal with non-compact interval components
in Section 7.3.4. In Section 7.4 we list some concluding remarks. Finally, Sections 7.5
and 7.6 are devoted to the classification of equilibrium points and the proof of the Twist
property for a specific class of second order Lagrangians.

7.1.1 Second order Lagrangians

Let L : R® — R be a C>-function of the variables u, v, w. For any smooth functionu: I - R,
I CR, define the functional J[u] = [, L(u, u',u") dt, which is called is the (Lagrangian) action
of u. The function L may be regarded as a function on 2-jets on R, and is generally referred
to as the Lagrangian'. The pair (L, dt) is called a second order Lagrangian system on R.
The action | of the Lagrangian system is said to be stationary at a function u if 6J[u] =0

!In the case of a general smooth 1-dimensional manifold M one defines L as a smooth function on 2-jet
space of M. The action is then defined by considering functions (u, u’,u") : I — J*M.
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with respect to variations éu € C(I, R), i.e.

oL oL oL
— 1o _ = Vhocr | Yo
S[u] = 5/IL(u,u,u )dt—/lla ou + 5 ou —|—a ou’ | dt

oL doL d?adL
= /Ila—%%‘Fﬁ%](Sudt—o.

A stationary function u thus satisfies the differential equation
0L d oL d* oL

ou " dtow T apowr
which is called the Euler-Lagrange equation of the Lagrangian system (L, dt). The Lagran-
gian action ] is invariant under the R-action t — ¢ 4 ¢, which by Noether’s Theorem yields
the conservation law

(6_L_£ OL)M,+ oL
ou'  dtou” ou”

(see for instance [100]). This conservation law is called the Hamiltonian.
If L is strictly convex in the w-variable then the Lagrangian system (L, dt) is equivalent
to a Hamiltonian system on R* with the standard symplectic structure. Therefore we

assume:
(H) 2 L(u,v,w) > 6> 0forall (u,v,w).

The correspondence between a Lagrangian system (L,dt) on R and a Hamiltonian sys-
tem (H,w) on R* can be explained as follows. Let x = (py, p»,u,v) be symplectic co-
ordinates for R* with the symplectic form given by w = dp, A du + dp, A dv. Define the
Hamiltonian H(x) = p,v + L*(u,v, p,), where L*(u,v, p,) = maXyer{pow — L(u,v,w)} is
the Legendre transform of L. Since L is strictly convex in w we have that L* is strictly
convex in p,. Moreover, 9,,L* = (awL)fl(pv) = w, hence H(x) = p,v + p,(0,L) 71(;91,) -

u" — L(u,u’,u") = constant (7.2)

L(u,v, (6wL)71(pv)). For any function x : I — R the Hamiltonian action is defined by
A[x] = [,[putt’ + p,v' — H(x)]dt. A function x is stationary for A4 if and only if the u-
coordinate is stationary for J. In particular, the Euler-Lagrange equations for A4 are of the
form x' = Xp(x), where Xy = JVH and 7 is defined by w(x, Jy) = (x,y) (where (x,y)
is the standard inner product in R*). Xy is called the Hamiltonian vector field associ-
ated to H. The correspondence between u and its derivatives and x is given by: v = 1/,
pu=0yL —p.,and p, = 0,» L. See for example [9] for more details on this correspondence.
The state space R* of the Hamiltonian system (H, w) is often referred to as the phase space
and J'R = R? is called the configuration space®.

If the Hamiltonian is sufficiently smooth then the Hamiltonian system x’ = Xy(x) gen-
erates a local flow on R*. If we assume strict convexity of L in the w-variable then H is of
class C'. Under hypothesis (H) the Hamiltonian H(x) is a C*>-function®, which in return
generates a local C'-flow ¢!, on R* via the equation x' = Xp(x).

Stationary functions of | satisfy Equation (7.2), which is equivalent to H(x) = E € R.
For the associated Hamiltonian system (H, w) this means that the stationary motions lie

?In the general case the configuration space is J' M and the phase space is TJ! M.
3In order to study stationary points of 4 additional regularity for H is not required. One does usually
need proper growth conditions on H.
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on the 3-dimensional sets My = {x € R* | H(x) = E}. If VH # 0 on M then E is called
a reqular value and Mg is a smooth non-compact manifold without boundary. The vector
field Xy restricted to Mg is non-singular when E is a regular value. Indeed, the singular
points of the vector field Xy, i.e. points x, such that Xy(x,) = 0, are exactly the critical
points of the Hamiltonian, and thus only occur at singular energy levels. Singular points
are of the form x, = (p,, p», u,0) and are given by: 9,L(u,0,0) =0, p, = 0,L(1,0,0) and
Po = 0, L(u,0,0). Equivalently, for a Lagrangian system an energy level E is said to be reg-
ular if and only if g—f;(u, 0,0) # 0 for all points u € R that satisfy the relation —L(,0,0) = E.

A bounded characteristic of a Lagrangian system (L, dt) is a function u € C3(R,R) for
which 6 [, L(u, u', u") dt = 0 with respect to variations éu € CZ(I, R) for any compact inter-
val I C R. Since the Lagrangianis a C?-function of the variables (i, v, w) it follows from the
Euler-Lagrange equations that u € C}(R,R), 2£(-) € C2(R,R), and (42 — 9L (.) € CX(R R)
(regularity of critical points of L). This is equivalent to having a function x € C3(R, R?)
which is stationary for A4[x]: a bounded characteristic for the associated Hamiltonian sys-
tem (H, w).

The question now arises, given an energy value E, do there exist bounded and/or
closed characteristics (see Section 7.1.3 for a definition) on Mg, and how many, and how
are these questions related to geometric and topological properties of Mg.

7.1.2 Cross-sections and area-preserving maps

From (H) it follows that bounded solutions of the Euler-Lagrange equations only have
isolated extrema (well-posedness of the initial value problem for x’ = Xp(x)). Therefore
a bounded characteristic has either finitely, or infinitely many isolated local extrema. For
the associated Hamiltonian system this means that a bounded trajectory always inter-
sects the section 2 = {v =0} N Mg = {(pu, po, 4,0) | pu €R, p, = 0, L(11,0,w), (4, w) € Ng},
where N is defined by (7.1)%. In the case that there are only finitely many (or zero) in-
tersections, x(t) must be asymptotic as t —+ Foo to singular points of Xy, and thus critical
points of H. If E is a regular value this possibility is excluded. A bounded solution u is
therefore a concatenation of monotone laps between extrema (an increasing lap followed
by a decreasing lap and vice versa), at least if we assume that u does not have critical
inflection points, i.e. X is not intersected in a point where w = 0. In this context it is
important to note that if E is a regular value then critical inflection points can only occur
at the boundary of

' Ne = {u|(u,w) € N for some w € R} = {u|L(u,0,0) +E > 0}.

The last equality follows from the definition of N and the fact that d,,(wd,,L — L) = w3 L
in combination with hypothesis (H). We will be interested in bounded characteristics that
avoid critical inflection points. It will follow later on that at regular energy values critical
inflection points cannot occur (Lemma 7.7).

Recalling that w = d,,L* we define N} = {(u,p,) € Ng|0,,L*(u,0,p,) > 0}, N =
{(u,p,) € Ng|0,,L*(u,0,p,) < 0}, and N = {(u, p») € Ng|0,,L*(u,0, p,) = 0}. It follows
from hypothesis (H) that N} and N; are smooth graphs over the u-axis and "N} =

41t is sometimes convenient to define N in terms of coordinates (i, po) by using the formula p, = 0, L.
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Figure 7.1: The map 7, which is induced by the flow, and its projection T.

"Ny . The sets £ = Ni x R are smooth surfaces over the (p,, u)-plane. Thus, the pro-
jections 7, : I — N7 x R are invertible. For a given bounded trajectory x(t) we there-
fore only need to know the (p,, u)-coordinates of the intersections of x(t) with £F. Con-
sequently, bounded characteristics can be identified with sequences of points (p,,, 1;) in
the (p,, u)-plane.

In the following we fix the energy level E and drop the subscript in the notation. The
vector field Xy is transverse to the section £+ U £~ (non-transverse at X°). It therefore
makes sense to consider the Poincaré return maps, i.e., maps from Z* to £~ and from X~
to Z T, by following the flow ¢, starting at Z* until it intersects £ . It may happen that
@', does not intersect X~ at all. For the points in X" for which the flow does intersect X~
we have defined a map 7, from £* to £~°. The same can be done for the map 7 map-
ping from X~ to I*. Since I* are graphs over the (p,, u)-plane the above defined maps
induce maps Ty = 774 717" between open regions Q* C m. 2%, ie. T : QF — QF (see
also Figure 7.1). For any point (p,, u) € QF, Ty is a local C!-diffeomorphism (since there
are no critical inflection points in N¥).

Since bounded characteristics consist of increasing laps followed by decreasing laps
we seek fixed points of iterates of the composition map T =T oT; (or T=T o T.).
Fixed points are contained in the set

Q= ((T-o T.)"(Q") C R
nez

The maps T are area-preserving maps with respect to the area form o« = dp, Adu. This
means that for any region U C Q~ it holds that [, a = . r,u T1a (locally area-preserving).
This was proved in [96] for the EFK-equation. We will give a different proof of this fact
here. Let (p,,u) € U C QF, and recall that w = dp, A du + dp, A dv. Now 7T, maps
;U C £F to T 'U C ™. Since T, preserves w, and because £* C {v = 0} it follows
that the 2-form « = dp, A du is preserved, and thus T, as a map from Q% to Q7, is
area-preserving. This implies that

Pu,dtty — py,duy = dS.(pu,, u1), (7.3)

°In ODE theory the study of this map is often called a shooting method.
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where (p,,, u1) € U and (py,, 42) = T4 (pu,, 1) € T1 U, and S, is a C'-function of (p,,, 1)

The map T is a (local) Twist map if u, = u(p,,, u1) is strictly increasing in —p,,,. It then
follows from (7.3) that there exists a C!'-function Sg(u1,1,) = S«(pu, (u1,uz), u1) such that
01Sg = —py, and 0,Sg = p,,. This function is called the generating function of the Twist
map. A similar construction can be carried out for T_. We refer to [9] for more details.

The function Sg can be used to formulate a variational principle in terms of the u;-
variables. In the next chapter we will make a connection with the variational principle
for the Lagrangian action

Jelil = [ (L) + )t

where the integration over [0, 7] is between two consecutive extrema of u(t). In relation to
this connection we note the following (which does not depend on T, being a Twist map
or not).

Lemma 7.2 LetS.(p,,, u1) = Jg[u], where u(t) is the trajectory starting at = (p,,, u1) € £,
and T = T(py,, u1) is the first intersection time at X~. Then S, satisties Equation (7.3).
Proof.  Define the Hamiltonian action 4g[x] = fOT{puu’ + p,v' — H(x) + E}dt, and let
(pu,, u1) € QF. Consider the trajectory {@L (7 (p.,, u1))}zg(p”1’ul), where T(py,,u1) is the
first intersection time at X~. These trajectories vary smoothly with (p,,,u1) € Q. We
now consider variations with respect to (p,,,u1) € QF. Using the fact that (p,, p,, u,v)
obeys the Hamilton equations and v(7(p,,, #1)) = 0, we obtain

6Ag[x] = pubulf+ podol§ + [purt’ + pov’ — H(x) + E] 67
= pudu(t) = pu6u(0) + p, [8v(T) 4 0'(1)67]
= pu,0uy — py,ouy,
where (p.,, 2) = T4(pu,, 41). It may be clear that Ag[x] = Jg[u], which proves the lemma.
[l

If T, is a Twist map then for [ this implies that there exists a local continuous family
u(t; uq,up) of critical points (and 7(us, u,) varies continuously). Conversely, we will show
in the next chapter that the continuity conditions on the family of critical points u(t; 11, u,)
imply the Twist property.

We remark that instead of studying the maps T one can study a related area-pre-
serving map which is well defined when T, are Twist maps. From T, we construct the

map T
Unt1 7 Up
=T s Up—1,Un, Unt1 € ﬂuNE'
Uy Up—1

For this map we can use the generating function Sg(u;,u;) to retrieve the maps T.. We
refer to [6, 13] for more details.

7.1.3 Closed characteristics

A special class of bounded characteristics are closed characteristics. These are functions
u that are stationary for J[u] and are T-periodic for some period 7. If we seek closed
characteristics at a given energy level E we can invoke the following variational principle:

Extremise{Je[u] |u € Qper}, (7.4)
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where Jg[u] = [ (L(u, 1, u") 4+ E)dt and Qper = Ur50C?(S?, 7). It may be clear that 7 is also
a parameter in this problem. Problem (7.4) is equivalent to

Extremise{Jt[v, 7] | (v, T) € C*(S!,1) x R"}, (7.5)

where Jr[v, 1] = fol(L(v, %’, Z—Z) + E)tds. This equivalent variational characterisation is con-
venient for technical purposes. Notice that the variations in T guarantee that any critical
point of (7.4) has energy H(x) = E. The variational problem of finding closed characteris-
tics for a given energy value E can also be formulated in terms of unparametrised closed
curves in the configuration plane.

The Morse index of a closed characteristic u is defined as the number of negative
eigenvalues of the linear operator d*Jg[u] on T,Qpe; ~ C*(S',1) x R. The nullity is the
dimension of the kernel of d?Jg[u]. The large Morse index is defined as the sum of the

Morse index and the nullity.

7.2 Twist systems

7.2.1 Generating functions

In this section we will introduce a class of Lagrangian systems which satisfy a variant of
the Twist property. Such systems can be studied via generating functions. We start with
systems for which the generating function is of class C?. In Section 7.2.2 we will give a
number of examples of such systems. In Section 7.2.3 we explain how the theory also
works with C'-generating functions which allows a weaker version of the Twist property
(see hypothesis (T”) in Section 7.2.3).

For a regular energy value E the set 77" N is a union of closed intervals. Connected
components of 7m“Ng are denoted by Ir and will be referred to as interval components.
Since E is regular it holds that L(u,0,0) + E > 0 for u € int(Ig), and L(1,0,0) + E = 0 for
u € 0. In terms of Ng this means that connected components of N topologically are
copies of R and/or S'. Let A = {(uy,us) € I X Ig |u; = u, } be the diagonal, then for any
pair (u1,u) € Ig X Ig \ A we define

T
Se(uq, 1) = inf / (L(u, u',u"y + E) dt, (7.6)

ueX, 0

TeRt
where X, = X (u1,up) = {u € C*([0,7])| u(0) = uq, u(t) = 1y, t'(0) = u'(1) = 0, t|0,0) >
0if uy < upand ') < 0if g > u,}. We remark that the notation Sg is slightly sug-
gestive since it is not a priori clear that this definition of Sg is equivalent to the one in
Section 7.1.2 (however, compare Lemma 7.2). If there is no ambiguity about the choice
of E we simply write S(u1,1,). At this point it is not clear whether S is defined on all of
Ip x Ig \ A.

Collections of monotone pieces, or laps, of u from u; to u, that minimise f (L+E), are
the analogues of broken geodesics. Our goal now is to formulate a variational problem
in terms of the u;-coordinates of bounded characteristics replacing the ‘full” variational
problem for Jg[u]. This will be a direct analogue of the method of broken geodesics.

As in (7.5) there is an equivalent formulation of the variational problem above. In
view of this we consider the pair (v, T), with v(s) = u(t) and s = t/ 7. For the special points
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(11, u2) € A we define v(s) = u; for all s € [0,1] and 7 =0 (and S(u1,u;) = 0). A Lagrangian
system (L, dt) is said to satisfy the Twist property on an interval component I if (with E a
regular energy value):

(T) inf{Je[u]|u € Xc(u1,u2), T € R } has a minimiser u(t; uq, up) for all (uq,uz) € Ig X Ig\ A4,
and u and T are C'-smooth functions of (u1, y).

To be precise, by C'-smoothness we mean that (u1,u;) — (v,7) is a C!-function from
int(Ig X Ig \ A) to C?([0,1]) x R and a C’-function on Ir x Iz. The results presented in
this chapter will apply whenever the Twist property is satisfied on an interval compon-
ent I°.

If E is a singular energy level with non-degenerate critical points then we have the
same formulation of the Twist property with the following exceptions. First, C'-smooth-
ness is only required for all (11, u2) € int(Ig X Ig \ A) such that u; nor u, is a critical point’.
Second, when an equilibrium point u, € I is a saddle-focus or a center then 7(u1, u,) is not
continuous at (u,,u,)®. In the case that 1; and/or 1, is an equilibrium point of real saddle
type then 7 can be 0o?. We refer to Section 7.3.2 and Section 7.5 for more information on
singular energy levels and equilibrium points.

Definition 7.3 A Lagrangian system (L,dt) is called a Twist system on an interval com-
ponent I if both hypotheses (H) and (T) are satisfied.

Using hypothesis (T) we can derive the following regularity properties for S.

Lemma 7.4 LetE be a regular value. If (L, dt) is a Twist system on an interval component
Ig, then the function Sg(uy, uy) is of class C*(int(Ig X Ig \ A)) N CY(Ig x Ig\ A) N CO(Ig X IE).

Proof.  Due to the smoothness assumption in (T) and the regularity of solutions of the
Euler-Lagrange equations (see Section 7.1.1), we have that u(t;u;,u,) varies smoothly
with (u1, up) with values in C2. It is easily seen that Sg(u1,up) = Je[u(t; u1,u,)] is a C!-
function on Ir X Ir \ A. Lemma 7.2 and Equation (7.3) show that 0, S(u1, 1) = —p,,, and
0,5(u1,up) = pu,. It follows from the smoothness assumption in (T) and the fact that all
solutions obey (7.2) that p,, and p,,, are C!-functions of (11, u,)'?, hence S is a C*>-function
on int(lg X Ig \ A). Continuity of Sg at the diagonal follows either via a simple estimate
in the variational problem, or by analysing the shooting mapll. O

If S is considered on I} x I%, where I%, i = 1,2 are different connected components
of 71“NE, then one does not expect Sg to be defined on all of I} x I2. The next lemma

®Most of the results in this chapter also hold for slightly weaker conditions. For example, when we do
not require the family of solutions/extrema to be minimisers of Jg(u1, #;) then we obtain the same results,
the information on the index excluded. For the case where the family is continuous but not C' we refer to
Section 7.2.3.

’Singular energy levels connected components of 7“Ng can have internal critical points. This will be
discussed in Section 7.3.3.

81t still holds that Je[u(t; uq, uz)] — 0 as (u1, uz) — (Us, Us).

9We then consider u on either [0, 00), (—o0,0] or R (whichever is appropriate) and require that u(t; 11, u5)
converges on compact sets as 11 and/or u;, tends to the critical point.
At points t € (0, T) we have p, = (—%u” + L+ E)/u’ which depends smoothly on (11, u3) since u’ # 0 for
t € (0, 7). The smooth dependence of the initial value problem for the Hamiltonian flow now ensures that
p4(0) and p,(7) depend smoothly on (11, uy) as well.

UIn both cases the corner points dA have to be dealt with separately.
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reveals some important properties of the generating function S. For the remainder of this
section we assume that E is a regular value and we consider interval components Ir on
which (L, dt) is a Twist system.

Lemma 7.5 Let E be a regular value. Then

(@) 01S(u1,uz) = —pu, and 025(uy, up) = py, for all (uy,up) € Ig x Ig \ A,
(b) 010,S(u1,uz) > 0 for all (uy,uy) € int(Ig X I\ A), and

(¢) 04y Slintay = +00, where ny. = (F1,£1)1.12

Proof.  Part (a) has been dealt with in the proof of Lemma 7.4. For Part (b) of this
lemma we argue as follows: 010,5(u1, up) = ?u’ ’12 = —?7”21. Because of the uniqueness of the
initial value problem for x’ = Xy(x) the variable —p,, is a strictly increasing function of
Uy (u; fixed)™. In exactly the same way p,, is a strictly increasing function of u; (1, fixed).
Therefore 010,5(u1, 1) > 0. On the other hand using the smooth dependence on initial
data for x’ = Xp(x) and the smoothness of T(u3, 1), it follows that both u, = us(uy, pu,)

and 1y = u4(uz, pu,) are smooth functions. This implies that aai“zl # 0and a;;’f # 0, and thus
61025(u1,u2) > 0.

