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Abstract

This thesis is concerned with the validated computation of connecting
orbits in continuous dynamical systems. Our approach provides approxi-
mations to connecting orbits with exact error bounds and leads to a math-
ematically rigorous existence proof based on numerical calculations. We
first formulate equivalent zero finding problems on appropriate Banach
spaces and validate approximate solutions via fixed point arguments. As
applications we consider the Lorenz system and the Gray-Scott equations.
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Zusammenfassung

Diese Arbeit beschiftigt sich mit der validierten Berechnung verbinden-
der Orbits in kontinuierlichen dynamischen Systemen. Unsere Methode
liefert Ndherungen an verbindende Orbits, exakte Fehlerschranken und
nutzt numerische Berechnungen zu einem mathematisch rigorosen Exis-
tenzbeweis. Wir formulieren dquivalente Nullstellengleichungen auf geeig-
neten Banachrdumen und validieren Ndherungslosungen iiber Fixpunkt-
argumente. Als Anwendungen betrachten wir das Lorenz-System und die
Gray-Scott Gleichung.
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Chapter 1

Introduction

Connecting orbits are one of the fundamental building blocks for the un-
derstanding of the global dynamics of a given dynamical system. Thinking
for instance of a dynamical model for a physical system the first step in
obtaining an understanding of the model is to understand its equilibrium
states and investigate the existence of periodic or oscillatory motion. The
next step is to ask what happens if we perturb a stationary or periodic so-
lution. Here connecting orbits come into play. If there exists for example a
connecting orbit between one stationary state and an oscillatory solution,
this means that starting from a suitable perturbation of the equilibrium
we asymptotically converge to periodic motion. In this sense connecting
orbits help to build a dynamical scaffold organizing the possible dynamics
of a given equation. But connecting orbits not only assist in establishing
structure, they also lead to the creation of complexity. A well-known ex-
ample is the Shilnikov Theorem [43, 36]. In this context the existence of
a connecting orbit from an equilibrium to itself implies the existence of
infinitely many periodic as well as infinitely many nonperiodic bounded
solutions.

The goal of this work is to provide numerical verification methods for
the existence of connecting orbits in dynamical systems induced by an
ordinary differential equation. A fundamental objective of our rigorous
numerical algorithms is to bridge the gap between numerical simulation
and rigorous mathematical analysis. More concretely, in accordance with
the general idea of the field of validated numerics as for example advo-
cated in [47], we use a combination of analysis and numerics to derive
rigorous a-posteriori error bounds for an approximation to a connecting
orbit within which we can guarantee, in the mathematically exact sense, a
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10 CHAPTER 1. INTRODUCTION
real connection to be found.

Given the importance of connecting orbits it comes as no surprise that
there are several algorithms for their numerical approximation available.
More precisely for dynamical systems induced either by the iteration of
an invertible map or by an ordinary differential equation (ODE) there are
a number of classical algorithms for approximating equilibria, periodic or-
bits and connections between them. However according to Palmer in [33,
p-428] theorems rigorously assuring the existence for transversal connect-
ing orbits in dynamical systems induced by flows are scarce. Therefore
we consider our results on the rigorous computation of certain homoclinic
and transversal heteroclinic orbits in dynamical systems induced by ODEs
as a valuable contribution in this context. We hasten to add that this is by
no means the first time a rigorous numerical approach is taken to prove
existence of connecting orbits and we will give a review of the existing
approaches in the sequel. Before we describe the details of our method we
give an overview of the foundational algorithms we build on.

We first discuss the basic idea of methods due to Beyn and Doedel [19,
23, 1] for the case of heteroclinic orbits between hyperbolic fixed points.
We emphasize that a similar idea applies to the computation of homoclinic
orbits and connections between more general invariant sets like periodic
orbits. Suppose we are given two hyperbolic fixed points p;, € R? of the
nonlinear ODE

i=g(u) ucR (1.1)

A connecting orbit from p; to p, corresponds to a solution u : (—co,0) —
R? of (1.1) such that
lim u(t) = p tlim u(t) = pa. (1.2)

t——o0

The first fundamental challenge from a numerical perspective is that (1.2)
is an inherently asymptotic statement. As a consequence we need to trun-
cate the time interval (—oo,c0) to a finite interval [to,t1]. An immediate
problem entailed by this truncation is the control of the boundary values.
More concretely, we have to make sure that the values u(tp) and u(t;) are
chosen appropriately to ensure condition (1.2) to be satisfied.

One way to deal with this problem is to use the concept of invariant man-
ifolds. More precisely, we know that associated to every hyperbolic fixed
point p of (1.1) for sufficiently smooth ¢ there is a stable and an unsta-
ble manifold W*"(p) characterized by the fact that elements of W*(p) are
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asymptotic to p in forward time and elements of W*(p) are asymptotic to p
in backward time. Therefore in order to assure that the solution u on [tg, t1]
corresponds to a connecting orbit we need to demand that u(ty) € W*(p1)
and u(t;) € W%(p2). To treat this requirement numerically, we conse-
quently need to approximate the nonlinear objects W5 (p ).

The classical approach followed by Doedel et. al in [19, 23] consists in
imposing u(t) and u(t;) to lie in linear approximations of the manifolds
and solve (1.1) on the finite interval augmented by appropriate additional
conditions. This method is also used for continuation of connecting orbits
[22] and is implemented in the software package AUTO [49]. A similar
approach is followed in the method of projected boundary conditions of
Beyn et al. [1]. This boundary value approach is also foundational to Lin’s
method utilized by Krauskopf et al. for finding connecting orbits [35, 32].
A complimentary software package to AUTO specialized on homoclinic
orbits is given by HomCont (see [49]). In this context we also mention the
powerful continuation software MatCont [18].

At this point it becomes evident that following this strategy there are
two sources of numerical errors to control. First the numerical integration
of (1.1) induces errors and second the defect introduced by the truncation
to the finite interval has to be controlled. It is shown in [1] using the the-
ory of exponential dichotomies that for the method of projected boundary
conditions the latter error decays exponentially with the length of the inte-
gration interval. This in turn clarifies a fundamental trade-off: the longer
the integration time the better we can control the error introduced by the
approximation of the manifold but the more errors are potentially accu-
mulated during integration. The shorter the integration the fewer errors
are introduced but the harder it gets to control the approximation of the
manifolds.

Another approach to compute approximations to connecting orbits is
given by a set-oriented method applied in [29]. This procedure is based
on the subdivision technique to approximate invariant manifolds of in-
variant objects [16, 17]. The idea is to encode the continuous dynamics as
a combinatorial graph and compute box coverings of the involved stable
and unstable manifolds. Searching for intersections between them leads
to a box covering of connecting orbits. These set-oriented techniques are
implemented in the software package GAIO [30].
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We now turn to the description of the approach for the rigorous com-
putation of connecting orbits followed in this work. The general philoso-
phy, inspired by the one employed in [60], consists in encoding the prop-
erty of being a connecting orbit in an appropriate operator equation of the
form

F(x)=0

on a Banach space X. We will take two different paths to achieve this.

Our first approach tailored to the computation of transversal hete-

roclinic orbits between hyperbolic fixed points of (1.1) is based on the
parametrization method developed in [7, 8, 9]. Note that we will not use
the dynamics of the flow induced by (1.1) explicitly. Hence in the numer-
ical treatment we do not need to discretize it and therefore we term this
method the discretization free approach.
Assume two hyperbolic fixed points p1, € R of (1.1) with unstable di-
mension 7, and stable dimension 7, such that n; +n, — 1 = d to be given.
We will henceforth refer to hyperbolic fixed points fulfilling these dimen-
sional requirements as generic hyperbolic fixed points. The parametriza-
tion method provides us with power series expansions of maps Q and P
together with their domains of definition V,, ; C R" such that Q(V;,) C
W"(p1) and P(V,,) C W*(pz2). The main tool in their computation are
certain invariance equations fulfilled by Q and P, lending themselves also
to powerful methods for flow computations on the manifolds (see 4.2.1).
Taking into account the fact that connecting orbits lie in the intersection
of the stable and unstable manifolds of the corresponding fixed points,
finding values ¢ € R™ and ¢ € R" such that

Q(¢) =P(§) & Q(9) —P(p) =0

implies that there exists a connecting orbit between p; and p». In this sense
the discretization free approach is a local approach, as it builds on the
intersection of local unstable and stable manifolds of p; and p,. In order
to obtain a well-posed equation with isolated zeros we need to impose
an additional phase condition. We realize this by locking one parameter
variable in the unstable parameter space. Formally we achieve this by
composing Q with a parametrization ® : R"™~! — R"™ of a co-dimension
1 submanifold in parameter space. This leads us to define F : R? — R¥ by

F(a,¢) = Q(O(a)) — P(¢). (13)
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Now finding & = (&, $) € R such that F(¥) = 0 is equivalent with finding
a connecting orbit between p; and p,. The rigorous numerical evaluation
of this map involves interval arithmetical evaluations of truncations Qum
and Py of the power series for Q and P. We use the MATLAB interval li-
brary INTLAB [48] to carry out these computations. The truncation errors
Q — Qum and P — Py together with their derivatives are controlled by the
theory introduced in [60], where Cauchy estimates are used to control the
derivative. Assuming an approximate solution ¥ = (&,¢) € R? of (1.3)
to be given, we conclude the existence of a unique zero (&, $) by calling
upon the Newton Kantorovich Theorem [45]. More precisely under cer-
tain assumptions on the quality of the approximation ¥, that we obtain by
a classical Newton iteration, and the invertibility of the derivative DF(%)
we are able to compute a radius 7 > 0 such that we can guarantee a unique
solution % to exist in a ball Bz(7) C IR¥ around the approximate solution %.
Taking the structure of F into account we are furthermore able to guaran-
tee that the heteroclinic connection we compute corresponds to a transver-
sal intersection of the corresponding stable and unstable manifolds. More
precisely we show that invertibility of DF(X) implies transversality of the
connection. In particular we can assure the invertibility of DF(%) despite
the fact that we only have bounds on the location of ¥ but do not know it
exactly.

For our second approach we first rewrite (1.1) as integral equation

u) = po+ / s))ds —u(t) =0 (1.4)

for a given initial time ¢y, where u(fy) = po. Next we follow an idea similar
to the classical approach of projected boundary conditions. Therefore we
term this method boundary value approach. The main difference to the
classical algorithm, beside the quest for a-posteriori error bounds, is that
we use a higher order approximation of the invariant manifolds. Let us
describe the idea for heteroclinic connections between generic hyperbolic
fixed points p1o € R? of (1.1). Assume parametrizations Q and P of the
unstable and stable manifold W**(p;,) to be given and an interval [to, t]
to be chosen. As above we require u(ty) € W"(p1) and u(t;) € W3(po)

which in terms of (1.4) becomes
ty
Q) + [ g(u(s))ds = P(¢). (1.5)

to

Appending (1.5) to (1.4), resorting again to a suitable phase condition en-
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coded by a map ® : R™~! — R™ and setting § = («,¢) € R? we aim to
find a zero of the operator

_ (X) + [ g(u(s) (¢)
F(O,u)-( O(a) +ft g(u(s)) ds—u(t))

d:ef<Q<® @) + [ gu(s))ds <¢>>
Fi(0,u)

(1.6)

defined on X = R? x B, where B is a suitable function space and F; was
redefined to account for the phase condition. We will give more details
on the choice of B as we proceed. Note that zeros of F correspond to
connecting orbits between p;,. In a more general context we assume F to

be of the form
F(6,u) = (g(pl}l(j()éf’;)(g))> (1.7)

where € R? and G : RY x R? — R? encodes the boundary conditions
and where p is the dimension of parameter space. More precisely the
maps p,(6) and p,(#) represent the boundary conditions at time t = fg
and t = t; respectively. As a difference to the discretization free approach
in the form presented above, these can be chosen for example in a way
accounting for symmetries in the system or also more general forms of
boundary conditions. F, is obtained in a similar way as F; by integrating
backwards in time. The benefit of this general notation is that we can take
symmetries into account and adapt to the computation of more general
connecting orbits. We elaborate on this in more detail in Section 3.2.
Concerning the rigorous numerical treatment we follow two different ap-
proaches. The common feature is that in both cases we use the method
of radii polynomials (e.g. see [15]), providing an effective approach for
the verification of the applicability of the Banach Fixed Point Theorem
(BFP). More precisely, the idea of this method is to prove the existence of a
zero to a map defined on a possibly infinite dimensional Banach space via
proving the existence of a solution to an equivalent fixed point problem
for an associated Newton-like fixed point operator T constructed from an
approximate solution. To achieve this, given the approximation the goal
is to apply the BFP on a ball of a-priori unknown radius r around this ap-
proximation. As an analogue to the discretization-free approach, a central
issue in the construction of T is to obtain a good approximate inverse of
the Fréchet derivative Df at the approximate solution.

To obtain numerically amenable conditions for the application of the BFP,
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i.e. T should be a contractive self-mapping on the ball around the approxi-
mate solution, the requirements are encoded in a set of finitely many strict
polynomial inequalities, where the unknown radius r is the variable. More
precisely, if one finds a radius 7 such that the polynomial inequalities are
simultaneously fulfilled, the operator T is a contraction on the ball of ra-
dius 7 around the approximation. As a result we can guarantee a unique
fixed point of T to exist in this ball and hence we also obtain the existence
of a solution to our original zero finding problem in the possibly infinite
dimensional space.

We point out that in the case of an infinite dimensional problem a so-
called tail radii polynomial is constructed via analytic estimates control-
ling the truncation error introduced during the Galerkin projection. The
exact derivation depends on the choice of method that shall be our next
concern.

1. First we discretize F by using linear splines. This is much in the spirit
of [60] with the difference that we adapt the approach to generic first
order ODEs and obtain results on transversality. More precisely we
represent u by its linear spline approximation and obtain a splitting
of F of the form F = F,, & F,, where F,, is defined on a finite di-
mensional space. Thus the approximate zero (6,) can be found by
applying a classical non-rigorous Newton approach to F,. In addi-
tion F,, can be evaluated rigorously together with its derivative again
by a combination of interval arithmetic and rigorous error analysis
based on [60]. The fixed point operator T is of the form T = T,,, ® T,
where T;, is Newton-like. It is constructed from the splitting F, @ Foo.
By applying the method of radii polynomials we get the existence of
a zero (0,i) of F within a ball of radius 7 around the approxima-
tion (0,1). The tail errors involved in the construction of the tail
radii polynomial are controlled via classical a-priori spline estimates
[50]. In addition we obtain the invertibility of DF(8,i). In the case
of heteroclinic connections between generic hyperbolic fixed points
this invertibility again implies transversality.

2. Second we use a spectral discretization based on the Chebyshev ex-
pansion of the unknown function u [56, 57]. A central feature is that
Chebyshev series are Fourier series in disguise [57] which paves the
way to the direct transfer of the mathematical machinery developed
in the last ten years [24, 67, 13, 14] to prove existence of solutions
to ODEs and PDEs with periodic profiles to the realm of existence
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proofs for non-periodic solutions like connecting orbits.

To the best of our knowledge an approach based on Chebyshev
spectral discretization has not been used for the rigorous solution
of nonlinear differential equations before. We mention the work
[6] where the authors develop Chebyshev interpolation polynomial-
based tools for rigorous computing. However, it seems that they
have not yet applied their methods to rigorously solve nonlinear dif-
ferential equations.

More precisely the idea of our approach is to use the smoothness
of the vector field g and construct a map f = f(6,x) defined on
the Banach space ()° of rapidly decaying sequences, augmented by a
parameter variable 6 € R, such that its zeros are in one-to-one cor-
respondence with the zeros of F. In this context the formulation of
(1.1) as integral equation is crucial as we can exploit elegant relations
between the Chebyshev polynomials and its antiderivatives. To ob-
tain a numerically tractable expression we compute with a Galerkin
projection f("). This enables us to compute an approximate zero
(6, %) again by a classical Newton method. In addition f(™) can be
evaluated rigorously together with its derivative again by a combina-
tion of interval arithmetic and rigorous error analysis based on [60].
Given the approximation (6, ¥) we apply the method of radii poly-
nomials by constructing a Newton-like fixed point operator T asso-
ciated to an approximate zero of f. We again get the existence of
a unique solution (f, %) in a ball of radius 7 around (8, ). In order
to construct the radii polynomials and in particular to control the
tail term we use the connection of Chebyshev series to Fourier series
[57] in order to be able to use the analytic convolution estimates in-
troduced in [24, 67, 13, 14].

In addition to the existence of a zero (8, #) we also assure the invert-
ibility of Df (8, %).

Before giving an outline of the rest of the work we aim for an overview

of alternative rigorous approaches to the computation of connecting orbits

for ODEs. For the context of maps we refer to [3] and the introduction of
[34] and references therein.

First we mention the work of Palmer based on shadowing techniques [33].

The idea is to establish the existence of a true connecting orbit near a
numerically computed one via checking the invertibility of a certain oper-

ator. As in our case numerically verifiable conditions for this invertibility

are derived.
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Furthermore we refer to the work of the CAPD group [40]. Based on the
rigorous integration of the flow and the variational equation various exis-
tence proofs for connecting orbits in the Circular restricted 3-body prob-
lem [64, 65], the Rossler system [63] and the Michelson system [62] were
obtained. The direct integration of the flow marks a difference to our ap-
proach based on a reformulation of the problem as an operator equation.
In addition we mention [44, 66, 42] that are also based on fixed point type
arguments. Next we point out topological approaches [37, 39] based on
index theoretic arguments using the Conley index [11] and the connection
matrix [21]. Applications include the computation of connecting orbits be-
tween equilibria of the Swift-Hohenberg PDE [54, 39].

The thesis is structured as follows. In Chapter 2 we compile some
background material. In Section 2.1 we collect the necessary facts from
dynamical systems theory with a special focus on the parametrization
method for the computation of invariant manifolds [7, 8, 9] together with
the a-posteriori error analysis [60]. In Section 2.2 we introduce some clas-
sical concepts from approximation theory important for the discretization
in the boundary value approach. In Chapter 3 we develop the main theo-
retical results. In Section 3.1 we introduce our discretization-free approach
based solely on the parametrization method and an Newton-Kantorovich
like argument for the verification. In Section 3.2 we establish the boundary
value approach, where we dedicate Section 3.2.1 to the discretization and
validation using the linear spline approximation and Section 3.2.2 to the
discretization and validation using the spectral approximation. In both
cases we use the method of radii polynomials in the validation. In Sec-
tion 3.3 we establish results guaranteeing in the discretization-free case
and in the boundary value approach using linear spline case for hetero-
clinic orbits between generic hyperbolic equilibria that the intersection of
the stable and unstable manifolds implied by our verified connecting or-
bit is transverse. In both cases this is achieved by showing that we not
only get a verified solution of the respective operator equations but also
invertibility of the derivative of the corresponding operator at this solu-
tion. This fact is then tied to the transversality of the manifolds. For the
spectral approximation we obtain an analogue result for the invertibility
of the derivative of the operator on the sequence space. In Chapter 4 we
present some applications in the context of the Lorenz equations in Sec-
tion 4.2 and the Gray-Scott equations in Section 4.1. In particular we com-
pare the spline and spectral discretization approach to some extent and
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extend results obtained in [60] concerning symmetric homoclinics in the
Gray-Scott equations using a spline based method by applying our spec-
tral approach. Finally we finish by giving an outlook on some possible
future applications.



Chapter 2

Background

This chapter serves as a review of basic notions important for the rest of
the thesis. As we will consider validated numerical methods for dynamical
systems we concentrate on introducing the relevant facts from the respec-
tive fields. We will start with the background material from dynamical
systems theory necessary in order to understand the sequel. First we offer
a more detailed description of what is mathematically understood by a
dynamical system and continue by defining invariant manifolds of hyper-
bolic fixed points together with the concept of connecting orbits between
them. These will be the main characters in the following. For more details
we refer to [10, 46]. We dedicate a section to the parametrization method
developed in [7, 8, 9] together with its numerical validation theory from
[60] as it will be a crucial tool in order to get rigorous approximations to
the aforementioned invariant manifolds.

Next we will focus on approximation theory and some numerical aspects
of this classical subject. We will by no means aim to give a complete re-
view of the field but restrict ourselves to the topics of direct relevance
to this thesis. More concretely our goal is to recall the approach of local
spline approximation and the global spectral approximation approach for
real-valued functions of one variable.

2.1 Dynamical systems

2.1.1 Basic definitions from dynamical systems theory

Dynamical systems model processes evolving with time, ranging from rel-
atively simple ones like the motion of the harmonic oscillator to much
more complex ones like the behavior of chemical reactants. More specif-

19
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ically one considers the state of a system and asks how, depending on
the current state, the evolution of the system will carry on in the future.
Thinking for example of the oscillator, given the initial position and speed,
how can we determine its future fate? The mathematical theory of dynam-
ical systems seeks for an abstract formulation of this heuristic idea. There
are two immediate central questions to ask: what do we understand by the
state of the system and how do we determine the evolution in the future?

The state of the system is modeled as an element of the so called phase
space X. Mathematically this is, in our case, a finite or infinite dimensional
Banach space. Considering for example the phase space of the harmonic
oscillator we obtain X = R? as the oscillator models the motion of an elas-
tic spring which is characterized by the two scalar quantities of the dis-
placement from the equilibrium and speed. For spatially inhomogeneous
problems in continuous time like a chemical reaction the phase space will
typically be an infinite dimensional function space, where at each point in
time the function represents the spatial distribution of the reactants. We
will elaborate on these types of dynamical systems further below.

The evolution rule is given by the (semi-)flow map which is induced
for example by iteration of an invertible map, by an ordinary or a partial
differential equation. More formally we have the following definition.

Definition 2.1.1 Let T € {IN,Z,R,R; } and ® : T x X — X be a mapping
with the following properties:

1. &(x,0)=x VxeX
2. O(P(x,t),s) =P(x,s+t) Vs, teT

If T = N,Ry we call ® a semi-flow and for T = Z,R we speak of a flow.
Depending on whether the state space is finite or infinite dimensional and the time
T is R or Z we speak of a (in)finite continuous or discrete dynamical system.

To sum up a dynamical system is a pair (X, ®) of a phase space X and a
(semi)flow & on X.

Concretely we will consider two classes of dynamical systems in this
work.

1. Smooth dynamical systems on R?: the flow map is induced by the
solution of a nonlinear ODE

i = g(u), 1)
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where ¢ : R? — R? is a nonlinear vectorfield. This will be our
primary object of study. The above mentionned oscillator is a very
basic example.

2. Nonlinear evolution equations: the semiflow is induced by a semi-
linear parabolic PDE of the form

up = g(u) (2.2)

where g(u) = Au + n(u) with a linear partial differential operator
A and a nonlinearity n(u). We will study equilibrium solutions to
these equations that reduce the consideration of the PDE to an ODE
problem. An example application can be found in the dynamics of
chemical reactions we previously alluded to.

We henceforth assume that we are given a dynamical system (R?, ®)
induced by a nonlinear ODE (2.1).

The central question is, given an initial point x € R? what is the asymp-
totic result of the action of the flow ®? This is analyzed by considering
the orbit of x, defined as follows.

Definition 2.1.2 Let ® : RY x T — IR? be a flow, the orbit of a point x € R¥ is
given by
O(x) ={®(x,t) : t € T}.

Generally it is hard, if not impossible, to compute the flow map analyt-
ically. Thus O(x) cannot be computed exactly but is only amenable to
numerical investigation. One of the goals of the field of rigorous numeri-
cal methods is to bridge the gap between numerical simulation on the one
hand and analytical investigation in the mathematically strict sense on the
other. The algorithms presented in this thesis aim to contribute to this idea.

As it is not possible to analyze all orbits individually a common strat-
egy to analyze a given dynamical system is to look for points x € R? with
particularly simple orbits and use these as building blocks for more com-
plicated dynamical behavior. In this context the starting point is to seek
fixed points and periodic points.

Definition 2.1.3 Let a flow ® : R x T — RY be given. p € R? is called fixed
point of ® if ®(p,t) = p for all t € T or equivalently if g(p) = 0.
p € R% is called periodic orbit if there exists a T > 0 such that ®(x, T) = x.
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A third important class is given by connecting orbits which help organizing
dynamics between fixed and periodic points. For the sake of notational
simplicity we only define connections between fixed points. We emphasize
that our methods are potentially extendable to connecting orbits between
periodic orbits.

Definition 2.1.4 Let p1, be fixed points of (2.1) with corresponding flow ®. The
orbit O(x) of x € RY is called a connecting orbit from py to py if
lim ®(x,t) = p1 and lim ®(x,t) = pa.

t——o0 t—o0

If p1 # p2 then O(x) is called a heteroclinic orbit. For p1 = py one refers to
O(x) as a homoclinic orbit.

Together one obtains a dynamical scaffold structuring phase space. We
restrict our attention to the computation of connecting orbits between a
special class of fixed points, namely hyperbolic fixed points.

Definition 2.1.5 A fixed point p € R? of (2.1) is called hyperbolic if
Re(A) #0 VA eigenvalue of Dg(p).

Our method to compute connections between hyperbolic fixed points
p12 builds on the fact that associated to a hyperbolic fixed point there
are invariant manifolds characterized by the dynamical behavior of their
elements, namely the stable and unstable manifold. As these objects are of
some importance in our context let us give a precise definition. We restrict
our attention to the stable manifold, the unstable manifold can be obtained
via time reversal. First we define the local stable manifold W; (p) with
respect to a neighborhood U of p by

Wi.(p)={xelU: tlim d(x,t) = p and P(x,t) € U Vi > 0}.

The Stable Manifold Theorem [46, 10] states that if the flow ® is C* then
WISOC
is justified to speak of a manifold. Once we have the local stable manifold

the global stable manifold of p is defined by

W (p) = U @ Wi (p), ).

t>0

(p) can be represented as a graph of a C¥ function over E?, and hence it

In other words the stable manifold of p € R is characterized by

We(p) = {x e R?: tlim P(x,t) = p}.
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The classical proofs of the (Un)stable Manifold Theorem either are
based on Ljapunov Perron Method [10] or the so called graph transform
[46]. The recently developed parametrization method by de la Llave,
Fontich et al. [7, 8, 9] provides an alternative approach with far reach-
ing generalizations. The central property of this approach with respect to
this work is that it lends itself to efficient numerical implementations in-
cluding error bounds. We will elaborate on this in more detail in the next
section.

Hence for the case of hyperbolic fixed points the following equivalence
is valid:

O(x) is a connecting orbit between p; and p, < x € W*(p1) N W*(p2).
(2.3)
The relation (2.3) will be central when we formulate the problem of finding
connecting orbits in a twofold way as an equivalent zero finding problem
on an appropriate Banach space.

Verbalized (2.3) means that an orbit is a connecting orbit between the
hyperbolic fixed points p; » if it lies in the intersection of the unstable man-
ifold of p; with the stable manifold of p,. This in turn implies that this in-
tersection, if non-empty, is always at least one dimensional. Consequently
we expect connecting orbits between hyperbolic fixed points generically
to occur if the dimensions 1, s of W"*(p1,) fulfill the relation

My + s > d+ 1. (2.4)

If a given connecting orbit connects two hyperbolic equilibria p;, for
which (2.4) is met, we call it a generic connecting orbit.

We remark that requirement (2.4) is not satisifed for homoclinic or-
bits to hyperbolic fixed points, as hyperbolicity implies that n, + ns = d.
This makes a homoclinic orbit a codimension one phenomena, that is we
expect them to generically occur in one-parameter families of ODEs thus
foreshadowing the relation of the occurrence of connecting orbits to global
bifurcations. See for example [2] for a more thorough treatment of the role
of parameters in connecting orbit problems.

We now go on to give a detailed discussion of the parametrization
method including the strategy employed in numerical calculations.



24 CHAPTER 2. BACKGROUND

2.1.2 The parametrization method

The present discussion is aimed at reviewing some elements of the pa-
rameterization method for stable and unstable manifolds of hyperbolic
equilibria of vector fields. We concentrate on those aspects relevant for
this thesis. For the full development in all generality see [7, 8, 9]. The
fundamental point of the following discussion is that the parametrization
P that we aim to compute has to fulfill a functional equation that, under
some regularity assumptions, we can use in order to derive a power series
representation of P. We also review the a-posteriori error analysis from
[60].

Derivation and solution of the functional equation

Let us restrict our attention to the computation of the n-dimensional stable
manifold of a hyperbolic fixed point p of (2.1) with flow ®. The unstable
manifold can be computed by time reversal. Before we go to the details
we state that the overall goal of the parametrization method is to find a
neighborhood R" O V, and a map P : V,, — IR? such that

P(V,) € W(p).

