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Abstract

In this paper we present a rigorous numerical method for validating analytic solutions of
nonlinear ODEs by using Chebyshev-series and domain decomposition. The idea is to define
a Newton-like operator, whose fixed points correspond to solutions of the ODE, on the space
of geometrically decaying Chebyshev coefficients, and to use the so-called radii-polynomial
approach to prove that the operator has an isolated fixed point in a small neighborhood of
a numerical approximation. The novelty of the proposed method is the use of Chebyshev
series in combination with domain decomposition. In particular, a heuristic procedure based
on the theory of Chebyshev approximations for analytic functions is presented to construct
efficient grids for validating solutions of boundary value problems. The effectiveness of the
proposed method is demonstrated by validating long periodic and connecting orbits in the
Lorenz system for which validation without domain decomposition is not feasible.

1 Introduction

In dynamical system theory one is often interested in the existence of invariant objects such as
equilibria, periodic orbits, heteroclinic orbits, invariant manifolds, etc. The existence of such special
orbits can reveal global information about the behavior of the dynamical system, for example
through forcing theorems. The analysis of these special solutions, however, is in general difficult
because of the nonlinearities in the system. Hence one usually resorts to numerical simulations.
The information obtained through numerical simulation gives a lot of insight, but, unfortunately,
it does not yield mathematical proofs.

The field of rigorous numerics is concerned with bridging the gap between numerical simula-
tion and mathematically sound results. The main idea is to combine numerical simulation with
analysis to establish mathematically rigorous statements. Examples of such methods can be found
for instance in the CAPD software-package [1], which consists of a comprehensive C**-library for
validated numerical computations of a variety of dynamically interesting objects for both discrete
and continuous-time dynamical systems, using interval arithmetic Lohner-type algorithms. An-
other well-known software package is COSY, which is capable of rigorously integrating flows of
vector fields using Taylor models [2L[7].

Yet another approach is based on a parameterized Newton-Kantorovich argument, sometimes
called the radii-polynomial approach. We will describe this method in full detail later in the
paper. For the moment, it suffices to say that it consists of restating the problem in a fixed
point formulation T'(x) = x, and contractivity of the map T (on a ball centered at the numerical
approximation of the solution) is reduced to checking a finite set of inequalities that depend on
the radius of the ball (i.e. the radius is a parameter), see e.g. [14,(19,20,122,23}[31].

Of particular interest for the present paper is the implementation of these ideas based on
Chebyshev series introduced in |23]. Chebyshev series have, of course, long been a well-known tool
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in numerical analysis (see e.g. [8,[25,29] and the references therein). Their successful applicability
to rigorous numerics is largely due to the analogy between Chebyshev series and Fourier series,
allowing for manageable analytic estimates. The idea in [23] is to expand the unknown solution u
to a boundary value problem in the Chebyshev-basis on the interval [0, L], and to work, for the
functional analytic arguments, on the space of algebraically decaying Chebyshev-coefficients.

The fundamental restriction of the setup in [23] is that only “short” pieces of orbit may be
verified this way, since for longer orbits the coefficients in the Chebyshev series decay too slowly.
Hence, although the Chebyshev series, due to their similarity to Fourier series, promise to vastly
improve the efficiency of rigorous numerical algorithms (compared to, for example, spline approx-
imations) for systems of ODEs, they thus far had the major restriction of only succeeding for
short time intervals. In the current paper we solve this problem by adding domain decomposi-
tion concepts to the picture. In particular, we describe how a combination of ideas from domain
decomposition and Chebyshev expansions can be united into an integrated approach for rigorous
numerical computations of solutions to boundary value problems on large intervals.

To be precise, we present a rigorous numerical procedure for solving boundary value problems
(BVPs)

du
= g(u, Xo), t €0, L],

g(u(O),u(L), >‘1) =0,

using Chebyshev series and domain decomposition. Here g : R® x R™ — R" is a polynomial vector
field in an n-dimensional phase space, which may depend on a parameter Ao € R™. We restrict
our attention to polynomial vector fields for technical reasons: they allow for a relatively simple
functional analytic setup, see Section [2} so that we can focus on the novel domain decomposition
aspects. We note that many non-polynomial (but analytic) problems may be reformulated as a
polynomial problem via change of variables and automatic differentiation techniques, see e.g. [20]
and the references therein. Furthermore, for the sake of presentation, the estimates in Section [6]
which are needed to validate numerical approximations of , are only developed in detail for
quadratic polynomials. We remark that the estimates for higher-order polynomials are similar and
straightforward generalizations of the quadratic bounds. The function G : R” x R™ x R™ — R"
represents a collection of n;, boundary conditions, which may depend on a parameter A\; € R™.

In the BVP parameters may either be fixed or determining their value may be part of
the problem. This also holds for the length of the interval L, which can be predetermined or
a priori unknown (as in the case of a periodic orbit). In any case, to have a locally unique solution
one needs that the number n, of free parameters (in Ao, Ay and possibly L) is such that the
number of boundary conditions balances the degrees of freedom: n, = n+n,. In the current paper
we restrict our attention to such problems with locally unique solutions. We note that it is well
understood how to extend the method to families of solutions via rigorous continuation techniques,
see [9,/14,/18,/32].

As explained above, the first step in the strategy extends the one presented in [23]. We recast
into an equivalent zero-finding problem in terms of the Chebyshev coefficients, where we
incorporate a flexible domain decomposition component in the formulation. We then compute an
approximate zero by truncation, and use a Newton-like scheme to establish the existence of the
orbit of interest via a contraction argument.