As for Part (c) we only consider the derivative in the direction n, (the other case is
similar). We have that u"'(0), u"' (1) = —o0 as u; — u, since u”(0), u"(t) # 0 on int(A).
For p, it holds that p, = 0,L(u,0,w) — 82, L(u,0, w)u" — 02 L(u,0, w)u" and thus p,, — oo,
i=1,2. O

The question of finding bounded characteristics for (L, dt) can now best be formulated
in terms of S. Extremising the action Jr over a space of ‘broken geodesics” now corres-
ponds to finding critical points of the formal sum ), _, S(u,,u,.1). Formally we seek
critical points (bounded sequences) of the infinite sum

W( sy U1, U, U, ) = Z S(ui/ ui+1)'

i€Z

nez

Since this sum is usually not well-defined for bounded sequences (u;)icz € £*°(Z), we say
that a sequence is a critical sequence, or critical point of W, if:

OZS(ui_l, u;) + 01 S(Lll‘, Uiv1) =0, foralli € Z. (7.7)

Such equations are called second order recurrence relations (see e.g. [13, 102] for related re-
currence relations in the context of Twist diffeomorphisms). If (7.7) is satisfied for all
i € Z then u-laps can be glued to a C*-function for which all derivatives up to order three
match. Indeed, Equation (7.7) means that the third derivatives match'*. Since every u-
lap satisfies the Euler-Lagrange equations we then get a C3-function u that is stationary
for J[u]. Of course, if we seek periodic sequences, i.e., sequences (i;)cz With 12, = U,
where 27 is called the period, we may look for critical points of the restricted action
Wy, = Z‘Zl S(u;,u;+1) defined on I2".15 This corresponds to finding closed characteris-

12This should be read as follows: when we approach a point (i, i) € int(A) from within the region {u, > u;}
then 0,,, S — 0o as (uq, up) — (i, ).

131t could also be strictly decreasing but this is excluded by Part (c) of the lemma

141t holds that 0,S(u;—1, u;) + 01S(u;, 1) = 02 L(u;, 0, ul’)(—u!" + @), where 1" is the third derivative on
the left and #}” is the third derivative on the right.

PThe function W,, is continuous on I¥" and is of class C* on the set {(uy,...,uz,) € int(I2")|u; #
uipq foralli=1,..,2n}, with up,1 = uy.
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tics for (L,dt). The period can be linked to various topological properties of u and x (in
the Hamiltonian system (H, w)) such as knotting and linking of closed characteristics.
Moreover, periodic sequences as critical points of W5, have a Morse index, which is ex-
actly the Morse index of a closed characteristic u as critical point of J|q,,,.

Lemma 7.6 LetE be a regular value. Let u = (u;)icz, € £*°(Z) with u; € int(Ig) be a periodic
sequence with period 2n, which is a stationary point of W,, with index p(u) < 2n. Then
the associated closed characteristic u for (L, dt) is stationary for J[u] and the Morse index
of u is also u(u), and vice versa.

Proof.  Letube stationary for Wy, i.e. dW,,(u) = 0. Concatenating the u-laps between the
consecutive extrema u; yields a T-periodic C*-function u that satisfies the Euler-Lagrange
equations of (L, dt). It may be clear that the function u is a critical point of (7.4). The state-
ment concerning the Morse index p(u) = p(u) can be proved as follows. The assumption
that u; € int(Ig) implies that u” # 0 at extrema of u(t). This implies that the number of
monotone laps is conserved under small perturbations in Qpe = UrsoC%(SY, 7).

A function w in a small neighbourhood of u can be characterized by the heights of
the extrema u1, ..., uy, (cylic), the distances between the extrema 1, ..., 72,, and the devi-
ations v;(t) € C3([0, 1]) of the minimizing laps, namely

ZU(t) = M(M(t — Tl'),' ui;, uiH) + "Ul‘(%(t — Tl)) forallt € [Ti, Ti+1], i=1,...,2n,

where u(t; u;, uiy1) and T(u;, uiy1) is the minimizing pair defined in hypothesis (T), and
T, = Y;_} 7. Consequently, T, Q,., can be identified with (C3([0,1]) x R)>" @ R, seper-
ating the dependence on the heights of the extrema from the other contributions. The lin-
ear operator d*Jg[u] induces a linear operator on (C5([0,1]) x R)*", which is non-negative.
Consequently the Morse index of d?J¢[u] is equal to the Morse index of the induced oper-
ator on R?". This induced operator is in fact d*W,, [u] (for more details see e.g. [103]: case
of broken geodesics). O

For points on the boundary 0Ir additional information about S can be obtained. De-
note the left boundary point of I by u~ and right boundary point by u™.

Lemma 7.7 Let E be a regular value. Let u~ € 0l (assuming that there exists a left
boundary point) then 0,S(u~, 1) > —0,L(u~,0,0) and 0,5(i1,u~) > 0,L(u~,0,0) forii > u~.
Similarly, if u™ € 0l then 0, S(u*, 1) < —0,L(u*,0,0) and 0,S(i1,u*) < 0,L(u*,0,0) for all
i<ut.

Proof.  Let us prove the above inequalities for 9;S as the case for 9,5 leads to an ana-
logous argument. We start with the left boundary point u~. We seek an increasing lap
from u~ to #i. Atu; = u~ itholds that —L(u~,0,0) = E, u{ =0and d,L(z~,0,0) > 0, which
implies that 11"(0) > 0. By contradiction, suppose that #'(0) = u"(0) = 1"(0) = 0. On one
hand we have p!, = d,L — p, and on the other hand p!, = > Lu' + 82, Lu" + 3 Lu". From
the former and the Euler-Lagrange equation we see that p}(0) = —0,L(0) < 0, so that

tim QoL+ Oa L + 8o Lu")(E) _ pyp Gul™(€) _ 5 o)

e—0 £ e=0 €

We conclude (using condition (H)) that u"'(t) < 0 in a right neighbourhood of 0, which
contradicts the fact that we are dealing with an increasing lap.
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It now follows that p,, = ,L(u~,0,0) — 02 L(u~,0,0)u}"(0) < 8,L(1~,0,0). Therefore
01S(u~, 1) = —p,- > —0,L(u",0,0). For the right boundary point u™ we get 0;S(u*, i) =
—pu+ < —0,L(u™,0,0), since u is a decreasing lap. O

7.2.2  Examples of Twist systems

An example of a class of Lagrangians for which we can verify the Twist property in vari-
ous cases is given by L(u,u’,u") = %u”z + K(u,u"). Most of the fourth order equations
coming from physical models are derived from Lagrangians of this form. We could tag
such systems as fourth order mechanical systems based on the analogy with second order
mechanical systems given by Lagrangians of the form L(u, u') = ju’ ? + K(u) (integrable
systems). The Lagrangian L clearly satisfies hypothesis (H) and (L, dt) is thus equival-
ent to the Hamiltonian system (H, w) with w the standard symplectic form on R* (see
Section 7.1.1) and H(x) = p,v + % p3 — K(u,v). For a regular energy value E the set "N
is given by 7*Ng = {u|K(u,0) + E > 0}. If E is regular it holds that K(u,0) + E > 0 for
u € int(Ig), and K(u,0) + E = 0 for u € 9l.

Lemma 7.8 Let I a connected component of 1" Ng (E not necessarily regular'®). Assume
that

(@) Lo —K(u,v)—E<O0forallu€lrandveR,

(b) $Kv? — 3{%&y — K(u,v) —E} >0 forallu € Ir andv € R.

Then for any pair (uy, uy) € Ig X Ig \ A Problem (7.6) has a unique minimiser (1, 7) € X, X
R* (in fact the only critical point), and the minimiser u(t; u,,u,) depends Cl-smoothly on
(11, up) for (uy, up) € int(Ig X Ig \ A)Y.

For the proof of this lemma we refer to Section 7.6.

At this point we are not able to prove that the Twist property holds for more gen-
eral systems under some mild growth conditions on K without assuming (a) and (b).
However, numerical experiments (see Section 7.4.1) for various Lagrangians suggest that
Lemma 7.8 is still valid, although we do not have a proof of this fact. Milder conditions
on K sometimes only allow the existence of a continuous family u(t;u;,u,). We come
back to this case in Section 7.2.3. The conditions given in Lemma 7.8 already allow for
a large variety of Lagrangians that occur in various physical models. We will give a few
examples of such systems now.

7.2.2.1 The EFK/Swift-Hohenberg system

The EFK/Swift-Hohenberg Lagrangian is given by L(u, u’, u") = %u” 24 su' %+ F(u), where
a € R and F is a smooth potential function'®. The Hamiltonian in this case is H(x) = p,v +
1p3 — %v* — F(u). Connected components of 71N are sets of the from {u | F(u) + E > 0}.

In the case that o > 0 this L is referred to as the EFK-Lagrangian (see e.g. [90, 89, 88]),
and in the case o < 0 it is usually referred to as the Swift-Hohenberg Lagrangian [106, 23,

161f E is a singular energy level then we require the critical points to be non-degenerate.

7IfEisa singular energy level then Cl-regularity holds for all (i3, uz) € int(Ig x Ig \ A) for which u; nor u;
is a critical point.

8Note that in this chapter the potential F(u) is defined with the opposite sign compared to Chapter 1.



238 7. Second order Lagrangians and Twist maps

137]. For example, F(u) = }I(uz — 1)? is the classical EFK/Swift-Hohenberg potential [117,
120], F(u) = 1u® — Ju? gives the water-wave model [35], F(u) = —1(u® — 1)* is the potential
of a nonlinear optics model [1].

If @ <0 then the conditions (a) and (b) are satisfied for any interval component I.
The Swift-Hohenberg systems is therefore a Twist system for all interval components.
For a > 0 this is not immediately clear (conditions (a) and (b) are not satisfied)'®. More
details on EFK/Swift-Hohenberg systems are given in Section 7.3.4.

7.2.2.2 The suspension-bridge model

The suspension bridge model is a special case of the Swift-Hohenberg equation, namely
L(u,u',u")= %u”z — %u’z + F(u), with F(u) = " —u — 1 (see [121]). Clearly, the suspension
bridge model is a Twist system for all c € R. For more details see Section 7.3.4. This model
is particularly intriguing due to the specific form of the potential function F. The growth
of F for u —+ oo is essentially different from the growth for 1 —+ —oo which has far reaching
consequences for the set of closed characteristics.

7.2.2.3 The fifth order KdV equation

Consider L(u,u',u") = 3u"* + K(u, ), where K(u, u") = (o 4+ 2pu)u’ + F(u), with F(u) =
Su® 4+ §u?, which describes travelling waves in a fifth order Korteweg-de Vries equation
(see e.g. [40, 115]). In order for the theory to be applicable the conditions in Lemma 7.8
on K imply that o 4+ 2uu <0 for u € Ir. The case u = 0 is the Swift-Hohenberg equation
again. Let us assume for example that k,0 > 0, then one finds compact intervals I for
values —5732 < E < 0. These intervals are contained in [—3%,0]. For pu > 0 the condition
becomes u < —i, which is for instance satisfied for all u € I if « < 0. For u < 0 the condi-
tion becomes u > — ﬁ, which is satisfied for all u € I¢ if « < 22%. Many more combination
can be found by also varying the signs of k and o.

7.2.3 The C’-Twist property

As we already remarked before, the theory developed in this chapter can be adjusted
for C'-generating functions. We will point out the difficulties and how the theory has to
be adjusted at the end of this section. First we start with a weaker version of the Twist
property that ensures the existence of C!-generating functions.

(T") inf{Je[u] |u € X (u1, uz), T € R* } has a minimiser u(t; uy, uy) for all (uy, uz) € Ig X Ig\ 4,
and u and T are continuous functions of (11, us).

Hypothesis (T”) is often easier to verify than the stronger hypothesis (T). Let Ir be an in-
terval component and (L, dt) is a Twist system on Ir with respect to hypothesis (T”). Then
Pu,(U1,Uy) is strictly increasing in u; and —p,, (11, u) is strictly increasing in u,, and both
are continuous in (u1, u2). The maps T4 as described in Section 7.1.2 are therefore mono-
tone (C!-) Twist maps, which have a Cl-generating function Sg(uy, us) = Je[u(t; uy, uz)].

197, Kwapisz [95] proves that the CO-Twist property (T’) (see Section 7.2.3) is satisfied for the EFK-
Lagrangian (« > 0) on interval components Ir for which F(u) + E has at most one internal extremum (a
maximum).
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Lemma 7.9 Let Ir be an interval component. If (L,dt) is a Twist system with respect to
hypothesis (1), then Sg is a Cl-generatjng function on Ig X Ig \ A.

Part (b) of Lemma 7.5 is now replaced by the property that 0;S and 0,S are increasing
functions of u; and u, respectively. The difficulties in working with C!-generating func-
tions are the definition of the Morse index and the gradient flow of W = >, S(u;, ui41).
In Section 7.3 we use the gradient flow of W to find other critical points besides minima
and maxima. One way to deal with this problem is to approximate S by C?-functions.
A C!'-Morse/Conley index can then be defined (see for instance [17, 18]). An analogue
of Lemma 7.6 can also be proved now. Other properties of S that we use in this chapter,
such as construction of isolating neighbourhoods, do not need the C?-regularity. For this
reason we will continue with C2-function keeping in mind that all result carry over to the
C!-case.

7.3 Existence

7.3.1 Simple closed characteristics for compact sections Ng

The properties of S listed in the Section 7.2.1 can be used to derive an existence result for
simple closed characteristics. Before stating the theorem we need to introduce some addi-
tional notation: Iz x Ir\ A = D} U Dy, where D = {(u1,u2) € Ig X I\ A |up > 11}, and
Dr is defined analogously. The function Wy(u1, uy) = S(u1, ) 4+ S(u2,u1) is a C?-function
on int(lg x Ig \ A). Since Wy (11, up) = Wa(u2, 1) we can restrict our analysis to D .

Throughout this section we again assume that E is regular and (L, dt) is a Twist system
on Ig.

Lemma 7.10 Assume that 7N contains a compact interval component Iz. Then W, has
at least one maximum on D} %,

Proof. ~ We have that W,|, = 0 and W, is strictly positive near int(A) by Lemma 7.5c.
Since the set 52 is compact, W, must attain a maximum on set 52. It follows that
ma (Ul u2)€D+ Wz(ul, uz) > 0.

Writing Ir = [u~, u"] we denote by n; = (1,0)” the inward pointing normal on the left
boundary By = {(u~,uz)|us € Ig} and by n, = (0,—1)T the inward pointing normal on
By = {(u1,u™)|u; € Ig}. Using Lemma 7.7 we can now compute anz and aWZ . For example
let u; = u—, then

W.
‘?9 2 = 0,S(u™, u2) + 02S(utz, u”) > —0,L(u",0,0) + d,L(u",0,0) =
n
Similarly, using Lemma 7.7, we derive that aWZ | , > 0. Since both aWZ | B, >0, %‘2]22| B, >0,
and W,| 4 = 0, the maximum is attained in mt(D*) (see also Figure 7 2) O

If we study W,,, n > 1 we do not necessarily find new closed characteristics for (L, dt).
i.e. critical points of W, of higher index may be the same closed characteristic traversed
more than once. In the next sections we will describe some mechanisms that yield more
geometrically distinct closed characteristics.

20Erom straightforward Morse theory for W, on D‘E|r we obtain in addition that by > 0, by — by > 0 and
by — by + by = 1, where b; is the number of critical points of index i (in the case that W, is a Morse function).
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_L\ Uy =ut /

Figure 7.2: A picture of Df. The arrows denote the direction of the gradient VIV,
schematically (of course the gradient is not perpendicular to the boundary everywhere).
Clearly the maximum of W, is attained in the interior of DE’.

The above lemma can be slightly rephrased for Lagrangian systems (see Lemma 7.6).
We do not have information about the nullity of d?Jg(u, 1), so that the large Morse in-
dex?! of the solutions may be greater than 2, but the Morse index is certainly smaller than
or equal to 2.

Theorem 7.11 Assume that 7t N contains a compact interval component Ig. Then (L, dt)
contains at least one simple closed characteristic u(t) € int(Ig) with large Morse index
greater than or equal to 2 and Morse index less than or equal to 2.

Theorem 7.11 states that the associated Hamiltonian system (H, w) has at least one
closed characteristic on Mg. The above theorem is reminiscent of first order Lagran-
gian systems: L(u, u') with Euler-Lagrange equation & — £9L — (. Such systems may be
labeled as mechanical systems if d,,L > 0. On the compact components of {(u, u') | &£u' —
L(u,u") = E} closed characteristics exist (integrable system).

If L is invariant with respect to t — —t, then it holds that L(u, v, w) = L(u, —v, w) for
all (u,v,w) € R%. A consequence of this symmetry is that S(uy, up) = S(uy, u1) which im-
plies that we can study just S (instead of W,) to find simple closed characteristics in this
case. Moreover, this symmetry of L carries over to the simple closed characteristic: u(t) is
symmetric with respect to its extrema. Some Lagrangian systems are also invariant under
the symmetry u — —u which yields the relation L(u, v, w) = L(—u, —v, —w). If 0 € 71“Ng
then there is at least one closed characteristic on the anti-diagonal 17 = —u,. If the global
maximum of W, is not on the anti-diagonal 1; = —u, then there are at least 2 more closed
characteristics (by symmetry).

If we consider non-compact interval components I there is no topological restriction
that forces the existence of closed characteristics, and there need not exist any. In order to
deal with this case (in forthcoming sections) more information about L is needed: asymp-

totic behaviour (see Section 7.3.4).

7.3.2 Singular energy levels

If E is a singular energy level then there exist points u € 7*Ng for which 0,L(u,0,0) =
0 and L(u4,0,0) + E = 0. For a singular value E the connected components of N are

Z1The large Morse index is defined as the sum of the Morse index and the nullity.
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either smooth manifolds (R or S'), or they are characterised as: N& ~ (RV)S'V ---V
SY(VR). The points in R?* on which N fails to be a manifold lie on the u-axis, and are
exactly the points u for which 0,,L(u,0,0) = 0 and L(u,0,0) 4+ E = 0. The set of such critical
points is denoted by C(Ig). As before, 71“Nf is a union of closed intervals. An interval
component I is defined as a subset of 7*Ng such that L(1,0,0) + E > 0 for all u € int(Ig)
and L(u,0,0) + E = 0 for u € dI. Since E is singular two interval components I} and I?
may have non-empty intersection, i.e. I} N I2 = {one point} C C(I). Concatenations of
interval components are discussed in Section 7.3.3. If we consider interval components
with critical points geometric properties come into play. We assume that (L, dt) is a Twist
system for the interval components that we consider.