Assume that Dg(p) is diagonalizable over C. Note that this is not a major
restriction as diagonalizable matrices form a dense subset of C"". Let
A1,...,An be the corresponding eigenvalues with negative real part of
Dg(p) and A € C™" the diagonal matrix with diagonal entries Ay, ..., A,.
Assume without loss of generality that there are m real eigenvalues and |
pairs of complex conjugate eigenvalues. Let Ay, ..., A, be the real eigen-
values and Ay 12j 1, Apyoj for j = 1,...,1 be the pairs of complex conju-
gate eigenvalues. Note that n = m + 2. In order for the parametrization
method to succeed we need to impose that A4, ..., A, are non-resonant.

Definition 2.1.6 A set of eigenvalues is called non-resonant if forall ks, . . ., k,, €
N with ky + - - - + k;, > 2 we have that

kiA1 + ...+ kuAy #)\1
foralli=1,...,n.

Henceforth assume that A4, ..., A, are non-resonant. We will see that the
non-resonance condition is crucial for the success of the herein described
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implementation. In addition assume that the eigenvalues Ay, ..., A, are or-

dered such that for m > 0 the eigenvalues A4, ..., A, € R are real and for

j=1,..., 55" the eigenvalues A, ;5; 1 and A, ,; are complex conjugate.

We set ] = ”Em.

For later use let us define for x € R" the norm

1%/ (4,1 = max ( max |x;|, max \/x%sz_l + xiﬂj) ) (2.5)

1<i<m 1<j<l
More precisely the domain V, will naturally turn out to be a ball with
respect to this norm. Further let A be the matrix with columns &y, ...,¢y,
where {1, ..., ¢, are the possibly complex eigenvectors of Dg(p). In addi-
tion let A be the real matrix with columns vy, ..., v, constituting the basis
of the corresponding real invariant subspace obtained by defining

vi = Gi i=1,...,m
Um+2j—-1 = 2Re(§m+2j71) j=1,...,1 (2.6)
Omioj = —2Im(Cpioj—1) j=1,...,L

The choice involving the factor 2 will become clear as we proceed. Finally
set ] = A"1Dg(p)A, which explicitly gives

M

] = I 27)

a; —b;
R

with /\m+2j71 =a;+ Zb] fOI'j =1,...,land b] < 0.

Ji

where

The aim of the parametrization method is to find an open set V, C R"
together with a parametrization P : R" > V,, — R¥ such that

P(0)=p DP(0)=A, (2.8)
that in addition conjugates the linear flow of ] = A~1Dg(p)A in the pa-

rameter space with the nonlinear flow on the stable manifold. More pre-
cisely we require

D(P(¢),t) = P(e'9) Vo €V, 2.9)
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for all t+ where both sides of the equation are defined. Remark that (2.9)
then ensures that

P(Vy) € W¥(p).

This can be seen by considering for an arbitrary ¢ € V,

tlim D(P(¢),t) = tlim P(e’tcp) = P(tlim g]t(l)) =p,
=0

where tlim ¢/!'¢ = 0 stems from the fact that the J is a block diagonal matrix

—0Q

corresponding to the eigenvalues of Dg(p) with negative real parts.

Remark 2.1.1 Knowing the parametrization P, using (2.9) enables to compute
the dynamics on the stable manifold by computing the linear flow in parameter
space and lifting to phase space by applying the parametrization. This is a feature
that is useful when the dynamics is sensitive to leave the stable manifold. We
will consider a concrete application of this notion in Section 4.2.1. Also in a more
general context the parametrization method potentially offers the possibility to
compute the flow on more general invariant manifolds using the above described
technique.

By differentiating (2.9) on both sides and evaluating at zero yields the
functional equation

8(P(¢)) = DP(9)]¢ Vo eV, (2.10)

which, together with the initial constraints (2.8) is equivalent to (2.9).

For technical reasons, becoming evident momentarily, the strategy to
solve (2.10) consists in considering a complex valued extension

f:Cc"o>U—C*

satisfying
(f(z)) =Df(z)Az Vz € By, (2.11)

where B, is the ball with respect to the complex sup-norm ||(z1, ..., zx) || =

max |zi| and A defined above . Additionally we demand the initial con-
i=1,..n

straints

f(0)=p Df(0) = A (2.12)
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with A € C%" defined earlier. Using the complex extension f, we define
the real valued parametrization via a complex change of coordinates by

P(Gblz ceey 4)1’11/ Gbm+1/ ¢m+2/ ey ¢m+21—1/ ¢m+21) =
f ((Pl/ s /(sz 47m+1 + i¢m+2/ (Perl - i¢m+2; ey (213)

G211 + iPmi20, Pm21-1 — i Pmar) -

In other words we define
P(¢) = f(T9)
with the matrix T given by

where

-1 )

The real domain of definition of P induced by the complex sup-norm ||.||c
is V, = {¢ € R" : ||¢||lm; < v}. This can be seen as follows. Assume for

zZ = ((Pl/ ceey 4)771/ (Pm+1 + i¢m+2/ 47m+1 - i¢m+2/ ey
Pmr21-1 + i Pmiot, Puro1—1 — iPmaor) € C”

that ||z|]|e < v. This means in particular that max;—;__, |z;| < v. Using
the standard definition of the complex absolute value we translate this to
a requirement for ¢ = (¢1, ..., ¢n). More precisely this yields

max( max [gil, max [[(guszj1,¢miz)2) < v

which is exactly described by ||¢||(,,;) < v as defined in (2.5). We note that
we have the estimate ||x||(,, ;) < V2% o-

The fact that this also leads to a real valued map with image in W*(p) and
satisfying (2.10) with constraints (2.8) will be clarified after we describe
the strategy to compute f numerically.
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In order to solve (2.11) we plug in the power series ansatz

flz)=) axz* (2.14)

k|=0

where k = (ky,..., k) is a multi-index with |k| = ky + ...+ ky,, a; € C*

and z* = z’{l P Assuming a Taylor expansion
g(z) =g(p) + Dg(p)z+ ) iz =Dg(p)z+ ) biz*

k[>2 k[>2

of ¢ around its hyperbolic fixed point p, we can formulate the following
lemma to solve (2.11).

Lemma 2.1.1 Let f(z) = 2 ayz" the power series ansatz for the complex
|k[>0
parametrization f fulfilling (2.12) under the constraints (2.11). In addition let

the stable eigenvalues Ay, . .., A, of Dg(p) be non-resonant.

The coefficients (ax) x>0 can be computed recursively setting
ag=p a,=¢ (i=1,...,n)

where e; is the i-th standard basis vector. For |k| > 2 we need to solve the linear
systems

(Dg(p) — (kiAr + -+ knAn)laa)ax = —cx (2.15)
where ¢, = ci(ag, |k| < |k|) € R? is a function of multi-indices k of absolute
value strictly less than k determined by the nonlinearity g.

Proof 2.1.1 First the initial constraints (2.12) yield
f(0)=ay=p and Df(0) = [ac,...,a,] = A.

Next we expand both sides of (2.11) and match like powers. Let us start with the
left hand side.

g(f(z)) =Dg(p)f(z)+ ) bk(lz 2"
k|>2 k|>0
= Y Dg(p)az + ¥ o2
K[>0 k[>2

where cy = cy(ag, k < k). For the right hand side we first realize that

ozk

- = k.Zk_ei
aZi !
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and hence
( ozk ozk

0z1" " 9z,

where we recall that A is the diagonal matrix with diagonal entries Aq,...,Ay.

) Az=(Mki+...+ /\nkn)zk

Thus we get

Df(z)Az = Y ap(Aiky + ... + Auky)z".
[k[>0

Therefore (2.11) is equivalent to

Z Dg(P)aka + 2 2k = E ap(Aky 4+ ...+ Ankn)zk

|k|=0 [k[>2 |k|=0
or
Y (Dg(p) — (Mky+ ...+ k) g @)zt = — Y a2t
[k[=0 |k|>2
Matching like powers yields (2.15). O

Remark 2.1.2 1. Note that the non-degeneracy assumption on the eigenvalue
is crucial. In other words if there would be k1, ..., k, € N such that

ki +.. kyA, = )L]
forsome j=1,...,n then the system (2.15) may not be solvable!
2. (2.15) is often referred to as homological equation.

3. We will see concrete formulas for cy in the sequel when we consider flows
induced by polynomial vector fields.

4. Realize that the fact that A is a diagonal matrix, and not a nondiagonal
matrix like |, is crucial for simplifying the algebra!

5. By solving (2.15) to arbitrary order N we get high order polynomial ap-
proximation

N
fniz) =Y o (2.16)

Ik[=0

for which we will be able to state error estimates. We will return to this
point later.

We finish this discussion by assuring that (2.13) indeed induces a real
valued map satisfying (2.8) and (2.10).
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Lemma 2.1.2 Let P be the map defined on V,, by (2.13). Then P(V,) C R" and
P(0)=p DP(0) = A.
In addition the functional equation

8(P(¢)) = DP(¢)]9
is fulfilled for all ¢ € V,,.

Proof 2.1.2 To show that P is real valued we show that conj(f(T¢$)) = f(T¢)
where conj denotes complex conjugation. We also use the bar notation when it is
convenient. Choose a multi-index (ki, ..., k,) and compute

m 1
conj(ag, k) [ 197 HZ;‘("HZHZ;W/) =

m 1
k; Kmiaj-1_Kmiaj
ATT((ky oo k) qui] HZ]' z")

where T1((ky, ..., kn)) denotes the permutation that exchanges ky, ;1 and ky,.;
forj=1,...,1. This stems form the fact that complex conjugation of (2.15) per-
mutes exactly these indices. Hence conj(f(T¢)) corresponds to a permutation of
the summands and hence

conj(f(T9)) = f(T(¢))
and P(¢p) = f(T¢) is real for all ¢ € V.

Next we have by definition
P(0) = f(T0) = p.
=0

Furthermore
DP(0) = Df(T0)T = AT.

Denote the columns of AT by m1,...,m, and recall that the columns of A are
¢1,-.-,Cn. By definition we have fori =1,...,m

i = §i = vj.
Forj=1,...,1 we have that

Tny2j-1 = Gmr2j—1 + G2j = 2Re(Gmy2j-1) = Umi2j1

T2 = i(Cmt2j-1 — G2j) = —2Im(Cmi2j-1) = Umi2j,
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where we recall that &y, 21 and Gy 2j are complex conjugate eigenvectors for
j=1,...,1. Hence remembering (2.6) yields DP(0) = A.

To show the functional equation (2.10) we realize that

s(P(9)) =8(f(T9)) = Df(T9)AT¢ =DP(9)T'ATY,  (217)

where we use that
DP(¢) = Df(T9)T.
From the fact that for a,b € R

OG0 (.t

we get for j =1,...,1 that

B]]'Bil — /\m+2j—1 _ 0
0 Amt2j-1

and hence A = T]T1. Plugging this into (2.17) yields

8(P(¢)) = DP(9)]¢.
(|

Let us next consider the a-posteriori error bounds. In preparation for
the error analysis of the parametrization computation we topologize the
space of analytic functions f : B, C C" — C“ with the norm

1£llv = sup || f(2) -

zeB,

In addition, considering a power series expansion of f on B, given by

f@) =Y b, (e,

Ik[=0

where k = (ky,...,k,) is a multi-index, |k| = Y/ 1 k; and Zk = " Zf",

define the norm .
1 lze = X lBlleov.
|k|>0
Note that ||.||z, is efficiently computable if f is a polynomial and that
Ifllv < ||fllgy. These facts will be exploited in our computations. In
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the a-posteriori analysis for both our approaches to connecting orbit com-
putation we will also have to control derivatives of the parametrizations.
Therefore for matrix valued analytic functions A : B, C C" — C we set

[Allmy = sup sup [|A(z)w]|e

2€B, [|w]|eo=1
= sup |[|A(z) |«
zeB,
with the usual matrix co-norm given by the maximal absolute value row
sum.

A-posteriori analysis

Let fx be the N-th order polynomial approximation of f obtained by solv-
ing the homological equations (2.15) up to order N and let Py be the N-th
order polynomial defined by the same complex conjugate change of vari-
ables as in Equation (2.13). We now want to ascertain the quality of the
approximation. The philosophy of the a-posteriori analysis is the follow-
ing: given the approximate parametrization Py, prove that there is an exact
parametrization P nearby. More precisely we will try to find a parameter
disk V, C R" and a é > 0 such that

|P(¢) — Pn(p)||lo < 6, forall ¢ €V,.

Theorem 4.2 in [60] provides numerically verifiable sufficient condi-
tions under which this is possible. In the following we describe the nec-
essary ingredients. Given an approximate solution fy : B, C C" — C“ to
(2.11) fulfilling the constraints (2.12) with

N
fn(z) = Y bz, (2.18)
=

we derive error bounds which by construction carry over to the real valued
restriction given by (2.13). We define the following validation values.

Definition 2.1.7 (Validation Values) The collection of positive constants v, €y,
C1, Co, 0, p and y are called validation values if they possess the following prop-
erties.