The proposed method differs in one additional seminal aspect from the approach presented in
[23]. The approach in 23] is based on recasting into an equivalent fixed-point problem on
the space of algebraically decaying sequences. However, integral curves of analytic vector fields are
itself analytic. Hence the associated Chebyshev coefficients decay to zero at a geometric rate rather
than merely at an algebraic rate. From that perspective it is more natural to pose the equivalent
fixed point problem on the space of geometrically decaying sequences, i.e., on an exponentially
weighted ¢!-space, see Section [2l This has several advantages. The estimates for bounded linear
functionals and discrete convolutions, which constitute a fundamental part of the method in this
paper, are more easily derived in the geometric setting; see |[19] for a detailed discussion of these
issues. Hence, the more transparent expressions allow us to concentrate on the core matter of
domain decomposition.

Exploiting the geometric decay of the coefficients has consequences that go beyond cosmetic
aspects, since the rate of decay links directly into the way the domains in the domain decomposition
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are chosen. We here give a brief overview of the ideas, while all details can be found in Section [
We split the interval [0, L] into subintervals and on each of these we write u as a Chebyshev series.
The main issue is how to (optimally or naturally) choose the splitting into subintervals. The
theory of Chebyshev approximations explains how the decay rate of the Chebyshev coefficients of
a function is related to the location of its complex singularities in the complex plane, see e.g. [29).
Crudely stated, complex singularities which are located close to the real axis are the main cause
for low decay rates. A rescaling in time, or partitioning of the domain, can be used to push the
complex singularities away from the real axis thereby obtaining higher decay rates (and hence
fewer Chebyshev modes are needed per domain).

The goal of domain decomposition in this context is to overcome the issue of low decay rates by
partitioning the domain [0, L] into a finite number m of subdomains, and to rigorously solve for the
Chebyshev coefficients of {u|[ti—1,ti] 1< < m} simultaneously. The idea is to determine a grid
{0=1tp <ty...<tpm = L} such that each piece uly,_, s, of the orbit can be accurately approxi-
mated with a relatively small number of modes. In Section [f] we present a heuristic procedure for
determining a grid for which the decay rates of the Chebyshev coefficients on each subdomain are
(approximately) uniform over the subdomains. By choosing m appropriately, this (uniform) decay
is sufficiently rapid to obtain accurate approximations with a relatively small number of Chebyshev
modes on each subinterval, so that a succesfull rigorously verified computation may ensue. The
procedure is based on examining the complex singularities of the orbit to be validated by using a
robust rational interpolation scheme developed in [26,27]. In Sectionwe illustrate that domain
decomposition based on the location of the complex singularities significantly enhances the global
improvement of the decay rates in a way that cannot be achieved by merely using uniform grids.

Before proceeding with a short description of some concrete results that illustrate how domain
decomposition significantly enhances the applicability of Chebyshev series in computer-assisted
proofs, a few remarks concerning the literature are in order. The literature on solving boundary
value problems is vast, and an overview, even when restricting to rigorous computer-assisted ap-
proaches, is far beyond the scope of this paper. Let us, however, mention a few key papers to
briefly sketch what kind of methods have been developed by the rigorous numerics community.

In [3,/4,/10,/16,/37] functional analytic methods, similar in spirit to ours, are used to solve
BVPs: the differential equation is reformulated into an equivalent fixed-point problem and is
solved by verifying the conditions of the Contraction Mapping Principle with the aid of a computer.
Fundamentally different approaches based on topological rather than functional analytic methods,
such as the Conley-index and covering relations, have been proven to be very effective as well (see
e.g. |5,[13,/17,|36]), especially when combined with high-accuracy interval-arithmetic integration
techniques (see e.g. [6,24]). Finally, let us also mention the method in [12] based on shadowing
and fixed point arguments.

To demonstrate the effectiveness of our method we have validated “long” connecting and peri-
odic orbits in the Lorenz system

du o(ug —uq)
prial B (p—wu3) —uz |,
t
urug — Pus

where o, 3, p € R are parameters. We set 5 = %, o =10, and let p > 1. The parameter values are

referred to as classical if p = 28. All the computations presented below have been implemented in
MATLAB, using the INTLAB package [28] for the necessary interval arithmetic, and the CHEBFUN
package [15] to construct the required Chebyshev approximations. The code is available at [34].

Application 1. We have proven the existence of a transverse heteroclinic orbit between hyperbolic
equilibria in the classical Lorenz system. The implementation in |22], which in spirit is very similar
to the one discussed in the present paper, except that splines are used instead of Chebyshev
polynomials, was not powerful enough to verify the heteroclinic orbit for the classical parameter
values. For these parameter values it turns out that the connecting orbit cannot be verified by using
a Chebyshev series on a single domain, hence domain decomposition is essential. The Lorenz system
has three hyperbolic equilibria, namely the origin and ¢ := (/B (p— 1), £/B(p—1),p — 1),
which are commonly referred to as the positive and negative eye. A connecting orbit from ¢* to




Figure 1.1: The connecting orbit from the positive eye to the origin in the Lorenz equation with
classical parameters. The time of flight between the local (un)stable manifolds is L = 30. The geo-
metric objects colored in red and green are representations of W (¢*) and W, (0), respectively.

the origin is characterized by

Y=g, tebI)
u(0) € Wit (¢7) (1.2

u(L) € Wi (0),

where L > 0 is the integration time required to travel from the local unstable manifold W} (¢™)
of ¢ to the local stable manifold W;_(0) of the origin. The local invariant manifolds can be
parameterized using the method in to obtain rigorously validated descriptions of explicit
boundary conditions that supplant the statements u(0) € W} (¢%) and u(L) € W _(0), see
Section The system is thus reduced to a BVP of the type (1.1).