Let Ir be an interval component for which u~ € 0l is a critical point. In order to
prove the analogue of Lemma 7.7 we need to know whether u"(0) is zero or not. This is
determined by 7(u~, 1), i.e. if T(u™,u,) < oo then u"(0) > 0 (assuming u, > u~), and if
T(u~, 1) = oo then u"'(—o0) = 0 (in the case that T = oo we consider u on [—7,0] using
translation invariance). These two cases can be distinguished by studying the singularity
at u~. We can compute the spectrum of .~ which we will denote by o(u~). We assume that
we are dealing with non-degenerate singular points, i.e. 0 ¢ o(u ). Critical points on the
boundary of interval components obey 9% L(u, 0,0) > 0. It is shown in Section 7.5 that there
are three possible behaviours for o(u~): o(u™) CR, o(u~) CiR, or o(u~) C C\ {RUIR}. In
the latter case there is one eigenvalue in each quadrant. The three possible behaviours are
categorised as real saddle, center and saddle-focus respectively. If o(u~) C C\ R (center or
saddle-focus), then T(u~, u;) < oo for all u, € I¢. It is immediately clear that Theorem 7.11
is still valid in that case. Also, if both u™* and 1~ are critical points and have their spectrum
in C\ R, Theorem 7.11 remains true.

Theorem 7.12 Let E be a singular value and assume that o(C(Ig)) C C\ R. Then (L,dt)
contains at least one simple closed characteristic u(t) € int(Ig) with large Morse index
greater than or equal to 2 and Morse index less than or equal to 2.

The way to attack the problem of finding closed characteristics at singular energy levels in
general is to again consider the function Wy(u1, u2) = S(u1, uz) + S(ua, u1). Since Wa |4 =0
and strictly positive near A, W, attains its global maximum in I x Ir \ A. As was already
pointed out before, the maximum is attained in the interior of Ir x Ir \ A if there are no
critical points of L(u,0,0) in 0Ig, or if critical points of L(u,0,0) have complex spectrum
(Theorem 7.12). Thus in order for W, to attain its global maximum on the boundary, the
interval component 0l needs to contain at least one critical point of L(u,0,0) with real
spectrum.

The next question is: suppose W, attains its maximum at 0(Ig X Iz \ A), does this
maximum correspond to a simple closed trajectory for (L,dt)? Again from the previous
we know that at a point (uy, 1) € 0(Ig X Iz \ A) it holds that W, > 0 if u; = u~ and
0,W, < 01if u = u*. A boundary maximum for which u; = u~ and u, = u™* is called a co-
dimension 2 point, and the remaining boundary points are called co-dimension 1 points.
It is clear that at a co-dimension 1 point, for example at u; = u~, it holds that 0,W, = 0.
Since we are assuming that this point is a maximum, and because 0;W, > 0 it follows
that the maximum is in fact a critical point. The same holds for a co-dimension 1 point
at u, = u*. Such points correspond to solutions u(t) for which u"'(—o00) = u"'(c0) =0,
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and u(—o00) = u(oo) = u~, and u(t) is thus a homoclinic orbit. By the same reasoning co-
dimension 2 points are also critical points. Such a point corresponds to a heteroclinic loop
(two heteroclinic connections that form a loop).

Summarising, we can introduce the notion of closed characteristic in the broad sense
of the word: a simple closed periodic orbit, a simple homoclinic loop, or a simple hetero-
clinic loop (they all form a simple closed loop in the configuration plane). If we use this
definition we obtain the following theorem.

Theorem 7.13 Assume that "N has a compact interval component I then (L, dt) has at
least one simple closed characteristic in the broad sense.

It is clear from the previous that a necessary condition for (L,dt) to have a simple
homoclinic loop to u~ is that u™ is a critical point of L(u, 0, 0) that has real spectrum (real
saddle). The same holds for u™. A necessary condition to find a simple heteroclinic loop
between u~ and u™ is that both #~ and u™ are real saddles. Unfortunately, these condi-
tions need not be sufficient®.

One way to guarantee the existence of a simple homoclinic loop to u~ € C(Ig) is
that T(u™,us) = T(up, u™) = oo for all u, € I, and either u* ¢ C(Ig) or u* has com-
plex spectrum. In that case 9;S(u~,u;) = —0,L(u~,0,0) for all u, € Ir. In terms of W,
this yields that d;W,(1~,u;) = 0 for all u, € Ir. We can now restrict W, to the line-
segment {u; = u" } x Ir. Define Wi (u) = Wa|(y=u-1x1, = S, u) + S(u,u"). It easily fol-
lows that (compare Lemma 7.7) Wy (u™) = 0, Wi (u™ + ¢) > 0 for € > 0 sufficiently small**
and W{(u") < 0, and thus W; has at least one global maximum u, on (u~,u™"). The point
u, corresponds to a homoclinic orbit to u = u~.

Regarding the Morse index of this point/orbit we note the following. If u, is a (local)
maximum of W, on D then the large Morse index is again equal to 2. The corresponding
homoclinic orbit has large Morse index greater than or equal to 2 and Morse index less
than or equal to 2. However, restricted to the class of functions that are homoclinic to
u~ it has large Morse greater than or equal to 1 and Morse index less than or equal to 1
(mountain-pass critical point)®.

7.3.3 Concatenation of interval components

Up to this point we have only considered single interval components Ir. When E is a
singular value then two interval components I} and I2 may have a common boundary
point. This boundary point is then necessarily a critical point. The concatenation of the
interval components I%, i = 1,2, will be denoted by I%, and the critical point in I} N [? is
denoted by u,. If (L,dt) is a Twist system on both interval components I} and I? it does

ZFor the EFK Lagrangian with F(u) = (u? — 1) it has been shown that the simple closed characteristic
found in Theorem 7.13 corresponds to a heteroclinic loop if and only if the equilibrium points are real
saddles (see Chapter 2 and [117, 96]).

21t follows from Lemma 7.5b that it in fact suffices that T7(u~, u™) = T(u™,u~) = co.

241t follows from the linearisation around u~ that py, < 0 for u™ < u, < u™ + ¢ when ¢ is small enough.
BFor the EFK Lagrangian with F,(u) = [["(s* — 1)(s —a)ds, 0 < a < 1 and « > 2+/2(1 — a) the Twist property
is satisfied on the interval component Iy = [u~,1] and T(u~,1) = co. Therefore there exists a homoclinic
loop is this case. The existence of such solutions for this problem was first proved in [116] by means of a
different method. If the case a = 0 is considered one obtains a heteroclinic loop (see e.g. [89]).



7.3. Existence 243

Figure 7.3: The triangle D} when a connected component of 77N consists of two com-
pact interval components. The arrows denote (schematically) the direction of the gradi-
ent VW,. Clearly W, has maximum in D} | and Dy, and a saddle point in D} ;.

not necessarily mean that (L, dt) is a Twist system on the concatenated interval I}. One
can easily give examples where (L, dt) fails to satisfy the Twist property on I}.?* However,
if (L, dt) is Twist system on I#, and this is indeed true in many cases, then more solutions
can be found. In order to study this case we will use the gradient flow of W5:

d
% = 0,S(uz, t1y) + 01 S(us, ), (7.8a)
d

with u; € int(I%) fori =1,2.

As before we can restrict our analysis to Df. Define D, = {(uy, uy) € It X I |u; > u1},
Df, = {(u1,u2) € I x If|up > w1}, and Df, = It x It \ (u.,u,). On the domains D},
and Dy, one can again apply Theorem 7.13 which yields the existence of maxima on
each of these components. Note that this is independent of the type of u, (spectrum

o(u,)). The following theorem will crucially use the fact that u, is a critical point for
which o(u,) C C\ {RUIR}, i.e. a saddle-focus.

Lemma 7.14 Let I# be a concatenation of two compact interval components I} and I? and
assume that the critical point u, € I} N I is a saddle-focus. Then W, has at least one
maximum on each of the components DEV i =1,2 and W, has a saddle point (critical
point with large Morse index equal to 1) on the component Dy .

Proof.  The existence of at least one maximum on each of the components DE:‘/ i=1,2,
follows directly from Theorem 7.14. As for the existence of saddle points we argue
as follows (see also Figure 7.3). Applying Lemma 7.7 we obtain that 61W2|61‘1E xz >0
and 0, W,| nxorz > 0. In order to successfully apply Conley’s Morse theory we need to
choose an appropriate subset of D3 which will serve as an isolating neighbourhood.
Near (uq,u;) = (1., u,) we can find a small solution of the Euler-Lagrangian equation
by perturbing from a linear solution. Consider the unique monotone lap u(t) for which
u(0) = u; = u, — 6 and u(t) = u, + 6. Since u, is critical point of saddle-focus type,

%For example consider the EFK Lagrangian with F(u) = 1(u?> — 1)%. Take E = 0, then 7"Np = R is the
concatenation of three intervals. If a > 21/2 then (L, dt) is not a Twist system on I = R. However for & < 0
the Twist property is satisfied on R, and numerical experiments indicate the same for 2v/2 > « > 0. This is
related to the behaviour of the singularities u = £1 (see Section 7.4.1).
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it follows that u"(0) < 0 and u"(t) < 0 for & sufficiently small”’. Straightforward cal-
culation shows that 9,0,W, = 010,5(u1,u) + 010,S(up, u;) > 0. These two facts com-
bined show that d,W,(u, — 6,u;) < 0 for all u, < u, + 6, and 9, Wo(uq, u, + 6) > 0 for all
uy > u, — 5. Define N5 = D}, \ {(uy, up) |t — 6 < uy < thy,uy + 6 > 1y > u,}. The set
N is a closed subset of D} ; and is isolating with respect to the gradient flow of W,.*
The next step is to compute the Conley index of the maximal invariant set Inv(Ns) C Nj.
It suffices here to compute the homological index (see [48]) of Inv(Ns). In order to do
so we need to find an index pair for Inv(N;). Let I} = {ay,af}, 012 = {a;,a]}. Let
Ny ={us=u,u,+6<u, <aj}U{ay <uy <u,—95u, =u,},then (Ns, Ny)isan index
pair for Inv(Ns), and CH,(Inv(Ns)) = H,(Ng, Ny ). Consequently CH;(Inv(Ns)) ~ Z and
CHi(Inv(Njs)) = 0 for k # 1. The fact that the homological Conley index is non trivial for
k =1 and because (7.8) is a gradient flow we conclude that there exists at least one critical
point of W, in N5 with large Morse index equal to 1. O

With regard to the relative position of the extrema of W, we note the following. Let
(b;, c;) be the maximum in DEZ. fori=1,2. Since VW,(b;, c¢;) = 0 it follows from Lemma 7.5b
that 0, W,(b1, up) > 0 for all u, > ¢; and 9,W,(u3,c2) < O for all uy < by. Therefore, we may
as well use If)g3 ={by <uy <u,, u, <uy <} \ (us,uy) instead of DEs- We then obtain a
saddle point (b3, ¢c3) € f);;3 with b; < by < by and ¢; < ¢3 < ¢5.

In terms of closed characteristics for a Lagrangian systems the above lemma yields

Theorem 7.15 Let 7" Ng contain a concatenation If of two compact intervals I} and IZ,
and assume that (L, dt) is a Twist system on I£. If u, € I} N IZ is of saddle-focus type, then
there exist at least 3 geometrically distinct closed characteristics.

An analogue of the above theorem can also be proved for concatenations of more than
two interval components. We leave this to the interested reader.

7.3.4 Non-compact interval components

As already indicated in the previous sections the theory developed in this chapter is ap-
plicable to various model equations that we know from physics, such as the EFK/Swift-
Hohenberg type equations, fifth order KdV equations, suspension bridge model, etc.
(see Section 7.2.2). In this section we will take a closer look at the class of EFK/Swift-
Hohenberg type equations. This family of equations is given by a Lagrangian of the form:
L(u,u',u") = Ju" 4 su' %+ F(u), where F is the potential, which is an arbitrary C?>-function
of u. We have already proved that such Lagrangian systems are always Twist systems if
a < 0 (and we believe the same to be true also for a > 0 (Twist property on interval com-
ponents)). The results obtained in this chapter prove that for any energy level E for which
the set {u | F(u) + E > 0} contains a compact interval component I, there exist a simple
closed characteristic u(t) € int(Ir). Let us by means of example consider a double equal-
well potential F (like (1> — 1)?) with min, F(u) = 0. In this case the set {u | F(u) + E > 0}
always contains non-compact interval components. Without further geometric know-

ZThis follows for example from an explicit calculation of the solution for the linearised problem.

The flow is not well-defined on the boundary of Dp,, but we can choose a slightly smaller isolating
neighbourhood inside D ; with the same Conley index (alternatively we can use the Morse index for C!-
functions (see also Section 7.2.3)).
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ledge of the energy manifold M a general topological result proving existence of closed
characteristics does not seem likely. Therefore we will consider a specific example here.
Consider the energy level E = 0, then I £ 1Ny = R, and I, is a concatenation of three
interval components. The Lagrangian system with o < 0 is a Twist system on I and there-
fore S is well-defined on R?. One way to deal with this non-compact case is to compactify
the system (see Chapter 5). This however requires detailed information about the asymp-
totic behaviour of F. There is a weaker assumption that one can use in order to restrict
the analysis of W, to a compact subset of D} . This boils down to the following geometric
property:

(D) There exists a pair (uf,u3) € Df (with |uf| and |u3| large) such that u}',(0) < 0 and

uy (1) < 0 for the unique minimisers u, = u(t; uy, uz) and uy = u(t; uz, u7) of (7.6)%.

If (L, dt) satisfies hypothesis (D) on a (non-compact) interval component I, then the sys-
tem is said to be dissipative on I} = [u}, u3].
Lemma 7.16 If a Lagrangian system is dissipative on I}, then it holds that 0, W, (u7, u,) <0
for all u, € (u3,u}] and 0, Wo(uq, u3) > 0 for all uy € [uf, u3).

Proof. It follows from (D) that 9; W, (u7, u3) < 0. Lemma 7.5b implies that 0, W (13, 1) is
increasing as a function of u,. It easily follows that 0;W,(uj, up) < 0 for all u, < u3. The
other assertion is proved in exactly the same way. a

For many nonlinearities F(u) it can be proved that the EFK/Swift-Hohenberg system
is dissipative on some interval I} = [u},u3] with u} < —1 and uj > +1 %. Notice that S
need not have any critical points, for example for E > 0 (see Chapter 5). For E = 0 there
are two equilibrium points which will force S to have critical points.

Lemma 7.17 If the Swift-Hohenberg Lagrangian is dissipative on I} (with {£1} = C(I}))
then it has at least two geometrically distinct simple closed characteristics (large and small
amplitude). Moreover, if u = £1 are both saddle-foci then there exist two more geomet-
rically distinct simple closed characteristics.

Proof. =~ We consider the function W, on I} x I} and as before we define D} = I} X
I; N {us > u1} (see also Figure 7.4). Define A; = {-1 < 1y < up < 1} and A, = Df N
{u; < —1,u; > 1}. As in the proof of Lemma 7.10 we have that 0;W,(£1, 1) > 0 and
0, W, (u1, £1) < 0. We now see from Lemma 7.16 that the gradient of W, points outwards
on 0A, and inwards on 0A;. Hence, on A; the function W, attains a maximum and on
A, the function W, attains a minimum (index 2 and index 0 points respectively), which
proves the first part of the lemma.

As for the second part we argue as in the proof of Lemma 7.12. Since u = %1 are
saddle-foci one finds index 1 saddle points in both A3 = Df N{—1 < u; < 1,u, > 1} and
Ay=Din{u; < -1,-1 < u, <1} O

Concerning the relative position of the extrema of W,, the same reasoning as at the end
of Section 7.3.3 can be followed. Denoting by (b;, c;) the extremum in A; (fori =1,2,3,4)

PNotice that u,(t) = uy — uy(t — t) if L(1, v, w) is symmetric in .

3For example, when F(u) ~ |u|" as |u| — oo for some n > 2 then this follows from a scaling argument.
After scaling the Euler-Lagrange equation tends to " = —|u|u"~2. For this equation it is easy to see that
u(0) = u; < 0, u"”(0) = 0 implies that u(t) = u, > 0 and 1" (1) < 0. A perturbation argument then shows
that (D) is satisfied for the original equation for some (u], u3) with —u] and u} large.
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— *
Uy = U

/

Figure 7.4: The triangle D} = I} x I} N {uy > uy} for the case of a double-well potential.
The arrows denote (schematically) the direction of the gradient VW,. Clearly W, has at
least one maximum and one minimum. Additionally, when the equilibrium points are
saddle-foci then W, has two saddle points.

we find that b, < by < by < bzand ¢y < 1 < ¢3 < Co.

The result proved above have already been found in Chapter 6 and [106] for the spe-
cial case F(u) = }I(u2 — 1)* without information about the index of the solutions. Many
more examples can be considered with non-compact interval components. A rather tricky
system is the suspension bridge model (see Section 7.2.2.2). The Lagrangian is given
by L(u,u',u") = %u”z — %u’z + F(u), where F(u) = e* — u — 1. This nonlinearity is espe-
cially hard to deal with when trying to compactify Df. In this context it is interesting
to note that there is no a priori L* bound on the set of bounded solutions (see [121]) as
opposed to nonlinearities with super-quadratic growth. From the analysis in [121] it fol-
lows that there exists a point (u},u3) € D such that 0,S(u;,u3) > 0, 0S(u3, u3) > 0, and
01S(uj,up) > 0 for all u, > 0. This is a different dissipativity condition. Upon examin-
ing W, (for E = 0) on I} x I} we find at least one index 1 simple closed characteristic for
the suspension bridge problem (this was already proved in [121], without information on
the Morse index). In order for the argument to work the equilibrium point 0 has to be
a saddle-focus. Moreover, for the dissipativity condition to be satisfied the coefficient in
front of the second term in the Lagrangian has to be strictly positive. In [121] more com-
plicated closed characteristics are also found. This will be subjected to a further study.

7.4 Concluding remarks

7.4.1 Numerical evidence for the Twist property

In Lemma 7.8 we prove the Twist property for a class of Lagrangians including the well-
known Swift-Hohenberg Lagrangian. Numerical evidence suggests that the Twist prop-
erty holds for a large class of other Lagrangians as well. As an example we depict in
Figure 7.5 solutions of the EFK equation (i.e., the EFK Lagrangian with F(u) = %(u2 —1)%).
For a« < 0 the Twist property is always satisfied by Lemma 7.8. Numerical evidence sug-
gests that the Twist property is satisfied for all E > 0 and all @ € R (with Iz = R). At the
singular energy level E = 0 there are (for @ < 0) two different cases, namely where the
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Figure 7.5: For fixed u; = —1.1 characteristics in the energy level E = 0 of the EFK
Lagrangian are shown (in the (u, u’)-plane). On the left the equilibrium points u = +1
are real saddles (x = 5). Notice the different scales needed to obtain an overall picture
of the situation. The Twist property is only satisfied for u; € (u1, —1). On the right the
equilibrium points are saddle-foci (&« = 1). In this case the Twist property seemingly
holds for all 1, > u;.

equilibrium points are real saddles and saddle-foci. While the Twist property certainly is
not satisfied on the whole of R (it is satisfied on the interval component [—1, 1]) for the real
saddle case, we conjecture that the Twist property holds on R as long as the equilibrium
points are saddle-foci.

We also performed numerical calculations on the fifth order KdV equation (see Sec-
tion 7.2.2.3) and it seems that the same is true for this system. It is of course impossible
to make statements about the rich class of second order Lagrangians as a whole, but the
Twist property appears to hold for a large subclass.