1. |lgo fn — DfnAllzy < €tor-

2. Ifnlly < 0" < p.
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3. IDg(fn)llmy < Cr.

4. max max sup [0"g;(p+z)| < Ca

la|=2 1<j<n lz—po|<p

5. max Re(A;) < —pu.
o (Ai) H
It is important that all these values can be computed rigorously using
interval arithmetic. The following theorem is the basis of the a-posteriori
analysis. We use as shorthand notation

~~~~~

and suppose we are given constants Nj, such that

Nl Z Ng/

d(d + 2)%+2

Ny > —7 .
2= (d+ 1)t

Theorem 2.1.1 [Theorem 4.2 in [60]] Suppose that for an approximation fy in
the sense of (2.18) we are given validation values as in Definition 2.1.7. Assume
that N and ¢ fulfill

2€l‘ol
(N + 1)“1/1 — C1’

f(N+Dp—C p—p
‘S<mm{ GNiN, " d+2

6>

Then there exists a unique solution f: B, — C% to (2.11) fulfilling the initial
value constraints (2.12) such that

If = fullv < 6. (2.19)

Furthermore the series coefficients for |k| > N satisfy the growth bounds ||ay||c <

o
vkl

In particular it follows from (2.19) that
|P(¢) — Pn(¢p) |l <6, forall ¢ €V,

as we wished.
We remark that the proof in [60] actually shows that the truncation
error E(z) = f(z) — fn(z) is itself an analytic function on B, with ||E||, <
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0. In particular we know that e(¢) = P(¢) — Pn(¢p) is a real analytic
function with
le(p)|lo <6 forall ¢ € V.

Furthermore we can use classical results from complex analysis in order to
obtain bounds on the derivatives of the truncation error on smaller disks.
As this observation is essential when formulating a-posteriori validation
theorems for connecting orbits we give some further details.

Cauchy bounds The following result, whose proof can be found in [38],
allows estimating the derivatives of an analytic function of several com-
plex variables given a bound on the supremum of the function itself, but
on strictly smaller domain disks. The size of the bounds depends on how
much domain we are willing to give up. The proof relies on the multi-
variable Cauchy integral formula for derivatives of analytic functions of
several complex variables.

Lemma 2.1.3 (Cauchy Bounds) Suppose that f : B, C C" — C% is bounded
and analytic. Then for any 0 < o < 1 we have fori =1,...,n that

27 27tn
Haivaexp(fU) < EHfHV so that HDfHM,VeXp(*(T) < WHfHV/

as well as fori,j =1,...,n

471%n?

V202

4772

Haiaijvexp(fa) < W”f”v so that HszHvexp(fa) <

11

When some of the eigenvalues occur in complex conjugate pairs we
require the following adaption of the Cauchy bounds.

Remark 2.1.3 Bounds on Derivatives When There Are Complex Conjugate
Eigenvalue Pairs Recall that in the case of complex conjugate pairs of
eigenvalues A; 11 = A; of Dg(p), the parameterization of the real stable
manifold is given by the complex conjugate change of variable in Equation
(2.13). Assume that we have m real eigenvalues and | complex conjugate
pairs of eigenvalues with n = m 4 2I. Next as the complex change of
variables indicated by (2.13) can in particular be viewed as a composition
of functions we need to apply the chain rule to adapt the Cauchy estimates.
As a starting point let us treat the case where we only have one pair of
complex conjugate eigenvalues, meaning m = 0, I = 1 and hence n = 2.
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Then the parametrization P : R? D V,, — R% is for ¢ = (¢1, ¢2) € R? given
by P(¢) = Pn(¢) +e(¢p) = fn(z,2) + E(z,2). In particular E : C> D B, —
C? has d component functions Ex k = 1,...,d inducing the d components
of e.

In particular suppose for a component function Ex: B, C C> — C, that
Ex(z,2) C R and ||Ex(z,2) || < 0 for each z € B,. Let ex: V, C R> — R be
defined by ex(¢1, ¢2) = Ex(p1 + igo, 1 — i¢p2). For j = 1,2 we have

aijek(CPLCPZ) = —it <aZEk(Z,Z) + (—D’“aazEk(z,z)) : (2.20)

Then forany 0 < ¢ <1land k =1,...,d, applying Lemma 2.1.3 gives the
bound

47T
< < )
‘aq)jek@’)‘ < 1191Ellyexp(-) F 102E |y exp( ) < 0 (2.21)

for all ¢ € V,. Taking another derivative requires applying the chain rule
to both terms in Equation (2.20), leading to four terms which must be
bounded, so that

for j,1=1,2 (2.22)

and for all ¢ € V,. Next we consider the case of general n = m + 2I.
Setting for A : R" — R"4

|Almy = sup  sup [|A(@)x|e
HQD”(W,I)SV Hx”(m,l):l

(2.23)
= sup [|A(@)]w
H‘P”(m,l)gv
with the usual maximal row sum matrix norm | - [« and applying the

component-wise estimates given by Equations (2.21) and (2.22) gives

2 4]
+( m+4l)nm

P (2.24)

‘DP‘M,vexp(fU) < |DPN‘M,VEXP(7U)

Concerning the second derivative we get for every component function Py
(k=1,...,d)

(2m + 41)*n’n

A )

|D2Pk|vexp(_(7) < ’D(PN)k|vexp(—U) +

for any loss of domain parameter 0 < ¢ < 1. We note that for the appli-
cations to two dimensional stable and unstable manifolds associated with
a single complex conjugate pair of eigenvalues we have that m = 0 and
| = 1. The example we consider using the Lorenz equation will be of this

type.
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2.2 Spline and spectral approximation

In this section we review two different numerical approximation tech-
niques for real-valued functions u : I — R defined on an interval I C R.
That is we look for a function u, that can be described by a finite amount
of variables such that the approximation error

[t — |

is controllable in a mathematically concise way. We consider two philoso-
phies to obtain the approximation uy:

e Representation by many piecewise polynomials of low degree with
local support. This strategy is classically referred to as spline ap-
proximation.

e Representation by one polynomial of high degree defined on the
whole interval obtained by truncation of a Chebyshev series. This
strategy is classically referred to as spectral approximation.

We remark that there exist different other approaches to this approx-
imation problem, like for example meshfree methods [20] and wavelets
[12, 61] which we will nevertheless not consider in this thesis.

We will restrict our attention to linear splines for the spline approach,
where our main source is [50]. The spectral approach is based on the trun-
cation of a Chebyshev series expansion. As references see for example [57]
and [56]. While we refer to [50] for the details on the spline approximation,
we give some more details about the spectral approximation with an em-
phasis on the application of discrete convolution techniques. In particular
we give an overview of the convolution estimates from [5] and [25].

2.2.1 Spectral approximation

Let I = [—1,1]. The central result in this context, which can be found
together with its proof in [57], provides an analogue of the Fourier expan-
sion for non-periodic functions on an interval.

Theorem 2.2.1 Every Lipschitz continuous function u : [—1,1] — R has a
unique representation as an absolutely convergent series of the form

M(f) = iaka(t) (226)
k=0
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where the polynomial basis Ty (k > 0) is given by the two term recursion

Ti1(t) = 2tTi(t) — Te—1 (1) (2.27)

with To(t) = 1and Ty (t) = t.

The coefficients (ax)xen can be explicitly computed by

2 T
Trlaioe
for k > 1 and for k = 0 the coefficient 2 has to be changed to L. The degree k
polynomials Ty (t) are called Chebyshev polynomials (of 1st kind).

dt (2.28)

Before proceeding further we recall some basic properties of the Cheby-
shev polynomials that we wish to refer to later.

Lemma 2.2.1 Let Ti(t) : [—1,1] — R denote the kth Chebyshev polynomials of
first kind. Then the following statements are true:

1.
Ti(—1) = (=1)F Ti(1) =1 (2.29)
2.
/Tg(s)ds —Ti(s), /Tl(s)ds = (Ta(s) + To(s)) /4
(2.30)
/Tk(s)ds = % (T]’zj(ls) - T,’z_l(ls)) for k>2

For a proof see [4].

By a rescaling of the coefficients ax for k > 1 we assume for technical
reasons a Chebyshev series expansion of the form

M(t) =ap+2 io: {/'lka(t). (231)
k=1

To obtain the numerical approximation we use a Galerkin projection. That
is, given a dimension m we define

m—1
I/lh(t) = 4ay +2 Z aka(t).
k=1

We identify the function uj with the m-dimensional vector (ay,...,a,_1)
of its Chebyshev coefficients and obtain a finite dimensional object that we
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can manipulate numerically.

The numerical usefulness of this expansion becomes more evident if
we consider the following equivalent characterization of the Chebyshev
polynomials. For t € [—1,1] we have

Ti(t) = cos(kf) where t=cos(f) fora 6 € R. (2.32)

In this form it is less obvious that Ty(t) is a degree k polynomial. Without
giving the details of the derivation, which can be found in [56], we indicate
the foundation for this fact. Given a t € [—1,1] we can find a complex
number z € S! C C in the unit circle such that t = 3(z 4+ z7!) and hereby
obtain

Ti(£) = cos(kd) = %(zk +2hy.
Then we directly check that

2Ty — Tr_1(t) = 2cos(0) cos(kB) — cos((k —1)0)

1 1 1
E(z +27 )5 +27F) - 5 (@ + 217 (2.33)
(2

I\J\H N

+2757) = cos((k + 1)) = T (0).

(2.32) obviously yields Ty(t) = 1 and T;(t) = t and together with (2.33) we
have that Ti(t) = cos(kf) with t = cos(6) defines a degree k polynomial
in t.

The benefit of (2.32) is that the series expansion (2.26) can be identified
as a Fourier series in disguise. This central fact heralds the application
of the machinery of analytic estimates introduced in [24, 67, 13, 14] and
the Banach space of rapidly decaying coefficients used in [58, 24] in our
non-periodic problem setting. Thus let us be more precise. If we define

~ a k>0
ak:
a_r k<0

we obtain

) I 1
u(t) =ao+2 ) axTe(t) = a0 +2 ) a5 (" + ™) Z G
k=1 = 2 .
(2.34)

By (2.34) we can derive the following central lemma.



2.2. SPLINE AND SPECTRAL APPROXIMATION 39

Lemma 2.2.2 Let u : [—1,1] — Rand v : [-1,1] — R be two Lipschitz
continuous functions with corresponding Chebyshev expansions

M(t) = ﬂo—i-ZZaka(t) U(t) = bo—i—ZZkak(t)
k=1 k=1
such that their product uv : [—1,1] — R is Lipschitz continuous. Then
uv = (LZ * b)o +2 Z(a * b)ka(t)
k=1

where (a xb)y is given for k > 0 by the discrete convolution sum

(a*b)k: E b‘l|k1|b|k2‘. (235)

Ky +hp =k
kieZ

Proof 2.2.1 Following (2.34) we compute

uo(t) = < i ﬁkeik9> ( i Ekeik(’) = i (@ * b)e™

k:—oo k:—oo k:—oo
where
(@xb)k=Y_ dkbs
ky+ko=k
kieZ

which is the classical convolution sum for Fourier series that can be found for
example in [53]. By definition of G and by we obtain for k > 0

L kb = ) ap by (2.36)
ky ey =k Ky ey =k
kieZ kieZ

Using the fact that by construction y = d_y and b = b_j we get that (a x l~7)k =
(@ % b)_y and thus using (2.36)

uo(t) = i (@ * I;)keike = (d% E)o + i(ﬁ * E)k(eike _|_e—ik9)
k=—co k=1
= (a * b)O + i(a * b>k<elk9 +e 1k9) _
k=1

= (axb)o+2 i(a x b)k%(eikf) + k0
k=1

=(axb)y+2 E(a xb)cos(k0) = (axb)y+2 E(a * D) T ().
k=1 k=1
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Thus by representing two sufficiently smooth functions in Chebyshev
basis Tj their multiplication can be viewed as convolution of their Cheby-
shev coefficient sequences (ax)en-

As a further analogue to Fourier series the question about the decay
rates of these coefficients ay is of crucial importance. Like in the case of
Fourier series an overall rule of thumb is: the smoother a function the
faster the coefficients decay. In our context the functions u we wish to
expand are components of solutions to differential equations of the form
(2.1) where the vector field g : RY — R is real analytic. This in particular
implies that u is a real analytic function which in turn entails geometric
decay of the Chebyshev coefficients. As this is of central importance let us
state the main theorem in this context that again can be found in [57].

Theorem 2.2.2 Let a function u : [—1,1] — R be real analytic and analytically
continuable onto the p-ellipse E, for some p > 1 and let it be bounded on E, by
some R > 0 that is |u(z)| < R forall z € E, then

|ar| < 2Rp~* (2.37)

with |ag| < R. This decay behaviour O(p~*) for k — oo is referred to as geometric
decay.

Proof 2.2.2 See [57].

Remark 2.2.1 1. The p ellipse is a classical object in approximation theory
and is defined as follows: fix a p > 1 and consider the image of the circle
with radius p in the complex plane C under the Joukowski map w = 3(z +
z=Y). This is an ellipse with foci at +£1 which is particularly suitable for
our situation as we consider analytic continuations of functions defined on
[—1,1].

2. If two functions u and v are analytic, then so is their product. Hence we are
obviously in the position to use Lemma 2.2.2.

Furthermore we can derive the following elementary bound on the ap-
proximation error in the infinity norm ||u — u||e = SUPte[_1,1] | — up(t)].

Lemma 2.2.3 Let the conditions of Theorem 2.2.2 be fulfilled then we can esti-
mate for any m > 1

4R
o ~ < —m+1
[ — oo < o 1f
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Proof 2.2.3 We directly compute for t € [—1,1| and m > 1 arbitrary but fixed
that

[ee] [ee]

ut) —up() <2 |al |Te(t)] <4R Y p~*
<2Rpk <1
m
:4R< 1 _1=6) ) _ ARp
1 1 1
1-3 1-3 p—1
Taking the supremum over all t € [—1,1] yields the result. O

It is a well-known fact that geometric decay of a sequence (ax)xen implies
that it is also algebraically decaying. More precisely, defining the weights

k| k#£0
Wy = K|k # (2.38)
1 k=0

we have the following implication: givena p > 1

sup |ag|o* < 0o = sup |ax|wi < o

k>0 k>0
for all algebraic decay rates s > 1. Thus we know that the Chebyshev
coefficient sequence of an analytic function is algebraically decaying for
all decay rates s > 1. This motivates the definition of the space of alge-
braically decaying sequences

O° = {(ar)ken : sup |ag|wy < oo} (2.39)
k>0

Moreover if we define for a € O)°

lallqs = sup |ag|w;
k>0
the pair (0, ||||qs) is a Banach space. Inspired by Lemma 2.2.2 we add the
additional operation of discrete convolution of two sequences a;,a, € ()°
denoted by * and defined in (2.35). Then (Q, ||| s, *) becomes an algebra.
More concretely this means that given two sequences a,b € ()° there is a
constant C = C(s) such that

laxbllos < Cllar|asllazl|os-

Constructive proofs of this fact can be found for the case 1 < s < 2 in [5]
and for the case s > 2 in [25]. In particular concrete values of the con-
stants C(s) can be derived from these results. It will turn out in the sequel
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that it is indispensable in our approach that these estimates are as sharp
as possible. We will therefore give some details on the strategy of their
derivation used in [25].

Fixing a decay rate s > 2 we have to bound

sup | (a7 * az)g|wy,
k>0

where (a % D)y is given by (2.35). The following Lemma, corresponding to
Lemma A.2 in [25] leads us the way to achieving this task. Following [25]
we first define

')’M(S):2|:M:|s+ [4ln(M_2)+7T2_6] [24—1}52_

M-1 M 3 M 2

Lemma 2.2.4 Assume two sequences a1, € €Y to be given and set A1p =
la12]|s. Let M € N with M > 6. Define a3, . .., a3, by

1425000 o + 3o k=0
1
2 def M 2w3 2wy k—1 wy _
% =\ L=t aag T @M Teon T2T Lhm e, LSS M-
24250 o + e Hm() k>M
(2.40)
Then we have that for k > 0
1 a2
Y e Sk
=k Y%k Wk
kieZ
and hence
o
|(611 * az)k’ < Al : AZE (241)

k

Proof 2.2.4 [25]

Using Lemma 2.2.4 we can set

C= max af
k=0,....M

and obtain that (€)°, ||||qs, *) is an algebra.
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Remark 2.2.2 If one sets
- lls = €Il - llas,

then (Q¥°), || - ||s becomes a Banach algebra. This can be seen by realizing that for
a1p € (O we have

a1 * az||s = Cllay * az2]|qs < C?|a|as]|azl|os
= (Clla1llas) (Cllazllas) = llazllsllaz|ls.

Taking the next step from Lemma 2.2.2 leads to the consideration of
products of n functions uy, ..., u,, induced for example by nth order poly-
nomial nonlinearities in the vector field g in (2.1). We therefore extend the
above reasoning to the estimation of the norm of convolution terms of the
formaq *...*a, forn > 2.

As this is a central aspect we wish to refer to later we explain the strategy
used in [25] to obtain these estimates in more detail. Choosing n > 3 and
M > 6 the main ingredient is to inductively construct af, ..., a}, fulfilling

n
_ 1 %
S .. s
kq+...tkn=k wkl C“)kn
kicZ

S
Wi

for0<k<M-—1and

IN

DL
kq - ten =k wlil o -win wlsc
kieZ
for k > M. The following Lemma corresponding to Lemma A.3 in [25]
effectuates this strategy.

Lemma 2.2.5 Assume sequences ay,...,a, € Q° for a given n > 3 to be given
and set A; = ||a;||qs fori=1,...,n. Let M > 6 and define fj, ..., a%, by

2! _
+22k1 1 sz + (M—1)Z-T(25—1) k=0
ik @ Wl lws il
+ 1 MYk
Zkl T wp @iy, (M+1)3(M=k)*~(s—1) +2k1 1 wp “’k k1
n lwk IJK}TVI 1OJk B B
o = { Tt wk o T MR T T % e
1<k<M-1
1) «M 1 20171 “(n Y
_ " .
Zklzl wil + Msfl(s—l) + Z + Zkl =1 wil +
n—1 n—1
ah +ag k>M

(2.42)
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where £* is defined by ¥* = min (X7, £b) with

M-1 (xZ_lMs M-1 4

- 1 n—1 o
k1=1 wlsq (M — kl)s +IXM (’YM Z w? )

k=1 %K
L max a’ !
™ k=0,.,M K
Then
1 ap
Z W WS < E
ky+otkn=k ~kq kn k
kieZ
and hence
g
(a1 % ... an)i] <Ay Ap— (2.43)
Wi
forall k > 0.

Proof 2.2.5 See [25]



Chapter 3

Rigorous numerics for
connecting orbits

Our strategy for the verification of connecting orbits between hyperbolic
fixed points of (2.1) is to consider an equivalent nonlinear operator equa-
tion

F(x)=0 x € X, (3.1)

where X is a Banach space and F is a Fréchet differentiable operator and
develop methods to validate solutions of these equations. The basis for this
approach is contained in equation (2.3). The common goal of all methods
is, given an approximate solution X of the corresponding equation (3.1), to
find a ball B,(X) in the respective Banach space around the approximate
solution in which a genuine solution ¥ is guaranteed to exist.

We start with an algorithm that we term discretization free approach as it
is based on the intersection of the local stable and unstable manifold with
respect to some particularly chosen neighborhoods and lends itself to an
equivalent finite dimensional operator equation without discretization of
the flow induced by (2.1). We validate solutions to this equation using the
Newton-Kantorovich Theorem.

In the case when these local manifolds do not intersect the corresponding
equation (3.1) is infinite dimensional and necessitates the discretization
of the flow induced by (2.1). While the Newton-Kantorovich Theorem
would be applicable in principle in this situation the infinite dimension-
ality induces substantial technical hurdles that we are able to circumvent
by the method of radii polynomials originally designed to validate equi-
libria of PDEs (e.g. see [15]). In particular it provides an efficient means of
controlling the error induced by infinite dimensionality. Concerning the

45
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discretization we follow two different paths. First we utilize linear splines,
in a similar spirit as in [60], and secondly we use a spectral method based
on the truncation of Chebyshev series.

We finish this section by discussing results related to transversality of the
connecting orbits we validate.

3.1 Discretization free approach

3.1.1 General validation method using Newton-Kantorovich

The Newton-Kantorovich Theorem is a classical result in nonlinear anal-
ysis giving information about the convergence behavior of the Newton
iteration. Stated in the following way we can use it to validate solutions to
(3.1) in the sense that we find a ball around an approximate solution X in
which we can guarantee a unique genuine solution ¥ to exist.

Theorem 3.1.1 (Newton-Kantorovich Theorem) Let (X, || - ||x) and (Y, ] -
ly) be Banach spaces and F : X — Y be a Fréchet differentiable mapping. Con-
sider ¥ € X, 7 > 0 and Bg(7) C X the closed ball of radius 7 centered at %. Let
B(X,Y) be the space of bounded linear operators on X with the operator norm
| - ll8(x) and similarly B(Y, X). Assume that

(i) DF(%) has a bounded inverse, and

(ii) |DE(x) — DF(y) ||y < kllx — yllx for all x, € Bs(P),

forx > 0. If
(I
enk > ||DF(x) " (%) x,

(1)
€ < i
NK > E/

and
(11I)

denk |IDF(x) Mg x) <1,

then there is a unique ¥ € Bx(7) so that F(%) = 0.
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A proof of the Newton-Kantorovich Theorem can be found in [45].
Note that the connection to the Newton iteration is suggested in the fol-
lowing way. Thinking of the classical Newton operator

T(x) = x — DF ! (x)F(x)

to find a zero of a differentiable map f and assuming that we start the
iteration with x° = %, then we realize that the difference between the first
iterate T (%) and the initial point ¥ is exactly

and thus ey measures this initial defect. Instead of giving more details
on the proof we make the following remark to clarify the strategy to apply
Theorem 3.1.1 to validation purposes.

Remark 3.1.1 In order to use Theorem 3.1.1 to validate a numerical approxima-
tion to a solution of (3.1) defined on a finite dimensional spaces X and Y we take
the following steps:

1. Check if | DF~(%)||p(y,x) is bounded.

2. Compute enk such that

IDF(x)"F(x)||x < enk (3.2)
3. Set
F = 2eNk. (3.3)
4. Compute x for this 7.
5. Check if
denkk||DFH(®)|lpv,x) < 1. (34)

By using interval arithmetic we can check the strict inequality in (3.4).
The benefit is that the strict inequality implies invertibility of DF(X). (see
Lemma 3.3.1). In the sequel this fact will be connected to the transversality
of the intersection of the stable and unstable manifold.

In order to illustrate the basic mechanics involved in applying Theo-
rem 3.1.1 for validation purposes we consider the following elementary
example. We stir the reader’s attention to the following two facts, clearly
visible in this easy example:
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e The quality of the numerical approximation, i.e. the magnitude of
enk is crucial for the success of the validation

o The central technical tool to compute « is the Mean Value Theorem

Example 3.1.1 We consider an iterative approximation of /3. Realize that the
boundedness requirements condense to scalar nonzero conditions in this context.
A Matlab implementation can be found in the software accompanying this thesis.
In this (trivial) illustration we obtain

F(x)=x*-3 (3.5)
resulting in the iteration

3 _
xp—3

3.6
= (3.6)

Xk+1 = Xk —

with an appropriate initial condition xo € R. Assuming an approximate zero
X = xy,,, of (3.5) for some iteration number k.4 let us check the assumptions of
Theorem 3.1.1.

DF(%)"! bounded < % < oo. (3.7)
o Assuming
7 > 2enk (3.8)
where 5
x> —3
| 32 | < enk (3.9)

we demand from x > 0 that
3x% — 3y?| < x|x — v (3.10)
for x,y such that |x — x|, |y — x| < 7.
By applying the mean value theorem we can compute x symbolically in this case.
We readily estimate for all x < y with |x — X|,|y — %| <7
13x2 — 32| < 6¢]x —y| < K|x — v, (3.11)

where ¢ € (x,y) and x = 6(X + 7). We explicitely see that the bigger enk the
bigger r and the bigger x will be. To complete the proof we thus have to check for
the above constructed constant eng and x that we have

1
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The point distinguishing the finite from the infinite dimensional setting
is that in the finite dimensional case we can estimate exkx and « directly
by evaluating F and DF using interval arithmetic. When working on in-
finite dimensional spaces the additional error produced by discretizing X
has to be taken into account. Hence, it is more difficult to get estimates
for enk and x, as we can neither evaluate the operator F nor its derivative
DF numerically. One strategy to cope with this problem raised by infinite
dimensionality is to use the method of radii polynomials that we shall de-
scribe in Section 3.2. Now we shall go on to describe how we use Theorem
3.1.1 to validate connecting orbits.

3.1.2 Validation of connecting orbits

We would like to use the above presented procedure to validate connect-
ing orbits between two hyperbolic equilibria p;, of (2.1). The idea is to
look for intersections of the local stable and unstable manifolds which
can be encoded as a zero of an operator F defined on a finite dimensional
space. Let us start with the derivation of F before we turn to the validation
technique.

Definition of F

Let p> have stable dimension ns and denote by P : R D V,, — RY a
parametrization of the local stable manifold of p,. Similarly for p; we
assume the unstable dimension to be 1, and set Q : R™ O V,, — R? to
be a parametrization of the local unstable manifold of p;. Additionally we
take the non-degeneracy condition n, +n; = d 4+ 1 as given. Denote the
parameter in V;, as ¢ and in V,, as ¢. As described in (2.3) an orbit is a
connecting orbit if it lies in the intersection of W*(p1) and W*®(p2). Thus if
we find ¢ € V,, and ¢ € V,,, such that Q(§) = P($) = g then

q € Wi (p2) N W"(p1)

and hence O(g) is a connecting orbit from p; to pp. As a consequence
setting

F(o,¢) = Q(¢) — P(¢) (3.13)

we obtain that the existence of ¥ = (¢,¢) € RY*! such that F(¥) = 0 is
equivalent to the existence of a connecting orbit from p; to p,. However
F: R™! — R? and we can not expect F to have isolated zeros. As the
Newton-Kantorovich Theorem by construction detects isolated zeros, we
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need to impose a phase condition in order to ensure isolation of the zeros
we seek for.

Phase condition The idea of the phase condition is to fix one of the pa-
rameters ¢ or ¢ to lie on a prescribed co-dimension one submanifold of
the parameter space and hereby reduce the number of independent vari-
ables by one. We choose this to be done in the unstable parameter space
emphazising that this is a choice that can just as well be made in favor of
the stable parameter space. Let

@®,: B C R™ ! —int(V,,) C R™ (3.14)

be an immersion of the (1, — 1)-sphere of radius v, where we let B; be
the unit euclidean ball of radius 1. Moreover we require that image(®, ) is
transverse to the linear vector field A, in unstable parameter space. This
transversality condition insures that for any & € By the columns of D®, («)
and the single vector A,®,(«) are a linearly independent set of vectors
which span R". Then the columns of DP[®,(a)]®,(x) and the vector
DP[®,(x)]Au®y(a) span Tpjg, (1)) W"(p1)- Note that since the dynamics on
the manifold are conjugate to the linear dynamics in parameter space we
know that DP[®,(a)]A,O,(«) is the tangent vector to the orbit through
P[®y(a)]. Then the columns of DP[®,(a)]|DO,(«) span the subspace of
Tpje, (a))W"(p1) transverse to the orbit.

We thus redefine F by

F: By xV,, C R 1 x R =R — R* (3.15)

given by
Fa,¢) = Q[Oy(a)] — P(¢). (3.16)

with the effect that F maps RY into itself and the Newton-Kantorovich
technique is applicable.

In order to make F amenable to a numerical treatment we choose or-
ders N, M for the finite sum approximations Py and Qp to the infinite
sum expressions of the parametrizations P and Q. Recall that Py is de-
rived from a complex valued extension fy : C" — C? as defined in (2.16)
and further explained in Section 2.1.2. In a similar way we assume Qs to
be derived from a complex valued map hy : C" — C?. Next we assume
V4. to be chosen as in Theorem 2.1.1 which in particular entails that

P = Py + e Q=0m+ey
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with analytic tail errors e, : R"™* — RY, where |le,(¢)||c < 6, for all