We established the existence of an isolated solution of for L = 30 time units by using a
grid consisting of m = 55 subdomains. The orbit is shown in Figure The C%-bound for the
error between the exact and numerical approximation was of order 107°. The reader is referred to
Section [5.4] for the details.

Application 2. We have validated a periodic orbit of period L = 25.03 on the Lorenz attractor for
the classical parameter values. We note that L is a parameter and G consists of u(0)—u(L) = 0 € R?
plus a phase condition (u(0) lies in a certain Poincaré section, see Section . The orbit is shown
in Figure The C%bound for the error between the numerical approximation and the exact
solution was of order 107!°. Rather than pushing for extremely long orbits (which have already
successfully been obtained via high-precision arithmetic [@]), this periodic orbit is primarily meant
as an illustration of the typical behavior of the domain decomposition algorithm. In Figure
the size of the Chebyshev coefficients on all domains (as determined by the algorithm described in
Section [4]) is shown simultaneously. This showcases the fact that the algorithm determines a grid
such that the decay rate is uniform.

Application 3. As a third application we considered a family of periodic orbits parameterized
by p, accumulating to a homoclinic orbit to the origin at phom &~ 13.93. In particular, the periods
of the periodic orbits tend to infinity as p | pnom, and it becomes increasingly hard to validate
the solution. Indeed, the goal of this example is to push our method to the edge of its current
applicability. With the orbits spending a lot of time near the equilibrium, the algorithm for



Figure 1.2: @ A periodic orbit on the Lorenz attractor of period L ~ 25.03 validated with
m = 35 subdomains. @ A semi-logarithmic plot of the coefficients in the Chebyshev series on all
subdomains for the three components of the solution.

Figure 1.3: I@l A typical periodic orbit near the homoclinic connection. The period of the orbit
is L =~ 100.25. Notice the sharp turn of the orbit near the origin. @ The x, y and z components
of the orbit. The three components are fairly flat for a relatively long time. These flat parts
correspond to the part of the orbit near the equilibrium where the dynamics are slow.

determining the domain decomposition based on the estimated location of the poles turns out
to still work well for the part of the orbit that describes the near-homoclinic excursion, but not
so well in the neighborhood of the equilibrium, see Section for a more detailed discussion.
Furthermore, the problem becomes increasingly ill-conditioned as p approaches pnom. This is
remedied by considering p as a free parameter rather than a fixed one, and adding a pseudo-
arclength continuation type equation, see Section [5.3.1]

A typical validated periodic orbit near the homoclinic orbit for p close to ppopm is shown in Figure
It has two geometrically distinct parts: it spends a long time close to the equilibrium where
the components are near-constant, see Figure while the peak corresponds to the relatively
short excursion into phase space. The grid is uniform on the flat part of the solution (where very
few modes are used per domain), and the grid is non-uniform in the peak (where many modes are
used per domain), see Section for details.

This paper is organized as follows. We begin by briefly introducing the necessary background on
Chebyshev series in Section[2] The setup for the rigorous verification of the numerical computations
in the domain decomposition context is described in Section The accompanying estimates



are postponed to Section [f] as not to break the flow of the arguments. In Section [] we discuss
the algorithm for finding a domain decomposition that leads to uniform decay of the Chebyshev
coefficients. Section [f]deals with the three applications summarized above. Finally, in Section [6] we
first develop the full details of the estimates for the case of periodic boundary conditions, and then
give the modifications required for the non-periodic boundary conditions that are used in some of
the presented applications.

2 Preliminaries

2.1 Chebyshev series

The reader is referred to [29] for all proofs and a more comprehensive introduction into the theory
of Chebyshev approximations. Here we summarize the properties needed for our method.

The Chebyshev-polynomials Ty, : [—1,1] — R of the first kind can be defined by the relation
T}, (cos @) = cos (k#), where k € Ny and 6 € [0,7]. As suggested by this definition, the Cheby-
shev series associated to the Chebyshev polynomials (Tk)iozo constitute a non-periodic analog of
Fourier-cosine series. In particular, Chebyshev and Fourier-cosine series have similar convergence
properties. For instance, any Lipschitz continuous function admits a unique Chebyshev expansion.
The following proposition describes the decay of the Chebyshev coefficients of an analytic function.

Proposition 1. Suppose u : [—1,1] = R is analytic and let

oo
u=ag+ QZaka
k=1

be its Chebyshev expansion. Let E,, C C denote an open ellipse with foci £1 to which u can be
analytically extended, where v > 1 is the sum of the semi-major and semi-minor azis. If u is
bounded on E,, then |ay| < Mv=F for all k € No, where M = sup,cp |u(z)|.

Remark 1. The largest such ellipse F, is referred to as the Bernstein ellipse associated to u.

The product of two Chebyshev series is (in direct analogy with Fourier series) described by a
discrete convolution, as expressed by the next proposition.