7.4.2 Local behaviour near equilibrium points

In Section 7.3.2 we indicated that the critical points u, with af[L(u*,O, 0) > 0 can be cat-
egorised into three classes: o(u,) = {£A, A} (real saddle), o(u,) = {£a + bi} (saddle-
focus), and o(u.) = {£ai, +bi} (center). The fourth possibility, which occurs for equilib-
rium points with 02L(u,,0,0) < 0, is o(u,) = {£A, £ai} (saddle-center). Such points do
not occur as boundary points of interval components and one may ask how they fit in.
Consider a compact interval component I, then L(u,0,0) + E > 0 for all u € int(Ig)
and 0,L|;, > 0 (if 9,L = 0 at a boundary point then necessarily 02L > 0). There exists a
point u, € int(Ig) such that 9, L(u,0,0) = 0 and d2L(u,,0,0) < 0. As a matter of fact there
may be many minima and maxima. Now let E decrease until the next singular level is
reached. If the extremum in this level is a minimum then I splits into two components,
and if this extremum is a maximum then Ir simply shrinks to the point u,. Conversely, if
u, is a saddle-center equilibrium point at energy level E,, then there exists an € > 0 such
that 71" Ng, ;. contains a compact interval component I, . which shrinks to u, as € —+ 0.
The local theory for saddle-centers reveals the existence of a family of closed charac-
teristics on Ig,;. parametrised by e (Lyapunov Center Theorem). Our theory not only
provides the existence of closed characteristics for E, < E < E, 4 € but also guarantees
the existence of closed characteristics for all E > E, as long as the interval component I con-
taining u, remains compact. We should emphasise again the resemblance with the classical

. OL(uu') _ d oL(uu) __
mechanical system == 5 =0.
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7.4.3 KAM theory

For the Lagrangian systems that we study in this chapter one may wonder whether such
systems can be completely integrable. A Lagrangian system (L, dt) is said to completely
integrable if the associated Hamiltonian system (H, w) is completely integrable®'. Many
of the examples that we consider such as the EFK/Swift-Hohenberg system with o <0 are
far from being integrable. An example of an integrable system is given by the Lagrangian
L(u,u',u") = Ju" >4 1u* (see Chapter 5 for a proof). Integrability can also be addressed
at the level of the Twist maps in the Lagrangian systems. Without going into too much
detail let us look at a specific example. Consider again the EFK/Swift-Hohenberg family
defined by the L(u,u',u") = 1u" + %u'* + 1(u? — 1)%, a < 0. Now let E < 0 and consider
the area-preserving map T on R? as discussed in Section 7.3.3. It follows from the compac-
tification results in Chapter 5 that R? \ B,(0) contains only invariant curves for the map T
for r > 0 sufficiently large. Inside the ball B,(0) the map T can be chaotic (depending on
the character of the equilibrium points). The invariant curves in R? \ B,(0) can be inter-
preted as the invariant tori/circles of an integrable system, comparable to the conserved

invariant tori in KAM theory. To get a feel for integrability of the map T on compact in-
terval components we can look at the quadratic Lagrangian L(u, u', u") = ju" 2 1u?. We
will leave this to the interested reader.

The question of integrability versus non-integrability for second order Lagrangian sys-
tems may be fairly complex. The results in [89, 88] and those proved in Section 7.3.3 seem
to suggest that equilibrium points of saddle-focus and center type in combination with
geometric and topological conditions on the system create regions of non-integrability.
With the techniques presented in this chapter and the methods in Chapter 8 we are trying
to understand some of the dynamics of the system in this case. These questions will be
subject of future study.

7.5 Classification of equilibrium points

The equilibrium solutions of the Euler-Lagrange equation
oL d oL d* oL

=0,
ou dtou' = dt>ou”
are given by the relation %(u*,O, 0) = 0. The sign of %(u*,O, 0) divides the behaviours

of the equilibrium points onto two groups. We will not consider the case %(u*, 0,00=0
which requires information on higher order derivatives. Equilibrium points for which
%(u*,o, 0) # 0 are usually called non-degenerate. In order to study the local structure
of singular points we need to consider the second variation of J[u] around an equilib-
rium solution u(t) = u,. This yields the following linear differential equation for the vari-
ations :

" _
- 7

9’L 9’L 0°Ly\ , 0°L
0u? oudu”  Ju'? ou'"?
where all partial derivatives of L are evaluated at (u, u’, u") = (u,,0,0). The characteristic
equation is given by 0L + (202, L — 9%,L) A* 4 (92,L) A* = 0. For non-degenerate equilib-

u

3INote that for a system to be completely integrable it is not necessary that one is able to write down all the
conserved quantities explicitly.
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rium solutions the following classification holds:

Lemma 7.18 Let u(t) = u, be an equilibrium solution.

(@) If0°L < 0, then o(u,) = {£A, +ai} (saddle-center).

(b) If L > 0, then o(u,) = {£A, £A}, o(u,) = {zai, £bi}, or o(u,) = {£a + bi} (real
saddle, center, and saddle-focus respectively) depending on 9> ,L and 9% L.

Herea,b,A, A1, A > 0.

Proof.  From the characteristic equation we derive

v —(20%,,L — L) +VD
7 292, L ’

Clearly if @2L < 0, then v/D > |20% ,L — 8% L| and thus A2 < 0 and A2 > 0. This forces
the spectrum to be {£A, +ai}. If 32L > 0, then /|D| < |282 ,L — 0% L| and there are three
possibilities:
1. D > 0, then v/D < [202,,L — 0%L| and A% are both positive or negative. This de-
pends on 92

ul

where D = (20%,,L —0%L)* — 4(d% L) (62L)

2 «L and 82 L. If both eigenvalues are negative the spectrum is given by
{%ai, £bi}, and if both eigenvalues are positive the spectrum is {£A;, £A,}.

2. D =0, then the same possibilities as in the previous case hold, with the additional
property that the eigenvalues all have multiplicity two.

3. D <0, then A1 € C\ R and there for the spectrum is {£a =+ bi}.

This proves the lemma. O

As indicated before we do not study the case 02L = 0. In order to analyse degenerate
equilibrium solutions a normal form analysis is required. An example of such type of
analysis for a nonlinear saddle-focus can be found in Chapter 5. The results proved in
Chapter 5 for nonlinear saddle-foci would suffice for the purposes of the present chapter.

7.6 The proof of Lemma 7.8

Stationary functions of the action functional Jg[u], with L(u, u',u") = %u" 2 4+ K(u,u'"), sat-

isfy the equation
u”“ _ i aK aK _

dtow " ou "
Solutions of (7.9) satisfy the Hamiltonian relation —u'u" + Ju" ‘4 %u’ —K(u,u")—E=0.
For an increasing lap from u; to u, the derivative 1’ can be represented as a function of u.
Set z(u) = u'\/u' (see for example [10, 117] were similar transformations are used). Using
the Hamiltonian relation we find that z satisfies the equation

0. (7.9)

d*z
A 3 giu — K, u')~ E
z(u) >0 foru € (uy,uy) where ¢(u,z) = 5 e

z(u1) = z(uz) = 0,

The same holds for decreasing laps (z < 0). If

oK , , 2K , 570K , ,
wu —K(u,u)—E<O0 and (—uu —K(u,u)—E) >0,

au’zu 2
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for all u € I, and z > 0 (condition (a) and (b) in Lemma 7.8), then g(u, z) <0 and g—f(u, z) >
0 respectively.

It follows from results in [51] that the boundary value problem for the z-equation has
a unique strictly concave positive solution. Consequently the u-laps from u; to u, are
unique, and we thus obtain a family u(t; u1, u,). These functions are global minimisers of
Je*%. From the smooth dependence of the initial value problem of (7.9) we deduce that
these functions depend continuously on A = (uq,u;) € A E e x I \ 4, and that the time
T(u1,Uy) it takes for u to (monotonically) go from u; to 1, depends continuously on #; and
u, as well® and 7(uy, uy) < oo for all (u1, uy) € A3,

The remainder of this proof will be concerned with showing that u(t; A) varies smooth-
ly with respect to A for all A € int(A) that are away from possible equilibrium points.
Rescale the u-variable as s = % and set y(s) = z(u). From the z-equation we obtain the
following equation for y:

y'=g6s,1:7), yO0)=y1)=0, y>0on(0,1).

Moreover § < 0and g_§ > 0, and we can write (s, u; A) = h(;’s%A) with h(s, y; A) a continuous

function.

In order to obtain smooth dependence on the parameter A we first consider the fol-
lowing equation: y” = §(s, Ye; A), ¥e(0) = ye(1) = € and y. > € on (0,1). It follows from
the maximum principle that 0 < y. — yo < €. For the y.-problem it is not difficult to
show that y.(-; A) depends smoothly on A. To prove this we consider the map F(y.,A) =
y" — ¢(s,ye; A), where F maps from X, x A (with X, = e + H}(0,1)) to H71(0,1), and
F € C'(X. x A, H™'). From the Implicit Function Theorem we derive that

Dyl = — (e, D) Eilye,A) € CAL X0,

Our goal now is to derive a similar expression for -“1(-; A). We cannot apply the Implicit
Function Theorem to y, directly because of the singularity of § at y = 0.

We define @ (1) = Fy(ye(-;A), A) = % — g—i(s, Ye; A) = % — k(S'Sny"A), where k is a continu-
ous function. For A € A away from the equilibrium points thgsasymptotic behaviour of
yoats =0,11is yo(s) = O(s**) as s | 0 and yo(s) = O((1 — 5)*) as s 1 1. We now conclude
from Hardy’s inequality that @y(A) € B(H}, H!) for all A € A.

It holds that @.(A) — @y(A) in B(H}, H™') as € — 0, and the same holds for the in-
verses in B(H™!, H}) since ®@.(A) is uniformly bounded in e. We obtain that (writing

ke = k(/ Ye; A))

[2h) = 2ol < Cllke(3)" = Kol

From the L*-convergence of y. to y, we then conclude that @.(A) = @y(A) as e = 0. In
order to obtain the above inequality we again used Hardy’s inequality in combination

In z-variables we have Jp = [I?(22* + %QHE) du. The condition % > 0 implies that this functional is

1
convex. 1
3 Away from equilibrium points this is obvious. At equilibrium points this follows either by taking limits
and using the uniqueness, or from the local analysis performed in [120, Lemma 5.8].

341t follows from ¢ < 0 and the analysis in Section 7.5 that equilibrium points (which are non-degenerate

by assumption) can only be of saddle-focus or center type.
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with the asymptotic behaviour of yo at s = 0,1%.
We now assert that Fy(ye, A) = Fa(yo, A) in H™! as € — 0. We find that

ahe Yo % al’lo
IFxye, ) = Fatyo Dl < e (52) = Gl

As before, due to the L*°-convergence of y. to y, the assertion follows.

We conclude that Z£y.(-;A) converges to (F,(yo, 7)) “'Fa(yo,A) £ (5. The next step is
to consider the difference quotient D,y(-;A) = W We have that D,y. = Djyo
in L* as € =+ 0, and D,y — di}\ye(-;)\) as h = 0 for € > 0. Combining these facts we
obtain ||Cy — Diyoll= < (16 — FyeC Ml + |5 ye( A) — Diyellre + || Duye — Diyjollr= — 0

as €,h — 0. This gives
d _ .
(i A) = —(Fy(y0,A)) " Fa(yo, A) € HY(0,1), forall A € int(A\).

Finally, an estimate similar to the ones above shows that -£1(-; A) depends continu-
ously on A for all A € int(A) that are away from equilibrium points. It then follows from
the differential equation that y{(s; A) and yj (s; A) are C'-functions of A for all s € (0,1), i.e.,
yo(+; A) is continuously differentiable as a C>-function on any compact subset of (0, 1). This
implies that u(-; A) is continuously differentiable as a C>-function (at least away from its
extrema). Finally, a simple application of the Implicit Function Theorem shows that 7(A)
is continuously differentiable for all A € int(A) that are away from equilibrium points.

%1f k has a zero at s = 0 or s = 1 the asymptotic behaviour of 1, will be different (i.e. yo = O(s) near s = 0).
In this case a slightly different inequality holds which proves the same statement.
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Chapter 8

Braided closed characteristics

8.1 Introduction

This chapter extends the investigation of periodic solutions of second order Lagrangians,
which was started in Chapter 7. There simple closed characteristics were studied, whereas
in this chapter the focus is on so-called braided closed characteristics. The main idea is to
reduce the variational problem to a finite dimensional setting where only the extrema of a
profile are varied. A Twist property ensures the uniqueness of the monotone laps between
the extrema. For simple closed characteristics the new setting is two dimensional, which
greatly simplifies the analysis. The reduced problem for non-simple closed characteristics
is set in a higher dimensional phase space. Since the analysis of the (equilibria of the)
associated gradient flow is quite complex, one is forced to introduce a new perspective:
braid diagrams (we come back to this shortly). In this chapter we give an overview of the
method; for a complete treatment we refer to [74].

We summarise the machinery introduced in Chapter 7. Consider a second order
Lagrangian system (L, dt), where L = L(u,u',u") is the Lagrangian. Assume that L €
C%(R%; R) satisfies the non-degeneracy hypothesis 82 L(u,v,w) > & > 0. Our aim is to find
bounded functions, or bounded characteristics, u : R — R, which are stationary for the ac-
tion integral J[u] = [ L(u,u’,u")dt. Such stationary points 1 are bounded solutions of the

Euler-Lagrange equation
granseed d? oL d 0L 0L _

e~ dtow " ou

Solutions of (8.1) satisfy the energy constraint
oL d oLy , 0L
(— Cdt ) + ou”

0. (8.1)

u" — L(u,u',u") = E = constant.

ou — dtou)"
By transforming to a Hamiltonian context, one finds that characteristics reside on non-
compact three-dimensional energy surfaces in R*.
An energy value E is called regular if 3(u,0,0) # 0 for all u that satisfy L(1,0,0) + E =
0. For a fixed regular energy value E the extrema of a characteristic are contained in
the closed set {u|L(1,0,0) + E > 0}. The connected components I of this set are called
interval components. In order to set up a variational principle for bounded characteristics
in terms of the extrema of u, the following Twist hypothesis was introduced in Chapter 7:

(T) inf{Je[u] = [ (L, o', u") + E)dt|u € X:(u1,u2), T € R"} has a minimiser u(t; uy, uy)
for all {(u1,uz) € Ig X Ig|uy # us}, and u and t are C*-smooth functions of (uy, u,).
Here X, = X (u1,u2) = {u € C*([0, 7]) | u(0) = uy, u(t) = up, u'(0) = u'(7) =0, and /'|(¢) >
0if u; < up, and u'|(r) < 0if Uy > up}. It may be convenient to think of Hypothesis (T)

as an assumption on the uniqueness of the monotone laps between minima and maxima,
although the uniqueness assumption is not completely equivalent to hypothesis (T). In
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Chapter 7 it has been proved that hypothesis (T) holds for a large class of Lagrangians L,
including the Swift-Hohenberg Lagrangian L(u, u’,u") = 1u" + Bu'® + F(u) with g <0,
and numerics suggest that (T) is more generally satisfied on interval components of reg-
ular energy surfaces.

We recast the problem of finding periodic orbits for a given energy level E into solving
second order recurrence relations. This is accomplished via a method comparable to that
of broken geodesics, which in the present context are concatenations of the monotone laps
given by (T) (see Chapter 7). In this introduction we want to give a concise survey of the
method, and therefore we do not go into full detail, but in subsequent sections precise
definitions are given.

A closed characteristic u at energy level E is a (C*-smooth) function u: [0,7] = R, 0 <
T < 00, which is stationary for the action J¢[u] with respect to variations su € CZ,,([0, 7]),
and 67 € R*. The Twist hypothesis (T) allows one to encode a characteristic by its extrema
{u;}. A broken geodesic u : [0, 7] — I is a closed characteristic at a regular energy level
E if and only if the sequence of its extrema (u;) satisties VW, (u;, ..., u;iy2,) = 0, where
2p is the number of extrema in one period, W,, = Z‘ZE ! S(ui, uiy1), and S(u;, u;, 1) is the
action of the lap connecting u; and u;,. This function S is a generating function and the
functional W,, is a discrete action defined on the space of 2p-periodic sequences.

The problem of finding critical points of W, can be rephrased via the recurrence rela-
tion

R (i, i, Uig1) = 028 (1ti1, 45) + 01 S(ut 1) = 0. (82)

The analysis of (8.2) is facilitated by the study of the gradient flow u} = R (u;_1, u;, uiy1) =

VW on a space of sequences. We may assume, without loss of generality, that (—1)'u; <

(=1)'ui1, with u;,u;4q € Ip. In this context, the Twist hypothesis (T) translates into the
Twist property for R :

619{, >0 and 639{‘ > 0. (83)

In order to have a smooth flow on a compact space we consider two natural boundary
conditions for the generating function S, which are derived from the behaviour of S near
0(Ig x Ig). In the compact case we can find a compact interval I C Ir such that 9(I x I) is
repelling, and in case Ir = R we assume (the natural condition) that there exists a compact
interval I C R such that o(I x I) is attracting (dissipativity assumption):

(C) compact: large amplitudes are repelling;

(D) dissipative: large amplitudes are attracting.

For the third possibility, that of mixed boundary conditions, we refer to [74].

As mentioned before, the Twist hypothesis (T) allows one to encode a characteristic
by its extrema {u;}, and without loss of generality we take 1 to be a local minimum. We
can construct a piecewise linear graph by connecting the consecutive points (i, u;) € R?
by straight line segments (see Figure 8.1a,b). If u is a closed characteristics then its critical
points are encoded by a finite sequence {ui}z 0 !, where 2p is the discrete period. The
piecewise linear graph, called a strand, is really cyclic: one restricts to 0 < i < 2p and
identifies the end points abstractly. A collection of n closed characteristics of period 2p
then gives rise to a collection of n strands. We place on these diagrams a braid struc-
ture by assigning a crossing type (positive) to every transverse intersection of the graphs:
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Figure 8.1: (a) A periodic function and (b) its piecewise linear graph; (c) a braid consist-
ing of 3 strands.

larger slope crosses over smaller slope (see Figure 8.1c). We thus represent periodic se-
quences of extrema in the space of closed, positive, piecewise linear braid diagrams. Since
for bounded characteristics local minima and maxima occur alternately, we require that
(—1)(uix1 — u;) > 0: the (natural) up-down restriction. This space of up-down piecewise
linear braids is denoted by E;,, where 2p is the period and 7 is the number of strands. The
completion Z;, includes singular braid diagrams. Definitions are provided in Section 8.2.
Notice that the problem is invariant under even shifts of the index 1.

The gradient flow of W, (uy, ..., uz,—-1) on 2p-periodic sequences immediately trans-
lates to a flow on %’;p. The Twist property (T) or, equivalently, property (8.3), appends ad-
ditional structure to the gradient flow on the piecewise linear braid diagrams; the gradi-
ent flow associated to Equation (8.2) is tightly linked with the braid structure. Namely,
the complexity of braid diagrams or, more precisely, the number of intersections in the
braid diagram, decreases along the flow. This property is the discrete analogue of the
lap number theorem for second order parabolic equations. The strategy is to construct
isolating neighbourhoods for the gradient flow of W, on Zj, and compute its Conley
homology. Nontrivial Conley homology implies the existence of closed characteristics.

Consider the special situation of (1 4 1)-strand braid diagrams where n designated
strands, the skeleton, corresponds to a collection of closed characteristics. Since these
closed characteristics are stationary for the gradient flow of W,,, it induces a flow on a (2p-
dimensional) invariant subset of E;; !, the relative braid diagrams: only one of the strands
exhibits dynamics under the gradient flow of W,,. The space f;; ! is partitioned into braid
classes by co-dimension 1 ‘walls” of singular braids. This also induces a partitioning of
the relative braid diagrams. These equivalence classes of braid types are candidates for
isolating neighbourhoods.

Under either of the boundary conditions (C) or (D), consider a braid class for which the
(n+ 1)* strand is non-isotopic to any of the strands of the skeleton (i.e., none of the strands
of the skeleton is contained in the boundary). The fact that the number of intersections
decreases along the flow implies that the closure of such a braid class is a proper isolating
neighbourhood for the induced flow. Consequently the Conley homology is well-defined.