¢ €V, and |les(¢)]| < s for all ¢ € V. This enables us to express F as

F(a,¢) = Qm(O(a)) +eu(O(a)) — Pn(9) —es(9)

= Qum(O(#)) — Pn(¢) +eu(O(w)) —es(¢) (317)
& FN,M(DC, Qb) + E((X, ¢)
We point out that in order to use the Newton-Kantorovich Theorem 3.1.1
it is indispensable to have control over the derivatives of F up to second
order. This clarifies the importances of the Cauchy estimates introduced
in Lemma 2.1.3 as these can be used to estimate the derivatives of E for
which we only ever have an upper bound on ||E(«, ¢)||c. We recall in this
context that Cauchy bounds enable to estimate derivatives of an analytic
function f on a certain domain only using knowledge about the norm of

f.

Validation of solution to F(«,¢) =0

The idea for the Newton-Kantorovich based validation is described in Re-
mark 3.1.1. We now aim for an implementation of this technique to the
validation of approximate solutions to F(x) = 0 with F given in (3.16).
The following remark describes an important tool in this process.

Remark 3.1.2 (Neumann series) The Neumann series makes a statement about
the invertibility of a certain linear operator on a Banach space X. More specifi-
cally let T be a linear operator on X and let || - || be a norm on the space of linear
operators on X such that it becomes a Banach space. Then if ||T|| < 1 then 1 —-T

is invertible and 1

1— |||l

This is a direct analogue of the classical geometric series.

IT-1)7Hl <

Next assume an approximate zero ¥ = (&, ¢) to be given. We will take
steps 1 to 5 from Remark 3.1.1 to build a ball Bg(7) of radius 7 around
X where we can guarantee a genuine zero X to exist. First we need to
be exact with the norms we use in the respective spaces. Recall that we
suppose that p; has n, unstable eigenvalues where m,, are real and [, are
complex conjugate pairs and similarly p; has n; stable eigenvalues with
stable eigenvalues and /; complex conjugate pairs. Recall further that we
have n, s = my s + 2l,s. Taking Definition 3.15 into account we explicitly
state that F maps the Banach space X = (B; x V,, || -||) to Y = (R?, || - [|es)-
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Before we give more details on the choice of norms in the following remark
we emphasize that it is important for us to demand that the immersion ®,
maps B; into V,, so that we can use the Cauchy estimates naturally given
for the operator norms defined by (2.23). We now return to the question
of norms and elaborate in addition on the induced matrix norms as these
will be of some importance in the sequel. The goal of the following remark
is to show that it is sufficient to bound the canonical matrix infinity norm,
as it serves as an upper bound for the various induced norms.

Remark 3.1.3 Consider first A € R mapping from X = (By x V,, || - ||) to
Y = (R%, || - ||lo), where we set

[} = max (I 1, -y 2, =1) 12 (11, 20 ) 1) - (3.18)
By definition the matrix norm is given by
d

E aijXj| -

]7

sup ||Ax||eo = sup max
Ix[|=1 Ixfj=1 =1

Let us estimate

(S

—.
1~
=
~:

<Y lal  |xjl
i=1 S~~~
<1 if |x|I<1

Thus we obtain sup,_ [|Ax|[c < max;_y,. dz;i 1laij|. As usual by setting

x = e; we note sup |, _q [|Ax[le = maxi_, 4 Z] 1laij| = [|Alleo, the usual
matrix co-norm.
Next we let A € R map Y to X. We denote by || A|| the induced matrix norm

and get by definition

1Al = sup [[Ax| < sup V2[|Ax]lw = V2||Alw. (3.19)

[1¥[le0=1 [E4/EY

Thus for computational convenience to bound || Al we bound ||A|le and use
(3.19).

Last but not least a similar reasoning can be applied to bound the operator
norm || - ||p for matrices A mapping (By, || - ||2) to (Vi,, || - llgm,1,)) to obtain
|Allp < V/2||Al|eo- Note that the subscript P refers to phase condition.

Before we state the validation values explicitly we introduce the fol-
lowing notation.

Definition 3.1.1 Wesay x <y for x,y € R4 iff x; < y; foralli=1,...,d.
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Assume the following validation values to be given. We point out
that they all can be computed rigorously using interval arithmetic. In the
sequel we motivate in detail how these quantities enter in the validation
algorithm.

Definition 3.1.2 (Discretization-free validation values) We call & € B; C
R™—1, ¢ € B,, C R™ and the positive constants €, oy, 05, C1, Cp, C{ €
R™ ,i=1,..,dC eRv,j=1,.,1,-1C e R ,i=1,..,4d
Ci’k e R™ ,j,k=1,...,n, -1, Cé’k]Rd, j,k=1,...,ny, A and 7 validation
values if

(i)
1©v (@) | gmyt) < v and (@l nr) < vs,
(ii)
o, (a b
o < —In <H<>H<>> wnd o< —1n (Hsbn(ms,zs)) ,
Vu Vs
(iii)
HF(M,N)(C_KI 4_))||00 < €num,
(iv)
I[DF (@ ¢)] 71 < Cy,
v)
IDOy (@) < C,
(vi)
7'[C1 <(21u + 4mu)C25u + 215 —'l_ 4m5 (Ss> S A,
VyuOy V5O
(vii)
2C
1 _1A(€num +dy ‘|’5s) <7
(viii)

sup  [D(Qm)i(@)| 2 CLeR™ (i=1,...,d)

0=l (g 1) <7
a s
sup |=—O(a)| X C,eR™ (j=1,...,n,—1)
a—a<r o

sup  |D*(Qm)i(g)| 2 G eRY™ (i=1,...,d)
H(/)fq_)H(mu,lu)<r

sup )| = CFeR? (k=1,...,1,—1)

la—a|2<r

alxkalXj
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(ix)

d ~ik .
— < ClL =1,... .
TETGIET S AES IS

Given these validation values we now describe a procedure how to

sup
(9= (s 1) <7
verify the existence of a zero to the map F : R? — R? given by (3.16)
which will correspond to a connecting orbit from p; to po. We term this
the discretization-free procedure.

Discretization free procedure

Step 1 We need to show that that DF(%)~! has bounded norm. To this
end we note that under the assumption that DFy (%) ! exists, we have

DF(%)" = [DFyu (%) + DE(z)]

= [DFN,M(JZ) (I + DFN,M(X)_lDE(X)>:| (3.20)

-1
_ (1+DFN,M(x)*1DE(x)) DFym(%) L.

As we aim to use a Neumann series argument as described in Remark
3.1.2 to show bounded invertibility of (I + DFy m (%) 'DE(%)), this poses
us the problem of estimating ||DFy (%) ' DE(%)| g(x,x) Where E(a,¢) =
eu(©(a)) —es(¢). Recalling ¥ = (&, ¢) we compute, using submultiplica-
tivity, that

IDES M (F)DE(%)l|3x,x) < IDFn,m(2) ™ [[[|Dew(©(a)) DO(a) — Des(@)|leo

< |IDEym(%) 71| (|Deu<@([x)>‘vuexp(f(7u)HDG)(‘X)HP + ‘Des(cp)’vsexp(f(fs))'

The next step is to use the Cauchy estimates specified in Lemma 2.1.3 and
further adapted to the case of complex conjugate eigenvalues in Remark
2.1.3 as well as the bounds C; , specified in 3.1.2(iv) and 3.1.2(v). Note that
3.1.2(ii) is equivalent to

vuexp(—=0ou) < [|0(&)|[(m,1,) and vs exp(=0s) < [Pl 1)

which together with 3.1.2(i) assures applicability of the Cauchy estimates.
We obtain

2 4] 2 4]
IDEL,(R)DE(R)|| < ¢y <(m”+”>”5uc2+ M5s — A.
¢ VuOy VsUs
(3.21)
If we demand A < 1, Remark 3.1.2 enables us to estimate
1
)L < )
IDE®) | < 72 622)

which completes Step 1.
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Step 2 The next step consists in computing enkx defined in (3.2) which
amounts to finding a normwise bound on DF (%) !F(%). To this end we
recall
F(x) = Enm(%) + E(X) = Fym(%) + eu(O(a)) — es(9)
Building on 3.1.2(i) the use of the aposteriori bounds 9, is justified and
we get that
IE(®)leo < [N, (E) lloo +0u + 0
Enum
where €, is amenable to interval computations. Using this combined
with (3.22) we see

def

C
IDF(2) 7 F(0) oo < 7 (€mum + 0+ 85) = eng.

Step 3 Recalling (3.3) we set 7 = 2enk. This identifies 3.1.2(vi) as the
condition encoding this definition.

Before continuing with Step 4 we wish to emphasize that Step 1 — 3 exploit
the numerical results together with rigorous error estimates. The better the
numerical results and the tighter the error bounds the more likely it is that
Step 4 and 5 are successful.

Step 4 The next step we need to take consists in computing ¥ > 0 such
that

IDE(x) = DE(y)lleo < x[lx —y]|
for all x,y with ||[x — %|| < 7 and ||y — ¥|| < 7. To achieve this we will
apply the Mean Value Theorem component-wise. Therefore let suitable
x = (ay, ¢x),y = (ay,¢y) € R? be given. We compute with ¢ = (az, ¢¢)
where §; = tix;+ (1 —t)y;fori=1,...,d and some t; € (0,1)

oF; oF;
e L0 50)] - m B -] -
d d d d
oF;(¢) oF;(¢)
< — < _
B i—l,a.h.)fd];k_zl axjaxk M - Hx y” zirll,a)fd];k_zzl 8xj8xk

<[lx=yll

This leaves us with the task of estimating Zd Dy ‘ﬁ

us first consider fori =1,...,d
oFi(x) _ a(QM(®(06x)))i — (Pn(¢x))i L d(eu(O(ax)))i — (es(¢x))i
dx;0x dx;0x dx;0x

_ 9(Qum(O(a)))i , 9eu(@(ax))i _ (Pn(9))i _ (es(¢))i

8x]-8xk ijaxk E)xjaxk axjaxk '
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Recalling x = (a1,...,&n, $1,...,¢n,) we use this to obtain
(Qm(O(ay)));i d(ey (O (ax));
aﬂc]'aak aajazxk

d(Pn(¢x)) i ‘a(es(‘l’x»i
3<P]<Pk dP; 0Py

ny—1n,—1

<)
j=1 k=1

ns Mg

)

j=1k=1

Now we are in the position to use Cauchy estimates to bound the error
terms and complete the computation « via interval arithmetic. More con-
cretely using the chain rule and recalling 3.1.2(viii) and 3.1.2(ix) we first
getforjk=1,...,ns—1

I(Qm(O(ax)))i|  |9(eu(O(ax))i
a(X]'ale aDC]'aOCk
=i ) Ak Si | Gk 167'[ SRS N ik def
< (GG, G+ (CLCY) + =56 ) Z )+(C5) l+ iy Y (C)r = Py
ll r=1I1= VuOu r=1
where (-,-) denotes the euclidian dot product. So finally we are able to
define _—
ny—1ny— 16
k=Y Y P k+zch" 21
=1 k=1 j=1k= vio?

Step 5 The last step consist in checking inequality (3.4). We recall that
if this is a strict inequality then it will follow from Theorem 3.3.1 that the
connecting orbit we validate corresponds to a transversal intersection of
the involved unstable and stable manifolds.

Let us summarize the above procedure in the following theorem.

Theorem 3.1.2 Assume validation values according to Definition 3.1.2 to be
given. Then there exist a unique zero ¥ = (&, ) of F given by (3.16) in a
ball of radius 7 with respect to || - || from (3.18) around the approximate solution

@ ¢)-

The proof is given by the above reasoning.

3.2 Approach solving a boundary value problem

After considering the discretization free approach in Section 3.1 we now
compute connecting orbits by solving a parametric boundary value prob-
lem for (2.1) that we rewrite as an integral equation augmented by some
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boundary conditions. Solutions hereof we interpret as zeros of an oper-
ator F defined on a Banach space X to be in the general setting of (3.1).
Note that one main difference to the above approach is that we now have
an operator which is defined on an infinite dimensional space as opposed
to the finite dimensional setting of Section 3.1.

We aim to compute a solution of F(x) = 0 by applying the method of radii
polynomials [15]. That is, as a first step we construct a fixed point operator
T: X — X defined on an associated infinite dimensional Banach space X
whose fixed points are in bijective correspondence to zeros of F. The con-
struction of the fixed point operator T and the choice of the Banach space
X will be different in the Spline and Chebyshev approach. More precisely,
in the Spline approach we set X = X and construct a Newton-like fixed
point operator T directly from F. In the Chebyshev approach we let X’
be the space of rapidly decaying Chebyshev coefficients and construct an
equivalent problem of the form f(x) = 0 on X. Then we derive T corre-
sponding to f.

Once T : X — X is defined the idea is to find a fixed point of T in a ball
B,(x) around an approximate solution X of F(x) = 0 or f(x) = 0 respec-
tively. In order to do so we take the radius r of the ball as a variable and
compute a finite number of polynomials po(7), ..., pm(r) such that the fol-
lowing implication is valid: if we find an 7 > 0 such that p;(7) is negative
for all i = 0,...,M, then T is a contraction on the ball Bz(7) C X. By
using the Banach Fixed Point theorem we hereby obtain the existence of a
unique genuine fixed point of T and hence a unique genuine zero of F.
Before we go on to construct the operator F we wish to emphasize the
following point. We assume explicitly that we are given an approxima-
tion ¥ € X in the infinite dimensional space X. We will obtain this by
numerical computations in a finite dimensional approximate space and
embedding the result back again into the full space X'.

We start by constructing the general operator F and give the details on
the respective fixed point operators in separate subsections.

Formulation of the parametrized BVP Let times t; < f; be given. Defin-
ing p;, = u(t12), solving (2.1) is equivalent to solving either the integral
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equation

u(t) :p1+/ttg(u(s))ds Vt € [t ]
< (3.23)

f

Blpn)(®) 2 py+ [ glu(e)ds—u() =0 Ve € [t

or

u(t)=py— [ glu(o)ds i€ b
(3.24)

-
Fapa)(6) £ u(t) + [ gu(9))ds —p, =0 Vi€ [f, 1]

Our goal in defining F is, to use use either (3.23) or (3.24) and to ad-
ditionally encode the property of being a connecting orbit in parametric
boundary conditions. The idea is to extract the boundary conditions from
the fact that a connecting orbit starts on a unstable manifold and ends on
a stable manifold.

Mathematically this means we will set

X =R’ x B, (3.25)

where B is an appropriate function space and consider an operator F :
X — X given by

wi [ Gpy(6),p(6))
F”“””“(ag@u<fma>>' (5.26)

where G : R* — IRP is an affine map and possibly p, and /or p, de-
pend on the parameter 6 € R” in a way ensuring that the operator (3.26)
has isolated zeros. We use the convention p = 0 for the absence of G, as
encountered in IVPs. To be clear we emphasize that the benefit of this
general notation is that it allows us to unite both the solution of IVPs and
the computation of generic connecting orbits while being able to take sym-
metries into account, as we will in the example of the Gray-Scott equation
considered in Section 4.1. More precisely, the goal of this choice of no-
tation is to make the methods described herein easily extendable to for
example the context of generic homoclinic connecting orbits and systems
possessing integrals of motions. This will necessitate the introduction to
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further constraints in order to assure isolation of the solutions to the oper-
ator equation that we wish to incorporate in the function G.

For the sake of concreteness let us construct the operators to compute
solutions of IVPs and of generic heteroclinic orbits between hyperbolic
equilibria pq .

Example 3.2.1 1. Consider the initial value problem
i=g(u) u(t) =p; (3.27)

which is equivalent to solving Fy(p1, u) = 0 with Fy defined in (3.23). Thus
by setting p = 0 we obtain the operator F : B — B with F(u) = Fy(p1,u)
whose zeros correspond to solutions of (3.27).

2. Let two hyperbolic equilibria p1o fulfilling (2.4) be given together with
parametrizations

Q:R">V, -R! P:R">V, — R

of the local unstable and stable manifold of p1,. Letting a phase condition
@ : R~ 1 — R™ explained in (3.14) be given. Recalling that n, — 1+
ns = d, we define p = d and set 0 = (a, p) € R?. Furthermore let

G(py p2) = G(1(6),Pa6)) = P(9) ~ QOW) — [ glu(s))ds

Pz(e) p](G)
(3.28)
and set
[ G(p1(0),p,(0))
F@”‘<aéwﬁw>> 429

The choice of the function space B is a critical one and depends on
several parameters, that we elaborate on in the following remark.

Remark 3.2.1 First it depends on the equation and the regularity the equation
prescribes for its solutions. This gives an upper bound on the regularity we can
assume about our solution and hence to the regqularity we prescribe by choosing
the function space. Secondly it depends on the error norms that we have at our
disposition. The natural norm to measure the error of a spline approximation is
the sup-norm || - || and as we require B to be a Banach space we need to choose
it accordingly. A generic choice is to pick

B = Co([0,1], R?),
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the space of continuous functions from [0,1] — RY. In the Chebyshev approach it
is convenient to assume that the Chebyshev coefficient decay algebraically to any
order. Thus

B = C“([-1,1],RY)

denoting the space of real analytic functions is a good choice, as this ensures
geometric decay which implies algebraic decay to any order (see Section 2.2.1). It
is worth noting that we use less regqularity than we could by stepping back to a
space of algebraically decaying coefficients with some fixed decay rate s.

We now go on to construct the fixed point operator T encoding the
zeros of F. We start by using the Spline approach before we go on with
the Chebyshev approach. Before we go to the details of the derivation we
wish to make the following remark.

Remark 3.2.2 The goal in both the Spline and the Chebyshev approach is to
divide the operator T into a finite dimensional part amenable to numerical inves-
tigation and an infinite dimensional tail part controlling the error introduced by
the truncation. The Chebyshev algorithm will be more explicit in the sense that
we start from a basis expansion of the unknown function that gives us an infinite
set of concrete equations for every basis coefficient that we then truncate. In the
spline approach we start from a finite approximation to the unknown function
that gives us a finite dimensional equation. The infinite tail part has to be dealt
with by a-priori estimates.

This fact motivates that in the spline case we consider a splitting of X = X, ® Xeo
in a finite dimensional space X, and infinite dimensional X, where we only have
normuwise bounds for the elements of Xo.

We point out that in this sense the Spline approach can be considered to be more
rigid than the Chebyshev approach.

3.2.1 Validation of connecting orbits: Spline approach

Let F be given by (3.23). We consider F as a map from X = IRP x
Co([0,1],RY) to itself. The goal is to derive a fixed point operator T de-
fined on X whose fixed points correspond to zeros of F and show that T is
a contraction in a ball around a numerical approximation ¥ € X to the so-
lution of F(x) = 0. To obtain the approximation we first aim to discretize
F using linear splines.
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Discretization of F using linear splines to construct splitting X = X,, @
Xoo

Set t1 in (3.23) to t; = 0 and t, = 1. To account for the choice of this spe-
cific time interval we rescale (3.23) by a time factor L, set B = Cy([0, 1], R%)
in (3.25) and consider F : R? x Cy([0,1],IR?) to be given by

4 — G(p1(0), p2(0))
Fow) <p1(9>+Lf5g<u<s>>ds—u<t>>' (8.50)

We remark that we do not take L as a variable. We assume this to be
part of the numerical approximation to our connecting orbit.

In addition let A : 0 = tp < t; < --- < t;, = 1 be a grid on [0,1].
We aim to use the linear spline projection associated to A to construct a
splitting X = X, ® X, into a finite dimensional space X, and an infinite
dimensional error space Xe.

Denote S, the space of linear splines subordinate to the grid A and
consider the linear spline projection IT, : Co([0,1,R) — S, = R"*!
consisting of computing the linear interpolation of u with respect to the
mesh A. More concretely we have for u € Cy([0,1],R)

I, (u) = (u(to),u(ty),..., u(ty)) € R™
For u € Cy([0,1],R?) define
wp = (Iy)%u = (ILyuy, ..., TLyug) € (Sp)? = R,

Depending on the context we interpret u; as a continuous function, as
a d times m + 1 matrix, where we denote its columns by (u;,); € R? for
l=1,...,m+1orasad(m+1) column vector.

Define X,, = R? x (S,,)? and the finite dimensional projection I1,, :
X — Xp ¢ (8,u) — (0, (I1,)%u). By using the complementary projection
[ — 1, we get that Xoo = 0 x (I —T1,,)%C ([0, 1], R?), where (I —I1,,)%u =
((I =TILy)uy, ..., (I —IL,)uy). The associated projection Il : X — X is
given by (6, u) — (0, (I — ITy)%u). For x € X we write x = (X, X0 ), with
X E Tyx and Xeo = Teox.

Let us furthermore define the norms

1T (6, 1) [, = m@x{[[0]]co, [[TLmtta[loo, - - [ Thnttalloo } (3.31)
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and
Moo (8, 1) || x., = max sup [(I—TLu)u(t)], (332)
=Lty [01]
which qualify the pairs (X, ||.||x, ) and (X, ||-]/x.) as Banach spaces.
This splitting of the space X induces a splitting of the operator F that
is defined on it. Furthermore we have the splitting of the operator

F=F,®Fw 2 1IL,F &1L (3.33)
We will derive explicit formulas for the discretized operator F,, in the
application section. Before turning to the definition of the fixed point op-
erator T we elaborate more on how we identify numerical outputs with
elements in function space.
Set M = p+d(m + 1) and consider an isomorphism i : RM — X,, and
define F" = i~! o F, o T, where the embedding 7 : RM — X,, ® {0}
is defined by w — (i(w),0~). For sake of simplicity we identify X,
and RM, as well as x,, € X, and i !(x,,) € RM. In particular we
write X = (X, Xe0) = ((Xm)o---, (Xm)ds1, X ), Where (x,)0 € R? and
(xm)]- € R™ for j = 1,...,d. Note that F” : RM — RM and we can
use standard numerical techniques (e.g. Newton’s method, continuation
techniques [31]) in order to compute an approximate solution X,, of

F™(x) = 0. (3.34)

From the above construction, one has that ¥ = 7(%,) is an approximate
solution of (3.34).

Construction of the fixed point operator T and the radii polynomials

Assume a finite dimensional approximate solution X € X such that F,,(%) ~
0. Let us define the set Bz(r) = X + B(r,w), where

def

B(r,w) ={x € X ||xm|lx, <r and |[Xel|/x, < wr}, (3.35)

with a fixed parameter w that can be used to control the infinite dimen-
sional error. Note that the dependence of the set Bz(r) on the variable
radius r is a-priori unknown, and that the idea of the method of radii
polynomials is to solve for a suitable 7, such that our corresponding fixed
point operator T is a contraction on Bg(r).

In order to define T, assume first that the following assumptions (RP)
are fulfilled.
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e RP1. We have computed an approximate solution ¥ = (%, 0 ) for
(3.34), that is there exists a small € > 0 such that |[F" (%) x, < €.

e RP2. We have computed the Fréchet derivative DF™(%y,).
e RP3. We have computed an approximate inverse A,, for DF"(%y,).
e RP4. A, is injective.
Let us define the fixed point operator T : X — X to be
T(x) = (xm — AmFn(x)) & (Foo(X) 4 Xoo)- (3.36)
Lemma 3.2.1 Let x € X. Then F(x) = 0 if and only if T(x) = x.

Proof 3.2.1 Assume F(x) = 0. By (3.33), one has that F,(x) = 0, and
Foo(x) = Oco. Therefore T(x) = Xy & Xo = x. On the other hand if T(x) =
x it follows that A Fn(x) = 0y and by injectivity of Ay, this amounts to
Fu(x) = Op. Furthermore we have Foo(x) = O and by (3.33) it follows that
F(x)=0€ X.

We now describe the method of radii polynomials in more detail. The
construction of the polynomials py, ..., pm(r) depends on some bounds
encoding the requirements for the Banach Fixed Point Theorem to be ap-
plicable on the ball Bg¢(r). More precisely calling upon the contraction
mapping theorem on Bz(r) necessitates to show that T(Bz(r)) C Bz(r)
and that T is a contraction on Bz(r). In order to do so, we consider the
residual function

def

y=T(%) — %= —AuFn(%) © Fo (). (3.37)

First let us assume that we are given positive constants Yy € RR? and
Y1, ..., Ymi1 € R and Yo € R such that

| MTuy); | 2Y;, foralli=1,..., m+1 (3.38)

and
Moy |l < Yoo (3.39)

To show that T is a contraction, we introduce, for ¢1,¢> € B(r,w), the
quantity

def

z(81,82) = DT(x + 1)Ga- (3.40)
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Realize that z({1,¢2) is linear in §. Assume further that we are given
polynomials bounds Zy(r) € R?, Zi(r) € RY fori = 1,...,m+1 and
Zo(r) € R satisfying

sup | (ILx(2(¢1,¢2))); | = Zi(r), foralli=1,...,m+1 (3.41)
§1,CZEB(r,w)

and

sup  |[TTeo(2(1,82)) [ X0 < Zoo(7). (3.42)
¢1,82€B(r,w)

Using the above ingredients we define the radii polynomials.

Definition 3.2.1 Assume we are given bounds as in (3.38) and (3.39) and poly-
nomial bounds as in (3.41) and (3.42). Then define for i = 1,...,m + 1 the finite
radii polynomials

pi(r) =Yi+ Zi(r) —r

and, given a number w > 0, define the tail radii polynomial
Poo(r) = Yoo + Zeo(¥) — wr.
Let us now state the main result, whose proof can be found in [60].

Theorem 3.2.1 [Theorem 2.6 in [60]] If there exists an 7 > 0 such that p;(7) < 0
foralli =1,...,m+1and po(7) < 0 then T is a contraction on Bx(F) and
hence there exists a unique zero % of (3.1) in Bz (7).

Remark 3.2.3 The vector bounds Y1,..., Y1 and Z1(r), ..., Zy11(r) defined
in (3.38) and (3.41) are the direct analogues of ek and « that are also found
numerically. The additional bounds Yo and Ze(r) are introduced in order to
control the truncation error introduced by discretization.

3.2.2 Validation of connecting orbits: Chebyshev approach

In contrast to the Spline approach we do not directly discretize (3.26) but
first compute a representation of F in terms of the Chebyshev basis.
Derivation of the Chebyshev representation We use the following corol-
lary which is a direct consequence of Theorem 2.2.2.

Corollary 3.2.1 Assume that g : R — R? is real analytic and let u : [—1,1] —
R™ be a solution of (2.1). Then each component u; of u is real analytic and has
a unique representation as an absolutely and uniformly convergent series of the
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form ui(t) = Y32 (a;)iTk(t). Also, for each j € {1,...,d}, the sequence of
Chebyshev coefficients {(a;)x } x>0 of uj decreases to zero faster than any algebraic
decay, that is, for any decay rate s > 1, there exists a constant A; = A;(s) < co

such that |(a]')k\ < %,for k>1.

We will henceforth assume that the vector field ¢ : R? — R is real
analytic and that t; = —1 and ¢, = 1 in (3.23) and (3.24) respectively. Note
that this is no restriction as a rescaling of time can (and will) be considered
in the autonomous vector field g of a particular application. Furthermore
Corollary 3.2.1 assures that F is defined from R” x X“([—1,1])? to itself
justifying the choice B = X“([—1,1]) in (3.25). We will nevertheless not
use this explicitly but now step to coefficient space.

By a rescaling of the Chebyshev coefficients (a;), in Corollary 3.2.1 we can
furthermore assume a Chebyshev expansion of a solution u of (2.1) to be
given by
u(t) =a9+2 Z arTi(t), (3.43)
k>1

where a = ((a1)k, (@2)k, -+, (ad)k)T € R%. Letting
laclleo = maxc {|(aj)i[}

and using the weights defined in (2.38) one has by Corollary 3.2.1 that for
any given s > 1
lalls = sup{[lax||eoco}} < oo. (3.44)
k>0

Defining X* to be

X = {x=(0,(a)e) s ar = (@) (a2), -, (ag)y)" € RY
and [, = sup x;occ} < oo}
k>ko
the pair (X5, |.||s) becomes a Banach space. Note that all d component
sequences 4y are elements of (° defined in (2.39). We use the notation
x = (X )k>k, With kg = 0 for p = 0 and kg = —1 for p > 0. Our goal is first
to find a map f defined on X* such that for x = (6,4) € X*

f(x) =0 F(0,u)=0

where u corresponding to a is given by (3.43). In order to achieve this let
us start by plugging in the expansion (3.43) into the vector field g to get

glu(t)) =co+2) aTi(t), (3.45)
k>1
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where we explicitly assume that starting with ||a||s < oo we obtain ||c||s <

c0.

Remark 3.2.4 The assumption that ||c||s < oo in (3.45) is fulfilled for all polyno-
mial vector fields ¢ : RY — RY. More precisely let ¢ be an nth-order polynomial
nonlinearity given by

n
gluy, ..., ug) =) dlu uif,
=0

where d € R and | = (Iy,...,13) with |I| = Iy +...+1;. Assuming the

componentwise Chebyshev expansion (3.43), using the convolution Lemma 2.2.2
we obtain

Quy, ..., ug) = idl <( Al % *ad 0+22 . *ad Vi Tr(t ))

|1=0
[ee) n !