Proposition 2. Suppose u,v : [—1,1] = R are Lipschitz continuous and let
o0 o0
u:aoJrQZaka, U:bo+QZkak,
k=1 k=1
be the associated Chebyshev expansions. Then
o0
u'v:co+2chTk, where c=axb:= Z Ak, D1y -
k=1 k1+ko=k
k1,k2€7Z

Furthermore, we state an identity which will be useful for computing the derivative of a
Chebyshev-series:

dTy, k

gz (z) = 1-T () (Th—1 (#) = Thog1 (), kEN. (2.1)

Finally, we have the product formula
1
TlekQ = i(Tkﬁ*kz + ﬂkl_k2‘)’ (22)

As we will be solving boundary value problems, we observe that T, (1) = 1 and Ty(—1) = (—1)*.



2.2 Sequence spaces

The functional analytic reformulation of (L.1)) in terms of the Chebyshev coefficients is posed on a
weighted ¢! space. More precisely, in light of Proposition [I| we define the space

[%H+2§XW%W”<“%1§an}

e%ﬂ,n) = {(ak)kENo ag € Rn,
k=1

where [ak]j denotes the j-th component of ay € R™ and v > 1 is a given weight, endowed with the
norm

R k
e = . o] 253 |

We shall write £}, := é%y 1y and [|-|l, =[]l ,1)- The convolution axb of two vector-valued sequences
a,be 6%1/ n) is defined component-wise.
A particularly important reason for choosing the above norm is that it induces a natural Banach

algebra structure on E%U n) with respect to the discrete convolution:

Proposition 3. The space (E%D ) *) s a Banach algebra. In particular

[la * b||(u,n) < ||a||(u,n) Hb”(y,n)

for any a,b € 6%11 n)
Finally, we state an elementary result about the dual of ¢1 which will be used extensively
throughout this paper. Let {£,}°, be the set of “corner points” of the unit one ball in £}.:

1 k=0 1 k=1
= d = 2 for I € N. 2.3
(o) {o ko, 4 G {o kAl (2:3)

Then we have the following characterization of the dual of £1.

Lemma 1. Let ¢ € (611,)*, then

¥, = sup [4(e)].
leNp

3 Rigorous numerics for periodic orbits

In this section we introduce a rigorous numerical method for solving a special case of , namely
we consider the problem of validating a periodic orbit. The reason why we have chosen to present
the details of the method for periodic orbits is only for the sake of clarity, and it will be shown in
Section [5| how one can adapt the procedure to deal with other types of BVPs.

Since periodic orbits are invariant under translations in time, we need to introduce an additional
phase condition in order to isolate the periodic orbit of interest. Note that a periodic orbit can be
characterized by the following BVP:

T=T9w,  tep)
w(0) =u(l), (3.1)

(vo,up —u (0)) =0,

where w > 0 is the frequency of u, and ug, vy € R™ are fixed. The vectors ug and vy define a
Poincaré section through which the periodic orbit w is required to pass at time ¢ = 0 (i.e. the phase
condition). Note that the frequency w is a-priori unknown and must be included as an additional
variable to solve for.



We start by recasting the problem into an equivalent zero finding problem of the form F(z) =0
in terms of the Chebyshev coefficients. Next, we construct a Newton-like operator T" for F' based
at an approximate zero Z obtained via numerical simulation. Finally, we use a parameterized
Newton-Kantorovich method to determine a finite number of explicit inequalities, which can be
rigorously verified with the aid of a computer, in order to establish that T is a contraction on a
neighborhood of the approximate solution z.

3.1 Chebyshev operator for periodic orbits

In this section we reformulate (3.1) as an equivalent equation of the form F(z) = 0 by performing
domain decomposition and using a Chebyshev expansion on each subdomain. Let

P ={to=0<t1 < ... <ty =1}
be any partition of [0, 1], where m € N is the mesh size. Then (3.1)) is equivalent to

du 1

o= oem),  teon],

(P w1 (0) = (1) = 0,
(vo, up — u1 (0)) =0,

= - 1) te ti— 7ti 5

(P;) ¢ dt Wg(U) b1, ] for 2 <i<m.
wi (ti1) = wi—1 (tiz1)

Note that each wu; (if it exists) is analytic, since g is assumed to be polynomial (say of degree N,):

Ng
)= 3 g,

|a]=0

where g, € R™. Here o = (a1, .. ., ay,) is the usual multi-index, with |a| = a3 +- - -+ «;,. Therefore,
the Chebyshev expansion

o0
u; = apy + 2 Zai.T,f., ai € R™, (3.2)
k=1
is unique and converges uniformly to w; on [t;—1,%;]. Furthermore, the coefficients ([GZ]

j> keNy ’
where 1 < 5 < n, decay geometrically to 0 as k — oo by Proposition |1} In particular, there exist

m

numbers (v;);_,, where each v; > 1, such that [ai]j c K}, foralll1 <i<m,1<j<n. In the
remainder of this section the weights v = (1;);~, are assumed to be fixed.
To obtain a reformulation of (P;)!", in terms of the coefficients a’, first observe that

oo
gou; =ch+2> 4T},
k=1

where
&= Ja [ai]?l x ..k [ai]a” , (3.3)

1 <i<m, 1< j < n, by Proposition Note that ¢’ is a function of a’. In particular,
¢t Z%Vi ny K%W ) Since

Ng n
€], < 3 Jisal | LI <o 5.4)

|a|=0



for all 1 < j < n, by Proposition [3, We shall write ¢! = ¢*(a’) whenever we need to emphasize this
dependency in a more explicit way.
Substitution of the Chebyshev expansion of u; into the differential equation in P; yields

o0

du; 2T
dt :2; di_gouz—60+2kz:10ka (3'5)