We carry out the above construction for two special braid classes depicted in Fig-
ure 8.2. In the compact case we consider a skeleton of two linked strands with period 2p
and non-zero linking number r (i.e. crossing number 2r), where 0 < r < p. The third
strand (dashed) has linking number g < r with the skeleton. We denote this braid class by
X3, In the dissipative case we consider a skeleton of two strands of period 2p with non-
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(b)

Figure 8.2: Two examples of relative braid classes (dashed) whose Conley homology
with respect to the fixed strands (solid) is nontrivial. (a) Compact boundary conditions:
X;,q 4x:vi’ch p=6,r=23,q=2;(b) dissipative boundary conditions: Y;/q withp=6,r=1,
q==

maximal linking number 0 < r < p. The third strand (dashed) has linking number g > r
with the skeleton. We denote this braid class by Y} ,.

Theorem 8.1 Consider the braid classes Xz,r (with0 < g < r < p) and YZ,r (with0 <r <
g < p) given in Figure 8.2. The Conley homology of the gradient flow of W, on these
braid classes is well-defined and given by

Z k=2q—1or2q,
0 else.

Z k=2qor2q+1,

gy _
CHA(Xp ’r)_{ 0 else.

CHk(YZ,r) = {

Nontrivial Conley homology of a braid class, together with the gradient nature of
the flow, implies the existence of a critical point in that class. One easily constructs an
infinite family of closed characteristics with distinct braid types forced by the pair of
non-maximally linked (including unlinked) orbits for dissipative boundary conditions or
linked orbits for compact boundary conditions, by taking higher covers of the base orbits
(i.e., taking multiples of p and r) and applying Theorem 8.1 iteratively (see Section 8.5).

Theorem 8.2 Consider Equation (8.1) for a regular energy level E under the Twist hy-
pothesis (T). The following are sufficient conditions for the existence of infinitely many
distinct (in particular having distinct braid types) closed characteristics:

(a) a compact interval component Iy and the existence of a pair of closed orbits whose
braid representations are linked.

(b) an interval component Ir = R with dissipative asymptotic behaviour and the exis-
tence of a pair of closed orbits whose braid representations are unlinked or non-
maximally linked.

Note that in both cases the existence of a single non-simple closed characteristic u is a
sufficient condition. Indeed, two even shifts of the braid representation of u yield a 2-
strand braid that is necessarily linked but not maximally linked.

The outline of this chapter is as follows. In Section 8.2 we introduce the necessary
definitions of braid classes. Next, in Section 8.3 we introduce a class of flows that respect
the braid structure. The Conley index of braid classes with respect to such flows is defined
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N \'XX.\/\: /A

Figure 8.3: (a) A braid with representation 01030, 201, where the positive and negative
crossings are marked by + and — respectively. (b) A piecewise linear braid in Dz.

in Section 8.4. Finally, in Section 8.5 we apply the theory to second order Lagrangian sys-
tems and, after a calculation of the Conley index (Theorem 8.1) we obtain the existence
results of Theorem 8.2. We only give an outline of the techniques here; a complete de-
scription can be found in [74], as well as generalisations in various directions.

8.2 Spaces of closed braid diagrams

Recall the definition of a braid (see [27] for a detailed introduction). A (geometric) braid 3
on 7 strands is a collection of embeddings {3* : [0,1] — R*}?_, with disjoint images such
that

1. B*0)=(0,0,k);
2. B%(1) = (0,0, T(k)) for some permutation T;
3. 2p%s) > 0foralls € [0,1].

The last condition implies that the braid is to be ‘read” from left to right. Two such braids
are said to be equivalent, or of the same topological braid type, if they are homotopic in
the space of braids. In particular, no intersections are permitted; the strands must remain
disjoint. There is a natural group structure on the space of braids with 7 strands, B,, given
by concatenation. Using generators oy which interchange the k' and (k + 1) strands
(with a positive crossing) yields the representation:

Bn = <O-1/" -7 0n—1

0i0j = 0;0; ; |Z—]|>1 >
0i0i410; = 0i410i0i41 ; i<n—1 /~
Any braid can be written in terms of generators o; (see Figure 8.3a for an example).

Braids find their greatest applications in knot theory via taking their closures. Algeb-
raically, the closed braids on n strands can be defined as the group of conjugacy classes
in B,. Geometrically, in closing the braids one quotients out the range of the braid em-
beddings via the equivalence relation (0, y,z) ~ (1, y, z) (i.e., identifying begin- and end-
points), and alters the restriction on the position of the endpoints to be 35(0) ~ B (1).
Thus, a closed braid is a collection of disjoint embedded loops in S' x R? which are every-
where transverse to the R?*-planes.

The specification of a braid type may be accomplished unambiguously by a labelled
projection to the (x, y)-plane: a braid diagram. Any braid may be perturbed slightly so that
all strand crossings in the projection are pairwise transversal; in this case, a marking of
(4) or (—) serves to indicate whether the crossing is ‘right over left” or ‘left over right’
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respectively (see also Figure 8.3a).

In the sequel we will restrict to a special type of braid diagrams: piecewise linear (or
discretised) braid diagrams, which we will now define (see also Figure 8.3b).

Definition 8.3 Denote by D} the space of all closed piecewise linear braid diagrams (PL-
braid diagrams) on n strands with period d. That is, the space of all (unordered) collec-
tions 3 = {B¥}i_, of continuous maps ¥ : [0,1] — R such that
(a) B*is affine linear on [, 4] for all k and for alli =0,...,d — 1;
(b) B¥(0) = "™ (1) for some permutation T;
(c) foranys such that ¥(s) = B!(s) with k # 1, the crossing is transversal: for e sufficiently
small

(B —e)=B(s—e) (B +e)—Bs+e) <0;
(d) any such crossing is marked with a (+) crossing sign.

In our applications the permutation 7 in property (b) will generally be the identity, so
that each strand forms a closed loop. Notice that any PL-braid is of course completely
determined by the points 3(4), which we denote by ¥, and we will alternate between
the notation 3 and u = (u¥) for a PL-braid diagram throughout.

By definition all crossings of the strands occur at isolated points, and that path com-
ponents of D} comprise closed braid types [3]; one cannot change the braid type by a
continuous deformation through diagrams in D}. In order to define proper topological
invariants for the path components of D} we need to know how these components fit
together. This can be achieved by considering ‘singular’ braid diagrams. The singular
diagrams act as gates between the path components of D}

Definition 8.4 Denote by D/; the space of all PL-braid diagrams 3 which satisfy proper-
ties (a) and (b) of Definition 8.3 (strong closure). On the subset D} C DY} retain the (+)
crossing convention. Denote by £ = D/ \ D/ the set of singular braid diagrams.

The set £ is a variety in D)j consisting of numerous co-dimension one walls which mutu-
ally intersect along higher co-dimension faces.

Definition 8.4 implies that singular braid diagrams do not satisfy condition (3) of
Definition 8.3. To be more precise, for any singular braid 3 € £ there exist times t € {£}4_
and indices i # j such that 3'(s) = 3/(s), and

(B'(s—e) = Bls—e) (B'(s+e) — Bls+e) >0,

for sufficiently small € > 0. The number of such distinct occurrences is the co-dimension
of the singular braid diagram 3 € X.

For singular braids of sufficiently high co-dimension entire components of the braid
diagram can coalesce. We define these collapsed singularities X~ as follows:

I ={Bez| B¥(s) = B'(s) for all s and some k £ 1}.

Clearly the co-dimension of singularities in £~ is at least d. Since for braid diagrams
in 2~ the number of strands reduces, such singularities consist of the spaces Dy, n' <n,
ie 2 =U,, Dy . lfn=1then X~ = 2.
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Given By € D} and B, € D} the union By U 3; € D" is naturally defined. We can
now introduce the notion of relative braid type in D}*". Given 3, € D}’ define

D} rel By = {BoU B1| Bo € Dy} N DI+

The path components of D/ rel 31 comprise the relative braid types [y rel 31], which gives
a partitioning of D} (3;-dependent). The braid 3 is called the skeleton in this setting. The
set of singular braids X rel 3; are those singular braids in £ C D™ of the form By U B1,
31 fixed. The associated collapsed singular braids are denoted by X~ rel 3;. As before,
the set D} rel 31 U X rel 3; is the closure of D} rel 3;, and is denoted by 52 rel 31. Two
relative braid types [Bo rel 51| and [ rel pi] in D} rel B; and D] rel 3] respectively, are
called equivalent, notation [f3¢ rel B1] ~ [B} rel B1], if [B1] = [B4] and [Bo U B1] = [BL U B1]-
Later on we will assign a topological invariant to the type [So rel [31]]-

Let us now define the subclass of up-down braid diagrams. The reason for this con-
struction is that closed characteristics (i.e., periodic solutions of Equation (8.1)) consist of
an alternation of decreasing and decreasing laps.

Definition 8.5 The space E;, of up-down PL-braid diagrams on n strands with period 2p
is the subset of Dy, determined by the relation (—1)'(uf,, — uf) >0, fork=1,...,n and
i=0,...,2p — 1, where uf = Bk(ﬁ).

In this definition we choose the first lap to be increasing. Let Egp be the subset of all braid
diagrams in Egp satisfying (—1)'(uf,; — u¥) > 0. As before the singular braid diagrams
are defined as £ = %;, — Z3,. The path components in £}, comprise the up-down braid
types [u]z, where u = (u¥). The path components in E;, rel v make up the relative up-
down braid types [u rel v]¢.

In contrast to D), the set igp is a subset of R?"" with boundary (which is given by
0E;, = cl(E3,)\E5,). The boundary 05, can be characterised as follows:

afgp ={ue %’;p |uf = u¥,, for at least one i and k}.

Such boundary braids are called horizontal singularities.

8.3 Parabolic flows and recurrence relations

In this section we will introduce a class of recurrence relations which we will use to define
particular types of flows on the spaces Dj. The recurrence relations in this section are
defined for general domains and we will specify particular choices of domains where
needed.

Let Q be the sequence space Q = R”; an element in Q is denoted by u = (u;)icz.
Define the recurrence relation R = (%,)icz, with the sequence of functions X satisfying
the following axioms:

(A1) smoothness: R; = R;(ui_1,u;, 1) € CL(R?) for alli € Z.

(A2) monotonicity: 0;K; > 0and 0;R; > 0forallu € Q and alli € Z; or
01R;>0and 0;R; >0forallu € Q and alli € Z.

(A3) periodicity: forsomed € N, R, = R, foralli € Z.
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The choice d = oo in Axiom (A3) means no periodicity requirements. Now consider the

recurrence relation
Ri(uiq,ui,uiv1) =0, (Ui)iez € Q, 1 € Z. (8.4)

If Axioms (A1)-(A3) are met then (8.4) is called a parabolic recurrence relation.

For applications to Lagrangian dynamics a variational structure needs to be present.
At the level of recurrence relations this implies that X is a gradient. This property is
captured by the following axiom:

(A4) exactness: there exist functions S; € C*(R?) such that
Ri(Ui—1, Ui, Wiv1) = 02Si—1(Uj—1,u;) + 01Si(uj, uiy1)  forallu € Q andi € Z.

The functions S; are called the generating functions. In Lagrangian problems the action
functional naturally defines the functions S;. We can also define the formal action in this
case: W(u) = >, Si(ui, uiy1), and R = VIW. Recurrence relations that satisfy (A1)-(A4) are
called exact parabolic recurrence relations.

In order to define parabolic flows we regard X as a vector field on (, and consider
the differential equations

du;

d—l/; = R,i(ui—l/ u;, ui+l)/ uc Q. (85)
If Axioms (A1)-(A2) are satisfied one can show with some effort that Equation (8.5) defines
a C'-flow 9" on X(Q) (see [5] for details). For our purpose we can restrict to the flow on

the spaces of periodic sequences
O = {M € 0 |ui+kd =uy;foralli e Z}

If Axiom (A3) is satisfied then (8.5) defines a flow on Oy, for any k € N. We will use the
notations ' (1(0)) = u(t) = (u;(t)) interchangeably.

For a pair of sequences u and v in Xj; one can define the intersection number I(u, v)
as follows. Consider u and v as piecewise linear graphs 3, and .. If the two piecewise
linear graphs 3, and 3, intersect transversely the intersection number is defined as the
number of intersections over one period kd. Clearly the intersection number is even.

Axiom (A2) implies that a parabolic flow ' acts in a natural way with respect to the
intersection number. The following result is a direct consequence of a result by J. Smil-
lie [135] for specific tridiagonal systems of ordinary differential equations. We will use
extensions of this result as given in [8, 70].

Lemma 8.6 Let Y/ be the parabolic flow on Xy, defined by (8.5). Then for any u # v €
Xya, the set of t-values for which '(u) and 1'(v) do not intersect transversely is discrete.
If{'(u) and ' (u) are non-transverse att = t,, then I(1!(u), lpt(v))|t:ta > I[P (u), 1[)*(0))|t:t8r,
i.e., I(Y'(u), ' (v)) is a non-increasing function of t for any pair u # v.

It is this property (which is analogous to the lap number theorem for second order
parabolic partial differential equations) that inspires us to attach the name “parabolic’ to
these flows.

Our objective now is to define flows on the finite dimensional spaces of PL-braids D}.
Recall that elements § of D} are also denoted by u = (u}), where uf = p*(£). One considers
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the same equations as (8.5):

duf ko k ok o
o Ri(ui_y, 15, Uisq), ue Dy (8.6)
The flow on D generated by (8.6) is denoted by ¥, and it is called a parabolic flow on

PL-braid diagrams.

The behaviour of ' with respect to the intersection number (see Lemma 8.6) now
transfers to ¥'. This can be described in terms of the word metric for braids in D}. A
PL-braid diagram can be expressed in terms of the positive generators {o;}"_;. While this
word is not necessarily unique (since only positive generators are considered), the length
of the word is unique, and this length is the word metric. This word metric now acts as a
Lyapunov function on Dl it is non-increasing along the flow.

Lemma 8.7 Let ¥! be a parabolic flow on D;.
(a) For each pointu € X\ £~ the local orbit {¥'(u)|t € [—¢,¢]} intersects Z uniquely at
u for all ¢ sufficiently small.
(b) Foranyu € X \ X~ the word metric of ¥'(u) fort > 0 is strictly less than that of ¥'(u)
fort < 0.

The above construction carries over to the class of up-down braid diagrams f’;p. The
recurrence relations defined in (8.4) define a parabolic flow ¥’ via (8.5) on the space Ep-
As before, ¥' is topologically transverse to X \ £~ and ¥' acts on X \ I~ as to strictly
decrease the word metric. Besides, we will assume (since this holds in our applications)
that the horizontal singularities are repelling, i.e., X satisfies

lim Ri(ui_l,ui, Z/lz'+1) =400 ifiis Odd, (87&)
UjvUit]
l%m Ri(uiq, Ui, Ujy1) = —00 if i is even. (8.7b)
UiTljx1

This guarantees that ¥' behaves is a favourable way near horizontal singularities, i.e., ¥'
respects the up-down restriction in forward time.

8.4 The Conley index for braids

Consider a relative braid class [ rel 3;]. Let ¥' be a parabolic flow such that ¥!(3;) = S,
(one can prove that such a flow exists, see [74]). We now want to define the Conley index
of the braid types [, rel 31] with respect to ¥"'.

Let us recall the notion of isolating neighbourhood as was introduced by Conley [48].
A compact set N is an isolating neighbourhood for a flow ¥’ if the maximal invariant
set M(N) = {x € N|cl{¥!(x)};cr C N} is contained in the interior of N. The invariant
set M(N) is then called a compact isolated invariant set for ¥*. In [48] Conley proves that
every compact isolated invariant set M admits a pair (N, N™), such that (following the
definitions given in [104])

1. M= M(cI(N\N7)),and N \ N~ is neighbourhood of M;
2. N~ is positively invariant in N;
3. N~ is an exit set for N.!

IThe set N~ is an exit set for N if every orbit that leaves N in forward time, leaves N through/via N~.
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Such a pair is called an index pair for M. The Conley index h(M) is then defined as the
homotopy type of the pointed space (N/N~,[N~]), which is denoted by [N/N~]. This
definition is independent of the choice of the index pair. The Conley index is stable under
perturbations, and invariant under continuation. Since the homotopy type of a space is
notoriously difficult to compute, one often passes to homology. The homological Conley
index CH,(N) (or CH,(M)) is defined as the relative homology H,(N, N~). Most import-
ant for our purposes is the following property of the homological Conley index, which is
in direct analogy with the Morse index (and the degree): if CH,(N) # 0, then there exists
a nontrivial invariant set of ¥ within the interior of N. Besides, in the case that ¥! is
a gradient flow, i.e., when R satisfies Axiom (A4), then if CH.(N) # 0 there must be a
stationary point in N.

Let B1 € D) (skeleton), and consider the relative braid class [S rel 51] in D7 rel f3;.
Not all braid classes are isolating neighbourhoods for the flow ¥'. The situation to avoid
is when a component of the braid diagram collapses. In other words, the set of collapsed
braid diagrams £~ C X is an invariant set under the flow and thus forms an obstruction
to obtaining isolation. We therefore restrict our attention to braid types of the following
form.

Definition 8.8 A relative braid type [f, rel 1] is called proper if:
(@) c[Borel B1]N X~ rel 3; = &, and
(b) [Borel B1] C D} rel 3, is bounded.

The first condition precisely excludes the possibility of two strands collapsing as dis-
cussed above. The second condition is a compactness condition. We now have the fol-
lowing theorem.

Theorem 8.9 Let [Bo rel B1] be a proper relative braid type and let ¥' be a parabolic flow
for which f3; is stationary. Then

(@) N = cl[Bo rel B4] is an isolating neighbourhood for the flow ¥', which thus yields a
well-detined Conley index h(f3 rel 31).

(b) The index h(py rel 1) is independent of the choice of the parabolic flow ¥' (as long

as V' (B1) = B1).
(c) The index h(f3 rel B;) is independent of the choice of 31 within its PL-braid class [B1].

The Conley index of any proper relative braid type [ rel 31] can in fact be defined in-
trinsically, independent of any notion of parabolic flows, see [74].

Since these concepts may be somewhat hard to grasp, let us give two low-dimensional
examples. Consider the proper 2-periodic braid illustrated in Figure 8.4a. There is exactly
one free strand, so that the configuration space D, rel 3; is two-dimensional. The point in
the middle, u;, is free to move vertically between the fixed points on the skeleton. When
u; meets a point of the skeleton, one has a singular braid in £ which is on the exit set,
since a slight perturbation sends this singular braid to a different braid class with fewer
crossings. The end critical point, 1y (= u,) can freely move vertically in between the two
fixed points on the skeleton. The singular boundaries are in this case not on the exit set,
since pushing u, across the skeleton increases the number of crossings. Since the points u
and 1, can be moved independently, the configuration space N in this case is the product
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Figure 8.4: (a) A proper braid class with a skeleton consisting of four strands and one
free strand (grey); (b) the associated configuration space with parabolic flow; (c) an
expanded view of Dj rel f.
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Figure 8.5: (a) A proper 3-periodic braid type with in (b) the associated configuration
space N.

of two compact intervals. The exit set N~ consists of those points on dN for which u;
is a boundary point, see Figure 8.4b. Thus, the homotopy index of this relative braid is
[N/N~] = S'. In Figure 8.4c an expanded view of D; rel f3; is depicted, where the fixed
points of the flow correspond to the four fixed strands in the skeleton 3;. The braid classes
adjacent to these fixed points are not proper.