=do+2) | ) di(a] .. *ad) Ty (t)
k=1 \|I|=0
(3.46)
and hence
n
=dp =), d(al x . o), fork > 1. (3.47)
1]=0
where
lk def
Ap = Qg *...%x 0.
ﬁ,_/

Iy times

By the fact that (OO, ||.||qs, *) with QO defined in (2.39) is an algebra we know
that with ¢ = (cx)ken given by (3.47) ||c||s < oo. For non-polynomial real
analytic vector fields a Taylor expansion can be considered.

Next we plug (3.45) into the general expression for F given by (3.26). Let
us furthermore assume that the second component of F is given by (3.23).
The case where it is given by (3.24) is very similar and we will point out
the differences that occur. Our goal is to obtain an expansion

Fi(py,u) = fo+2 ifka(f)
k=1
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with fi € R Hence, using Lemma 2.2.1 we compute
Fi(pyu) =p; + / ))ds — u(t) =

=p1+ /_1 (co +2 Z Cka(S)> ds — (‘10 +2 i ”ka(t)> =

k=1 k=1

=i+ [o0 [T = BY |+ ga | T+ To(t) ~(Ta(=1)~To(-1)

=—1==To() =To(-1) =1

o 1Tl Tea)) 1 [((CDF (cnE
+2k§§6k 2( ;?:1 - 112_11 >_2< k+1 k-1 )

B (“0 t2 i ”ka(t)> = To(t) <P1 +co — %01 -2 i (k_zlzk;k - ao)

k=1

L 2T (1) (%O—C—l) 12T (1) <Z_Z) zlic"lzkc"“ k(t)—Ziaka(t)—

. ()<p1+cO—;cl 22 kz) >+22<C“_C"+1) >Tk(t),

where the numbers marked in red are added artificially in order to clarify
the pattern. As a result we are able to define

i p1+c0—1c1—22;;°,2(317>"“k—a0 k=0
_ 2 =2 P (3.48)

Jr
35 (Cko1 = Cra1) — % k>1
Concerning the boundary condition G(p;, p,) we assume a general expan-
sion
n: X" =R, 7(0,a) = G(py,py)- (3.49)

We hence are ready to define the map f = (fi)k>k, on X° componentwise

by

1(0,a) k=—1
_1\k
fo=Spi+eo—ta—2y2, G gy k=0 (3.50)
2kay + (Cr1 — Ck—1) k>1

where ¢, = ¢x(a) and we employed the rescaling f; = —2k Jfk for k > 1.
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Remark 3.2.5 If we assume the second component of F to be given by (3.24) then

we obtain
1(6,a) k=-1
fe=1 —pyteotia —25, G ta k=0 (351)
2kay + (Ck1 — Ck-1) k>1

where we apply for k > 1 the scaling fy = 2kfy instead of the above considered
scaling.

For the sake of concreteness let us derive the map 7 for the solution of
IVPs and the computation of generic heteroclinics.

Remark 3.2.6 1. In order to solve IVPs with initial value p, we do not have
an explicit additional boundary condition. Thus we set p = 0, ko = 0 and
f from (3.50) is given componentwise by

(3.52)
2kay, + (Ck+1 - Ckfl) k>1.

_ 1)k
p1+co— %Cl — 2220:2 (kzlzlck —agp k=0
fv =
2. Concerning the computation of generic heteroclinic orbits between hyper-
bolic fixed points p1 » with (un)stable manifolds of dimension n, s we recall
0 = («, ) and summarize (3.28) by

p;(0) = Q(O(a))  p,(0) = P(¢),

where Q and P are parametrizations of the corresponding unstable and
stable manifolds. Hence, using the property Ty (1) = 1 for all k > 0 from
Lemma 2.2.1, we obtain

P(‘P) - (ao +221io:1 ﬂk) k= -1
—1)k¢
fi=1QO) +co—ter —25%, Gt —ap k=0 . (3.59)
2kay + (cky1 — cx-1) k>1

In the next result we summarize some important features of the above
procedure. In particular we obtain that f : X* — X*~!. In addition we re-
alize that solutions x € X® of the equation f(x) = 0 have strong regularity
properties.
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Lemma 3.2.2 Let f be given by (3.50) and set s > 2 be arbitrary but fixed.
Assume that there is a constant C € R such that

sup {|[et[|eowi} = C < oo,
k>0

Then f : X® — X571 Additionally if x € X® is a solution of f(x) = 0 with f
either given by (3.50) or (3.51), then u defined by (3.43) solves F(6,u) = 0 with
F given by (3.23) or (3.24) respectively. Furthermore it follows that x € X* for
all so > 1.

Proof 3.2.2 Let (0,a) € X° be given. Then there exists a constant A € R with
supy-o{ l|akllow)} < A < co. We compute for k = 0:

1 = (=1
Ipytco=ge1 =2}, T2y —olle =
1 o ek lloo
< (o] ~ oo 2 oo<
< el + el +2 1455 + ol <
<pillot SH20Y — 2 4yA—C <o
—
<00
And for k > 1:
C w; A
— k1 + 2kl T < | = [ 1 g 2k | wi™!
Hck-‘rl Ck 1+ akH wk — wz +wls(71 + wz wk
\\,-/
<2s
1428
§<—ZJ)C—|—2A§(1+25)C—|—2A:C2<00.
k

This induces that

sup | fiellwy ™! < max(Cy, Cz) < oo
>0

Taking ||17(0,a)|| < oo into account, it follows that (fi)k>k, € X°~* and hence
fixs - xl

Next assume that x = (6,a) € X® solves f(x) = 0. This in particular implies

that
1

a = o (Ck1 = ki)
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and hence we obtain uniformly in k that

s+1
C 1428
s+1 < wk s —_
l|ag||wi™ < " (1+2 )—w;i 7 C<o

This implies a € X°*1. As a matter of fact 1 < s1 < s implies w;' < wi? and
we know that
X5 C X (3.54)

forall 1 < s; < sp. Hencea € x5+l implies a € X5 foralls <§ <s+1
Inductively we obtain that a € X for all s) > s and by (3.54) a € X* for all
so > 1. Finally we obtain by construction that if f(0,a) = 0 with f either given
by (3.50) or (3.51), then u defined by (3.43) solves F(6,u) = 0 with F given by
(3.23) or (3.24) respectively. O

Definition of the fixed point operator and radii polynomials As alluded
to above the strategy to find solutions x € X* of

f(x) =0

with f generally given by either (3.50) or (3.51), is to consider an equiva-
lent fixed point operator T : X — X whose fixed points are in one-to-one
correspondence with the zeros of f. More precisely, we choose X = X®
and let the operator T be a Newton-like operator about an approximate
solution ¥ of f.

In order to compute this numerical approximation we introduce a
Galerkin projection. Let m > 1 and define the finite dimensional pro-
jection I, : X° — X5, by Il,,x = (xk),’f:’ki. The Galerkin projection of f is
defined by

Fm XS — XS, xp = Ty f(xF, Oco), (3.55)

where 0o = (I —I1,;)0. Identifying (xr,0c) with xp € X5, = RPHIM we
think of f(" : RP+"™ — RPF¥"  Now assume that we have computed
%p € RPH" such that f(")(%p) ~ 0 and let £ = (¥F,00) € X°. Let Bx(r) =
% + B(r), the closed ball in X® of radius r centered at ¥, where

n(ko)
r r
50) = {xe s el = suplindest) <o =TT [~ ]
k

>ko k>ko w}’ w;
(3.56)

where n(—1) = p and n(k) = ds for k > 0. In order to define the fixed

point operator T, we introduce A,, ~ (D £m) (JEF)) a numerical inverse
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of Df(™)(%r). Assume that the finite dimensional matrix A, is invertible
(this hypothesis can be rigorously verified with interval arithmetic). Define
the linear invertible operator A : X* — X**1 by

A - {(Am(me))k, k=ko ..., m—1 557

%xk, k> m.

Finally define the Newton-like operator T : X* — X°® about the numerical
solution X by
T(x) =x—Af(x). (3.58)

The goal is to determine (if possible) a positive radius r of the ball
Bsz(r) so that T : Bz(r) — Bz(r) is a contraction. Assuming that such
r > 0 exists, an application of the contraction mapping theorem yields the
existence of a unique fixed point ¥ of T within the closed ball Bz(r). By
invertibility of the linear operator A, one can conclude that % is the unique
solution of f(x) = 01in the ball Bz(r). By construction, this unique solution
represents a solution u(t) of the general operator equation (3.26) with the
second component either given by (3.23) or (3.24). Hence, all we need to
do is to find > 0 such that T : Bz(r) — Bz(r) is a contraction. This task
is achieved with the notion of the radii polynomials (originally introduced
in [15] to compute equilibria of PDEs), which provide an efficient way of
constructing a set on which the contraction mapping theorem is applica-
ble. As in section 3.2.1 their construction depends on the Y and Z bounds.
Consider the bound Y = (Yj )=k, satisfying

[T(@) — %], 2 Y k=Ko, (3.59)

where the inequality is taken component-wise and where Y; € R% for
k > 0. If ko = —1, then Y, € RE. Consider the bound Z(r) = (Z(r))k>k,
satisfying

sup |[DT(%+ Cl)Cﬂk) = Zk(r), k> ko, (3.60)

$1.62€B(r)
where again the inequality is taken component-wise and where Z;(r) €
R% for k > 0. If ko = —1, then Z; (r) € R%. If the vector field in (2.1)
is polynomial, then it is possible to obtain a polynomial expansion in r
for Zy(r). As a matter of fact, in this case, the degree of the polynomial
Zi(r) is the same as the degree of the polynomial vector field g(u). The
reason for this can be found in Remark 3.2.4 in equation (3.46). A more
detailed description of how (3.46) is involved in this fact can be found in
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the concrete derivation of the Z bounds in the application Section 4. Oth-
erwise, that is if the analytic vector field g(u) is not polynomial, a Taylor
expansion can be considered in order to obtain a polynomial expression
in r for Z(r).

In addition to the analogues of the hypothesis RP1. to RP4. in the
Spline case we make the following important assumptions. Assume that
there exists a number M > m where m is the dimension of the Galerkin
projection (3.55) such that the bounds Y and Z satisfying (3.59) and (3.60)
are such that
Al. Y, =0€R" forall k > M.

A2. There exists a uniform polynomial bound Zy(r) such that for all k >
M, _
Zm(r)

Zi(r) = w

(3.61)

Before introducing the radii polynomials, let us briefly talk about the
two above assumptions. If the vector field g(u) is polynomial, then the
nonlinear terms ¢, (@) are convolutions terms of the form

(@), (@)j, -+~ (@)j )

which are eventually equal to zero for large enough k since a, = 0 for
k > m. Hence, by construction of A defined in (3.57) and of the bound Y
as in (3.59), there exists M such that Yj can be defined to be 0 € R? for
k > M. Again in case the vector field g(u) is polynomial, there are some
analytic convolution estimates (e.g. the ones developed in [24]) that allow
computing Z(r) satisfying (3.61). The computation of the uniform poly-
nomial bound Zy,(r) is presented explicitly in the examples of Section 4.

Definition 3.2.2 Denote by 14 € R? the vector whose components are all 1. We
define the finite radii polynomials (pk(r)),g;; by

pe(r) = Y+ Zi(r) — %ld, k=ko...,M—1, (3.62)
k

and the tail radii polynomial by

pm(r) = Zm(r) —rlq. (3.63)

The following result justifies the construction of the radii polynomials of
Definition 3.2.2.
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Theorem 3.2.2 If there exists 7 > 0 such that py(7) < 0 forall k = ko, ..., M,
then T : Bz(7) — Bz(F) is a contraction and therefore there exists a unique
% € Bx(F) such that T(%) = %. Hence, there exists a unique X € Bg(F) such that

f(®) =o.
Proof 3.2.3 See Corollary 3.6 in [24].

We wish to emphasize that the conditions (3.62) and (3.63) entail that Y} +
Zi(r) — w%ld < 0 for all k > kg. We summarize this in the following
Proposition.

Proposition 3.2.1 Let py(r), k > ko be given by (3.62) and pu(r) by (3.63). If
pr(r) <0 for k = ko, ..., M, then

Yy + Zi(r) — éu <0 forall k> ko. (3.64)
k

Proof 3.2.4 For k > M we have

r r
Zk(i’) — Eld = Y +Zk(7’) - ;1d- (3.65)

S
k 7 k

And hence if pm(r) <0< Zy(r) < rlg we get by assumption A2. that

Zm(r) r
Zk(i’) = wz < CLTild. (3.66)
Using (3.65), (3.66) implies
;
Yy + Zk(i’) — Eld <0 (3.67)

k

for all k > M. Together with (3.62) this yields our claim. Note that this is
essential for the proof in [24] and can be seen as one of the key steps in controlling
the infinite dimensional error.

In summary the strategy to rigorously compute solutions of f(x) =0
with f either given by (3.50) or (3.51) is therefore to construct the radii
polynomials of Definition 3.2.2, to verify (if possible) the hypothesis of
Theorem 3.2.2, and to use the result of Lemma 3.2.2 to conclude that
u(t) = ap + 2 Yp>1 &k Ti(t) is a solution of F = 0 where F is either given by
(3.23) or (3.24) respectively.

While the computation of the bound Y satisfying (3.59) is rather straight-
forward, the computation of the polynomial bound Z(r) satisfying (3.60)
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is more involved. In order to simplify its computation, we introduce the
linear invertible operator A" : X* — X1 by

2kxy, k> m. .

and we use the factorization T(x) = x — Af(x) = (I — AA")x — A(f(x) —
A'x). Letting & = wr, & = vr with w,v € B(1), one has that

DT(x+&)&H = (I- AANGH - A (Df(x + )& — A*gz)

(3.69)

= [(I — AA‘L)U} r—A (Df()? + wr)or — A*vr) ,
where the first term is of the form er, for e = (I — AAT)v € X° very
small, and where the coefficient of r in [Df (¥ + wr)or — A'or]; should be
small as the dimension of the Galerkin projection m is large. Hence, for
m large enough, the coefficient in r of Z;(r) should be small. That should
increase the chances of the coefficient of 7 in the radii polynomials defined
in Definition 3.2.2 to be negative, and therefore increase the chances of
verifying the hypothesis of Theorem 3.2.2. We give more details on both
the computation of the Y and the Z bounds for the applications in Section
4.

3.3 Results on transversality

In the context of generic connecting orbits it is a natural question if the
connecting orbit we proof to exist corresponds to a transversal intersec-
tion of the related invariant manifolds. If that is the case we will speak of
a transversal connecting orbit. More precisely, suppose that we are in the
setting of two hyperbolic fixed points p; and p; of (2.1) fulfilling the non-
degeneracy condition n, + ns = d + 1 where n, are as usual the unstable
dimension of p; and the stable dimension of p; respectively. The common
idea of the results is the following.

Recall that our philosophy to compute connecting orbits is to encode the
existence of a connecting orbit as the existence of a zero of some operator
F defined on a Banach space X. Starting from an approximate solution
X we ensure the existence of a genuine zero ¥ implying the existence of
a connecting orbit together with rigorous normwise bounds on the error
X — X which can also be used to derive phase space bounds on the con-
necting orbit itself. The idea to additionally ensure that the intersection
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of the unstable and stable manifold is transversal consists in showing that
transversality follows from the invertibility of the derivative DF (%) at the
solution %. Note that we only know a ball in which ¥ is contained but
do not know it exactly. We will nevertheless be able to make a statement
about the invertibility of the derivative at that point and as a consequence
about the transversality of the connections.

Before we investigate our different approaches more closely let us recall
the notion of transversality. As we work in euclidian space RY we restrict
to the definition for that particular case.

Definition 3.3.1 (Transversality) Suppose we are given two submanifolds M, N
of R%. Then these two submanifolds intersect transversally if for every point
x € MN N the tangent spaces TeM and TN generate R%. In more detail we
assume that for any particular x € M NN, if vy,..., vy is a basis for TxM and
w1, ..., Wy for TyN then we have that vy, ..., 0y, Ww1,..., Wy is a basis for RY.

Note that in the general definition for submanifolds of a general mani-
fold we need to have that the tangent spaces at every intersection point
generate the tangent space of the ambient manifold at that point.

3.3.1 Discretization free approach

Suppose we are in the general setting of Theorem 3.1.1. Then we have the
following result.

Corollary 3.3.1 (Bounded Invertibility of the Inverse) Let || DF(x)~!|| B(X)
X, €Nk, &, t, and X be as Theorem 3.1.1. In addition suppose that r < 4enk and
that the strict inequality

denkk|[DF(%) Hlpx) < 1, (3.70)

is satisfied. Let M be any constant with 4engx||DF (%) *||px) < M < 1. Then

DF(X) is invertible and

IDF (%)~ 5(x)
1-M

IDF(2)~"||p(x) < (3.71)

Proof 3.3.1 As a preparation we realize that

DF(%) = DF(%) + DF(x) — DF(x) =
~ DF(x) (DF(%)'DF(2) +1 1) =
— DF(z )( (I — DF(z)"'DF(%) )) -
— DF(x )<I—DF( )~ 1(DF(JZ)—DF(JZ))>.
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This motivates applying a Neumann Series argument to the expression
DF(%) = DF() [1 — DF(%)"! (DF(%) — DF(JZ))] .
Recalling Remark 3.1.2 we require to this end that
|DE~(2)(DF(%) — DE(%)) la(x) < L.

Using the definition of x and the fact that we require r < 4eng, we estimate in
the following way:

IDE (%)~ (DF(x) — DE(%)) |l |l < IDE(2) " {lp(x) | DF (%) — DF () |[5(x)
< [IDF(2) "Iz Kllx—xH
< [IDE(x)Hlzex)
< | DF(x) ™| p(x)rdenk-

Thus by using (3.70)

IDF~!(2)(DE(x) — DF(%))lpx) <1,

follows and the Neumann series Theorem yields invertibility of DF(X) together
with (3.71). O

We now turn to the concrete consideration of the discretization free con-
nection operator F given by (3.16) to compute generic connecting orbits
between the hyperbolic equilibria p; . Recall that F is defined on X = IR,
where d = ns + n, — 1 with the stable and unstable dimensions n,s. As-
sume an approximate solution ¥ = (&, ¢) with F(&, ¢) to be given together
with an exact solution ¥ = (&, ) obtained via the discretization-free pro-
cedure based on Theorem 3.1.1 and introduced in detail in Section 3.1.2.
Corollary 3.3.1 ensures that DF(%) is invertible. We wish to connect this
fact to the transversality of the intersection of the unstable and stable man-
ifold of p; and p,. Let us therefore investigate DF(x). Using (3.16) we
obtain

DF(x) = [DQ(@(«))DO(«) | ~DP(¢)] € R™.
N’
G]Rd'”“_l GIRd’nS
First using Corollary 3.3.1 we obtain that DF(X) is invertible. The idea is
to show that the columns of DF(%) span the cartesian product

Toe@)W"(p1) X Tp@g W (p2).

By invertibility of DF (%) they span IR? and the tangent spaces would hence
span R?. This entails transversality of the intersection. The idea of the
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following Theorem is to show that the vector DQ(®(&))],© (&), which
completes the columns of DQ(@(a))DO(a) to a basis of Tne@)W"(p1)
fulfills

DQ(0(#))].0(#) € span(DP($))

with ], given in (2.7). Once this is shown the transversality follows. The
main tool we use will be the invariance equation that the parametrizations
P and Q fulfill by definition. Let us now state the result.

Theorem 3.3.1 Suppose that the hypotheses of Theorem 3.1.2 are satisfied. In
particular assume the validation values defined in Definition 3.1.2 and a corre-
sponding zero % to be given. If in addition the strict inequality given by

4€NKKC1

1,
1-M °

is fulfilled, then the connecting orbit from py to po through & € R? is transverse.

Proof 3.3.2 Note that P|©,(&)] = Q(¢) and denote %(t) the orbit ¥ starting at
t = 0. Then

#'(0) = g[%(0)] = g[Q(®y(#))] = DQ(Oy(#))].Oy (),

where the last equality follows from the invariance equation (2.10) for the param-
eterization and also

¥(0) = g[%(0)] = g[P(¢)] = DP(9)]s4-
The matrices |, s are defined in equation (2.7) for the unstable and stable eigen-
values respectively. Then we have

DP((]B)]SCP = DQ(QV(&))]u@v(&)' (3.72)

This completes the proof.

3.3.2 Spline approach

Concerning the Spline approach for generic heteroclinic orbits we wish to
take the same path as for the discretization free approach. That is we show
the following: given a zero ¥ € X = R” x Co([0,1],R?) of F as given in
(3.29) that was shown to exist via Theorem 3.2.1, then the Fréchet deriva-
tive DF(%) is an invertible linear operator. Then we go on to show that
this invertibility implies transversality of the connection. The following
Corollary achieves the first step.
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Corollary 3.3.2 Assume that the hypotheses of Theorem 3.2.1 are satisfied and
consider % to be the unique fixed point of T within Bz(r) = % + B(r,w). Then
the linear operator DF(X) : X — X is invertible.

Proof 3.3.3 Recalling (3.31) and (3.32), we define a norm on X as follows. Given
x € X, consider the weighed norm on X by

1
Il = max {1l , [Tl |- 673

Recalling (3.35), the closed unit ball in X with respect to norm (3.73) is B(1, w).
Then, letting % be the center of the ball Bx(r), there exists x; € B(r,w) such
that & = X 4 x1. Recalling (3.41) and (3.42) and from the fact that each radii
polynomial p;(r)precO, we then get that

- - 1
IDT(%)x = sup [[DT(%)xllx =~ sup [IDT(x«+x1)xr||x
x€B(1,w) r x€B(1,w)

1 1
= - sup {max{HHmDT(x* +x1)xr|x, ||H00DT(x*+x1)wr|Xw}}
r x€B(1,w) w

{(Zo)l (Zo)p (Z1) (Z)m1  (Zah (Zd)m+ Zoo}

< max

yoeee 7 Jeeoy yoer oy 7

r r r ooy r r
< 1.

Using Neumann series, we get that the operator I — DT (X) : X — X is invertible. Since
T(x) = (ILy — ALy F)(x) + Tleo (F(x) + (x)) = x — ApIL, F(x) + Tl F(x),
then
I —DT(x) = —AnlL,,DF(%) + I DF(%).
Suppose that there exists y € X such that DF(%)y = 0. Then I1,,DF(%)y = 0
(A iperible 4 11, DF(%)y = 0) and T1oDE(%)y = 0. Hence
[I — DT(%)]y = —AnIL,DE(%)y + IoDE(£)y = 0

which implies that y = 0 by invertibility of I — DT(X). That implies that DF(%) is
injective. We want to show that DF(X) is surjective. Consider w € X (we want to
construct y € X such that w = DF(X)y). Let wy % Tyw and we = Teow. Define
Zm = —AnWn, Zoo = Woo ANA Z = Zyy + Zoo € X. We know by surjectivity of I — DT(X)
that there exists y € X such that

z=[I—DT(%)]y = —Aull,DF(%)y 4 I1oDF(Z)y.

Hence, zyy = Iz = — Al DF(X)y and zeo = Iz = IleDF(%)y. The invert-
ibility of Ay, (see RP4 above) implies that wy, = —(Ap) 'z = I1,,DF(%)y. We can
therefore conclude that w = wy, + Weo = I1,,DF(X)y + Il DF(%)y = DF(X)y.
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Next suppose that (&, ¢,ii) € X is a zero of the operator F given by
(3.29). Having Corollary 3.3.2 in mind we need to obtain the Fréchet
derivative of the operator F: X — X. Consider (aq,¢1,u1) € X. Com-
puting the difference

F(Ec+a1/4~)+4)1/ﬁ+ul) _P(&/J)Iﬁ)l

and neglecting the terms which are quadratic in (a1, ¢1, u1) leads to

DF[&, §, @) (a1, ¢r,u1) =

< DQ(§)¢1 — DP(©, (&))DO, (&)a: — L [ Dglii(t)]us (x) dx ) (3.74)
1y (t) — DP(©, (&) DO, (&)ay — L [} Dgla(t)|u(r)dr |

The next step in order to apply Corollary 3.3.2 is to characterize the
kernel of DF.

Lemma 3.3.1 (a1, ¢y, u1) € ker(DF(«, ¢, u)) if and only if
() = LDg[u(B)]m (1), (575)
11(0) = DP(®,(ax)DOya)a; and u1(1) = DQ(p)¢1. (3.76)

Proof 3.3.4 The proof follows by rewriting (3.75) in integral form and taking the
boundary conditions (3.76) at t = 0 and at t = 1 into account.

Theorem 3.3.2 Suppose that (&, ,ii) € X is a zero of F, and that DF(&, $, i)
is invertible. Then the intersection of W"(p1) and W3(py) is non-empty and
transverse on orbit(Q[¢]).

Proof 3.3.5 LetZ = P(©,(&)) € W"(py1) and define § = ®(Z,1) = ii(1). Then
by the fact F(&,0,1i1) = 0 it follows § = Q(¢) € W*(pa). Furthermore it follows
from the flow invariance of W"(p1) and W*(p2) that orbit(Z) = orbit(§j) C
WH(p1) N W2(p2), so that the intersection is non-empty.

®(z,t) € WH(p1) for any t € R, and by the chain rule

D.®(P(©,(%)),t) = DD(,t)DP(®, (%)) DO, ().

Then the columns of this matrix span the linear subspace of Te (s W" (p1) per-
pendicular to the orbit of Z for any t € [0,1]. Since the columns of —DQ(¢) span
TyW?*(p2) (and since the orbit passes through i) we have that the columns of the
matrix

[D®(2,1)DP(©,(3)) DO, (&) | — DQ(§)]
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span TyW*(p1) and TyW* (p2).

Assume for the sake of contradiction that the intersection W (p1) N W*(p2)
is not transverse at §. Then TyW*(p1) and TyW*(p2) do not span R" and there
is a non-zero vector & = (&1,&) € R™~1 x R" = R" so that

[D®(2,1)DP(0,(2)) DOy (&) | — DQ($)]¢ = 0.

M(le)DP(®v(5‘))D@v(&)gl = DQ(@)QFZ/

where M(Z,t) is the solution of the variational equation

S M(zt) = LDS[a()IM(z 1) M(2,0) = I

If we define aq = &1, ¢1 = G, and take uq: [0,1] — R" to be
up(t) = M(2,t)DP(®,(&)) DO, (&)ay  forall te€]0,1],

then (a1, 1, u7) solves the boundary value problem (3.75). Thus 0 # (a1, ¢1,u1) €
ker(DF (&, $,1)) which is a contradiction as we assumed DF (&, §, i) to be in-
vertible.

3.3.3 Chebyshev approach

Assume we are in the setting or Theorem 3.2.2 and recall Remark 3.2.4.
We first make the following observation.

Lemma 3.3.2 Let the bounds Y and Zj be defined as in (3.59) and (3.60). Define
the sequence Z(r) = (Zi(r))k>k,- Assume for some M > 0 the radii polynomials
pe(r) k =ko,...,M —1and pp(r) to be given as specified in Definition 3.2.2.
Finally let the conditions of Theorem 3.2.2 be fulfilled. Then || Z||s < r.

Proof 3.3.6 Using equation (3.67) of Proposition 3.2.4 and 0 < Y for all k > ko
we get
r
1ZkI < 1Yee+ Zi(r)lleo < 5
k
forall k > ko. Thus

1Z(r)[ls = sup | Z(r) [[cowi < 7.
k>ko

This enables us to proof the following Theorem.
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Theorem 3.3.3 Assume the conditions of Theorem 3.2.2 to be fulfilled. In partic-
ular let X such that f(%) = 0. Then D f(X) is an invertible linear operator.

Proof 3.3.7 Aiming to use a Neumann series arqument similar to the one in the
proof of Theorem 3.3.2 we first consider the operator norm |DT(%)||s of DT (%)
as map from X® to itself. We thus compute

IDT(x)]]s = Hsllllp IDT(x)vl|s = HS|1|1P IDT(x + ¢1)olfs
v||s=1 vlls=1

with & € Bx(r). We continue with

) 1 ) 1 _
[DT(%)||s = = sup [[DT(X+1)rv|ls =~ sup [[DT(X+&1)8|s =
" olls=1 " 1gls=r

1 —_
=, sup sup {||(DT (X + &1)G2)l|owi} <
&2 |ls=r k=>ko
1 o 1 1
<= sup {)|Zk(r)lewi} < = Z(r)||s < =r =1,
" 1ealls=r r r

where we used the definition of Zy(r) in 3.60 and the strict inequality follows
from Lemma 3.3.2. By a Neumann series argument

1-DT(%) = —~ADf(%)

is invertible. By invertibility of A we obtain that Df(X) is invertible. More
precisely assume that B = Df (&) is not injective. Then there is an x # 0
with Bx = 0. But then ABx = 0, as A is injective which is a contradiction to
invertibility of AB. To show surjectivity let y € X° be given. By surjectivity of
AB there is in particular an x such that ABx = Ay, which implies by invertibility
of A that Bx = y. O
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Chapter 4

Applications and approach
comparison

In this chapter we describe several numerical applications to demonstrate
the effectivity of our approach. We start in Section 4.1 by considering
symmetric homoclinic orbits in the Gray-Scott system. This system was
also considered in [60] where a similar approach to the one presented in
this work was taken. The difference is that linear splines were used in
the discretization and the formulation of the equivalent operator equation
(3.1) used the second order formulation of the system. We first describe
the Chebyshev approach to the Gray-Scott system written as a 4D first or-
der system where the symmetry condition is employed to formulate the
boundary conditions. In particular we extend some results on the exis-
tence of symmetric homoclinics obtained in [60].

Our next case study in Section 4.2 focuses on a generic first order system,
the Lorenz equations. The success of our boundary value approach relies
on a combination of the parametrization method together with the corre-
sponding discretization. By first presenting applications of our discretiza-
tion free approach, we take this opportunity to investigate the parametriza-
tion method together with the validation of the parametrization computa-
tions more closely. In the sequel we concentrate on the rigorous solution
of initial value problems in the Lorenz system. This will in particular en-
able us to scrutinize the dependency of our algorithm on the discretization
method in more detail and compare their performance. We finish by giv-
ing an application of the spline based boundary value approach in this
generic first order system.

83