By differentiating the Chebyshev polynomials, equating coefficients of the same order on the left-
and right-hand side of (3.5)), and using ([2.1)) and ([2.2)), or more directly using T} (cos ) = cos(k6),
one obtains an equivalent formulation of the differential equation in terms of the coefficients
(az)kENo:
tit1 — b ;
ZT( o — Chy1)-

The equivalent equations for the boundary conditions are obtained in a similar fashion. In
particular, substitution of the Chebyshev expansion of u; into the phase condition yields

i
wkaj, =

(vo, uo) — (vo,ay) 22 Uo,a}C> =0,

where we have, without loss of generality, adapted it to depend only on finitely many coefficients
(this simplifies the estimates). In practice, Ny will be the number of modes up to which a! is
computed numerically.

We are now ready to define the desired map F":

Definition 1 (Chebyshev operator for periodic orbits). Let v = (1;)!", and o = (;);~, be
collections of weights such that 1 < 7; < v; for all 1 < i < m. The Chebyshev operator for periodic
orbits is the map F': R x [[}%, €7, v = Rx [[Z, £(;, ,y defined by

F(z):= (fo(al),fl(w,al,a ) fg(w at a) ...,fm( w,a 1,am)),

Wherex:(w,al,...,am),fo:€ )—HR, andfi:]Rxéé_ x 4} are given by

Vi_1,m) (vim

1
(im ) = Loy

Ny
fo (a') = (vo,u0) — (vo,ay) — 22 (—1)F (vo,ap)
k=1

ah —ab™? +22k1<( 1)kak ay” 1), k=0,

) U O A
fi (w,a’ "t a") : S oti—ti 1‘
wkaj, — 1 (Ck71 - Ck+1) , ke N,
for i =1,...,m, where we set a® = a™
Remark 2. If o € El , then (kak)keNo € K%Di’n) for any 1 < 7; < v;.

By construction, we now have the following:

Proposition 4. F(z) = 0 if and only if the functions {ul =al+2> 0, aiTi:1<i< m} con-
stitute a periodic orbit of g.

3.2 Finite Dimensional Reduction

In this section we explain how to discretize the equation F'(x) = 0 in order to compute a finite-
dimensional approximate solution of (3.1). We start by introducing some notation: define the
space X, :=R x [, ély endowed with the norm

n
|(w,a',... ,am)HXV := max{ |w|, max{||a’|| s, n) : 1 <7 <m}}.

Define projections Il : X, — R, II; : X, — € and IT; j : X, — £} by

(viymn)?

Iy (w,al,...,am) =w, I (w,al,...,am) = a’, IL; ; (w,al,...,am) = [ai}j,



where 1 <7 <m, 1 <j<n.
Let N = (Ny,...,Ny,) € N™ be a given collection of truncation parameters and define Iy, :
. where 1 < i < 'm, by

(vi,n)?

1
i)
I (1) Cl;c, OSkSNl—l,
N; \a ) 1=
Ona k Z Nia

and the Galerkin projection Iy : X, — A, by
Iy (w, at, ... ,am) = (w,HM (al) U | 5NN (am)) .
Henceforth we shall identify Iy (w,a’,...,a™) and Iy, (a’) with
[w,(a,lc)g:lal,...,(akm)ggofl] e RIFP LI N and [ad,...al,_1] € R™N,

respectively. This is a slight abuse of notation, but it reduces clutter. It should be clear from the
context when to interpret a variable in the finite dimensional space and when to interpret it as

an element of an infinite dimensional space with zeros in the tail. Finally, set lev =TN (X)) ~
R1+n SN .

Definition 2 (Finite dimensional reduction of F'). The finite dimensional reduction of F' is the
map Fy : XN — XY defined by

Fy ([w, (ai)gzlal, cee (a;")kNgo‘l}) =1y (F (w,a',...,a™)).

3.3 A Newton-like scheme

In this section we introduce a method for proving the existence of an exact zero of F' by using
an approximate zero of Fly. The main idea is to build a Newton-like scheme in the infinite
dimensional setting by using approximate data obtained via numerical simulation. Assume that
we have computed the following;:

e (C1): An approximate zero # € R*+" 2 Ni of Fyy, and & = (d), al,. .. 7dm)7 where & > 0.
e (C2): An approximate injective inverse Ax of DFy (Z).

The finite dimensional data will be used to construct a Newton-like operator T' for F' such that
the zeros of F' will correspond to fixed points of 7" and vice versa.

We start by constructing approximations of DF (Z) and its inverse by extending DFy (&) and
AN to X, and X;, respectively. Recall that ¢’ (a') decays geometrically to 0 as k — oo by ,
for any a € E%yi,n). Moreover, ci (a') = 0, for all kK > N, (N; — 1) by , since aj, = 0,, for all
k > N;. Therefore, if the truncation sizes N; are sufficiently large, and max {t; — t;—1 : 1 <i <m}
is sufficiently small, the linear part of F' corresponding to wka};, where k > N;, will be dominant
at Z. Consequently, one can construct approximations of DF (&) and its inverse by using DFy (&)
and Ay for the finite dimensional part, respectively, and the linear part of the tail of F' for the
remainder:

Definition 3 (Approximation of DF (#)). The approximate derivative A : X, — X of F at & is
defined by

~

H()A (x) L= H()DFN (JA,‘) HN (.T) 5

)

wk (IL; (), , k> Ny,

where 1 <3 <m.