A second example is the proper relative braid presented in Figure 8.5a. Since there is
one free strand of period three, the configuration space N is determined by the position
vector (uo, u1,uz). This example differs greatly from the previous example. For instance,
the point uy = us (as represented in the figure) may pass through the nearest strand of
the skeleton above and below without changing the braid type. The points u; and u,
may not pass through any strands of the skeleton without changing the braid type unless
up has already passed through. In this case, either u; or u, (depending on whether the
upper or lower strand is crossed) becomes free to move. To simplify the analysis, consider
(1o, u1,1y) as all of R® (allowing for the moment singular braids and other braid classes
as well). The position of the skeleton induces a cubical partition of R® by planes, the
equations being u; = 0¥ for the various strands v of the skeleton v (corresponding to ;).
The braid class N is thus some collection of cubes in R®. In Figure 8.5b we illustrate this
cube complex. It is homeomorphic to D? x S'. In this case, the exit set N~ happens to be
the entire boundary ON.

Via the results of the previous section, the homotopy index is an invariant of the
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Figure 8.6: An example of two non-free PL-braids which are of the same topological
braid type but define disjoint PL-braid classes.

PL-braid type: keeping the period fixed and moving within a connected component of
the space of relative PL-braids leaves the index invariant. The topological braid type, as
defined in Section 8.2, does not have an implicit notion of period. The effect of changing
the discretisation of a topological closed braid is not obvious: not only does the dimension
of the index pair change, the homotopy types of the isolating neighbourhood and the exit
set often change as well under changing the discretisation. It is thus perhaps remarkable
that any changes are correlated under the quotient operation [N/N~]: the homotopy in-
dex is in many cases an invariant of the topological closed braid type, as will become clear
in the following. On the other hand, given a complicated braid, it is intuitively clear that
a certain number of discretisation points are necessary to capture the topology correctly.
If the period d is too small, then D} rel 3; may contain more than one path component
with the same topological braid type.

Definition 8.10 A relative braid type [f rel 1] in D} rel B, is called free if any other PL-
braid in D} rel 31 which has the same topological braid type as 3y rel 31, is in [ 3y rel 34].

In our applications we will generally only encounter free braid types. However, not all
PL-braid types are free, see Figure 8.6 for an example of a non-free braid type.
Define the extension map @ : D} — D)., via concatenation with the trivial braid of
period one:
K fori=0,...,d
TR oo 8.8
(PP, {u’; fori=d+1. (®.8)
The reader may note (though not without some effort) that the non-free braids of Fig-
ure 8.6 become free under the image of @.
It is a pleasant surprise that @ preserves the homotopy index of a free, proper braid.

Theorem 8.11 If [y rel 31] and [@f3, rel @B;] define free proper braid types, then the
Conley homotopy indices are equivalent:

h(®@Bo rel @B1) = h(fy rel 51).

Theorem 8.11 is an important tool in the calculation of the (homological) Conley index of
braid types. The proof comes from a recasting of the situation as a singular perturbation
problem.

Finally, we turn our attention to the class of up-down braids. The definition of a proper
relative braid type in this context is the same as in Definition 8.8, but now with relative
braids in £7, instead of D;,. From the considerations in Section 8.3 (in particular the
behaviour near horizontal singularities) it follows, as in Theorem 8.9a, that for proper
braid types the set N = cl[u rel v] is an isolating neighbourhood. Thus, for any para-
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bolic flow ¥* induced by a parabolic recurrence relations which satisfies (8.7), the Conley
index h(u rel v, E) of the maximal invariant set M = M(N) is well-defined.

We now make a connection between the Conley index of the up-down braid type
h(u rel v, E) and the Conley index of a (regular) PL-braid type. For v € £7, define an
augmented braid v* as follows. Choose two strands v~ and v™, U?E =0+ (=1)T s with vy
large and 6 > 0 small enough, so thatv; < vf <o/, forallkandi. Letv* =0~ Uov* Uo,ie.
v* € E5"%. When [u rel 9] is a proper braid type in 3, rel v, then [u rel v*]5 corresponds
precisely to the subset of Z3, defined by [u rel v]¢, and clearly [u rel v*]« is a proper braid
type in £;, rel v*.

Let [u rel v*] = [u rel v*]p be the path component in D), rel v* containing [u rel v*]¢.
It now follows that [u rel v*] is a proper (regular) PL-braid type. The Conley index of
[u rel v]z can be related to that of [u rel v*]:

Theorem 8.12 For any proper up-down braid type [u rel v]¢ we have
h(u rel v, E) = h(u rel v*).

Since the strands v* only serve to retain compactness when the up-down restriction is
lifted (i.e., when extending from £ to D), no strands need to be added to v if there are
already strands in v which lie completely above and below all other strands. In that case
one may take v* = v.

8.5 Second order Lagrangian systems

As was already indicated in Section 8.1, our main application of the theory in the pre-
ceding sections is derived from the problem of finding periodic solutions of second order
Lagrangian systems. An important motivation for studying such systems comes from the
stationary Swift-Hohenberg model [137, 52], which is described by the fourth order equation

4>\
(1+ﬁ)u—ocu+u3:0, aeR. (8.9)

More generally, our results apply to a broad class of second order Lagrangian systems L =
L(u,u',u"). As explained in Section 8.1 and Chapter 7, the variational principle for finding
closed characteristics in a fixed energy level can be discretised when the Lagrangian L
satisfies the Twist hypothesis (T). The variational principle, i.e., finding critical points of
J = [L in some function space, is then reduced to a finite dimensional setting. Namely,
one searches for critical points of Wy, (uo, . .., t2p—1) = Z‘Z 81 S(uj, uiy1), with up, = ug. Here
the u; correspond to the extrema of the function u, and S(u;, u;11) = [ L(u(t), u'(t), u" (t)) dt
is the action of the (unique) monotone lap u(t) from u; to u;;1.

This generating function S satisfies a number of properties as was proved in Chapter 7.
Let [ = (u_,uy) C Ig be any open sub-interval of I*. Define the diagonal A = {(uy,u,) €
I x I|uy = up}. The generating function S has the following properties:

1. smoothness: S € C*(I x I\A).
2. monotonicity: 010,S(u1, uz) > 0 for all uy # u, € I.

ZRecall from Section 8.1 that Ir is a connected component of {u | L(1,0,0)+ E > 0}.
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3. diagonal singularity:

lim —01S(uq, up) = lim 0,S(uy, up) =1im 01 S(uy, uy) = lim —0,S5(uq, up) = oo.
uy Ty Uzl updy uptuy

Critical points of W, satisfy the recurrence relation
Ry, Ui, iz1) = 025t t5) + 01 S(ui, i) = 0,
where R;(u;_1,u;,u;y1) is defined on
Q; = {(ui_1, ui, uip1) € P (=1) (1 — u;) > 0}.

Here we have chosen 1 to corresponds to a local minimum. The properties of S imply
that & satisfies Axioms (A1)-(A4) with d = 2, i.e., R is an exact parabolic recurrence
relation. The fact that X, is defined on the domains ;, subjects sequences (u;) to the
constraint (—1)(#;+1 — ;) > 0. This (natural) up-down restriction is the reason that we
need the concept of up-down braids. The properties of the generating function S listed
above yield that the gradient flow W' associated to R_(see (8.6)) is a parabolic flow which
respects the up-down restriction in forward time.

Theorem 8.12 will be used to find a family of up-down braid types with non-trivial
Conley homology. These braid classes then necessarily contain critical points, i.e. closed
characteristics. We consider two cases: compact interval components, and non-compact
interval components I = R with a certain asymptotic behaviour®.

Before stating our main theorems, we introduce some notions of complexity for braids
and closed characteristics, see Figure 8.7 for examples. Two closed characteristics u! and
u? (and the braid diagram formed by the pair) are said to be unlinked if the associated
strands in the PL-braid diagram are strictly ordered. We say that two closed character-
istics are linked, if the stands form a non-trivial braid diagram (i.e., when they are not
unlinked). Note that 12, seen as a strand, may be an even shift of u' (and one could refer
to this case as self-linking). In either case their braid diagram is said to contain a (non-
trivial) link. Closed characteristics can also be represented as closed curves in the (u, u’)-
plane. A closed characteristic is simple if its representation in the (u,u’)-plane is a simple
closed curve. A non-simple closed characteristic also yields a braid diagram which is
(non-trivially) linked by considering the braid which has all its even translates as strands.
Finally, two closed characteristics of period d form a maximal link if the associated braid
diagram is described by the braid-word o?.

Let L satisty the Twist property (T), and let E be a regular energy level for which there
exists a compact interval component I.

Theorem 8.13 Suppose Ir contains a link. Then there exists an infinity of non-simple,
geometrically distinct, closed characteristics in I.

In the proof of this theorem we will see what the nature of the infinite family of links is,
how they relate, what their Morse index are, etcetera.

The idea of the proof is the following (see [74] for full details). Let {v',v?} be a non-
trivial braid in E%p for some p €N, i.e., v! and v* form a link. In order to avoid problems

3For analogous results on the third possibility, a semi-infinite interval, we refer to [74].



8.5. Second order Lagrangian systems 267

(a) (b)

VAR M“\ SPAN

Figure 8.7: On the left examples of braid diagrams which are (a) unlinked, (b) linked,
and (c) maximally linked. On the right representations in the (u, u')-plane of closed
characteristics which are (d) simple, and (e) non-simple.

near the boundary of Ir = [u_, u,] and near the diagonal u; = 1,1, we choose

Qi‘s = {(ui_l, Ui, Uir1) € 1}35 | U_+o<up <ui—o<uy— 25} for i odd,

. 8.10
QF = {(uim1, ui,uip1) € Blu_ +28 <uj+6 < iy <uy—08} for i even. (8.10)

The set (2, is now the set of 2p periodic sequences (u;) such that (u; q,u;, u;1) € QP°.
Here we choose 6 > 0 sufficiently small, so that the vector field R = (R) is everywhere
transverse to d(),,, and moreover points inwards. Hence (,, is positively invariant for
the induced parabolic flow.

Define

Cy = {(w) € Qy|u; >0l fork=1,2andalli=0,...,2p},
C. = {(u)€ Qy|ui<vffork=1,2andalli=0,...,2p}.

The two sets C+ can be interpreted as subsets of the set of relative up-down braid dia-
grams Z%_p rel 31, where f3; is the braid formed by v' and v?. The fact that the braid dia-
gram f(3; contains a (non-trivial) link and the properties of parabolic flows, imply that
on the boundaries of the C_ and C,, the vector field R; is everywhere transverse and
pointing inwards. Thus, C_ and C,. are positively invariant with respect to the parabolic
flow ¥*. Consequently, W5, has global maxima v~ and v* on int(C_) and int(C, ) respect-
ively. The maxima v~ and v* have the property that v; < v}* < v. Seen as a braid
diagram, v = {v!,v%, v, 0"} is a stationary skeleton for the induced parabolic flow ¥".

Consider the relative braid classes [u rel v]z which are presented in Figure 8.8a, and
which are indicated by X7, C fép rel v. Here r is the linking number of v' and v?, i.e., 2r is
the number of crossings of v! and v°. Since v' and v* are linked one has 0 < 2r < 2p. The
strand u is chosen to cross the strands v'? 2g times, whereas it does not cross v=. While
this description does not completely characterise the braid class, Figure 8.8a indeed fixes
the braid type under consideration. An important restriction is that 0 < g < r.

The relative up-down braid type X}, is a proper free braid type, provided 0 < g < r.
It follows from Theorem 8.12 that h(X;’,,r, E) = h(XZ,r), i.e., the up-down restriction may be
disregarded. The homology of h(X} ,) can now be calculated.

Lemma 8.14 The Conley homology of h = h(X},) is given by:

Z k=2q—1or2g,

CH((X},r) = { 0 else

The proof of Lemma 8.14 relies on Lemma 8.11 and the continuation (which leaves the
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Figure 8.8: Two up-down braid types (a) X} , with p =5,7 =3, 9 =2, and (b) Y}, with
p=>5,r=2,q=23. All crossings are positive, i.e., the larger slope crosses on top of the
smaller slope.

Conley index invariant) to a system for which one can calculate the invariant set com-
pletely (an “integrable” system).

Since the Conley homology is non-trivial, we obtain the existence of a critical point
in Xz,r. In fact (see for example [6, Section 6]), we derive from Morse theory that there exist
at least two distinct critical points (generically of index 29 and 29 — 1), for each g satisfying
0 < g <r < p. This way the number of solutions depends on r and p. In order to find
infinitely many closed characteristics, we consider all multiples of 2p, i.e., let the skeleton
be contained in Z‘lem, m > 1. Now g must satisfy 0 < g < rm < pm. By choosing triples
(g, p,m) such that g and pm are relative prime, we obtain the same Conley homology
as above, and therefore an infinity of pairs of geometrically distinct critical points of W,
corresponding to stationary point of the action J. Let 4’ be the linking number around
the v'2, and let p’ be the period, then admissible ratios Z—’, for closed characteristics are
determined by the relation /
0<L <l

PP

Thus if ' and v? are maximally linked, i.e. r = p, then closed characteristics exist for all
ratios in QN (0,1). Finally, note that v* correspond to the case ¢’ = 0.

On non-compact interval components W,, need not have any critical points. In or-
der to obtain more insight in non-compact interval components, some knowledge about
asymptotic behaviour of the system seems to be necessary. In Chapter 7 this issue was
addressed, and the dissipativity condition introduced there reads as follows: there exists a
(large) pair (u7, u3) such that

0;S(uj,u3) <0 and 0,S(uj,u3) > 0. (8.11)

An example of a sufficient condition on L so that the above dissipativity hypothesis holds,
is the following asymptotic behaviour (for all (1, v, w)):

}im A= L(Au, A+, 2320) = c;w? + oo|ul* for some s > 2 and ¢, ¢, > 0.
—00

For dissipative Lagrangians we can prove the following general result. Let L satisfy the
Twist property (T) and the dissipativity condition (8.11), and let E be a regular energy
value such that Ir = R

Theorem 8.15 Suppose that Iz = R contains a non-maximal link. Then there exists an
infinity of non-simple, geometrically distinct, closed characteristics in I.
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Figure 8.9: Solutions of (8.13) with energy E = 0 corresponding to the braid type Y1,
for (a) Q =0, and (b) Q = 10.

The proof is very similar to that of Theorem 8.13. Let {v',v?} form a non-maximally
linked braid in 3, for some p € N, i.e., having linking number 0 < r < p. Choose Q! as
in (8.10) with Ir replaced by [uf, u3] (see (8.11)). Define

C = {u € | u is maximally linked with v'?}.

As before, the set C can be interpreted as a subset of the relative up-down braid dia-
grams Z%p rel 31, where f; is the braid formed by v' and v?. Since v' and ©v* are not
maximally linked, the vector field &; is transverse to the boundary dC, and is pointing
outwards on 0C. Therefore C is negatively invariant for the induced parabolic flow ¥*,
and consequently there exists a global minimum v € int(C). Define the skeleton v to be
v = {0v!,v?,v°}. Now consider the relative up-down braid type [u rel v]¢ depicted in Fig-
ure 8.8b, denoted by Y} ,. It can be described as follows. The linking number of v' and v*
is r, where 0 < r < p. The strand u € Y}, satisfies (—1)'u; > (—1)"0} for all i, and u has
linking number g with the strands v'2. For r < g < p, Y}, is a proper free braid type. By
Theorem 8.12 we have that h(Y},) = h(u rel v, E) = h(u rel v*).

Lemma 8.16 The Conley homology of h = h(Y},) is given by:

Z k=2qor2q+1,

CHy(Y;,) = { 0 else

In the same manner as in the proof of Theorem 8.13 infinitely many solutions are found.
The relation for the admissible ratios here reads

r

r 4

p P

Hence if v! and v? are unlinked, i.e. r = 0, then closed characteristics exist for all ratios in
QN (0,1). Finally, note that v* corresponds to the case ¢’ = p'.

!

<1 (8.12)

As an example, we apply Theorem 8.15 to Equation (8.9) for « > 1. After rescaling we

obtain )

u™ 4+ Qu" —u+4u®=0, with Q = T
a_

(8.13)

The corresponding Lagrangian is given by L(u,u’,u") = %u”z - %u’z + 1@? —1)% Itis
shown in Chapter 7 that the Swift-Hohenberg model satisfies the Twist property (T) for
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all Q > 0 (i.e. all « > 1). The potential* F(u) = }(u? — 1)* has two non-degenerate global
minima, at (singular) energy level E = 0. For each regular E € (0, €) with ¢ sufficiently
small, there exist at least two unlinked simple closed characteristics®. For all E > 0 one
has that Ir = R, and the dissipative boundary conditions are met for any sufficiently large
subinterval I € R. Theorem 8.15 now yields an infinity of non-simple closed characteris-
tics for all E € (0, €). A periodic solution exists for any ratio Z—’, € QnN(0,1), see (8.12). These
characteristics still exist in the limit E = 0. In the limit E — 0 the two unlinked simple peri-
odic solutions may collapse onto the two equilibrium points. Nevertheless, because all
the solutions produced by Theorem 8.15 link around both simple closed characteristics,
the infinite family of solutions still exists in the limit E = 0. Since the singular level E = 0
contains singular points, oscillations of closed characteristics may coalesce. However, it
is not difficult to show the extrema of these solutions may coalesce only in pairs at the
equilibrium points. Notice that the nature of the equilibrium points is not important for
this result: it holds both when the equilibria u = £1 are saddle-foci (0 < Q < V/8), and
when they are centers (Q > 1/8). A solution corresponding to g = 1 and p = 13 is shown
in Figure 8.9 for both Q = 0 and Q = 10. Observe that although there is a big difference
in shape, the braid type is the same.

“Note that the potential F(u) is defined with the opposite sign compared to Chapter 1.
>With some effort this can be deduced this from the analysis in Section 7.3.4.



Bibliography

[1] N.N. Akhmediev, A.V. Buryak and M. Karlsson, Radiationless optical solitons with oscilla-
ting tails, Opt. Commun. 110 (1994), 540-544.

[2] M.E. Akveld and J. Hulshof, Travelling wave solutions of a fourth-order semilinear diffusion
equation, Appl. Math. Lett. 11 (1998), 115-120.

[3] C.J. Amick and J.E. Toland, Homoclinic orbits in the dynamic phase space analogy of an
elastic strut, European J. Appl. Math. 3 (1992), 97-114.

[4] S.B. Angenent, The Morse-Smale property for a semi-linear parabolic equation, J. Differen-
tial Equations 62 (1986), 427-442.

[5] S.B. Angenent, The periodic orbits of an area preserving Twist-map, Comm. Math. Phys. 115
(1988), 353-374.

[6] S.B. Angenent, Monotone recurrence relations, their Birkhoff orbits and topological entropy,
Ergodic Theory Dynam. Systems 10 (1990), 15-41.

[7] S.B. Angenent, Curve shortening, 2000, preprint.

[8] S.B. Angenent and C. Golé, Partition by ghost circles, 1992, preprint.

[9] V.I. Arnol’d, Mathematical methods of classical mechanics, Springer Verlag, 1978.
[10] V.I. Arnol’d and S.P. Novikov, Dynamical systems IV, Springer Verlag, 1990.

[11] D.G. Aronson and H.F. Weinberger, Nonlinear diffusion in population genetics, combustion,
and nerve pulse propagation, in: Partial differential equations and related topics, edited by
J.A. Goldstein, Lecture Notes in Math. 446, Springer Verlag, Berlin, 1975.

[12] D.G. Aronson and H.F. Weinberger, Multidimensional nonlinear diffusion arising in popu-
lation genetics, Adv. in Math. 30 (1978) 33-76.

[13] S. Aubry and PY. LeDaeron, The Frenkel-Kontorova model and its extensions, Phys. D 8
(1983), 381-422.

[14] T. Bartsch and M. Clapp, Bifurcation theory for symmetric potential operators and the
equivariant cup-length, Math. Z. 204 (1990), 341-356.

[15] PW. Bates, X. Chen and A. Chmaj, Equilibria and traveling waves for bistable equations
with non-local and discrete dissipation, 2000, preprint.