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4.1 Symmetric connections in the Gray Scott system

We consider the Gray-Scott equation re-scaled by a time factor L given by
v = L? (0105 — A(1 —vy1))
vy = L? (%(02 — 01?}%)) .

More precisely, letting uy = vy, up = v}, u3 = vy, uy = vy and u =
(w1, up, U3, ug), we can re-write (4.1) as the following vector field:

(4.1)

Us
du L? (Auy + uqub — M)
o = 8) = 1 (4.2)

L? (%Mg, — %umé)
(4.2) has a hyperbolic fixed point g = (1,0,0,0)” where the eigenvalues of
Dg(q) are given by
1
vaa

We first give some background information how (4.1) arises in the context

o =+LVA  pze ==L (4.3)

of a reaction diffusion equation modeling a chemical reaction. In particular
we concentrate on the physical significance of the symmetric homoclinics
that we compute and describe the meaning of the parameters v and A. We
also elaborate on the mathematical role of the parameters for the existence
of exact analytic formulas for symmetric homoclinics as discussed in [27]
and for the occurrence of resonances in the eigenvalues of Dg(p). In par-
ticular we will find all possible resonances.

Then we describe the implementation of the Chebyshev approach for this
problem.

4.1.1 Background on the Gray-Scott system and results

Background The Gray Scott model serves as a model for a continuously
fed unstirred autocatalytic reaction. The homoclinic solutions we seek
represent non-trivial stationary spatial patterns in the form of pulses. Let
us give some more detailed explanations of what this means. Our main
source is [27] and references therein.

The Gray-Scott model is a particular case of a two component reaction
diffusion system. Reaction diffusion systems serve for example as a math-
ematical model for situations where chemical substances react with each
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other at certain rates while being able to distribute spatially in a prescribed
manner. We stress that reaction diffusion systems in general have attracted
much interest in the context of pattern formation [26, 51] and in the mod-
eling of biological processes [41].
"Two component system’ refers to the fact that two chemicals are involved
in the reaction. Let us denote those by A and B with concentrations a
and b. In addition the term ’continuously fed reaction” means that the
substance A is supplied at a certain rate 6. Schematically this is described
by

05 A+2B 5 3B, rate = kyab?

. (4.4)
B =% C, rate = kb,

where kj, are positive reaction rates and the rate 0 at which a is supplied
is assumed to be of the form

0= kf(ﬂlo — a).

This means 6 is positive if the concentration a is below some threshold
ap and negative otherwise. The mathematical model in the case where the
concentrations a(x, ) and b(x, t) depend on one spatial dimension is given
by the semilinear parabolic reaction diffusion PDE

oa d%a B

—— - 2 —

o Dy 9x2 kiab” + kf(ao a) @5)
ab b )

a = DBiaxZ + kltlb — kzb,

where D4 p are diffusion coefficients of A and B. After a nondimensional-
ization (4.5) becomes

~ 2 ~
W _ N 52RO )
9y PO o e '
j = dﬁ + 0103 SUZ
where the dimensionless constants R, S and d are defined by
kg ko Dg
R=-"2, S§=—"=2 dd=—==.
k1a0 klﬂé an DA

For details on the rescaling to obtain 3,7, we refer to [27]. (4.1) arises
when we look for stationary, that is time-independent, solutions of (4.6).
More precisely a further scaling is conducted (see [27]) and we obtain

v =v103 — A(1— ;)
1

vy =5 (02— v103)

4
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where

R
A=g and A=sd (4.7)

as the stationary equation from which (4.1) arises via a rescaling of time
with a factor L.

Results Next we concentrate on considering the first order system (4.2)
equivalent to (4.1) on the interval [—1,1] and seek for evenly symmetric
homoclinic solutions to the hyperbolic fixed point ¢ = (1,0,0,0).

Remark 4.1.1 1. From now on we interpret the interval [—1,1] as 'time’ in-
terval even if (4.1) is the stationary equation for the reaction diffusion PDE
(4.6). As this is a mere notational issue no confusion should arise.

2. We recall that for a function v : R — R by "evenly symmetric’ we mean
‘evenly symmetric about t = —1" in this case, that is v(—1+t) = v(—1—
t) for all t € R, as the we shift the origin in time to t = —1 to be in the
generic Chebyshev setting.

It is shown in [27] that for parameter values YA = 1 and A > 4 there exists
a family of evenly symmetric homoclinics. More precisely for all (A, y) in
the parameter set

1 2
Co= {(7'7)' 0<'y<9}
the functions given by

3y 3
ot 1+Qcosh(%) and o2(t) 1+Qcosh(%) “8)

with Q(v) = /1 — 977, induce an evenly symmetric homoclinic orbit to the
fixed point p of (4.2). Let us make two remarks about the consequences of
the relationship Ay = 1.

Remark 4.1.2 Taking into account the definition (4.7) of A and -y the relation

Ay = 1 means that

¥ _k

Dy Dy’
thereby relating the supply rate k¢ of A and the reaction ko at which B disappears
in terms of the diffusion rates D 4 p.



4.1. SYMMETRIC CONNECTIONS IN THE GRAY SCOTT SYSTEM 87

Remark 4.1.3 Resonances
Recalling (2.1.6) a resonance between the two stable eigenvalues iy and iy defined
in (4.3) is given if there are positive integers m,n > 0 such that

mpz +npy = j=2,4
Assuming 0 < v < % and

Ay=1 A >4,

we observe that from A = % we have that yy = yu4 and hence there is a resonance

between the stable eigenvalues py and 4 by setting m = 1 and n = 0 or vice
versa. If one considers the general case of resonances between yy and p4 we must
have

1 1 1
n\f)\—kmﬁzﬂ or n\/XerW:W

for integers m,n > 0 or equivalently

Vir= T m#D) o V= TR o)

n—1
—— ——
<0,unless n=0 <0,unless m=0

Hence we can get two families of resonance curves that contain all possible pa-
rameter values at which resonances can occur. More concretely these are given

by

Cm:{()\,'Y)i/\’Y:(M+])2} and Ci:{(/\’,y):)vy:an}

where m > 0and n > 2.

Furthermore Theorem C in [27] ascertains that the homoclinics persist
if Ay = 1 4 € for some positive € and [60] investigates to a certain extent
the magnitude of e. More concretely Theorem 1.1 in [60] shows the ex-
istence of 30 homoclinic orbits on the line o = 0.15 in parameter space.
Let us now formulate a result guaranteeing the existence of 297 homoclin-
ics for v € {0.14,0.15,0.16}, and for several different values of A. As a
preparation we introduce the notation

C1+kA

A%,AA(W):{(%A):A , keI},

for an index set 7.
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0.10 | 0.11 | 0.12 | 0.13 | 0.14 | 0.15 | 0.16 | 0.17 | 0.18 | 0.19 | 0.20
(y) | 045 | 0.50 | 0.55 | 0.60 | 0.60 | 0.60 | 0.65 | 0.70 | 0.75 | 0.75 | 0.75
(y) | 050 | 0.55 | 0.55 | 0.55 | 0.60 | 0.60 | 0.65 | 0.65 | 0.70 | 0.70 | 0.7

Kt(y) |90 |90 |90 [90 |90 |90 |90 |90 |90 |90 |90
() | 18 16 15 12 11 9 7 6 3 2 1

Table 4.1: Values of L and K in dependence of y

Theorem 4.1.1 Let Ay = 0.03 and y; = 0.14+ (i — 1)0.01 for i = 1,2,3. Set
I (vi) = {1,...,90} for i = 1,2,3 and T~ (v;) = {1,...,K (i)} where
K= () is speciﬁed in Table 4.1 for i =1,2,3. If

UA ), % A (7 )AA(’)’Z)

there exists a ball B (7,,1) C X® (with f, A(X) = 0) containing a unique solution
% = (0,d) of f,A(x) = 0 corresponding to an even homoclinic solution of (4.1).

For a geometric representation of the result of Theorem 4.1.1, we re-
fer to Figure 4.2 and Figure 4.3. The rigorous verification of Theorem
4.1.1 can be found in the MATLAB programs proofLambdaplusy.m and
proofLambdaminusy.m with v = 014,015, 016, and relies on Theorem 3.2.2.
All codes can be downloaded from [28]. The programs make use of the
package Intlab [48] for the interval computations and of the package Cheb-
fun [55]. Chebfun is used to compute the Chebyshev coefficients of the
exact solutions (4.8) from which a continuation is performed. The main
prerequisite for applying Theorem 3.2.2 is the construction of the radii
polynomials (3.62) and (3.63).

Beside these rigorously verified homoclinic solutions we investigated
a bigger region in parameter space by constructing the radii polynomials
p1(r),...,pm(r) without interval arithmetic and finding an r > 0 such
that p;(r) < 0 for all i = 1,..., M. The results are marked in black in
Figure 4.1. More precisely set Ay = 0.03 and ; = 0.10 + (i — 1)0.1 for
i =1,...,11 and let K*(;) be specified by Table 4.1. Define Z\.(v;) =
{1,...,90} U {110,...,K*(v;)} for i € {1,2,3,4,5,8,9,10,11}, T, (v;) =
{110, ..., K" (i)} for i = 6,7,8 and Z,.(y;) = {1,...,K (;)}. Note that

nr" stands for non rigorous. We found symmetric homoclinic solutions

for
1

(1,A) € U (A—I}r(%) (7i) U ;n}( DA (71))'

i=1
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>\ 251
20
151
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0.08 0.1 0.12 0.14 016 0.18 02 022

Figure 4.1: The green points indicate the region in parameter space at which the
rigorous proof of existence of symmetric homoclinics was obtained by computing
the radii polynomials with interval arithmetic. The red points indicate the region
investigated in [60]. The black points are investigated using the radii polynomials
computed without the use of interval arithmetic. Based on the discussion about
resonances, we portrait the curve C; and C pat which our rigorous method will
necessarily fail. Note that Cy is the curve on which the exact homoclinics (4.8)
exist.

These computations are carried out by the MATLAB program nonrigor-
oushomoclinics.m also to be found on [28]. We now give some details on
the derivation of the bounds involved in the definition of the radii poly-
nomials.

4.1.2 Formulation of the operator and construction of the radii
polynomial bounds for the Chebyshev approach

In order to be able to compute thebounds Y_1, ..., Yn—1, Z_1(r),..., Zpm-1(r) €
R* and Zy(r) € R* specified in (3.59) and (3.60) we need to specify certain
details for the general operator given by (3.51).
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08

06

04t

02

-1 08 -06 -04 -02 0 02 04 06 08 1 -1 -08 -06 -04 -02 0 02 04 06 08 1

Figure 4.2: Thirty-nine homoclinics from Theorem 4.1.1, where (A, ) €
A?l,...,30},0.03(0'15) on the left and (A, ) € A{il,.“,9},0.03(0'15) on the right. The red
solution corresponds to the exact homoclinic given by (4.8). Each couple (vq,v7)
is the center of a ball in function space in which an exact solution is guaranteed to
exist. The blue part over [0, 3] corresponds to the interval [—1,1] for the operator
(4.10), which in turn corresponds to the rescaling of [0, L*(0.15)]. The green part
is added by using the conjugacy relation (see equation (57) in [60]) fulfilled by
the parametrization P of W}, _(p), where we integrate for 2 time units on the time
scale of (4.10) and then rescale [—1, 3] to the interval [0,1]. The part over [—1,0] is
obtained using the symmetry.

5
1 -0.5 0 05 1 0 5 10 15 20 25 30 35 40

Figure 4.3: (Left) Components v; (black) and v, (blue) of the homoclinic
solution of Theorem 4.1.1 corresponding to the parameter value (7,A) =

14-89(0.03 .
(0.15,%) € A;+(0.15),0.03(0'15)' The interval [0,1] corresponds to the

rescaled interval [—1,1] of (4.10), corresponding itself in turn to a rescaling of
[0,0.6]. The interval [—1,0] is added by symmetry. (Right) The Chebyshev co-
efficients of v; (black) and v, (blue). Notice the fast decay of the coefficients to
zero.
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Formulation of the operator f for symmetric homoclinics

The first step is to compute the Chebyshev coefficients c; of g o u where g
is given by (4.2). Recalling Remark 3.2.4 which is based on Lemma 2.2.2
we can directly derive that the Chebyshev coefficients (3.45) of (4.2) are
given explicitly by

(a2)k
L2 (A(a) + (a1 * a3) — Adio)
(a4)k

12 (L (as)ic — L(ar + a2 )
where 6 is the Kronecker delta function and where

(arxa3)c= Y. (a1)j(a3) | (a3) o)

kq+ky+k3=k
kieZ

Cx = ’ (4.9)

To complete the statement of (3.51) we need to specify the boundary
conditions 7 : X* — R”.

We are interested in computing symmetric homoclinic orbits between
g = (1,0,0,0)T and itself. Note that g has a two-dimensional stable mani-
fold parametrized by two parameters. This yields that we are in the case
p = 2. Thus we need to stipulate two additional boundary conditions. We
use the fact that we seek even homoclinics to do so. Consider P(6) to be a
parameterization of the local stable manifold W} (p) at the steady state g.
In order to compute P we employ the parametrization method developed
in [7, 8, 9] that we summarize in Section 2.1.2.
We thus interpret symmetric homoclinic orbits as solutions of a BVP with
the boundary value u(1) = P(0), that is u(1) € W; (p). We impose
an even symmetry of the orbit (v;,v2) which implies that one imposes
v}(—=1) = up(—1) = 0 and v5(—1) = us(—1) = 0. Hence, the bound-
ary condition (3.49) reads as G(u(—1),u(1)) = (ua(—1),us(-1))" € R?,
p1 = P(0) and then the operator (3.26) is given by

uz( 1)
F(6,u)(t) = (=1) . (4.10)
+/ u(s))ds — P(6)

Using Ty (—1) = (—1)* yields

1(6,a) = ((az 0+22 (a2, (aa)o +22 )*(a4)k)-
k=1
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Together with (4.9) we hereby obtain an explicit expression f(x) = f,1(x)
for the operator (3.51) tailored to the problem of finding even homoclinics
in the Gray-Scott system.

Computation of the Y- and Z-bounds

Let us now derive the quantities Y_1,...,Yn_1, Z_1(r),..., Zm-1(r) € R*
and Zy(r) € R* specified in (3.59) and (3.60). The important ingredients
are summarized in Tables 4.2 and 4.3. For notational brevity we omit the *
in the convolutions sums in Tables 4.2 and 4.3 whenever convenient. The
technical details of their derivation are our next focus of attention.

Assume a dimension m for the Galerkin projection to be given. We start
by explicitly stating the Galerkin projection f(") : R¥"+2 — R*"+2 speci-
fied in (3.55). Let xr = (0,40, ...,am_1) = (0,ar) € R¥*2 then f(" (xf) is
defined by

7 () = (wz)oﬂ . _1)]:(512)]')
)j

(
(as)o +2 7:31(_1)1(014 ‘

0
Lz(al *az)( ) "
() = 2(m = 1)ap 1 + A
12 (—l(al *a%),(ﬂ )>
where we set
(a2)x 0
S _ L2 (A(a1)x — Ado) . L2(ay  a2){™
k (a4)x 0 ’
12 (L(a3)s) 12 (=L (e = a3){")

with the finite convolution sums

(@xad) = Y (@) (02)k, (435,

ky +ko+kz=k
|ki|<m
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0 +2ef 0
2 _ _ _ 2
Zk = {2(\‘73”“’3\\01\)?11 +2(|aswy [[os DM +2(\ﬂ1Hw3\|2’1\)ﬁ1} L (445 +241)
2

0 0
L2(2(|as[ws |01 )14 +2(1a3 1|03 +2(1a1 ||ws o1 DY) 5 | P4z +24y)
+ 0 +2€;5_4 0

2 _ _ _ 2
% {2(\%\\1"3\\”1 DM +2(|aglw |03 )M | + 2(|a | |ws|[og |)£{1] %(41“3 +241)

0 0 0
Zk L2((Jws 2|03 )My + 2(Jwy |[ws[os )2 ) o L2 L2 (([ws o3 )11 +2([wy | [ws [ )M ;) 003
3 0 k1| o | T 0 + 91

2 2
2 [dlws Plosht, +2(nllwslios i, | B \E [GwsP sty +2(Jws llws| o3}, |

<o o

Table 4.2: Formulas for Z¥, k=0,...,m—1
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% (I3 w301 )M +2(1as w1 [Jo3 )L +2(1a Jws] o1 )P 1]

m<k<M-1
1 0 0
1 [2A 2((|asPlo )M +2(|a a3 oz DL 5 L2(A3 +2A; A3)
o |1 0 T ki1 0
2 207, . 2
7 I~ L [asPlen D + 2 l1aslles DY, | L2 (43 +24A143)
1 0 0
1|2 L2((|az 2oy DM +2(1a [1a3] [o3 )M ;) 5 | LP(As+24143)
-l B O 0 e 0
Yk | o 2 2
L L [asPlon bt +2(a laslles )Y | L (A3 +24143)
0 0
L2 (2(|as|[ws| oy D, +2(|a3 ey |[os DI, +2(1a [[ws o1 DM 5 | P45 +24))
2¢
0 k+1 0
2 _ _ _
Z = [2(\H3Hw3Hv1\)kMH+2(\H3H701\|v3\)£11+2(IH1HW3H7’1\);€11} %(41“3 +241)
0 0
L2(2(|ag] |ws |[o1 )M} +2(1as|wq |[o3 )M, +2(1a1 |[ws o1 DM ) 23 L2(4A3 +24;)
0 k-1 0

2
L (443 +247)

0 0
2(([ws oz DMLy +2(Jwy [[ws oz )EL,) L?
3
0 +9€5,1
2
v

0
12
(w3 Plos DR, +2(wn lws][os )}, | L

0

2((|wsl?[os DM, +2(Jwy |[w3][o3 DM )

0

2 (s Ploshpty + 20w lws]os ]

0
2

3
91| o
2

2?

k >

1 0
L2A L2(sM-1 e M-y
3 33 13
A+ || 1 |+ 0

2 2 _ —
= Lt 4o
0
L?(4A3 +24A1)
M 3
U+ (g7 ey 0
2
%(4A3+2A1)
0
. 2
1+ (g2 B3y | o
LZ

Table 4.3: Formulas for Zk, k = m

M
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Note that as |k;| <m —1fori=1,2,3

(a7 * a%)]((m) = 0 whenever k > 3(m —1). (4.11)
Assume that a numerical approximation #r with f(")(%p) =~ 0 is given
and define ¥ = (¥f, O« ). First we notice that by (4.11), setting M = 3m — 1
suffices to fulfill assumption A.1 from Section 3.2.2. This can be seen by
realizing that for k > m + 1 we have that

(Tx — %) = —(Af(%)) =

0 0
_ -2 @) | | @) (4.12)
2k 0 0 '
—Saxad)h )\ @)

Recalling (4.11) we hereby see that (T¥ — )y =0fork—1>3(m —1),
hence for k > 3m — 1. Thus we set M = 3m — 1 and define M = M — 1 =
3m — 2. Our first goal is to compute bounds Y_j, ..., Yj; such that

[(Tx — X)e| < i

for k = —1,..., M. We therefore define

2m—2 times

and compute y = f(Z31,000) = (™) (Z51),0c0). Then we set Y as

Y, = (lAwllye)k k=-1,...m—1
%I k=m,...,.M

We now compute polynomials Z(r) = Y7 _; Zk! e R* (k= —1,..., M)
such that

sup  [(DT(%+ ¢1)G2)k| = Zi(7)
¢1,52€B,(0)

forallk = —1,..., M. In order to do so we use the splitting given in (3.69).
Let

&1 =r(0,w) and & = r(¢,v) (4.14)
with(6,w), (¢,v) € B1(0).
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Our first step is to compute polynomials z;(r) = Y7, zfr! such that

Dfi(%+&1)E — (ATE)k = zi(r) (4.15)

for k > —1. The componentwise estimation of |z(7)| as major step to ob-
tain Zi(r) is postponed to a separate consideration. We note that we have
to distinguish thecases k = -1, k=0,1<k<m—-2,k=m—1,m <k.

Derivation of z;(r) Let us start with the cases —1 < k < m — 1. For these
components we realize that

Dfi(% + &1)& — ATGr = Dfiu(% + &1)& — DA™ (%r)E2s

First we consider k = —1 in (4.15) and compute for x = (0y,a),y =
(6y,b) € X° and zp = (0,,dr) € R¥"+2:

Dry(x)y — Dy (z)yr = o (x + ty)li=0 — 1" (zF + tyr)|i=o

dt
_4a
o dt

(a+tb)2)o + 2]?0:1((“ +1b)2); 1=
(a+tb)a)o+ L ((a+th)s); )

)
dr + tbr)2)o + L5 (de + tbF)Z)j> ey = (Z}”im(bZ)j>
) - '

—~

d [ ((
dt (((dp+tbF 4)0+Z}n:711((dp+tbp)4)]‘ Z;im(b4>]
Setting x = ¥ + 1, zr = Xr and y = {» we obtain, recalling (4.14)
2t = (Lom(©2k) 4.16
! (z;'im<v4>k (&16

In addition as zfl =0 for ! = 2,3, we note that
z_q(r) = rz; L. (4.17)

We remark that in order to compute Z_;(r), that is among others to
compute a componentwise estimate on |z1(r)|, we will crucially use that
& € B1(0) C X®. This fact gives us information about the decay behavior
of the sequences v, 4 and enables us to estimate the infinite tail series in a
standard way.

Let us continue with computing for x = (0,,4),y = (6,,b) € X° and
zr = (0,,dp) € R¥"+2

Dfo(x)y — DA (er)ye = S folx 1) lemo — &7 (dy + thr) 1o (418)
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Keep in mind that we will later want to apply these calculations with
x =X+ 1, zr = Xr and y = ¢» with ¢, given by (4.14). In this context it
is essential that we compute first

m d m
(a+th)|i—o and Dec™ (dp)br = ~-c™ (dr + the)|1=o

d
DCk(El)b = PTAL

—C
dt k

for certain k > 0. In order to achieve this we have to compute

d
—((aq + tby) * (a3 + th3)?)k|1=0

dt
d
= 2 —(u1+tb1)‘kl‘(a3+tb3)|k2‘(a3+tb3)‘k3||t:0
ky ko +kz=k dt
kieZ
d
= ka T {(‘11)|k1\(a3)\k2|(a3)\k3\ + £(b1) 1k, (a3 )k, (a3) 1y +
1tk tks=
kiGZ

Ha1) 1k (03) 1k, (33) 115 + £(a1) 1,1 (43) 1y (D3) iy +
£ (b1) 1y (63) o (83) 1| + 2 (D1) 1y (83) 1y (D3) 1y +
£(a1) | (63) 1y (3 1| + £ (01) 1y (D3) 1y (b3)|k3\] —o
= Y (b)) (3) ey (83) 1y + (@1) kg (B3) iy (83) 1y |+ (21) 1y (3) 1y (B3) iy

k1 +ky+kz=k
kiGZ

= (a3 % by)g +2(a1 * a3 b3 ).

In the same manner we obtain that

d m m m
(4 tb0) 5 (d o+ £03)2) " i = (a5 % b)) +2(dy # d + ba) ",
This yields
(b2)k 0
L2A(b L? ((a3 *b 2 b
Deg(a)b = (bi)i)k p| e 1)k+0 (o1.%.a5 xba)y) (4.19)
%Z(bs)k %Lz (a3 % by)i +2(ay * ag = bs)x)
and
(B2 2 (@) ; ")
2 L2 ((d3 % by)," +2(dy *d3 * b3), "
(m) L )\(bl)k 3 1)k k
D dp)br =
Cr ( F) F (b4)k + 0
2 m m
%(b3)k *TLZ ((d% * bl);({ ) +2(dy * d3 >I<b3)](( )>

(4.20)
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fork=1,...,m —1. We now go on to consider

d
Dfo(x)y — DA™ (z¢)yr = E(ﬂo + thy — do — tho)| =0 +

=0

(Deo(a)b — ch’”> (dr)be) + 5 (Der(a)b — D™ (e b) w2
-2 Z 71 Dc] a)b — Dc( )(dp)bp) -2 i %Dc]’(a)b
j=m

- DP(GX)Gy.

We are now ready to set x = X+ r(0,w), zr = %r and y = r(¢,v)

with (0,w), (¢,v) € B1(0) C X® in (4.21). In order to get a polynomial
expansion
() -
Dfo(x+r(0,w))r(¢p,v) — Dfy " (%r)r(¢p,vr) = Zz 7l (4.22)

I=1

we hence need to consider
Dcj(a+ rw)rv — Dc™ (ap)ro
j j F F
for 0 <j<m —1. Recalling (4.19) and (4.20) let us first realize that

(@3 4 rws)? * rog =ra3 x v1 + 2r2a3 * w3 * vy + W3 * vy
(a1 + rwy) * (a3 + rws) * rvs =rdq * dz * v3
+ 12(a3 * wy * v3 + @y * W3 * V1)

+ 3wy % w3 * V3.

Thus we obtain

By

Mw

Dcj(a+rw)ro =

N
I
—_
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with ﬂ; (1=1,2,3) defined for every j > 0 by

(v2); 0
i L2A<Ul)]' 12 ((ﬁ%*vl>j+2(ﬁ1*ﬁ3*03)j)
B = ‘ +
(”(')4)] 0
2 12 o
%(7)3)]‘ TL ((a%*vl)j—i-Z((ll*ag*Ug)]‘)
0
; L? (2(a +2(a 2(a :
gl = (2(a3 * w3« v1); + 2(a3 *Owl*vg)k+ (@1 % w3 * v1)j) (4.23)
—L (2(@3 * W3 * 01)]' + 2(@3 * W1 * Ug)k + 2(@1 * W3 * Ul)]')
0
i L2 ((w%*vg)j+2(w1*W3*Ug)]’)
‘BS - 0
(3% 03); + 2(wy w3 % 03);)

Now assume 0 < j < m — 1. Then

(22); . ()
), L2A(01); L? ((aé*vl)‘ +2(ay * a3 * v3); )
Dc; "/ (ap)rop =r / /
§Z)4)]' 0
%(03)]' _TLZ ((ﬁ% * vl)](-m) + 2(ay * ag * Ug)](-m))

(4.24)

Remark 4.1.4 Difference of infinite and finite cubic convolution sums
Let sequences ay3 € ) and v13 € (O° be given. Then we consider the difference
(a%01)x — (a%vl),({m) of the infinite and finite convolution sums:

Yo (@)1 (33) ) (D) o] — Y (83) kg (83) ey (01) g =

Ky kg ey =k kg kg ey =k
kicZ |ki|<m
Yo @)y (@) g (O g+ Y (33) sy (3) kg (01) )
7m+l§k1§m—1 \kl\zm
[kj|>m  (i=2,3) kicz (i=23)
k1+ky+ks=k k1+ky+ks=k
Yo @)y (@) (O + Y, (@3) sy (33) kg (01) )
—m+1<ky <m—1 |kp|>m
;|=m (i=13) keZ (i=13)
k1+ky+ks=k ky+ky+kz=k
Yo (@) (@) ey (0D g+ Y (33) sy (3 kg (01) s
—m+1<kz<m-1 |k3|>m
i |>m (i=12) keZ (i=12)
k1+ky+ks=k k1+ka+ks=k

We make the following important observation. If (a3)y = 0 for k > m then we
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obtain that

Yo (@)1 (a3) 1y (00 — Y (33) 14y (83) ) (01) o) =

ky +ko k3 =k Ky +ko k3 =k
kieZ |ki\<m
2.1
= ) (a3) 1y (a3) gy (01) 1y = ((a3)701),
|k3|>m
kKeZ (i=12)
k1+ko+ks=k

where we define for a sequence a € ()
I 0 k<m-1
al = . (4.25)
a, k>m
Note that we encounter exactly the case (az), = 0 for k > m when we compute
Dc;(a+ rw)ro — Dc](m) (ap)rog.
In an analogue fashion we have in the case (a1)x = (a3)x = 0 for k > m

Yo (@) (a8) 1y (03, — Y (1) 14y (83) ) (03) ) =

k1 +ko+kg=k ky+ko+kg=k
kiez [ki|<m
I
= Z (”1)\k1\(ﬂ3)\k2\(03)|k3| = (mazv3).
k3 [=m
kiez (i=12)
ky+ka+ks=k

Using (4.23), (4.24) and Remark 4.1.4, we obtain for 0 <j <m —1
3 .
Dcj(a+ rw)ro — Dc](m) (ap)rvp = ZZ: K{rl (4.26)
=1

with K{ defined by

0
o L? (a3 % v]); +2(a * a3 x v});)
! 2 0 (4.27)
% [(ﬁ% * U{)] + 2((,71 * 03 * '('):I)))]]
K£,3 = .5]2,3'

Using (4.26) we can specify the polynomial expansion given in (4.22)
by
Dfo(x+1(0,0))r(9,0) = Dfy" (xr)r($,vr) =

23: (V) 1 3 1.1
Kr+ 5 ) KT
LTtk (4.28)

m=1 3. © q 3 3
-2 <ZK{7’1> -2 R (Z,B;rl)] = Zz?r]
I=1 j=1

j=2 -1\ j=m]"
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with
0 0,1 K = B 5
z] = K1+§K1_22'2_1_22-2_1 — DP(6+10)¢
j=2 1 j=m ] (429)
9= [+ o2 £ | 029
j=2

where 0 < r < 74, with an apriori bound 7,,,, on r.

We now go ahead to consider the cases 1 < k < m — 1. We obtain for
x = (6z,a) and y = (6,,b)

ka(x)y = 2kb; + (Dck+1 (Cl)b - Dck_l(a)b).
This yields for k =1,...,m — 1 and (1> specified in (4.14)

Dfe(%+&1)62 — A™2 = Dfi(x+ &)@ — D" (39)82 =
=L {(Dckﬂ(ﬁ + rw)ro — Dc,(c'j:)1 (ap)rwr) — (Dcg_1(a + rw)ro — Dc](f)l(ﬁp)rvp)}

3 3
=Y (k=) = Y2,
=1

I=1

where we define for j =1,2,3
k+1 k—1 _
‘ (k™ =) 1=1
zr = (4.30)
I {( ]l<+1_ Il(fl) l:2,3

with K’f and [3’53 given as in (4.27) and (4.23).

Finally for k > m we have that

Df(% +1)& — A'¢ = Dfi(X + &1)82 — 2krvy =
= [Dcyy1(d + rw)rv — Deg_1(d + rw)ro] =

3 3
= Y (B - gy = Y,
=1 1=1
where we define for j =1,2,3
zf = (B =B (4.31)

with ,B’l‘ given as in (4.23).
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Our next goal is to compute bounds Zx(r) = Y3_; Z¥r! such that
|z (r)| = Zi(r)

for k = —1,..., M, where we recall the notation < given in Definition
3.1.1. Similar notation will be applied for strict inequalities. We note that
the results can be found in Tables 4.2 and 4.3.

Derivation of Z;(r) and Z(r) Let us start with k = —1. Recalling (4.16)
and in addition that w,v € B1(0) C Qs implies in particular that |(v;)| <
Wii for i = 2,4. Hence by applying integral estimates in each component
we obtain

_ Yt [ Ldj Ll
e (Ziom]l = f&lid- =(s=1) (")
j=m s m—1 ] (m—1)51
We can therefore define

1
Zil=(s—1) (""‘P”) Z71=0 (1=2,3) (4.32)
(m—1)s-1
The decay information on the sequences w, v will continue to stay cru-
cial for our estimates. To define Z; for k = 0, ..., M we first derive bounds
Bf (1=1,2,3), K¥ and BM (I = 1,2,3) such that:

BS| < BF 1=1,2,3, k=0,...,.M
K| <KF  0<k<m-—1

BM B
Bl <=L 1=1,23 k> M.

Wy

(4.33)

To achieve this we will need to bound general cubic convolution sums.
Realize that every convolution sum can be split in the following way. Let
1€{1,2,3}, M >0and a,b,c € () sequences. Then

Y. Dy O = Yo bkl T Y Ak Okl
Ky +hy +h3 =k ky+hy +h3=k Ky ko +k3 =k
kieZ |k,‘|<M (iil ..... l) maX—1,.. | ‘kl‘ZM

The benefit of this operation is that in our case the sequences a,b will
be finite and thus by choosing | = 3 the first sum is finite and can be
computed via FFT and the second sum can be estimated by the following
results obtained in [25]. The next Lemma is a special case of Lemma A.4
in [25].
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Lemma 4.1.1 Let s > 2 be a decay rate and M; > M, > 6. Fix 1 € {1,2,3}.

Then for 0 < k < Mp — 1 there are computable numbers ei = ei(Ml, My) such
that

Z a\kl\b\kz\c\ks\ = Z(ABC)eg’

ky +hy +hg =k
max;_y,.; [ki|>M;

where A = ||al|s, B = ||b||s and C = ||c||s.
Proof 4.1.1 See [25].

We set Aj3 = mmax 1{|(ﬁ1,3)i|wi} and proceed to compute Bf for k =
=0,...,m—

0,...,M. Recalling (4.23) we aim to use Lemma 4.1.1 with M} = M +1
and M, = M = M + 1. Hence we obtain:

1 0
_ M _ _ M
f 1| | | 22(Ual e a2« fas) + s
|B1] = w | 1 + 0
L? 2 [, M _ _ M
; L [(asf? « [or )™ + 21« 1as] + [oa )™ |

0 1
2
(A3 +2A14;)

0
3 (Lz (A% + 2AlA?)) def Bk

0
15| < (L ( (13 * 03] * |o1])} —|—2(|ﬁ3|*|w1|*‘03|)I(€M)+2(|ﬁl|*‘w3|*|vl|)]((M))
2

0

L [2(1as] + [ws| + [or1){* +2(1s] [+ Jos )™ + 21| « ] + for )™ ]
0

(443 +241) | ar

0 2

%(4A3+2A1)

)
:

3
2¢;

1
2.,
w3 U3 +2 w1 * (w3 * |U3 ) 2| .
B < (Jews [ « Jos] ) 0( |+ [wos] « [os| ) o8 L1 o gt
2
(s + Jos )™ + 2w | + s * [os) ] L

(4.34)
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[

Recalling (4.27) we go on by computing KX fork =0,...,m — 1

0

0
0
3

L2 (a3« [or )5 + 2(1 | ¢ Jaa] = [ )
L (a5 s [or )M + 21| ¢ s  [05)™
€k

+
12 (A3 + 2A1A3)

0 = KE
L (A3 +24145)

(4.35)

remind the reader of equation (2.43). Thus we obtain

Concerning the uniform bounds BIM for I = 1,2,3 specified in (4.33)
we use Lemma 2.2.5 with n = 3 and M; = M. In particular we wish to

1 0
\[3"|<i LA | agy | L2(Af +2A145) d:ef%
U=wi| 1 w; 0 w;
2 2
L (A3 +2A14,)
0
w3 | L2 (4A3+2A7) | 4 BM
5 < | =% (430
w} 0 w}
2
%(4A3+2A1)
0
; _
) < 2 | 17 | e B
wy 0

-
Wi
LZ

we have a bound A € R* such that

Let us now estimate |z?| forl =1,2,3. To this end we first assume that

IDP*(6 4 18)¢| < A

for all r with 0 < 7 < 74priori, Where 74pri0ri is an apriori bound on r.
The details of achieving this via an argument based on the Mean Value

Theorem are explained in [60]. The reasoning in 3.1.2 is very similar in