10



Definition 4 (Approximate inverse of DF (#)). The approximate inverse A of DF (&) on X; is
defined by

H()A (.CL‘) L= H()ANHN (.1?) ,

(HiANHN (l‘))k, 0 S k S Nz — 1,
(LA @), =4 1 ;

— (11, , k> N;.

@), k>
where 1 < ¢ < m.
Remark 3. The operator A is injective: suppose Az = 0, then IIy () = 0, since Ay is assumed,
see (C2) above, to be injective, and (II; (z)), =0 € R™ for all 1 <i <m and k > N;, i.e. = 0.

In analogy to the classical notion of a Newton-operator for a finite dimensional map, we now

define an infinite dimensional Newton-like operator for F', based at Z, as follows:

Definition 5 (Newton-like operator for F'). The Newton-like operator T : X, — X, for F', based
at z, is defined by

T(z) ==z — AF(x).
An immediate consequence of the fact that A is injective is the following:
Proposition 5. T'(z) = = if and only if F(z) = 0.

If  is a sufficiently accurate approximate zero of F', we expect to find an exact zero x* of F,
i.e., a fixed point of 7', in a small neighborhood of Z. Moreover, if r > 0 is sufficiently small (not
too small), we anticipate T to be a contraction on B, (£). To see why, let 21,22 € B, (0), r > 0
be arbitrary and consider the following factorization:

DT (&4 x1)xa= (I — ADF (& + 1)) 22

= (1~ AA) 2>~ A(DF (i +21) ~ A) s, (3.6)

The first term in is related to the numerical part of the problem and measures the quality
of the approximate inverse Ay, since [ — AA vanishes in the tail while the finite dimensional part is
the matrix Iy — Ay DFn(&). In particular, it is expected to be small by construction. The second
term is of a more fundamental nature and involves the analysis of the infinite dimensional operator
DF in a neighborhood of the numerical approximation Z. Intuitively, we expect the difference
(DF (T + 1) — 2) 9 to be small for small x; if A is an accurate approximation of DF' near Z.
As mentioned before, this is likely to be true if the truncation sizes N; are sufficiently large, and
the mesh-size and radius r are sufficiently small. Altogether, these observations explain why it is
plausible for T" to be contracting near z.

The following theorem quantifies the above assertions and is amenable to rigorous numerical
analysis. The proof is the same as for the case of a single domain, see |14].

Theorem 1 (Contraction mapping principle with variable radius). Assume that the following
conditions are satisfied:

(i) There exist bounds Y; ;, Z; j(r) > 0 such that

1L, (T (2) = ), < Yij, (3.7)
sup || ;DT (& + z1) 22|, < Zi5(r), (3-8)
z1,22€B,(0)
foralll <i<m,1<j<mn, and bounds Yo, Zy(r) > 0 such that
o (1" (2) — 2)| < Yo, (3.9)
sup  |IIoDT (T + x1) x2| < Zo(r), (3.10)

z1,22€ B, (0)

where r > 0.
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(i1) There exists a radius # > 0 such that

max{ max {Z;,; 7)+Yi;}, Zo(F)+ Yo} < 7.

1<ism,1<j<n

Then T : B (&) — B (&) is a contraction.

Remark 4. The Y-bounds measure the accuracy of the approximate solution &, while the Z-bounds
measure the contraction rate of the Newton-like operator T

The Z-bounds are polynomials in r, as will be shown in section [6.2] which motivates the
following terminology:

Definition 6 (Radii-polynomials). The radii-polynomials for T" are defined by
Pij (r) = Zij (r)+Yij—r, po(r):=2Zo(r)+Yo -
where 1 <i<m,1<j<n.

Corollary 1. If po (7#),pi; (F) < 0 for all1 < ¢ < m and 1 < j < n, where # > 0, then
T : B; (&) — By (Z) is a contraction.

Note that Corollary [1] also provides a rigorous error-bound for the approximate solution:
Proposition 6. Suppose x* is the fized point of T in By (Z), then
[u* =il <7, " =@ <7,

where u*, @ : [0,1] — R™ are the exact and approximate periodic orbit with frequency w* and &
defined by x* and I, respectively.

4 Domain decomposition

In this section we present a procedure, partially based on heuristics, for computing an efficient
grid &, which facilitates the rigorous validation process. The main idea is to compute a grid
for which the decay rates of the coefficients a* are sufficiently high and uwniformly distributed over
the subdomains. The motivation for this choice is based on the observation that a combination
of high-decay rates (uniformly distributed) and a relatively small number of modes will help to
control the tail estimates in Lemma [ on each subdomain in a uniform way. In turn, this will aid
in verifying that T is a contraction.