[16] P.W. Bates and C.K.R.T. Jones, Invariant manifolds for semilinear partial differential equa-
tions, in: Dynamics Reported, volume 2, edited by U. Kirchgraber and H.O. Walther, John
Wiley & Sons Ltd, 1989.

[17] V. Benci, A new approach to the Morse-Conley theory and some applications, Ann. Mat.
Pura Appl. 158 (1991) 231-305.

[18] V. Benciand F. Giannoni, Morse theory for functionals of class C 1 C.R. Acad. Sci. Paris Sér. I
Math. 315 (1992), 883-888.

[19] J.B. van den Berg, Branches of heteroclinic, homoclinic and periodic solutions in a fourth-
order bi-stable system, 1996, MSc. Thesis, Leiden University.



272 Bibliography

[20] J.B. van den Berg, Uniqueness of solutions for the extended Fisher-Kolmogorov equation,
C. R. Acad. Sci. Paris Sér. I Math. 326 (1998), 447-452.

[21] ].B. van den Berg, The phase-plane picture for some fourth-order conservative differential
equations, J. Differential Equations 161 (2000), 110-153.

[22] ].B. van den Berg, ]J. Hulshof and R.C.A.M. van der Vorst, Travelling waves for fourth-order
semilinear parabolic equations, 1999, preprint.

[23] J.B. van den Berg, L.A. Peletier and W.C. Troy, Global branches of multi bump periodic
solutions of the Swift-Hohenberg equation, 2000, to appear in Arch. Rational Mech. Anal..

[24] ].B. van den Berg and R.C.A.M. van der Vorst, Fourth order conservative twist systems:
simple closed characteristics, 1999, preprint.

[25] J.B. van den Berg and R.C.A.M. van der Vorst, Stable patterns for fourth order parabolic
equations, 2000, preprint.

[26] F. Bernis, The free boundary problem of thin viscous flows, Z. Angew. Math. Mech. 76
(1996), 369-372.

[27] J. Birman, Braids, links and the mapping class group, vol. 82 of Ann. Math. Studies, Prin-
ceton Univ. Press, 1975.

[28] D. Blair, I.S. Aranson, G.W. Crabtree, V. Vinokur, L.S. Tsimring and C. Josserand, Patterns
in thin vibrated granular layers: Interfaces, hexagons, and superoscillons, Phys. Rev. E 61
(2000), 5600-5610.

[29] P. Boyland and C. Golé, Lagrangian systems on hyperbolic manifolds, Ergodic Theory Dy-
nam. Systems 19 (1999), 1157-1173.

[30] G.E. Bredon, Topology and geometry, Springer Verlag, 1993.

[31] CJ. Budd, G.W. Hunt and M.A. Peletier, Self-similar fold evolution under prescribed end-
shortening, Math. Geology 31 (1999), 989-1005.

[32] B. Buffoni, Infinitely many large amplitude homoclinic orbits for a class of autonomous
Hamiltonian systems, J. Differential Equations 121 (1995), 109-120.

[33] B. Buffoni, Periodic and homoclinic orbits for Lorentz-Lagrangian systems via variational
methods, Nonlinear Anal. 26 (1996), 443-462.

[34] B. Buffoni, Shooting methods and topological transversality, Proc. Roy. Soc. Edinburgh
Sect. A 129 (1999), 1137-1155.

[35] B. Buffoni, A.R. Champneys and J.FE. Toland, Bifurcation and coalescence of multi-modal
homoclinic orbits for a Hamiltonian system, ]. Dynam. Differential Equations 8 (1996), 221
281.

[36] B.Buffoni and E. Séré, A global condition for quasi-random behaviour in a class of autonom-
ous systems, Comm. Pure Appl. Math. 49 (1996), 285-305.

[37] N. Chafee and E.F. Infante, A bifurcation problem for a nonlinear parabolic equation, Ap-
plicable Anal. 4 (1974), 17-37.

[38] A.R. Champneys, Homoclinic orbits in reversible systems and their applications in mech-
anics, fluids and optics, Phys. D 112 (1998), 158-186.

[39] A.R. Champneys, Homoclinic orbits in reversible systems II: multi-bumps and saddle-
centers, CWI Quarterly 12 (1999), 185-212.

[40] A.R. Champneys and M.D. Groves, A global investigation of solitary-wave solutions to a
two-parameter model for water waves, J. Fluid Mech. 342 (1997), 199-229.

[41] A.R. Champneys and A. Spence, Hunting for homoclinic orbits in reversible systems: a
shooting technique, Adv. Comput. Math. 1 (1993), 81-108.



Bibliography 273

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

A.R. Champneys and ].M.T. Thompson, A multiplicity of localised buckling modes for twis-
ted rod equations, Proc. Roy. Soc. London Ser. A 452 (1996), 2467-2491.

A.R. Champneys and J.F. Toland, Bifurcation of a plethora of multi-modal homoclinic orbits
for autonomous Hamiltonian systems, Nonlinearity 6 (1993), 665-722.

Y. Chen and PJ. McKenna, Traveling waves in a nonlinearly suspended beam: theoretical
results and numerical observations, J. Differential Equations 136 (1997), 325-355.

P. Clément and G. Sweers, Uniform anti-maximum principles, ]. Differential Equations 164
(2000), 118-154.

B.D. Coleman, M. Marcus and V.J. Mizel, On the thermodynamics of periodic phases, Arch.
Rational Mech. Anal. 117 (1992), 321-347.

P. Collet and ]J.-P. Eckmann, Instabilities and fronts in extended systems, Princeton Univer-
sity Press, Princeton, 1980.

C. Conley, Isolated invariant sets and the Morse index, vol. 38 of CBMS Reg. Conf. Ser.
Math., AMS, 1978.

P. Coullet, C. Elphick and D. Repaux, Nature of spatial chaos, Phys. Rev. Lett. 58 (1987),
431-434.

P. Coullet and K. Emilsson, Strong resonances of spatially distributed oscillators, Phys. D 61
(1992), 119-131.

M.G. Crandall, PH. Rabinowitz and L. Tartar, On a Dirichlet problem with a singular non-
linearity, Comm. Partial Differential Equations 2 (1977), 193-222.

M.C. Cross and P.C. Hohenberg, Pattern formation outside of equilibrium, Rev. Modern
Phys. 65 (1993), 851-1112.

G.T. Dee and W. van Saarloos, Bistable systems with propagating fronts leading to pattern
formation, Phys. Rev. Lett. 60 (1988), 2641-2644.

R.L. Devaney, Homoclinic orbits in Hamiltonian systems, ]. Differential Equations 21 (1976),
431-438.

R.L. Devaney, Blue sky catastrophes in reversible and Hamiltonian systems, Indiana Univ.
Math. J. 26 (1977), 247-263.

G. Dewel, S. Métens, M'E. Hilali, P. Borckmans and C.B. Price, Resonant patterns through
coupling with a zero mode, Phys. Rev. Lett. 74 (1995), 4647-4650.

E.J. Doedel, A.R. Champneys, T.F. Fairgrieve, Y.A. Kuznetsov, B. Sandstede and X. Wang,
AUTO09Y7, continuation and bifurcation software for ordinary differential equations (with
HomCont), 1997, available by anonymous ftp from ftp. cs. concordi a. ca, directory
pub/ doedel / aut o.

A. Doelman, R.A. Gardner and T.J. Kaper, Large stable pulse solutions in reaction-diffusion
equations, 2000, to appear in Indiana Univ. Math. J..

A. Doelman and V. Rottschéfer, Singularly Perturbed and Nonlocal Modulation Equations
for Systems with Interacting Instability Mechanisms, ]. Nonlinear Sci. 7 (1997), 371-410.

E. Dumortier, Singularities of vector fields on the plane, ]. Differential Equations 23 (1977),
53-106.

E. Dumortier, Local study of planar vector fields: singularities and their unfoldings, in:
Structures in dynamics, finite dimensional deterministic studies, edited by H.W. Broer et al.,
Stud. Math. Phys., Vol. 2, pp. 161-241, North-Holland, 1991.



274 Bibliography

[62] U. Ebert and W. van Saarloos, Universal algebraic relaxation of fronts propagating into an
unstable state and implications for moving boundary approximations, Phys. Rev. Lett. 80
(1998), 1650-1653.

[63] W. Eckhaus, Singular perturbations of homoclinic orbits in R", SIAM ]. Math. Anal. 23
(1992), 1269-1290.

[64] I. Ekeland, On the variational principle, ]. Math. Anal. Appl. 47 (1974) 324-353.

[65] G.B. Ermentraut, XPPAUT3.91, the differential equations tool, 1998, available by anonymous
ftp from f t p. mat h. pi tt. edu, directory pub/ bar dwar e.

[66] E. Fadell and P.H. Rabinowitz, Bifurcation for odd potential operators and an alternative
topological index, ]. Funct. Anal. 26 (1977), 48-67.

[67] N. Fenichel, Persistence and smoothness of invariant manifolds for flows, Indiana Univ.
Math. J. 21 (1971), 193-226.

[68] P.C. Fife and ]J.B. McLeod, The approach of solutions of nonlinear diffusion equations to
travelling front solutions, Arch. Rational Mech. Anal. 65 (1977), 335-361.

[69] W. Fulton, Algebraic topology: a first course, Springer Verlag, New York, 1995.

[70] G. Fusco and W.M. Oliva, Transversality between invariant manifolds of periodic orbits for
a class of monotone dynamical systems, ]. Dynam. Differential Equations 2 (1990), 1-17.

[71] T. Gallay, personal communication.

[72] R.A. Gardner and C.K.R.T. Jones, Traveling waves of a perturbed diffusion equation arising
in a phase field model, Indiana Univ. Math. ]. 38 (1989), 1197-1222.

[73] R. Ghrist, ].B. van den Berg and R.C.A.M. van der Vorst, Closed characteristics of fourth-
order Twist systems via braids, 2000, to appear in C. R. Acad. Sci. Paris Sér. I Math..

[74] R. Ghrist, J.B. van den Berg and R.C.A.M. van der Vorst, Morse theory on the space of braids
and applications to Lagrangian dynamics, 2000, in preparation.

[75] A. Gierer and H. Meinhardt, A theory of biological pattern formation, Kybernetik 12 (1972),
30-39.

[76] P. Gray and S.K. Scott, Autocatalytic reactions in the isothermal, continuous stirred tank
reactors: isolas and other forms of multistability, Chem. Eng. Sci. 38 (1983), 29-43.

[77] J. Guggenheimer and P.J. Holmes, Nonlinear oscillations, dynamical systems, and bifurca-
tions of vector fields, Springer Verlag, 1983.

[78] J.K. Hale, Introduction to dynamic bifurcation, in: Bifurcation theory and applications, ed-
ited by L. Salvadori, Lecture Notes in Math. 1057, Springer Verlag, 1984.

[79] J.K. Hale, Asymptotic behavior of dissipative systems, no. 25 in Mathematical Surveys and
Monographs, AMS, 1988.

[80] J.K. Hale, Dynamics of a scalar parabolic equation, CWI Quarterly 12 (1999), 185-212, or:
Canad. Appl. Math. Quart. 5 (1997), 209-305.

[81] D.B.Henry, Geometric theory of semilinear parabolic equations, Lecture Notes in Math. 840,
Springer Verlag, 1981.

[82] D.B. Henry, Some infinite-dimensional Morse-Smale systems defined by parabolic partial
differential equations, J. Differential Equations 59 (1985), 165-205.

[83] D.Hilhorst, L.A. Peletier and R. Schétzle, I'-limit for the Extended Fisher-Kolmogorov equa-
tion, 2000, preprint.

[84] H. Hofer and ]J.F. Toland, On the existence of homoclinic, heteroclinic, and periodic orbits
for a class of indefinite Hamiltonian systems, Math. Ann. 268 (1984), 387—403.



Bibliography 275

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]
[104]

[105]

[106]

R.M. Hornreich, M. Luban and S. Shtrikman, Critical behaviour at the onset of 7c’—space in-
stability on the A line, Phys. Rev. Lett. 35 (1975), 1678-1681.

G.W. Hunt and A. Blackmore, Homoclinic and heteroclinic solutions of upheaval buckling,
Philos. Trans. Roy. Soc. Lond. A 355 (1997), 2185-2195.

C.K.R.T. Jones, Geometric singular perturbation theory, in: Dynamical systems, edited by
R. Johnson, Springer Verlag, 1995.

W.D. Kalies, ]. Kwapisz, ].B. van den Berg and R.C.A.M. van der Vorst, Homotopy classes for
stable periodic and chaotic patterns in fourth-order Hamiltonian systems, 2000, to appear
in Comm. Math. Phys..

W.D. Kalies, J. Kwapisz and R.C.A.M. van der Vorst, Homotopy classes for stable connec-
tions between Hamiltonian saddle-focus equilibria, Comm. Math. Phys. 193 (1998), 337-371.
W.D. Kalies and R.C.A.M. van der Vorst, Multitransition homoclinic and heteroclinic solu-
tions to the Extended Fisher-Kolmogorov equation, J. Differential Equations 131 (1996), 209-
228.

W.D. Kalies and R.C.A.M. van der Vorst, Second order Lagrangian musings, 2000, in pre-
paration.

W.D. Kalies, R.C.A.M. van der Vorst and T. Wanner, Slow motion in higher-order systems
and gamma-convergence in one space dimension, 2000, to appear in Nonlinear Anal..

T. Kapitula, Multidimensional stability of planar travelling waves, Trans. Amer. Math.
Soc. 349 (1997), 257-269.

A. Kolmogorov, I. Petrovski and N. Piscounov, Etude de I'équation de la diffusion avec
croissance de la quantité de matiere et son application a un probléme biologique, Bull. Univ.
Moskou, Ser. Internat. Sec. A 1 (1937), 1-25.

J. Kwapisz, personal communication.

J. Kwapisz, Uniqueness of the stationary wave for the Extended Fisher Kolmogorov equa-
tion, J. Differential Equations 165 (2000), 235-253.

A.C. Lazer and PJ. McKenna, Large-amplitude oscillations in suspension bridges: some
new connections with nonlinear analysis, SIAM Rev. 32 (1990), 537-578.

P. LeCalvez, Propriété dynamique des diffeomorphismes de I’anneau et du tore, vol. 204 of
Astérique, Astérisque, 1991.

A. Leizarowitz and V.J. Mizel, One dimensional infinite-horizon variational problems
arising in continuum mechanics, Arch. Rational Mech. Anal. 106 (1989), 161-194.

J.D. Logan, Invariant variational principles, vol. 138 of Math. Science Eng., Academic Press,
1977.

H. Matano, Nonincrease of the lap number of a solution for a one dimensional semi-linear
parabolic equation, J. Fac. Sci. Univ. Tokyo 1A Math. 29 (1982), 401-441.

J.N. Mather, Existence of quasi-periodic orbits for twist diffeomorphisms of the annulus,
Topology 21 (1982), 457—467.

J. Milnor, Morse Theory, vol. 51 of Ann. Math. Studies, Princeton Univ. Press, 1963.

K. Mischaikow, Conley index theory, in: Dynamical systems (Montecatini Terme, 1994),
Lecture Notes in Math. 1609, pp. 119-207, Springer Verlag, 1995.

K. Mischaikow, Global asymptotic dynamics of gradient-like bistable equations, SIAM ]J.
Math. Anal. 26 (1995), 1199-1224.

V.J. Mizel, L.A. Peletier and W.C. Troy, Periodic phases in second order materials, Arch.
Rational Mech. Anal. 145 (1998), 343-382.



276 Bibliography

[107] M. Morse, A fundamental class of geodesics on any closed surface of genus greater than
one, Trans. Amer. Math. Soc. 26 (1924), 25-60.

[108] W.-M. Ni, Diffusion, cross-diffusion and their spike-layer steady states, Notices Amer. Math.
Soc. 45 (1998), 9-18.

[109] PJ. Olver, Applications of Lie groups to differential equations, Springer Verlag, 1993.

[110] G. Palis, Linearly induced vector fields and R?-actions on spheres, J. Differential Equa-
tions 23 (1977), 53-106.

[111] A. Pazy, Semigroups of linear operators and applications to partial differential equations,
Springer Verlag, 1983.

[112] M.A. Peletier, Non-existence and uniqueness results for fourth-order Hamiltonian systems,
Nonlinearity 12 (1999), 1555-1570.

[113] M.A. Peletier, Sequential buckling: a variational analysis, 1999, preprint.

[114] M.A. Peletier, Generalized monotonicity from global minimization in fourth-order ODEs,
2000, preprint.

[115] L.A. Peletier and A L Rotariu-Bruma, Solitary wave solutions to a four-parameter model for
water waves, 1999, preprint.

[116] L.A. Peletier, A.I. Rotariu-Bruma and W.C. Troy, Pulse-like spatial patterns described by
higher-order model equations, J. Differential Equations 150 (1998), 124-187.

[117] L.A. Peletier and W.C. Troy, Spatial patterns described by the Extended Fisher-Kolmogorov
(EFK) equation: Kinks, Differential Integral Equations 8 (1995), 1279-1304.

[118] L.A. Peletier and W.C. Troy, A topological shooting method and the existence of kinks of the
Extended Fisher-Kolmogorov equation, Topol. Methods Nonlinear Anal. 6 (1995), 331-355.

[119] L.A. Peletier and W.C. Troy, Chaotic spatial patterns described by the Extended Fisher-
Kolmogorov equation, J. Differential Equations 129 (1996), 458-508.

[120] L.A. Peletier and W.C. Troy, Spatial patterns described by the Extended Fisher-Kolmogorov
(EFK) equation: Periodic solutions, SIAM ]. Math. Anal. 28 (1997), 1317-1353.

[121] L.A. Peletier and W.C. Troy, Multibump periodic travelling waves in suspension bridges,
Proc. Roy. Soc. Edinburgh Sect. A 128 (1998), 631-659.

[122] L.A. Peletier and W.C. Troy, Pattern formation described by the Swift-Hohenberg equation,
2000, preprint.

[123] L.A. Peletier and W.C. Troy, Spatial patterns for higher order models in physics and mech-
anics, Birkhduser Verlag, 2001, to appear.

[124] L.A. Peletier, W.C. Troy and R.C.A.M. van der Vorst, Stationary solutions of a fourth-order
nonlinear diffusion equation, in Russian: Differ. Uravn. 31 (1995), 327-337, in English: Dif-
ferential Equations 31 (1995), 301-314..

[125] L. Perko, Differential equations and dynamical systems, Springer Verlag, 1991.

[126] Y. Pomeau and P. Manneville, Wavelength selection in cellular flows, Phys. Lett. A 75 (1980),
296-298.

[127] M.H. Protter and H.F. Weinberger, Maximum principles in differential equations, Prentice-
Hall, 1967.

[128] P.H. Rabinowitz, Heteroclinics for a Hamiltonian system of double pendulum type, Topol.
Methods Nonlinear Anal. 9 (1997), 41-76.

[129] J.G. Ramsay, A geologist’s approach to rock deformation, in: Inaugural Lectures — Imperial
College of Science, Technology and Medicine, pp. 131-143, London, 1967.



Bibliography 277

[130] V. Rottschifer and C.E. Wayne, Existence and stability of traveling fronts in the extended
Fisher-Kolmogorov equation, 2000, preprint.

[131] B. Sandstede, Stability of multiple-pulse solutions, Trans. Amer. Math. Soc. 350 (1998), 429—
472.

[132] B. Sandstede and A. Scheel, Essential instability of pulses and bifurcations to modulated
travelling waves, Proc. Roy. Soc. Edinburgh Sect. A 129 (1999), 1263-1290.

[133] E. Schechter, Handbook of analysis and its foundations, Academic Press, San Diego, New
York, Boston, 1997.