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spirit. Recalling (4.28) we have

29 <L K0+1K1+mfl<f L ypn “u_| A
z _ ~ 77 4 Tee /Y AN
1 1 2 1 5 1k2_1 fard 1 &2_1)/
I STE-IF
i 1 m=1 . 1
<LK+ 5K+ ) K
I = ]
S M +AEZ
Lo P e ymonen | AT A
2] <L B0+131+§:Bk Ly pp " © 70
zZr| 1T 5"l 5 l]'2_1 ) (Mz_l)(s_1)<M_1)(s—1) =4
(4.37)
Then fork=1,...,m —1 we have for ] = 1,2,3 that
2] = (K™ + K = ZF (4.38)
And fork=m...,Mand [ =1,2,3 we get
|2F| < L(BF! + BF1) = 2§, (4.39)

Taking (4.32), (4.37), (4.38) and (4.39) together we obtain polynomial ex-

pansions
3
IDfi(% + rwy) — Atrw| < Zi(r) = Y Zf7' (4.40)
=1

forallk=-1,..., M.

By definition of A and AY there is a J such that for all k > —1
|(I-AADE )| <16 € R

where the inequality is to understood componentwise. We now define
for | =1,2,3 vectors V; = (Z;1,29,...,Z"" 1) € R¥*2 to obtain for k =
-1,.... m—1

75 = (|Au| V)i + 6

_ (4.41)
Zf = (|AnlVk =23

and fork=m,...,M

1.
Zlk:ﬁzf k=m,...,M (4.42)
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and hereby have that for all k = —1,..., M

|(DT(x+&)&)l < Y Zfr.

As the right hand side is independent of {1, we can take the supremum
over all ¢, € B,(0) C X® and obtain

3
sup [(DT(x+&1)&)l = Y Z7!
¢1,52€B,(0) =1

forallk =—1,..., M.

We now are able to combine equations (4.57), (4.68) and (4.69) to define
the radii polynomials for k = —1,..., M specified in (3.62) by setting

3
pe(r) = Y+ Y.z — 1, (4.43)
=1 Wi

Let us consider the tail radii polynomial from (3.63). We then seek a
bound Zy,(r) such that

1
sup  |(DT(% + rwy)w2)i| X —Zm(r)
wl,wzeB,(O) wk
for k > M. The result can be found in Table 4.3. To this end let us compute
bounds such that
2| < *Zz
wh
for k > M. Recall that z¥ = k“ ﬁk U with Bt specified in (4.23). For
I = 2,3 we aim to use (4.36). Concermng the crucial term for [ = 1 we will
follow a more refined reasoning we specify momentarily. Thus we obtain
forl =2,3:

BM BM 1 1 w1 -
12K <L (;%—l) < BM o (1+(1+M)5> d:fw*ZlM (4.44)
1

S S
Wep Wi Wi k

where we applied the following trick:
1 n 1 < 1 n 1 l kS
(k+1)s  (k—1)5 — k* (k—l) ks
M (M+1)°
MS

1
1
1 il

<

T~ TR
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We could proceed in an analogue fashion for the linear terms but we can
achieve sharper bounds by applying the following reasoning. Remember-
ing (4.30) we first need to consider for k > M the convolution term

m—1 m—1

Yo (@) (83) 1y |01 k= =k,

h:—m+1b:—m+1

‘(ﬁgvl)kﬂ' =

< Z Z (|ﬂ3|)|k1(|ﬁs|)k2|(k+11k1kz)s

ki=—m+1ky=—m+1

LYY (ashy s 3
=" az| )k, 1 U431 |k
wy = k2:7m+1 [k1] |2 | k+1—k —k)
1 m—1 M’
< — (1a3]) 1k, (1@3]) k) max( 1)
Wy klfg1+1 szfszrl fal ol (M+1—ki — ko)
def 1 ZM+1.
wy

(4.45)
In an analogue fashion we have that

@0 < 2 T T (sl (sl oy max( o MZDy
az(b2)1)k-1| < — a3 )k, (13]) |k, Max ,1
wlfr ky=—m+1ky=—m+1 il l (M_l_kl _kz)s
def 1 ZM 1
w[z 33
. 1 - M
a1d ] <= a a max ,1
[(@1a3(b2)1)k-1] < o k1:;n+1k2:§1+1(| 101k (181 1y ((M+17k1,k2)s )
def 1 M+1
= (7’5(21;
1 " (S (M —2)°
a1az3(b <= a a max ,1
|( 1 3( 2)1)]( 1‘ — wlsc k12_2n1+1k2:§1+1(| 1|)‘k1‘(‘ 1|)‘k2| ((M_l_kl_kz)s )
def 1 M-—1
- wli 13

(4.46)
In the estimates above the following elementary reasoning is crucial. Con-
sider 7 = (¢ +1 1= for a constant ¢ € R and k such that 7; is well defined.
Then we have

k
- >1 >1
k+1—c¢c— €=
7k <1 ¢<1
k+1—c— -

So in the first case 711 < T whenever defined and so we have 7, < Ty.
In the second case we 7 < 1 for all k where it is defined and we can use
this to estimate the sum.
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Thus inserting (4.45) and (4.46) into (4.30) we obtain the estimate

1 0
M+1 M+1 | s M-1 M—1
(o L e L) [ A Ygp H2N3 T + Iy 25
|21] =< W +(1+ ﬁ) 1 0
1 1 (yM+1 M+1 | s M-1 M—1
! 1(z 4+ oxt o oxl )
def 1 =M
- Ezl .
k

(4.47)
The next step is to apply A to the estimates on |Dfy(% + rwy)rwy)) —
(ATrwy)y|. As

1 1
<
2k — 2
for k > M this leads to setting
1 5
M _ M
Z)" = ZMZZ (4.48)

for | = 1,2,3. Then defining Zj(r) = ¥;_; ZMr! we finally have that

sup |(DT(x + )3 < < Zu(r)

S
w1,Wr k

for ¢, given in (4.14) and all k > M.

4.2 The Lorenz system

In this section we consider the well-known Lorenz equations (see e.g. [52])
given by the 3D ODE system

X =0y —x)
Yy=px—Yy—2xz (4.49)
z=xy— Bz,

where B, p and ¢ are real parameters. The system has the equilibria

71=(0,00) g25=(£/plo—1),%/Blo-1),0-1),

where 3 exist for f(p —1) > 0. The classical studies conducted on the
system consist in fixing the parameters p = % and ¢ = 10 and consider
p as a bifurcation parameter. For an extensive overview of analytical and
numerical studies we refer the reader to [52].
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We begin our treatment of the Lorenz system with the discretization-
free approach. We fix the parameter ¢ at the non-classical value o = —2.2
and let B = §. In order to study the connecting dynamics in the vicinity
of the pitchfork bifurcation at p = 1 we vary p starting from p = 1.33 and
investigate connecting orbits from the origin to the secondary equilibrium
g2. Our focus of attention is twofold. First we investigate the validation
procedure for p = 1.33 more closely. In particular we elaborate on the
usage of the conjugacy equation (2.9) for the integration of the flow on the
stable manifold of g,. Second we implement a simple continuation scheme
to show the success of our procedure for several values of p in the interval
[1.33,3.2].

We continue our study with an application of our methods to the rigorous
solution of initial value problems at the classical parameter values g = §,
o = 10 and p = 28. This is motivated by the fact that we can concentrate on
the role of the discretization method. We use this opportunity to compare
the spline and the spectral approach. See in particular 4.2.2. We finish by
presenting an application of the spline based boundary value approach to
compute connecting orbits at the parameter values § = & and ¢ = —2.2

3
for several values of p.

4.2.1 Discretization-free approach

In this section we describe the proof of the following Theorem.

Theorem 4.2.1 Let the parameters B = % and ¢ = —2.2 in the Lorenz system
(4.49) be fixed. Define the parameter set for p by

U={p:p=133+k0.01 with k=0,...,186}.

Then for every p € U there exists a tranverse connecting orbit from the origin to
the secondary equilibrium gs.

We first like to give some more details about the computation of the
parametrization maps P and Q for the case of the Lorenz equations.

Details on the computation of the parametrization We focus our at-
tention on the parametrization P of the stable manifold of the secondary
equilibrium g, for p fixed at 1.33.

Assume the parameter values = §, 0 = —2.2 and p = 1.33 to be cho-
sen. Denote by A, the stable eigenvalues of Dg(g2) with corresponding
eigenvectors i ,, where g is the Lorenz vector field. Note that we have
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A, = —1.5198 £0.3893i € C with A] = )T; and ¢f = E; € C3. Hence
ms = 0 and I; = 1. This directly implies that A{, are non-resonant. More
precisely assume that for a general A € C \ R and for k1, € N

kl)_\ + kz)\ =A& k1}\ = (1 — kz)/\
Comparing real and imaginary parts directly yields
ki =1—k
ki =—(1-kp),
which entails k; = 0 and k, = 1, which is of course a tautology. A similar
reasoning applies to k1A + koA = A. Together it follows that in particular
Aj, are non-resonant. Hence we can use (2.15) in order to compute the

coefficients (ak)‘k‘zo, ay = ((ak)l, (ak)z, (le)g) € Ca, k = (kl,kz) € N2
necessary to define P : R? O V,, — R3 by

P(¢) = P(¢1,¢$2) = f(d1 +ig, o1 — i) =
Y Ak (91 + i) (1 — i)

ky+hp=0
k>0

The constant and linear constraints yield ao0 = g2, 4(10) = ¢] and a(g1) =
¢5. Next we give a concrete expression for the coefficients c; involved in
(2.15). In order to do so the following remark is helpful.

Remark 4.2.1 (Cauchy-Product in two variables) Omitting details of conver-
gence questions for the moment, we need to be able to compute Cauchy-products
of the form

Z Zaklkz le{lzgz Z Zb’ﬁkz le2 -

=0k,= =0ko=

= Z Z A(ky,k2) ZZ Zl Z Z bk1kz Z2 le =

k1=0k,=0 =0 ko=

—— %,—/
de! def

=My =P

0 k1
= 2 (2 anllBkl_nl> Z]Il'

k1=0 \m=0

Computing the Cauchy-Product &y, By, —n, we get

oo o0
_ ko 2
lx"lﬁkl_nl - Z A(nyky) %2 Z b(klfnl,kz)zz
kr—0

ko ‘
< Z a(nhﬂz)b(kl—”l,kz—”z)) 222'

n2:0
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In summary we get

Z ZaklkzzlzZ Z Zbklkzzﬂzz:

Okz 0k2

) ki ke
E Z <Z Z a("l,ﬂz)b(kl—m,kz—ﬂz)) ZIPZSZ

=0k,= n1=0n,=0

(4.50)

Note that the change from summation over k1 + ky = k, k1o > 0 to the double
sum over ki corresponds to a change of summation order that we assume to be
possible by absolute convergence of the series involved.

Recalling the Lorenz vector field g : R> — R stipulated in (4.49) and
using (4.50) the left hand side of the functional equation (2.11) for f reads
explicitly as

00 o ((a(kl,kz)) (“(kl kz))l)

k _;:0 p(a(kl kZ)) (a(kl kz)) +
1k,‘220 _’B<[l (kyk2) )

(4.51)
0
Z =0 an 0( (m, ﬂz))l(a(kl—nhkz—ﬂz))?’ Zlilzgz'
an Oznz O( (1, nz))l(a(kl—nl,kz—nz))z
Concerning the right hand side we get

(Z Zaklkz klz1 2) /\izl—k(Z Zaklkz kzz1 222 1) S2p =

ki=1k= 0ky=1

= a5 +apnAze + Y Y Ak (kA +kaA3) 2y 25
ki=1ky—1
(4.52)

Matching like powers we rediscover the linear constraints for (ki,ky) =
(0,0) and (k1,k2) € {(1,0),(0,1)}. In preparation for matching like pow-
ers for ki1 + ko > 2 we realize

0
Ek ()Z ( (n1,m2) )1( (k1 —n1,kp— n2)>3
an oznz 0(A(ny,m2) )1 (A, 1y ky—nz) )2
0
= —an 02,12 0(A(n1,m) )1 (A (ke —ny ky—n2))3 | +
En 0 D2 0@y 1)1 (A )2
0 0 0
(a(0,0))3 0 —(@00)1 | ki)
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Figure 4.4: Local Stable (red) and local unstable (blue) manifolds for Lorenz
when o = —2.2, B = 8/3 and p = 1.33. Black spheres denote the location of the
fixed points.

where we define the notation Zﬁll -0 2?220 to denote that

(m1,m2) ¢ {(0,0), (k1, k2)}-

Finally we match like powers for ki 4k, > 2 by comparing (4.52) to (4.51)
and get the homological equation

—0 — (k1Af +k2A3) o 0
p—(a(,0))3 —1— (k1A] + k2A3) — (a0 kiky) = C(ky )

(a(0,0))2 (a0,0))1 —B — (k1A +k2A3)
(4.53)

with
0
k/
C(kl,kz) = an 0 an O(a(nl,nz) )1 (a(kl—nl,k2—n2) )3
an =0 an 0( 1’11 ng )1(u(k1—1’11,k2—1’12))2
We identify the structure

(Dg(q1) = (Atks + A3k2)133) Ak, ky) = Cliya)s
as stated in Lemma 2.1.1.
Validation of connection at § = 3, o= —22and p =133 Next we dis-

cuss the validation process more closely. We start by choosing parametriza-
tion orders M = 45 at q; and N = 35 at q2. Note that the choice of a
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higher parametrization order for the unstable manifold of the origin is
motivated by the fact that the unstable eigenvalues at the origin are given
by Af, = 0.6000 = 0.6049i and thus the spectral gap p from Theorem 2.1.1
is smaller than for A], given above, necessitating a higher order to get the
same accuracy. Furthermore we set the domain sizes to v, = 0.725 and
vs = 0.575. As m,, = ms = 0 (i.e. we have complex conjugate eigenvalues
at both g1 and ¢7) the norm in parameter space V,,, C R is the euclid-
ian norm. Figure 4.4 shows the image of V;, under the truncated stable
parametrization Py and of V;, under the truncated unstable parametriza-
tion Qu suggesting the existence of a transversal intersection. For these
domains and parametrization orders we obtain the following numerical
defects in the functional equation (2.11):

lgo fn — DfnAs|lsy, <629 x 1071
and
g © hapt — DhaiAy|ls,, < 1.09 x 10713,

where A, ; € C?? are diagonal matrices with the (un)stable eigenvalues
on the diagonal. Using Theorem 2.1.1 we get a-posteriori error bounds
5, =33x10" " and §; = 3.5 x 10~ 4.

To proof the existence of a connection we go on to set a phase condition
in unstable parameter space. We pick a circle of radius v = 0.70796507495989,

ie. we set
[ cos(«)
Oa) =v <sin(zx)> ‘

This completes the concrete formulation of F given by (3.16). Using a
classical Newton iteration we obtain an approximate solution

a = —1.08544433208255 (radians)

and
¢ = (—0.018554373780656, 0.548268655433034 )

with
|F(& @)oo < 2.25 x 10714,

By applying the validation Theorem 3.1.2 we obtain rigorous error
bounds on (&,¢$) and get the radius 7 = 2.72 x 10712 such that we can
guarantee a unique solution with [|@(&) — O(a)|» < 7 and ||¢ — |2 < 7.
The corresponding computations are carried out by Disfreerho133.m to be
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Figure 4.5: Validated tfransversal connecting orbit for Lorenz when ¢ = —2.2,
B =8/3 and p = 1.33. The image of the phase condition ® is shown as a green
circular arc on the local stable manifold. The solution of the discretization-free
operator F is shown as a black dot on the intersection of the manifolds and the
green phase arc. The pink arc is the image under the parameterizations of the
flow in parameter space.

found at [28]. In addition we can compute a representation of the con-
necting orbit by flowing ®(&) in V,, and ¢ in V;, under the linear flows
of J,s (induced by A, ) and lifting to phase space via (2.9). The result is
shown in Figure 4.5. We now go on to scrutinize this process more closely
and in particular compare this integration of the nonlinear flow via the
conjugated linear flow to integration of the flow in phase space.

Nonlinear flow integration in phase space vs linear integration in pa-
rameter space Suppose we would approximate the (un)stable manifold
of g1, by a linear approximation as done in the classical approach of pro-
jected boundary conditions used in [1, 19]. We ask the following questions:

1. Which domain sizes 1/3,’; do we have to choose in order to get the

~J

same a-posteriori accuracy, that is , s = 3 x 10142

2. How long do we need to integrate the linear flow in parameter
spaces V,,, in order to flow the approximations & and ¢ from above
to get to these smaller neighborhoods Vi ?

3. How does standard numerical integration behave in comparison?
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Figure 4.6: Dependence of J,,s on vfffsl, where 6, is shown in blue and J; is
depicted in red.

Concerning the first question we resort to a heuristic study. Figure 4.6
shows the dependence of the a-posteriori errors 6, on vff,’;. That is we
keep the parametrization order N = M = 1 fixed, i.e. conduct only linear
approximation of the manifolds, and vary v/”. We find that we can choose

vin = ylin = 3 % 1078,

Let us now turn to the second question. Recalling 2.7 we use that the
linear flow in stable parameter space is induced by the matrix

o . s cos(ys) —sin(7s)
p(Js) p(Re(2})) (sin(%) cos(7s) )

where exp(iIm(Aj)) = (cos(7ys) +isin(7ys)). A similar formular holds
for exp(Ju). As a consequence exp(J,s) have the structure exp(Jus) =
exp(Re(A]*))D,s where D, is an eucledian isometry. In particular we
get that

lexp(Jut)glla = e™l|@ll,  and  [lexp(Jst)gpll2 = e *[|p]|2.

Thus the unstable and stable parameters ¢§ = (&) and ¢ can be flown in

1 3x10°8 —1 3x10°8
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Figure 4.7: Flow in parameter space. On the left hand side the unstable param-
eter space is shown. The blue circle corresponds to V;, together with the green
circle illustrating the phase condition. The cyan star is @ (&) and the blue curve
depicts its orbit under the linear flow induced by J,. On the right hand side we
see the corresponding picture with V,,, and ¢.

time units into the neighborhoods V. Figure 4.7 depicts the phase por-
trait of these linear integrations. Lifting these orbits via the conjugacy
yields Figure 4.5.

In order to answer the third question we compare with standard nu-
merical integration in phase space by flowing

7. = Qu(exp(—28.3],)0(a)) € R?
forward in time and check the convergence behavior by monitoring
d(t) = [[P(qu, t) — q1l|2- (4.54)

On Figure 4.8 we see that in the beginning we can observe convergence
towards g1, but after 32 time units in the vicinity of the equilibrium nu-
merical errors cause the orbit to switch to its local unstable manifold. This
effect is circumvented completely during the integration using the conju-
gacy relation, where can integrate over 28.3 4- 11 = 39.3 time units without
any instability effects.

Proof of Theorem 4.2.1 To proof Theorem 4.2.1 we implement a simple
continuation scheme. The continuation begins with p = 1.33, v, = 0.725,
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Figure 4.8: The time evolution of d(t) ((4.54)) is depicted, where the integration
is conducted by a standard Matlab ‘ode45’ integrator with AbsTol = 1071°. We
see convergence towards g, before at time ¢ ~ 32 the minimum distance of 1.8 x
1072 is reached. The numerical error causes then divergence along the unstable
manifold of g;. Note that the unstable eigenvalue of q; is A" ~ 1.57.

vs = 0.575, and a phase circle fixed at v = 0.70796507495989. Each step
of the continuation increases the previous value of p by 0.01, the previous
value of v, by 0.0079, the previous value of vs by 0.0108, and the previ-
ous value of v by 0.0079. In each computation the value of N and M are
held at 30. For each value of the parameters the origin g4; has two di-
mensional unstable manifold and the secondary equilibrium g, has two
dimensional stable manifold, both with complex conjugate eigenvalues.
The transversality follows by Theorem 3.3.1. The proof is completed by
running Disfreecontinuation.m to be found at [28]. Some of the the results
are summarized in Table 4.4, and seven of the resulting orbits are illus-
trated in Figure 4.9. It takes about three and a half hours for all 187 proofs
to complete by running .

The proofs reported in Table 4.4 can be produced by running the program
Disfreecontinuationll.m [28] without computing all 187 parameter values.
This program runs in a much shorter time.
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p Oy s 7 Proof Time
1.35 226 x10718 278 x 1071 | 1.36 x 1071 | 86.5 (sec)
145 3.03x10713 4.00x1071* | 2.86 x 10712 | 87.1 (sec)
155 4.83x10713 370 x 1071 | 3.00 x 10712 | 87.2 (sec)
1.65 849 x 10713 389 x1071* | 487 x 10712 | 87.0 (sec)
1.75 154 x10712 555x 10714 | 8.65 x 10712 | 87.1 (sec)
1.85 2.88x10712 6.33x 1071 | 1.60 x 10711 | 87.0 (sec)
195 547 x10712 7.70 x 107'* | 3.05 x 10711 | 87.0 (sec)
205 1.05x10°1 853 x10 1% |584x1011 | 87.1 (sec)
215 203x10°1 113 x 10718 | 1.15x 10710 | 87.3 (sec)
225 398 x 1071 123 %1071 | 228 x 10710 | 89.5 (sec)
235 7.95x 1071 154 %1071 | 462 x 10719 | 955 (sec)
245 159 x 10710 1.72x 1071 | 9.39 x 10710 | 102.6 (sec)
255 316 x10710 215x 10718 | 1.91 x 10~ | 104.5 (sec)
265 620x10710 237 %1071 | 3.84x 1077 | 96.8 (sec)
275 120x107° 278 x1071B | 758 x 1072 | 91.1 (sec)
285 227x107° 334x1071B | 150 x 1078 | 91.2 (sec)

Table 4.4: Proof of short-connections for sixteen different values of p.
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Figure 4.9: Seven validated transversal connecting orbits for Lorenz with o = —2.2,
B = 8/3 and p taking the values 1.35,1.55,1.75,2.05,2.25,2.55, and 2.75.

4.2.2 Rigorous solutions of IVPs

Next we consider rigorous solutions of IVPs using both the spline and the
chebyshev approach. This will enable us to compare the two discretization
methods explicitly. We start by presenting the Chebyshev approach and
go on to compare the Spline approach.

Chebyshev approach

Recall that the operator f is given by (3.52) and using Lemma 2.2.2 we get
that the chebyshev coefficients c; of g o u are explicitly defined by

o((az)k — (a1)k)
e =L| pla1)r — (a2)x — (a143)x (4.55)
(a12)k — B(a3)k

with
(@nam)i =Y (an) k) (@m) iy
ky+hp=k
kieZ
forn =1, m = 1,2 and k > 0. Finally assuming an initial value p;

to be given this yields an explicit expression for the IVP operator f. We
emphasize again that in this case there are no invariant manifolds involved
and the operator f has no dependence on parametrizations. Let us go on
to present some rigorous numerical results for different initial values p;.
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Theorem 4.2.2 Consider

pl = (8.102574164767477,9.551574461919124, 24.429705657930224 )
p? = (—0.208252089096454, —0.454566900892446, 0)
p3 = (4.102702069909453, 8.936495309135337, 0.5789130478426856).

Let s = 2. For py € {pi,p3,p3} consider the IVP-operator f given by (3.52)
with ci as in (4.55). For each L in Table 4.5 there exists a unique solution ¥ € X®
of f(x) = 0in a ball B’?(?P}’Z’S) C X°® of radius EE centered at an approximate
solution X.

L |05 1 1.5 2 25 3
my | 50 100 200 250 300 500

my | 300 300 300 350 500 failed

my | 150 200 300 400 500 600

P | 261 107 [ 127 x 1078 | 2.85 x 1078 | 8.77 x 1073 | 453 x 10~7 | 1.03 x 10~°
P | 192 1077 | 6.81 x 1077 | 1.49 x 107° | 2.60 x 107° | 4.81 x 10° | -

7 | 1.07 x 1077 [ 1.31x 1077 | 6.29 x 10~7 | 1.09 x 107 | 1.40 x 10~¢ | 5.17 x 10~°

Table 4.5: Given p%’z’g’ and for a fixed L, these are corresponding values of the

Galerkin projection dimension m 125 and the radius 7125 around the approxi-
1 1
mate solution ¥ in X® for which the radii polynomials approach was successful.

Before we discuss the proof via an application of Theorem 3.2.2 we
comment on the choice of the initial conditions. p} is chosen to lie approx-
imately on the unstable manifold of the positive eye equilibrium

(\VBlo—1),\/Blo—1),p—1),

p: lies approximately on the unstable manifold of the origin whereas

p3 is taken randomly according to a uniform distribution in [—10,10] x
[—10,10] x [—10,10]. As one can see in Table 4.5, the data of the veri-
fication method depends strongly on the choice of the initial condition.
We assume that this stems from the presence of poles of the complex ex-
[~1,1] — R3 of (4.49) whose position in the
complex plane changes depending on the initial condition and the scaling
factor L. By Theorem 2.2.2 this influences the decay rate of the Chebyshev
coefficients. This is illustrated in Figure 4.10. We refer to Figure 4.11 for a

tension of the solutions u :

representation in phase space of two solutions of Theorem 4.2.2.

The proof of Theorem 4.2.2 can be found in the MATLAB programs
proofLorenzl.m, proofLorenz2.m and proofLorenz3.m at [28]. It relies on The-
orem 3.2.2 and uses the package Intlab [48] for the interval computations
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and the package Chebfun [55]. In order to apply Theorem 3.2.2 the con-
struction of the radii polynomials as defined in (3.62) and (3.63) is cru-
cial. After the following remark we aim to give some details about the
derivation of the bounds defined in (3.59), (3.60) and (3.61) involved in the
construction of the polynomials.

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
tiL L L

Figure 4.10: Comparison of the componentwise solution profiles of a solution
u: [-1,1] — R3 of the Lorenz equations for the initial condition p} (blue), p?

(red) and pi’ (green) for L = 1 and of the decay rates of their Chebyshev coefficient
sequences.

(a)

Figure 4.11: Profile in phase space of the solution (uj,u,u3) of the Lorenz
equations starting at (a) the initial condition p}; (b) the initial condition p3.

Remark 4.2.2 Consider an approximate solution X and a corresponding unique
genuine solution ¥ € Bz(r) C X® of f(x) = O for a decay rate s > 1 and a
radius v > 0. Via the expansion (3.43) the sequences of Chebyshev coefficients X
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and % correspond to functions i and i respectively, where i solves (4.49) with
respective initial condition p. Given s > 1, the inequality || % — %||s < r can be
used to get that

7=l = sup [la(t) —a(t)]o
te[-1,1]

< [|@0 — @olleo +2 sup Y 1@ — axlleo | Te(t)]
te[-11] k=1 e

> 1 2
<(142) — 1’§<3+>r.
k=1 Yk s—1

We now turn to the computations of the bounds involved in the construc-

<1

tion of the radii polynomials.

Derivation of the Y and Z bounds Recalling (3.52) we do not have ad-
ditional boundary conditions and thus are in the case p = 0 and ko = 0.
As we consider a 3D ODE we set d = 3. Let us now derive the quantities

Yo,..., Ym—1, Zo(]”),. . .,ZM_l(T) S R3 and ZM(T") S R3.

Assume a dimension m for the Galerkin projection explained in (3.55)
to be given. We start by explicitly stating the Galerkin projection

f(m) - R3" — R

Let xr = (ag,...,am_1) = ar € R¥" then f(m)(xF) is given component-wise
by
(m) m—1 1

m m C
£3" (k) = p1 — a0 + ¢ )+12—2j_2 71

(m)
¢

A (xp) = 2kag + el — ™ k=1,...,m -2
0
(m) —2(m—1 _ (m) | _ (m)
fon1(xF) (m—"1)ay_1+ L(a1a3)m, Conn
L(&llag),(nm)
where we define
o((a2)x — (a1)x) 0
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with the finite convolution sums

(araz)™ = Y. (a1) gy (32) gy

ky+ky =k
|k,‘|<m

(mraz)"™ = Y (1) 4y (a3) k-

y +Hep =k
lki|<m

Note that as |k;| <m —1fori=1,2
(alaz),(cm) = 0 whenever k > 2(m —1). (4.56)

Assume that a numerical approximation #r with f(")(%p) ~ 0 is given
and define ¥ = (Xf, 0w ). In a similar fashion as in (4.12) we notice that by
(4.56), setting M = 2m — 1 suffices to fulfill assumption A.1 from Section
3.2.2.

Setting M = M — 1 our next goal is to compute bounds Yy, . .., Yy; such
that
[(Tx = 2| 2 Vi

fork =0,..., M. We therefore define
Xy = (ﬁ(),. e, dm—1,03,.. 03)
m—2 times

and compute y = FM) (%) Then we set Yy as

(|Am k=0,...m—1
{ Iy ) m ws)

Ly k=m,..., M.

Recalling (3.69) our next step is to compute polynomials zj(r) = zr +
zkr? such that
Dfi(x +rw)ro — (ATro); = z(r)

for k > 0. The componentwise estimation of |z,(r)| as a major step to ob-
tain Z(r) is postponed to a separate consideration. We note that we have
to distinguish the cases k =0,1 <k <m -2, m <k.

Starting with k = 0 we compute for arbitrary x =a € X,y =b € X°
and zr = dr € R

m d d (m
Dfo(x)y — Df™ (z6)yr = Efo(x +ty) =0 — afé )(zr + tyF) | 1=o0
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Keep in mind that we will later want to apply these calculations with
x =X+ {1, zr = Xr and y = & with §; € B,(0) C X®. In this context it is
essential that we compute first

d d
Dci(a)b = Eck(a +tb)|;=o and Dc,({m)(dp)bp = ﬁclgm)(dlc + tbr)|t=0

for every k > 0. In order to achieve this we have to consider

d
E((ﬂll +tby) (a3 + tb3) )k|t—0 =

d
= Z a(m + tb1) iy (a3 + £03) i, [ 1=0 =
ky+ko=k
kieZ

=) ;t[(ﬂlhkll(ﬂa)kz+t((”1)|k1|(b3)kz+(”3)k1(b1)"‘2)+

ky +kp =k
k,eZ

£ (b1) 1y (3) 1] l1=0 =
= Y (@)1 (B3) gy + (a3) 1y (B1) iy = (asbr)ic + (a1b3)i

kq+kp=k
kieZ

and in an analogue way

& (e + 1) @2+ th2) oo = (o) + (aab)

This entails in particular
d m m m
= (@ tb1) (a3 + #03))" im0 = (asb)" + (aabs)}"

d m
(a4 1) (a2 + 152))" im0 = (aab2)" + (azby);".

Hence we obtain

(o((b2)k — (b1)k) 0
Dcy(a)b = L p(b1)k — (b2)x | + | —((azb1)x + (a1b3)x)
—B(b3)x (a1b2)x + (a2b1 )k

and fork=0,...m—1

(0 ((b2)k — (1)) 0
DC,((m)(dp)bp =1L P(bl)k - (bz)k + —((d3b1 () + (d1b3

) )
—B(b3)k (d1b2),({m) + (dzbl),(cm)
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We now go on to consider

Dfo(x)y — D" (de)yr = [ (Deo(a)b — Def™ (de)br) -

m—1

%(Dcl(a)b D™ (dp)br) —2 Y ],zl_l(ch(u)b — D" (dr)by)

j=2

—22 -1 Dc] a)b

125

(4.58)

Let us next set x = ¥ + ¢1, dr = ¥r and y = {» where ¢; = rw and &, = rv.

We hence obtain for k > 0

Dei (% + rw)ro = phr + psr?

with
(o (v2)i — (01)k) 0
BS =L || p(o1)k— (02 | + | —(@501)k — (@103)x
I —B(v3)x (a102)x + (3202)k
0
BS =L | —(ws01)x — (w103

(w102)k + (w201 )k

In addition we have
Dei (@ + rw)ro — Def*(ap)rop = x5r + 1hr?

with

where

e}
e}
A
by
VAN
3
|