4.1 A heuristic procedure for computing &,

In this section we introduce a heuristic procedure for computing a grid &2, such that the decay
rate of the Chebyshev coefficients [cﬂj, where 1 < j < n, is the same on each subdomain.
The main idea is to construct &, by using the Bernstein ellipses introduced in Proposition
Suppose u* : [0,1] — R™ is the exact solution of the ODE under consideration (assuming it exists).
Furthermore, assume that the obstructions for analytically extending the components [©*] ; to the

entire complex plane are the presence of poles {z j}kNi 7.
Write uj := u*[j;,_, +, and observe that the Bernstein ellipse associated to the map

t; —ti—
t {u; (21 (t+1) +ti_1>} : (4.1)
J
where t € [—1,1], i.e., the largest ellipse with foci —1 and 1 to which the latter map can be
analytically extended, has the following measurements: its linear eccentricity is equal to 1, the
length of the semi-major axis is equal to

Pj (ti-1,t;) == min (20,5 = tioa| + |2k — il
G \li—1,03) =

: (4.2)
1<k<N, ; ti —ti—1
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and the length of the semi-minor axis is equal to 1/ P; (ti—1, ) — 1. Therefore, the decay rate of
the Chebyshev coefficients of [u]]; is given by

Py ti1,t) + P (61,1 1, (13)

due to Proposition [I We shall refer to the latter quantity as the size of the Bernstein ellipse
of [uf],. Note that if the components of the vector field are all coupled, the components of u*
will (generically) have the same poles. In this case the decay rate (4.3) will be the same for all
1<j<n.

Set P (t;,t;i—1) := mini<;<yn P; (t;—1,t;) and note that the smallest Bernstein ellipse of the

components of v} has size
Ve i= P (ti_1,t;) + \/ P (ti_1,t;)* — 1. (4.4)

Hence, equidistributing decay rates of a’ corresponds to equidistributing P(¢;_1,¢;). Next, define
m.ngle R™~! by

P (tog,t1) — P (t1,t2)
D, (tla---vtmfl) = s
P(tmf27tm71) _P(tmfhtm)

where ¥, := { tyeestmo1) ERMTLI0<t; <o <ty1 < 1}, and observe that the zeros of
®,,, characterize the grids which equidistribute (4.4]) over the subdomains [t;_1,t;]. Therefore, the
desired grid can be obtained by computing a zero of D,

We shall approximate a zero of ®,, by using Newton’s method. In order for Newton’s method
to be successful, however, we need to supply a sufficiently accurate initial guess for a zero of
®,,,. To find such an initial guess, we interpret ®,, as a smooth vector field on ¥,,, and the
desired grid as a steady state of the associated dynamical system. This interpretation makes
sense, since ¥, is invariant under the flow induced by ®,,, i.e., the ordering of the grid points
0 <t <...<tpo1 <1is preserved under the flow. The reason for this is that successive grid
points t;_1, t; repel each other whenever their mutual distance is sufficiently small due to the
factors tijttil in (@, (t1,...,tm-1)];_; and [®p, (t1,...,tm—1)];, See .

If ¢, contains a stable equilibrium of ®,,,, one can approximate its location, i.e., compute an
initial guess for the desired grid, by integrating the ODE

dt

— =&, (), 7€]0,7], 4.5

C=en(), Teln) (15)
for sufficiently large 79 > 0. In practice, we start with a uniformly distributed grid and follow the
flow of (4.5) for some time. In all our numerical experiments this process appeared to converge to
an equilibrium state and yielded a sufficiently accurate initial guess for initiating Newton’s method.

4.2 Approximation of the complex singularities

In the previous section we explained how to compute grids by computing zeros of ®,,. In order
to construct the map ®,,, however, one needs to determine the complex singularities of the exact
solution u*. In this section we outline some of the algorithmic aspects for approximating the
relevant complex singularities of u*, i.e., the ones which determine the sizes of the Bernstein ellipses,
by using an approximate solution of the ODE and the rational interpolation scheme developed in
[2627].

The main idea in [26}27] is as follows: given an analytic function f : [a,b] — R approximate
its analytic extension into the complex plane by constructing a rational interpolant %. This is
accomplished by sampling f at the Chebyshev points in [a, b] and solving (if necessary in a least
square sense) the problem

p(yj) —f(y;)a(y;) =0, 0<j<K, (4.6)
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where (yj) _o are the Chebyshev points on [a,b], K € N, and p, ¢ are polynomials of degree N,
Ny, respectlvely This will yield a rational interpolant 2 o provided ¢ (y;) # 0 for all 0 < j < K.
The associated rational interpolant is referred to as a rational interpolant of type (N,, N,). The
complex singularities of f can be approximated by computing the roots of g. The degrees of p and
q, however, should be chosen carefully in order to avoid spurious poles. To reduce the number of
spurious poles, the algorithm in [26,27] uses heuristics to determine whether the prescribed degree
for ¢ was not too large and lowers it if necessary.

Letu-Z7 11[15; 1t]

and (t ) _olsa partltlon of [0,1]. The idea is to use @ to approximate the complex singularities of
the (true) solution u*, namely by constructing rational interpolants for each [t;] i Consider any
1<i<m,1<j<n, and initialize N; = 1. Then follow the procedure as described below:

; be an approximate solution of the ODE, where @; = aj+2 Zk : d};Té

K2

1. Compute an approximate rational interpolant for [u*]j of type ({%J 7Nq) with K =

[QN LJ + N, by using the approximate solution [&;] i The specific choices for the param-

eters are motivated in Remark [Bl

2. Compute the absolute value, denoted by A, of the difference of the approximate size of the
Bernstein ellipse of [u}] j and the decay rate of [éﬂj. The decay rate of [d’}j is estimated by

using the least-square method to find the best line through the data points

{(k;log( D 1<k<N—1‘ ’>10 16}

S

The decay rate is then approximated by e~®, where s is the slope of this line. In particular,

A = |v, — %], where v, is defined in (4.4).