[134] D. Smets and ].B. van den Berg, Homoclinic solutions for Swift-Hohenberg and suspension
bridge type equations, 2000, in preparation.

[135] J. Smillie, Competitive and cooperative tridiagonal systems of differential equations, STAM
J. Math. Anal. 15 (1984), 531-534.

[136] C. Storm, W. Spruijt, U. Ebert and W. van Saarloos, Universal algebraic relaxation of velocity
and phase in pulled fronts generating periodic or chaotic states, Phys. Rev. E 61 (2000), 6063—
6066.

[137] J. Swift and P.C. Hohenberg, Hydrodynamic fluctuations at the convective instability, Phys.
Rev. A 15 (1977), 319-328.

[138] S.P. Timoshenko and ]J.M. Gere, Theory of elastic stability, McGraw-Hill, 1963.

[139] A. Vanderbauwhede and B. Fiedler, Homoclinic period blow-up in reversible and conser-
vative systems, Z. Angew. Math. Phys. 43 (1992), 292-318.

[140] S. Wiggins, Global bifurcations and chaos, analytical methods, Springer Verlag, New York,
1988.

[141] P.D. Woods and A.R. Champneys, Heteroclinic tangles and homoclinic snaking in the un-
folding of a degenerate reversible Hamiltonian-Hopf bifurcation, Phys. D 129 (1999), 147-
170.

[142] W. Zimmermann, Propagating fronts near a Lifshitz point, Phys. Rev. Lett. 66 (1991), 1546.



278 Bibliography




Samenvatting

Dit proefschrift gaat over de dynamica en evenwichtstoestanden die beschreven worden
door vierde orde differentiaalvergelijkingen. Het uitgangspunt hierbij is wiskundig, maar
dit soort vergelijkingen is van belang bij de beschrijving van vele fysische verschijnselen.

De taal waarin natuurwetten worden geformuleerd is wiskundig. Omdat deze wetten
de verandering van bepaalde grootheden beschrijven, is het te verwachten dat differen-
tiaalvergelijkingen hierbij een grote rol spelen. Een bekend voorbeeld is de wet van New-
ton in de klassieke mechanica, die de versnelling van een voorwerp of deeltje relateert aan
de kracht die erop wordt uitgeoefend. De versnelling is de tweede afgeleide van de plaats
(de eerste afgeleide is de snelheid), zodat dit een tweede orde differentiaalvergelijking is.

Net als zulke fundamentele natuurwetten, worden vele natuurkundige verschijnse-
len gemodelleerd met behulp van differentiaalvergelijkingen. Een voorbeeld hiervan is
de warmte-vergelijking, die de verandering van temperatuur als functie van plaats en tijd
beschrijft. Dit is ook een tweede orde differentiaalvergelijking, maar hij is van een heel
andere aard dan de wet van Newton. Die laatste is namelijk een gewone differentiaalver-
gelijking (de positie hangt van één variabele af: de tijd), terwijl de warmte-vergelijking
een partiéle differentiaalvergelijking is (de temperatuur varieert zowel in de tijd als in de
ruimte).

Ondanks de verschillen hebben deze twee voorbeelden van differentiaalvergelijkin-
gen een gemeenschappelijk kenmerk: wanneer de begintoestand bekend is, wordt de
toekomstige evolutie, of dynamica, van het systeem volledig bepaald door de differen-
tiaalvergelijking. Dit is karakteristiek voor wat in de wiskunde een dynamisch systeem
genoemd wordt. Het feit dat de gebeurtenissen in zo'n systeem volledig vastliggen wan-
neer de beginsituatie bekend is, impliceert dat we te maken hebben met een determinis-
tisch proces. Dat wil echter niet zeggen dat we altijd precies kunnen voorspellen wat er
gaat gebeuren, want de beginsituatie is nooit exact bekend. Een zeer kleine afwijking in
de beginsituatie kan na verloop van tijd tot geheel andere gevolgen leiden. Determinis-
tische processen kunnen daarom toch chaotische verschijnselen veroorzaken. Een goed
voorbeeld daarvan zijn weersvoorspellingen, maar ook bijvoorbeeld de trekking van de
lottoballetjes, die volledig beschreven wordt door de wet van Newton, maar die toch een
‘willekeurige” uitkomst heeft.

De natuurkunde is niet de enige wetenschap waarin differentiaalvergelijkingen een
prominente rol vervullen. Zij worden op vele gebieden toegepast als model voor het te
bestuderen probleem. Om een paar voorbeelden te noemen: de reacties en verspreiding
van chemicalién, de groei en afname van populaties in de biologie, de ontwikkeling en
behandeling van ziektes in de geneeskunde, en de stroming van een gas of vloeistof,
waarbij de toepassingen variéren van fundamentele sterrenkunde tot weersvoorspellin-
gen tot industriéle processen.
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Naast deze toepassingsmogelijkheden is er nog een andere reden om differentiaalver-
gelijkingen te bestuderen: de wiskundige uitdaging. De theorie van differentiaalvergelij-
kingen heeft connecties met vele takken binnen de wiskunde. Een verdere ontwikkeling
van de theorie maakt daarom niet alleen de toepasbaarheid groter, maar vergroot ook het
inzicht in de structuur van de wiskunde die eraan ten grondslag ligt. En uiteindelijk is dat
toch de grootste motivatie voor het onderzoek dat in dit proefschrift beschreven wordt:
proberen de onderliggende structuur van een wiskundig probleem te begrijpen.

We gaan nu dieper op het onderwerp van dit proefschrift in; het is uiteraard onver-
mijdelijk dat daarbij enige wiskundige notatie om de hoek komt kijken. De vierde orde
partiéle differentiaalvergelijking waar het in dit proefschrift om draait is

4 2
PeyZlepSlaf-p y>0per *)
De functie f hangt van de tijd t en de plaats x af, en de betekenis van f is afhankelijk
van de toepassing waarin men geinteresseerd is (we komen daar zo op terug). In de
differentiaalvergelijking staan twee getallen 3 en y, de parameters (ook daar komen we
later op terug). Overigens is vergelijking (A) slechts een voorbeeld van een brede klasse
van vergelijkingen die in dit proefschrift wordt bestudeerd.

Wanneer een oplossing f van deze differentiaalvergelijking niet verandert in de tijd,
dan noemen we dat een stationaire oplossing of ook wel een evenwichtsoplossing. Zo'n
stationaire oplossing varieert dus alleen in de ruimte en niet in de tijd, oftewel de functie f
hangt alleen van x af. Zulke stationaire oplossingen voldoen aan de gewone differentiaal

vergelijking
4

d P X

Het feit dat er in de vergelijkingen (A) en (B) een derde macht van f voorkomt, impliceert
dat zij niet-lineair zijn. Dit is in feite de belangrijkste reden dat deze vergelijkingen vanuit
wiskundig oogpunt interessant zijn. Het zorgt ervoor dat we de oplossingen van deze
vergelijkingen in het algemeen niet expliciet kunnen bepalen. We kunnen ze wel (met
de computer) benaderen, maar we kunnen ze bijna nooit als formule opschrijven. Het is
echter vaak wel mogelijk om uitspraken te doen over kwalitatieve eigenschappen van de
oplossingen van zulke niet-lineaire vergelijkingen.

Vierde orde differentiaalvergelijkingen van bovenstaand type komen naar voren in
zeer uiteenlopende toepassingen, zoals de vibraties in het wegdek van een hangbrug, de
vorming van geologische patronen in aardlagen, het zenden van een lichtpuls door een
glastiber, of de voortbeweging van een golf in een ondiep kanaal. Maar er zijn ook minder
tastbare toepassingen, zoals in de beschrijving van fase-overgangen (het smelten van ijs
is een voorbeeld van een fase-overgang) en de stroming van een vloeistof tussen twee
parallel geplaatste platen met verschillend temperatuur. De betekenis van de grootheid f
is bijvoorbeeld de temperatuur van een gas, de hoogte van een oppervlak of de intensiteit
van een lichtstraal.

We zien verder dat er in bovenstaande vergelijkingen twee parameters voorkomen:
3 en y. Wanneer deze parameters worden veranderd kunnen de oplossingen van de ver-
gelijkingen ander gedrag vertonen. Het doel van het onderzoek is om te bestuderen hoe
de oplossingen zich gedragen voor alle mogelijke parameterwaarden. In toepassingen
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komt het variéren van de parameters overeen met het kiezen van een andere tempera-
tuur, andere afmetingen of een ander materiaal, kortom het instellen van alle factoren die
het proces beinvloeden.

De differentiaalvergelijkingen (A) en (B) kunnen worden beschouwd als vierde orde
uitbreidingen van respectievelijk de eerder genoemde warmte-vergelijking en de wet van
Newton. Wanneer we ¥ = 0 nemen dan reduceren de vergelijkingen tot tweede orde diffe-
rentiaalvergelijkingen. Het is dus te begrijpen dat een van de resultaten in dit proefschrift
is dat voor kleine waarden van y de oplossingen van de vierde orde vergelijking erg op
die van de tweede orde vergelijking lijken.

We gaan nu iets verder in op de verschillen tussen tweede en vierde orde vergelij-
kingen, en daarbij beperken we ons voor de eenvoud tot de gewone differentiaalverge-
lijking (B), hoewel er ook voor de partiéle differentiaalvergelijking essentiéle verschillen
zijn. Het grote verschil tussen een tweede en een vierde orde differentiaalvergelijking is
dat een tweede orde differentiaalvergelijking geen chaotisch gedrag kan vertonen en een
vierde orde differentiaalvergelijking wel. Dat wil zeggen dat de oplossingen van tweede
orde differentiaalvergelijkingen zich altijd heel gestructureerd en geordend gedragen, ter-
wijl voor vierde orde differentiaalvergelijkingen er de meest wilde verschijnselen kunnen
optreden.

Oplossingen kunnen worden voorgesteld als banen in de ruimte; voor tweede orde
vergelijkingen zijn dit banen in een twee-dimensionale ruimte en voor vierde orde verge-
lijkingen in een vier-dimensionale ruimte. In twee dimensies (het platte vlak) is er voor
de oplossingen niet genoeg bewegingsvrijheid om al te gecompliceerd gedrag te verto-
nen, terwijl daar in vier dimensies wel voldoende ruimte voor is. Men zou dit kunnen
vergelijken met het feit dat zoveel meer auto’s op elkaar botsen dan vliegtuigen, die im-
mers een dimensie extra hebben om zich in te bewegen. Of, om het probleem nog wat
verder te simplificeren, op een smalle weg kunnen auto’s elkaar niet inhalen en moeten
zij dus allemaal ordelijk achter elkaar blijven rijden, terwijl zij elkaar op een snelweg links
(en rechts) kunnen passeren zodat het er veel chaotischer aan toe kan gaan.

Bij het bestuderen van differentiaalvergelijkingen zijn er veel verschillende soorten
oplossingen waarin men geinteresseerd is; dit hangt vaak ook van de toepassing af. Men
kan zich bijvoorbeeld beperken tot tijdonathankelijke oplossingen (ook al omdat het pro-
bleem dan minder moeilijk is). Ook kan men bijvoorbeeld op zoek gaan naar periodieke
(oscillerende) oplossingen, of juist naar oplossingen die alleen maar stijgen. Overigens
beperkt men zich bij een dergelijk wiskundig probleem vaak niet tot één van deze moge-
liikheden. Meestal is het als het volgen van een weg waarvan je niet precies weet of hij
wel ergens naar toe gaat, laat staan waar hij precies naar toe gaat.

In dit proefschrift worden dan ook verschillende soorten oplossingen bestudeerd. De
manier waarop dat gebeurt varieert sterk en hangt niet alleen af van het soort oplossin-
gen, maar ook van de waarden van de parameters 3 en y. Laat ons kort een beschrijving
geven van de twee belangrijkste technieken: schietmethoden en variationele methoden.

Bij een schietmethode kiezen we eerst een beginsituatie. Zoals eerder beschreven is,
wordt de dynamica dan volledig bepaald door de differentiaalvergelijking. We proberen
vervolgens te bepalen hoe de oplossing er uitziet. Omdat de vergelijkingen niet-lineair
zijn kunnen we dat nooit precies berekenen, maar we kunnen vaak wel het kwalitatieve
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gedrag begrijpen. Wanneer dit gedrag niet het gewenste gedrag is dan veranderen we de
beginsituatie een klein beetje en kijken of het er beter op wordt. Door dit proces op een
systematische manier te herhalen vinden we uiteindelijk een oplossing met de gewenste
karakteristieken. Of niet natuurlijk, want de oplossingen van een differentiaalvergelijking
doen wat de differentiaalvergelijking hen oplegt, dus we kunnen niet verwachten dat er
oplossingen zijn die voldoen aan alle mogelijke voorwaarden die we kunnen verzinnen.
Soms bestaan er bijvoorbeeld geen periodieke oplossingen, of gaan alle oplossingen naar
oneindig, zodat het zoeken naar een oplossing die eindig blijft hopeloos is. Niettemin
verschaft de bevinding dat een bepaald soort oplossing niet kan bestaan natuurlijk ook
veel inzicht.

Een variationele methode is op een totaal ander leest geschoeid. We bekijken nu func-
ties die al het gewenste gedrag hebben, maar die niet noodzakelijkerwijs oplossingen van
de differentiaalvergelijking zijn. Vervolgens gebruiken we het feit dat veel fysische syste-
men zich zo gedragen dat zij een toestand proberen te bereiken met een zo laag mogelijke
energie. Het wonderbaarlijke is nu dat die functie waarvoor de bijbehorende energie de
laagst mogelijke is, een oplossing van de differentiaalvergelijking is. Dit principe heet het
variationele principe, en het wordt veelvuldig gebruikt om oplossingen met een bepaald
gezocht gedrag te vinden. In tegenstelling tot een schietmethode speelt een variationele
methode zich af in een oneindig dimensionale ruimte. Hoewel dat enige moeilijkheden
met zich meebrengt, is men er vaak toch op aangewezen om bepaalde extra informatie
over oplossingen te verkrijgen, of omdat een schietmethode eenvoudigweg niet werkt.

We behandelen nu zeer kort de inhoud van de verschillende hoofdstukken. We bena-
drukken dat dit proefschrift voor het overgrote deel bestaat uit bewijzen van wiskundige
stellingen, en dat toepassingen een minder belangrijke rol spelen.

Na een inleidende hoofdstuk wordt in hoofdstuk 2 aangetoond dat, voor positieve
waarden van f3 en niet al te grote waarden van y (om precies te zijn y < %2), de begrensde
oplossingen van de vierde orde gewone differentiaalvergelijking (B) precies correspon-
deren met die van de tweede orde vergelijking. De parameterwaarden y > %2 komen
in hoofdstuk 3 aan de orde, waar met behulp van variationele methoden periodieke en
chaotische oplossingen worden bestudeerd. In hoofdstuk 4 ligt de nadruk op de partiéle
differentiaalvergelijking (A), met name op stabiliteit van stationaire oplossingen. We on-
derzoeken dus wat er gebeurt wanneer een evenwichtsoplossing een klein beetje ver-
stoord wordt. Er wordt bewezen dat, als we een eindig ruimtelijk gebied bekijken met
zogenaamde ‘vrije’ randvoorwaarden, er voor y < %2 altijd precies twee stabiele even-
wichtstoestanden zijn, terwijl voor y > %2 het aantal stabiele toestanden exponentieel
groeit wanneer het gebied dat we beschouwen groter wordt. Uit deze drie hoofdstukken
blijkt dat er een scherpe overgang is tussen de parameterwaarden waarvoor de vergelij-
king zich tam gedraagt, en de parameterwaarden waarvoor het gedrag chaotisch is. Het
is uitzonderlijk dat deze overgang zo nauwkeurig in kaart kan worden gebracht.

Hoofdstuk 5 gaat over een heel ander soort oplossingen van vergelijking (A), name-
lijk over zogenaamde lopende golven. Deze oplossingen hebben een onveranderlijke vorm,
maar dit vaste profiel beweegt zich met een constante snelheid van links naar rechts (of
andersom). In hoofdstuk 6 komen negatieve waarden van de parameter 3 aan bod. Met
behulp van een schietmethode worden verschillende families van periodieke oplossingen
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bestudeerd. De schietmethode en de variationele methode worden in hoofdstuk 7 tot een
geheel gesmeed. In dit hoofdstuk worden voornamelijk eenvoudig periodieke oplossin-
gen bestudeerd, terwijl in hoofdstuk 8 meer gecompliceerde vormen aan bod komen. In
dit afsluitende hoofdstuk worden periodieke oplossingen geinterpreteerd als knopen in
een drie-dimensionale ruimte.
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Nawoord

Dit proefschrift was niet geworden wat het is zonder de inbreng en steun van vele vrien-
den, collega’s en bekenden. Allereerst wil ik de personen noemen die direct bij de tot-
standkoming van dit proefschrift betrokken zijn geweest. Zij vinden zichzelf terug in het
voorwoord. Verschillende leden van de promotiecommissie hebben door hun opmerkin-
gen en vragen de presentatie van de resultaten overzichtelijker gemaakt en het aantal
fouten en onnauwkeurigheden verminderd. Daarnaast ben ik ook enkele (anonieme) re-
ferees erkentelijk.

Financiéle ondersteuning voor congres- en werkbezoek heb ik gekregen van NWO en
via het TMR programma ‘Nonlinear Parabolic PDEs: Methods and Applications’. Het
Mathematisch Instituut heeft mij alle vrijheid gegeven om ongestoord te doen wat ik
wilde; het was misschien soms zelfs iets te rustig. Gelukkig liepen er dan altijd wel een
paar collega’s rond met wie ik tijdens de lunch de discussie aan kon gaan.

Velen, wiskundigen en niet-wiskundigen, hebben mij van inspiratie voorzien en daar-
door aan dit proefschrift bijgedragen, vaak ook zonder dat zij zich ervan bewust zijn.
Eveline, Roderick en vooral Heleen hebben, als huisgenoten en vrienden, mij vele ple-
zierige jaren bezorgd. De leden van Christiaan Huygens hebben zowel mijn blikveld
verruimd, als voor vrolijke avonden vol samenhorigheid gezorgd. Van Berend heb ik bij-
voorbeeld niet alleen voor het eerst over de kwadratuur van de cirkel gehoord, maar ook
hebben onze gesprekken veel aan mijn zelfkennis bijgedragen. De ontspanning die ik bij
tijd en wijle vond in het huis van de familie Flinterman, zelfs al was het voor een dag,
heeft mij altijd zeer veel goed gedaan.

In de anderhalf jaar die ik bij de vakgroep ‘Moleculen in Aangeslagen Toestand” heb
doorgebracht, heb ik ontzettend veel geleerd, maar ben ik vooral ook onder de indruk ge-
raakt van de manier waarop aan die onderzoeksgroep vorm wordt gegeven. Het jaar dat
Barbera en Fernando als post-docs in Leiden doorbrachten heeft een blijvende invloed op
mij gehad. Hun relativeringsvermogen en sympathie heb ik als bijzonder prettig ervaren.
Hoewel Didier geen Nederlands wenst te spreken of verstaan, heeft onze samenwerking
in Parijs mij erg veel plezier en energie gebracht.

Willem is waarschijnlijk mijn enige vriend buiten de wiskunde die iets van de inhoud
van dit proefschrift begrijpt. Maar meer nog waardeer ik de avonden waarop we dis-
cussiéren over het leven, en ik hoop dat dat nog lang zo mag blijven. De etentjes met
Frouke, Ella en Michelle zijn altijd een hoogtepunt; hun vriendschap is hartverwarmend.

De onvoorwaardelijk steun van Els, Emiel, Annette en Pieter is voor mij van onschat-
bare waarde. En tenslotte, Heleen laat mij elke dag weer zien dat het leven de moeite
meer dan waard is.
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