—_

(U{,Z,B)k = -
(vip3)e k>m
andK’2‘ = ,B’ﬁ fork=1,..., m—1.

We hereby obtain

(4.59)
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with

—1 )
P P R B DL S S )
2] K ZKI ]'2_1 l ]'2_1181 !
=2

j=m

B ' - ‘ (4.61)
[ 2 A~ )] 1=
18— 181 — 257, 7] I=2
We now go ahead to consider the cases 1 < k < m — 1. We obtain
Dfi(x +rw)ro — (ATro)x = Dfi(% + rw)ro — ka(m) (Xp)rop =
= (DckH(ﬁ +rw)ro — DCIET_)l(ﬁp)VUF)
—(Dcj—1(a + rw)ro — Dc,(f)l(ap)rvp>
2l kv vk
=Y (= =)z,
I=1 I=1
where we define for [ = 1,2
= (1 =)
[y 121 (4.62)
( IIC-‘rl . Il(—l) l -9
with K;( and ﬁ’l{ given as in (4.60) and (4.59).
Finally for k > m we have that
Dfi(x +rw)ro — (ATro); = Dfi(% + rw)rv — 2kro, =
= L [Dcgy1(a+rw)ro — Deg_1(a + rw)ro]
2
=Y (B = B! =2l + 254,
=1
where we define for [ = 1,2
zy =B - B! (4.63)

with ﬁ’l{ given as in (4.59) . Summarizing (4.61) and (4.63) we now have
Dfi(x + rw)ro — (ATro), = 25r + 252

for all k > 0. An overview can be found in Table 4.6.
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k=0
0 ) 0 — 0
L (—(ev{m—(mv;)o) -3 (—(as D1 - (@od) ) “2), 5 [ (@) - @)
20 (@050 + (320h)o (@10h)1 + (@200 =2 (@1}); + (a20));
1 Mo [ (o) =) 0 o 4 [[o(@)= @) 0
23 || P (@i [+ | -@o)i= @) || =2}, 5= || elo); —(v2); —(a301)j — (a103)
j=m —B(v3); (3192); + (3202); =M1 —B(v3); (a102); + (@202);
0 0 . 0
29 |1 (—(ursmo — (wio3)0 | - 4 (—(zoavno —(wiog)o | —2 % 5 [ ~(wso1); — (wrv3);
(w12)0 + (w2v1)0 (w102)0 + (w2010 =27 (w102); + (wav1);
k=1,...,.m—1
k [ 0 0
Z7 |t (—( e _(”1v3)k+1) - (_(_3U{)k—1 - (51U§)k—1>:|
(@100 11+ ([@0))ki (@101 + (@03);_1
X 0 0 1
Zy | L (’(w3vl)k+l - (w1v3)k+1> - (*(wsvl)kq - (wy US)k—l)
L\ (0102)k41 + (20141 (w102)—1 + (W01 )1 / |
k>m
k [ (o((@2)rs1 = (01)k41) 0 1 [ /(@)1 — (@1)k-1) 0 17
Z7 |t p(01)k+1 = (V2)k41 —(@ 301 k1 = (@103)kg1 | | = [ | p(@1k-1 = (02)k—1 | + | —(@301)k-1 — (@103)k-1
LL *ﬁ(vs)k 1 (3102)k41 + (“202)k+1 11 —B(03)k-1 (1091 + (@202)—1 / |
Zlﬁ L < (703U1)k+1 — (w03 k+1) ( wzv1 k-1~ (w103)k1
L\ (w192)k41 + (w201 k41 (w192)k—1 + (201 )1

Table 4.6: Formulas for zf(

Our next goal is to compute polynomials Z;(r) = Z&r + Zkr? € R3

such that
|2k (r)] = Zi(r)
fork=0,...,Mand Zy(r) = ZMr 4+ ZM#? € R3 such that
M
2] = =%
Wi

for all k > M. In order to do so we start by computing bounds Bf € R®
and Kf € R? such that

= =0,..., an =1,
I<Bf k=0,...,Mand [ =1,2
k| <KF k=0,...,m
and BM with
BM
==Lt (=12
Bl = W (I=1,2)

for all k > M. LetusstartwithB’l‘fork:1,...,MandK’1‘ fork=1,...,m
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Consider therefore the finite sums
m—1 (I)
(a1 D)k (03 ") ket = Z

CHAPTER 4. APPLICATIONS AND APPROACH COMPARISON

k,(T)

def
1

(@oy | < %
k1:7m+1
_ (D =t (1 def k(1)
(o el < Y (@) (01 ) ety = Zo
ky=—m+1
_ (D = (1 def -k, (I)
(@07 )| <) (@) (07 ek = 257,
k1:—m+1
where we recall that (v;); = wi;c for i = 1,2,3. Using this notation we can
estimate
[ L2 0
B <L | |o+1 |+ [Zf+28 =B k=0,....M
i B o+ 25
0
k| < L 2’;%2}’%? KK k=0,...,m
UL L3
In order to obtain B{VI let us consider for k > M
mil mi:l 1
(1) 15y (03) =ty || < @Dy 7
W [k1] [k—k1| W Ky (k _ kl)s
1O 1% ()
<— Y. (mDyy+—= Y2
W =1 T (1- (Nfiil))s
1 mi 1
=— | (aDo+ 2 (@D | 14+ ———5——
W at (1 - o)
def 1 M-—1
a Ezl ,
k
where we use that
1 1 k<0
1_k — 1k1 ki>0and k>M-—-1"
k 1=
Similarly we set for i = 2,3
1
k
(1-m2p)

m—1
=M= (@ho+ Y (@i | 1+
k=1

i
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So we obtain for k > M

1 20 0 1
B2 L o1 |+ | 2yt = B
k ‘B Z{A_l—’—Zé\/I_l

In order to compute B for k = 0,...,M and B! we employ estimates
whose detailed explanation can be found in [25] and that are summarized
in Lemma 2.2.4. Using the constants oc,% fork =0,... M defined in 2.2.4 we
obtain that

Mo k>M-1

1 & k=0,...,M—1
< :
ko oy =k Yk Wk

This enables us to estimate for k =0,..., M

0

85 < Lag | 2 | £ BS
2

and fork > M
0
LDCZ def 1 =
185 < wéw 2| = B
k 2 k

We are now ready to estimate:

KO+ 3K + 205! L] + 200 oL B+

1
0 BM —
201 = | 2 e t=1

0, 1pl M-1 1 pj By _
{Bz ToB +205, Byt 2((M—l)z—l)(IZM—Z)S*l(s—l)] I=2

(4.64)
Fork=1,...,m —1 we have that
SRR L R
T B B 1=2
(4.65)
def Z I =
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and fork=m...,M
2 = B -Br ) = ZF (1=1,2). (4.66)
For k > M we apply the following reasoning;:
1 _ 1 _ 1 1 1 -
k M M M def M
= B B —(1+(1 B, —Z
=2 e e —w;( * +M)> Wi’
As a result we obtained polynomial expansions Z(r) = Z¥r + Zkr? such
that
IDfi(% +ru)ro — Atro| < Zi(r) (4.67)
forallk =0,..., M and Zy(r) = ZMr + Z}r? such that
_ + 1 -
|D fe(X +ru)ro — A'ro| < EZM(r)
k
for all k > M. A summary is found in Table 4.7.
k=0
0 0
L (2§1+zgl)+1(z“+zil)+ (z”+zﬂ)
ZO A +):I sU 4wl 2} E;l+2]1
! 1 2‘ ‘ ] } 2le] M-1 X M-1
~O [ AZM M— < 4t\ _ ] 0
Z | % “122 Jz—b (=17 - 1><A:—11><M—2>571_ (})
k =1,....m—1
~ 0 0
le< L Zk+11+2k+11 4| gkl gk
Zk+11+2+11 % 11+211(711
7k +1 1 0
Z | 5210
k=m,... M—1
Zlf L (\p\@l) + 2"“32"*1 +L| (\pﬁli‘l) + 2"*132"*1
“i1 Bl Zi+1+2}<+1 “k—1 I8l 2%71_*_2%71
7k F1 ., % 0
Z5 | o[ ()
k=
=M 2|o| 0
Zl L %G(WJJ) ]Jr#s ZM1+2M1
|8 *1+2 -
~ 0
Zé\/l L[+ (ih)9)ed 4] (z)
2

Table 4.7: Formulas for Z}{
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By definition of A and A" there is a 6 such that for all k > 0
|((Id — AAM) o) < 15 € R3.

We now define for | = 1,2 vectors V; = (Z?,...,Z""1) € R¥" to obtain for
k=0,....m—1
Zlf = (‘Am‘vl)k+5

(4.68)
Zf = (|An|Vii  1=2

and fork=m,..., M

1, _
zf:ﬂzf k=m,...,M (4.69)

and hereby have that forallk =0,..., M
(DT (% + rw)ro)x| < Zkr + Z5r2.

As the right hand side is independent of w, v we can take the supremum
over all w,v € B1(0) C X* and obtain

sup |(DT(% + rw)ro)| < Z&r + Zkr?
w,v€B1(0)

forallk=0,..., M.

Finally we set
1
M= —
oM
for | = 1,2,3. Then defining Zy(r) = ZMr + ZMr? we obtain that

M (4.70)

1
sup |(DT(x + rw)ro)| 2 —Zm(r)
w1,Wy wk
for all k > M. This finalizes the construction of the bounds necessary to
define the radii polynomials specified in 3.2.2.

Spline approach

We continue with the solution of the above described initial value prob-
lems by using the linear spline approach. We first compare the results
and then give details on the discretization of the corresponding operator F
together with the deduction of the Y and Z bounds used in the validation
procedure.
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Numerical results and performance comparison For a given initial value
p1 the operator to solve the corresponding initial value problem for the
Lorenz equation (4.49) over the integration interval [0, L] is given by

F(u)(t) =p1 + L/Otg(u(s))ds —u(t)=0 Vvtelo1]. 4.71)

We consider the initial value problems from Theorem 4.2.2 and solve them
via validating zeros of (4.71).

Let us start with more detailed discussion of pl. Recall that this is the
initial value lying approximately on the unstable manifold of the positive
eye equilibrium (\/B(0 —1),/B(p — 1),p — 1). For an integration time of
L = 0.63 we depict the numerical orbit in Figure 4.12. Before we discuss

rigorous numerical results obtained via our linear spline based algorithm,
we offer the following heuristics concerning the performance we can ex-
pect.

y-axis

x—axis

Figure 4.12: Numerical approximate orbit of p} for L = 0.63. p} is shown in
green and the positive eye equilibrium (/B(p — 1), /B(p —1),p — 1) is depicted

in red.

Looking at Figure 4.12 we see a circular shaped motion in phase space
caused by the vicinity of pl to the eye equilibrium that has a complex
conjugate pair of unstable eigenvalues. This motivates the following line
of thought. Let us for the moment assume we try to approximate a pla-
nar circular motion with radius R parametrized over [0, 1] by using linear
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splines, i.e. we wish to approximate

(£ = R <C°S(2m)> te 0]

sin(27tt)

Looking at this procedure from an elementary perspective, by choosing m
equidistant grid points we approximate the circle by a regular m-gon 7y,
parametrized over [0,1]. For this easy case we can give an explicit lower
bound on the Cy distance between < and ;. In particular we can specify
the dependence of this distance on the number of grid points m explicitly.
By applying the pythagorean theorem on an arc segment of 2% we get

max (1) = 70(0) e > 5 max () = (0 = 5 (1= cos(1)).
Thus to obtain an accuracy on the order of 1077 as we did for pi with
integration time 1 using the Chebyshev approach we need roughly 50000
grid points. Compare this to 50 modes in the Chebyshev case. Figure 4.13
depicts the evolution of the lower error bound with increasing number of
grid points.

Error bound

i i i i i
10’ 10° 10° 10° 10° 10° 107 10° 10°
Number of grid points m

Figure 4.13: Behavior of the lower error bound % (1 —cos(£)) in dependence

of the number of grid points m.

In Table 4.8 we give some concrete numerical results. We stop at in-
tegration time L = 0.3 as more than 1200 grid points become computa-
tionally challenging. In Figure 4.14 we depict the approximate orbit for
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L 0.1 0.15 0.2 0.25 0.3
1 600 700 1000 1100 1200
i 225x107* | 6.83x107* [ 519 x 1074 | 9.87 x 107* | 1.95 x 1073

ri

Table 4.8: Given p} and for a fixed L, these are the corresponding number of
equidistant grid points ) and the radius 7yl around the approximate solution
7 in Co(RR,R3) for which the spline based radii polynomials approach was suc-
cessful.

y-axis

Figure 4.14: Approximate orbit of p% for integration time L = 0.3.

L = 0.3. The computations are carried out by splinel VP1.m at [28].

Let us go on with considering pf and p3. We recall that p? lies on the
linear approximation to the unstable manifold of the origin and p? was
chosen at random in the box [—10,10] x [-10,10] x [—10,10]. Table 4.9
shows the rigorous numerical results and Figure 4.15 shows the approxi-
mate orbits for an integration time L = 0.2. The computations are carried
out by splinelVPj.m with j = 2,3 at [28]. In total we see the following
points:

e The Chebyshev approach yields higher accuracy for the same inte-
gration time.

e We are able to verify solutions over longer integration time intervals
by using the Chebyshev approach.

o If we compare the number of grid points in the Spline approach to
the dimension of the Galerkin projection in the Chebyshev case, the
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L |01 0.15 0.2
M,z | 600 700 1000
M,y | 600 700 1200
T | 968 x 1075|324 x107* | 5.05 x 107
| 223 x 1073 | 327 x 1072 | 1.68 x 1072

Table 4.9: Given p%’s and for a fixed L, these are the corresponding number of
equidistant grid points mps and the radius 7 around the approximate solu-
1 1

tion @ in Cy(IR, R?) for which the spline based radii polynomials approach was
successful.

0.45

0.4
035 2
03
[} 4 30
2025 2
I, 02 P
N N 20
0.15
0.1 * 10
0.05- . 30
0 20
0> -1 30
Y 2 20 10
-2 . s 10 o )
o ~ i ) 0 x—axis
y-axis x-axis y-axis

Figure 4.15: Approximate orbit of p? for integration time L = 0.2 on the left
hand side and of p3 and the same integration time on the right hand side.

Galerkin dimension is smaller.

Derivation of the Y and Z bounds In order to derive the Y-bounds from
(3.38) and (3.39) and the Z-bounds specified in (3.41) and (3.42) necessary
to construct the radii polynomials from Definition 3.2.1 we first need to
give formulas for F,, and F. from (3.33). We give a dimension indepen-
dent derivation, i.e. we assume the dimension to be given by a general
d>1.

Recalling (4.71) and x = u we obtain

() = (1) (L [ tuear = u(r) )

and

Fuo(x) = (I —TI,y)" (,91 +L /Otg(u(T))dT —u(t) ) .
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More explicitly we define
Fm(uh) _ fm(uh) —uy € ]Rd(m+1)/

where f" = (fi",...,f".,) and f/"(uy) € R?is given fori = 1,...,m+1
component-wise by

)]y = (L[ (a0,

wherej=1,...,d.
We wish to construct the bounds Yi,..., Y41 and Yo as specified
in (3.38) and (3.39) as well as Zj,...,Z;41(r) and Ze(r) given by (3.41)
and (3.42). Assume that the four assumptions (RP) of Section 3.2.1 are
satisfied, in particular we assume an approximate solution i, such that
I|F™(i1,)] %, < €, for a given small € > 0. We can choose Y3, ..., Y41 such
that
[(AnF" ());] < Y; (4.72)

by evaluating the right hand side rigorously using interval arithmetic. Let
us now turn to Yeo.

Lemma 4.2.1 Let X = iiy,. If we define

(t; — tifl)

su
]1dil ..... m 8 p

dtzL/ 8;(#

then, recalling (3.37), one has that
Mooy %0 = [[Feo (%) 1 %00 < Yoo

Proof 4.2.1 By definition we get

t
1Foo ()10 = [[(1 =TT} (p1 + L/O 8 (1))dt — i)l o
t
= (=1L [ g(an(r)dc,
We now apply Theorem 2.6 from [50] to obtain

d2 t ~
Bl | it ()

bt q)?
[[Foo (%) x., < max max M sup
j=

A =L tetinti]

The results follows immediately.
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We remark that the quantities involved in Lemma 4.2.1 can be computed
rigorously using interval arithmetic.

Next we compute the polynomial bounds Z1(r),..., Zy+1(r) and Z«(r).
Recalling (3.40), z(¢1,¢2) = DT(x + &1)G2, where T is defined in (3.36) and
¢1,82 € B(r,w). In particular we can write {; = rw and §, = rv, where
w,v € B(1l,w). Let us start with Z;(r),...,Zy+1(r). In analogy to (3.69)
we realize that we have

Hmz(gli CZ) = (I - AmDFm(JZ =+ gl))CZ

= (I — AuDEy(%))(I1) & + (AnDFEy (%) (I1)¢2 — AnDFEy(X 4 &1)&2).
(4.73)
By setting

17(s) = Fu(X + & + 50) — Fy(% + s(I1,)%) € RAm+1)
(4.73) can be rewritten as

IT,2(G1,82) = (I — AmDFm(x))(Hm)d‘:Z - Amﬁ/(o)r‘

Hence we have to estimate (1/(0)); € R3 fori = 1,...,m + 1. Choose an
indexi € {1,...,m+1}. We obtain

)i =L [ st + ro) + s0(0) ~ () + s(TL) o)) de

def

= Bi(s).
Also, we have that

B0 = 5 | [ [stmx) 4 ro(e) +50(0) — g(m(x) + s(11)o(e)) ] e

oo
— L/Oti—l [Dg(ﬂh(”f) +rw(T))o(T) — Dg(ah(T))(Hm)dU(T)} ir.

We assume for the moment that we can write
D
Dg (i + rw)o — Dg(y) (I1y,) 0 = Y yur™ ™! (4.74)
n=1

for vector functions 7, = v, (i, (7), w(7),v(7)) € RY and a suitable D €
IN. In case the analytic vector field g is polynomial, D will be the degree
of polynomial. We will elaborate on how to compute the expansion (4.74)
for the Lorenz equations in the next paragraph. Under this assumption
we obtain bounds I, € R such that

b }
/0 1”Yn(T)\del“§1, for i=1,..., m+1.
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The bounds I, € R? depend on the form of the vector field. We refer
to the next paragraph for a specific derivation in the case of the Lorenz
equations. Hence, we obtain that

D .
1Bi(0)| = LY Tt (4.75)
n=1
If we define V, € R4(m+1) a5
V., = (TL,..., [+

we arrive at

Now using that |||l < 1, we obtain
IT1,z(&1, &2)| < ](I — Ay DF" (%) )11, 0r — Amﬂ/(())T"
D
= I = AuDF"||or + || Amloo Y Var™.
n=1

Define -
Vi = ||l = AuDF"|l1a(ms1) + [|[Amlleo V2,

Vi = [|AmllwVn, for n#1,
where 1441y = (1,...,1) € R4 "+1) | Then if we set

Zi(i’) = i(vn)ﬂ’n S R?

n=1

fori =1,...,m+ 1, the inequality
sup  |(TTmz(1,62))il = Zi(r)

x1,%2€B(rw)

is fulfilled. By assumption RP4. we can assume that there is a small €]
such that
|II—A,DF"|| < €.

The smaller €7 the better is the chance that V; — 14 < 0 which a necessary
condition in order to find a suitable 7 in order to apply Theorem 3.2.1.

Concerning the bound Z(r) we have to compute the following:

Moz (81, 62)lIx., =
H(I —I1L,)" <L /Ot Dg(an(7) + rw(r))rv(r)d7>

In order to estimate this we use the next result.

[oe]
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Lemma 4.2.2 Let {1, G2 be specified as above. If we define

Zoo(r) > ['max “max i — b sup |LDg;(a(t) +rw(t))o(t)|| 1,
" teftio1ti]

then [|[Teoz(x1,X%2) || x., < Zoo(T).

Proof 4.2.2 By definition we obtain

1Mooz (81, 82) ||x0 =

=T [ Dyl (o) + ros)ro(e)dn) <

t—ti_
max max " sup |LDg;(i(t) +rw(t))o(t)||r
]:1,...,dl:1 ..... m 2 te[tifl,ti]

where we used a result from [50] for the inequality. The assertion now follows.
This completes the construction of the bounds. We complement the discus-

sion by giving concrete formulas for v, and Fil (i=1,...,m+1) defined
in (4.74) and (4.75) in the context of the Lorenz equations.

Formulas for the Lorenz equations First notice that

-0 o 0
Dg(x,y,z)=|p—2z -1 —x]|. (4.76)
y x =P

Let us start with the computation of the vector functions v, (i, w,v) (n =
1,...,D) defined in (4.74). Recall that we seek an expression of the form

D
Dg(ity(s) + rw(s))o(s) — Dg(n(s)) (In) 0 (s) = ; Tar"

where w,v € B(1,w) as defined in (3.35). This in particular implies
that
lole S1+@  [olo < 14w

- o o Yl < (4.77)
[ — () wl|eo < w [0 — (TTn) 0|0 < w.

Denoting i, = ([iiy]1, [x]2, [4]3), w = (w1, w2, w3), v = (v1,v2,v3) and
applying (4.76) we can write (4.74) as follows.
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g(i1(s) + rw(s))o(s) — Dg(in(s)) (Tn) v (s)
—0(v1 — I01) + 0 (v — I1,,07)

HmU1 [_h] (01 = Iwor) — (v2 — I1wo2) — [i4]1(v3 — L [%2]3)
—IL,01) + [dp)1(v2 — 02) — B(v3 — IT,03)

+7r | wzvy — w03
2wy

= Y1 (i, w,0) + rya iy, w, ).
In particular D = 2 in this case. Using (4.77) we can compute Tﬁ/z € R3
(i=1,...,m+1).Fori=1,...,m

[ i) we), os))las =

i1
2] 4.78)
maxte[tm,ti]ﬂp —[ap)s(t)]| + 1+ |[a]1 ()]} | w(ti —tiq) def 1_,1
maxepy, o ¢4 [Fn]2(8)] + [[E]1 ()] + |8l }

Similarly

ti-1

0
t; el
[ Ina(n(s),wis),o(s)lds = 2 | (6=t + 0P £ @79)
2
Nowsetforn=12andi=1,..., m+1
i-1
=Y %
k=1
4.2.3 Connections using the boundary value approach

We finish by presenting an application of the spline based boundary value
approach in the context of the generic first order system of the Lorenz
equations. We obtain the following result.

Theorem 4.2.3 Let the parameters = % and ¢ = —2.2 in the Lorenz system
(4.49) be fixed. Define the parameter set for p by

U={p:p=232+k0.01 with k=0,...,100}.

Then there for every p € U exists a tranverse connecting orbit from the origin to
the secondary equilibrium q.
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The proof is based on Theorem 3.2.1. We next describe its ingredients and
report more closely on the results.

Formulation of the operator F and discretization Recall that the opera-
tor F is defined on By x V,, x C([0,1], R%) by

ey p(¢)_(Q(@( )+ L Jy glu(x)] dr)
F(a, ¢, u)(t) ( 0O () +L [ o] OdT_u<t) ) (4.80)

Setting x = («, ¢, u) , we obtain for F,, and F. from (3.33)

b ) P(<P)—(Q(@( +Lf01 (7)) )
; () (Q(O,(w)) + L [ glu(r))dr — u(t) )
and
0
Fw(x)z((l—nm)d<13(®( )+ L[ gl dr—u(t))>'

More concretely we assume that we are given approximate parametriza-
tions

N
N(p) =Y ai¢* and Qu(e Zaw
k=0

Then we define the operator F""NM : B; x V,, x ]Rd(’”ﬂ) — R? x RA(m+1)

by
et (R0 05 s

where m is the number of grid points in the grid A and f"™M =
and f"M(a,uy) € R? is given by

,M M
(A i)

tia
1M (0 3) = Qui(@u(@) + L [ glug(v))de
Then we can use the splitting

(P(¢) — Pn(9)) + (Qm(Oy(a)) — Q(Oy(a)))

F" (0, b, uy) = F"NM (s, g, y) + Qu (@4 (@) — Q(Ou(x)

Qu(©4(a)) — Q(O, (x)
= F"NM(a, ¢, uy) + E(a, ),
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where E(a,¢) := F"(a,¢,uy) — F"NM(a,¢,u;) is independent of uy,. In
order to derive the Y-bounds from (3.38) and (3.39) and the Z-bounds spec-
ified in (3.41) and (3.42) we can treat F"*N'M similar as in Section 4.2.2 and
E can be dealt with via the rigorous error analysis together with Cauchy
bounds presented in Section 2.1.2 and similar to Section 3.1.2. Rather than
giving further details we present some concrete results.

Numerical results and proof of Theorem 4.2.3 We first give some details
on the validation for p = 3.2. Choose M =35, N = 30, vs = 1.75, v, =
15, B = 8/3, 0 = =22, and p = 3.2. For these parameters we again
have two dimensional saddles at the equilibria with complex conjugate
eigenvalues. We computed validated bounds for the local unstable and
stable manifolds of &, = 1.48 x 10713 and &; = 2.75 x 10~!* and find (by
graphical inspection) that the local stable and unstable manifolds do not
intersect in phase space. We then define the operator F in (4.80) with L =
0.5 and discretize Co ([0,1],IR?) using piecewise linear splines with 500
uniformly spaced grid points. We run a classical Newton iteration scheme
and obtain an approximate orbit with non-rigorous defect of 9 x 10~16.

The validation is carried out by using the program performancerho3p2.m.
We obtain the existence of a unique solution of F about the approximate
numerical solution in a 5.11 x 10~ neighborhood of the approximation.
Using the radii polynomials method we also obtain isolation in a neigh-
borhood whose radius is not more than 0.041. Transversality follows as
discussed in Section 3.3.2. The proof takes 44 seconds. The results are
illustrated in Figure 4.16. (Note we have fixed the phase condition in the
stable rather than the unstable parameter space but this makes no differ-
ence to the argument). The figure clearly illustrates that the local stable
and unstable manifolds do not intersect in phase space, and shows both
the spline approximation of the long-connection and the asymptotic orbit
segments obtained by applying the linear flow to the boundary points in
parameter space. Table 4.10 tabulates performance results for the same
proof at p = 3.2 for several different parameterization orders and grid
discretizations.

To proof Theorem 4.2.3 we implemented a simple continuation scheme.
This implementation can be found in the program continuationrho3p2.m.
The results are reported in Table 4.11.
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N M Grid Ou Os 7 Proof Time
20 25 125 | 3.09 x 1071 | 434 x 1074 | [0.00127,0.04144] 14 (sec)
20 25 250 |3.09x 107! [ 4.34x 107 | [0.00023,0.04145] 20 (sec)
20 25 500 |3.09x 107! | 434 x 10" | [0.00005,0.04145] 36 (sec)
20 25 1000 | 3.09 x 10~ | 434 x 10~ |  [0.00001,0.04146] 1.4 (min)
20 25 2000 | 3.09 x 1071 | 4.34 x 1071 | [2.93 x 107°,0.04146] | 15 (min)

Table 4.10: Performance data for seven proofs of conneciting orbitss for Lorenz
with p =8/3,0 = —22and p = 3.2.

p O Js 7 Proof Time
32 148 x 10713 2.75x 10~ | [0.00005,0.04145] 44 sec
33 1.88x 10713 3.33 x 10~ | [0.00006,0.04298] 45 sec
34 333x10718 420 x10~'* | [0.00006,0.04101] 44 sec
35 4.81x10713 540 x 10~ | [0.00007,0.03992] 44 sec
36 127 x107'2 6,52 x 10~ | [0.00007,0.03843] 44 sec
3.7 581 x10713 7.20x 10" | [0.00007,0.03286] 44 sec
3.8 3.73x 107 1.01 x 1073 | [0.00007,0.02995] 44 sec
39 321x10719 1.21 x 1073 | [0.00008,0.02703] 44 sec
40 331x107° 1.39 x 107!3 | [0.00008, 0.02395] 44 sec
41 386x1078 2.05x 10~!3 | [0.00009,0.02056] 44 sec
42 514x107° 252x 1071 | [0.0001,0.01509] 44 sec

Table 4.11: Proof of connecting orbits for eight different values of p. All man-
ifolds computed to order M = 25 and N = 20 and spline discretization of 600
grid points.
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Figure 4.16: Validated transversal connecting orbit for Lorenz when ¢ = —2.2,
B = 8/3 and p = 3.2. The image of the phase condition ® is shown as a green
circular arc on the local stable manifold. The zero of 4.80 is shown as a black arc.
The pink arcs are the image under the parameterizations of the boundary points
in parameter space. The manifolds intersect transversally along the black arc.



Chapter 5

Conclusion

In this thesis we proposed rigorous numerical schemes for the computa-
tion of connecting orbits in dynamical systems induced by nonlinear or-
dinary differential equations. We computed connecting orbits via solving
an equivalent zero finding problem F(x) = 0.

On the one hand we formulated a finite dimensional equation for generic
heteroclinic orbits using a high order approximation of the involved man-
ifolds via the parametrization method, where we used a Newton Kan-
torovich based approach for the validation and the proof of transversality.
We presented some applications in the Lorenz system.

One the other hand we built on the approach from [60] in the spirit of the
classical method of projected boundary condition. There the validation is
based on the method of radii polynomials and the boundary conditions
are formulated via the parametrization method. We considered the fol-
lowing extensions and improvements:

e Formulation of F by using the generic first order formulation of the
ODE and obtainment of results about transversality of generic het-
eroclinics for spline discretization together with applications in the
Lorenz system.

e Consideration of an alternative spectral discretization method for the
tirst order formulation based on the Chebyshev expansion together
with non-degeneracy results for the derivative of the associated op-
erator. In particular we extended results obtained in [60] on the
existence of symmetric homoclinics in the Gray-Scott equations by
using our spectral approach.

We finish by giving possible further applications and extensions of this
spectral discretization approach.

145
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First, our method could probably be generalized to compute rigorously so-
lutions of higher-order differential equations without re-writing them as
first order vector fields. For example, we believe that computing solutions
of BVPs associated to the Gray-Scott equations (4.1) could be obtained by
integrating twice each equation which could then be solved rigorously by
moving to the space of Chebyshev coefficients. The improvement would
be twofold. First, the linear part of the equations would grow as O(k?) (as
opposed to O(k) in the BVP-operator (3.50)), hence facilitating the use of
a contraction mapping argument based on a Newton-like operator. Sec-
ond, the size of the finite dimensional projection would be twice smaller.
A downside is that we would obtain more complicated formulas of the
Chebyshev expansions of the equations resulting from the double integra-
tion.

A second extension of the method would be to use a multiple shooting ap-
proach to solve the integral operators over long periods of time. Indeed,
the theory of the Chebyshev series presented in Section 2.2.1 suggests that
integrating over long periods of time (e.g. compute solutions with large
scaling factor L) has the disadvantage of bringing the (potentially existing)
poles closer to the p-ellipse mentioned in Theorem 2.2.2. This implies that
the Chebyshev coefficients of the solutions decay to zero at a slow rate.
Therefore, an advantage of a multiple shooting approach based on inte-
grating over many short intervals (with corresponding short scaling factor
L) would push away the poles, hence bringing a faster decay rate to the
Chebyshev coefficients of the solutions. We could then potentially take
smaller Galerkin projection dimensions to perform our rigorous computa-
tions, thanks to the fast decay rates of the solutions on each sub-intervals.
The downside would again be a more complicated formulation of the op-
erators which would need to take care of solving simultaneously many
parallel problems.

A third extension of the method would be to combine the rigorous pseudo
arc length continuation method of [5, 59] to compute global smooth branches
of solutions of BVPs.

A fourth and slightly more challenging improvement consists of modify-
ing the proposed approach to vector fields with nonlinearities that are non
polynomial. That would require extending the already existing convolu-
tion estimates to the non polynomial case.

A final and most ambitious extension would be to attempt to rigorously
compute solutions of spatially periodic PDEs combining a Chebyshev se-
ries expansion in time and a Fourier series expansion in space.
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