3. If A < 0.05, then the approximation of the relevant singularities is deemed sufficiently accu-

rate and we terminate the procedure. Otherwise, if NV, < L%J we increase N, by one and

return to step 1. If N, = {%J, the approximation of the singularities was unsuccessful and

the program is terminated. The significance of A and the specific choice for the tolerance
and stopping criteria are explained in Remark [0}

Remark 5. The value for K in step 1 is the smallest value for which (4.6) is guaranteed to admit
2N;
3
complex singularities (which we generally do) one should choose N, < N; — 1, since the rational
interpolation scheme would yield p = [ﬂi]j and ¢ = 1 for N, > N; —1. At the same time, N, should
be chosen sufficiently large in order for the rational interpolant to be an accurate approximation

an exact solution. The motivation for choosing N, = is that if one expects the existence of

of [u7];. The specific choice N, = ng J is based on experimentation and the suggestions in [35].

Remark 6. The quantity A defined in step 2 is used to asses the accuracy of the approximation
of the relevant singularities. Indeed, if the approximation of the relevant singularities is accurate,
then A should be relatively small by Proposition[I] In practice, A varied at best between 0.01 and
0.05 which motivated the choice for the tolerance in step 3. Furthermore, the rational interpolants
were constructed by using approximate solutions u defined on relatively fine grids with high decay
on each subdomain. Hence we expected a relatively small number of complex singularities per

subdomain. This motivated the choice for the stopping criterion N, = [J\;J

5 Applications: periodic and heteroclinic orbits in the Lorenz
system

In this section we demonstrate the effectiveness of domain decomposition by using the proposed
method to validate periodic and heteroclinic orbits in the Lorenz system which we were not able

to validate without decomposition of the domain. In Section we consider the validation of a
periodic orbit on the Lorenz attractor for which the procedure in Section [3]is directly applicable.
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In Section we consider a family of periodic orbits near a homoclinic orbit and in Section
we validate a heteroclinic orbit. In the the latter two cases the procedure in Section [3| cannot be
applied directly and needs some modifications, illustrating both the limitations and the flexibility
of the method.

5.1 Main algorithm

First we describe the main procedure used for validating solutions of (L.1)):

1. Compute an approximate zero = of F' with respect to some grid ({i)io and approximate the
complex singularities of u* (the exact solution of the ODE) as described in Section

2. Choose the number of domains m and use the procedure in Section to determine a grid
(t;);~, with uniform decay on each subdomain. The number of domains m needs to be chosen
in such a way that max {t; —t;_1 : 1 < i < m} is sufficiently small and the number of modes
N;, as determined below, is sufficiently large. In practice, we chose m by experimentation
(see Section [5.2| for an example in which we validated a periodic orbit for different m).

3. Construct an approximate solution & on the new grid (¢;);~,. The number of modes N; on
each subdomain [t;_1,%;] is chosen in such a way that {ak|OO < 10716 for k > N;,.

4. Determine weights (1;);~, for which validation is feasible. We have chosen to fix one weight
v > 1 and set v; = v for all 1 <4 < m, since by construction the decay-rates are the same
on all subdomains. Furthermore, v is determined by first computing an initial guess vg, as
explained in Remark [7] below, and checking whether validation is feasible with v = 1. This
is accomplished by computing the Y and Z-bounds as defined in Section [6] and constructing
the radii-polynomials (without interval arithmetic). Subsequently, we try to determine an
interval on which all the radii-polynomials are negative. If we do not find such an interval
(i.e. validation is not feasible), then we keep decreasing v (as long as v > 1) until validation
is feasible.

5. Construct the radii-polynomials with interval arithmetic and determine an interval I, , at
which they are all negative.

Remark 7. The initial guess vy in step 3 is determined by a heuristic procedure that is based on
analyzing the bounds Y; ; as stated in Proposition |Z| in Section @ The idea is to choose vy > 1
such that

N, (Nifl)Jrl
ti —ti_g ) vk
1276;1 k;\/‘ ‘[02—1( — (@ ’ o <e foralll<i<m, 1<j<n,

where € > 0 is a prescribed tolerance which we set equal to 1074 in our algorithm. A rather rough
estimation yields

b — s Ny (Ni—1)+1 y ho N (N;—1)+2
7 i— i ~ i ~ 0 i (A k
= r 1@ — chn @], 2 < 230 > [ @],| v, G0

where h := max {t; —t;_1 : 1 <i < m}. Note that [d};]j and [c} (d)]j are both of order O (v %),
where v,, see , is known by construction of the grid. Therefore, assuming that |d6|oo is roughly
of the same order on all subdomains, we anticipate that the number of modes per subdomain will
be fairly uniformly distributed, say N; ~ N, where N is the (rounded) average number of modes
per subdomain. Altogether, we expect the quantity

Ng(N-1)+2

oy, G a0 ) e

k=N-1
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to provide a reasonable estimate for the order of magnitude of (5.1). Moreover, since we need to
choose 1y < v, and N is relatively small compared to N, (N — 1) + 3, one can approximate |j
by

e ()
N (1-m) )

e

Hence we have chosen to determine vy by setting the latter quantity equal to e.

5.2 Periodic orbit on the Lorenz-attractor

We have successfully applied our method to validate a periodic orbit of period L ~ 25.0271 in
the Lorenz system for the classical parameter values. We remark that validation was not feasible
without decomposition of the domain. More precisely, the procedure described in Section failed
for m =1, i.e., with a single domain. The main obstruction to using just one domain was the need
for a large number of modes to accurately approximate the orbit, which caused the bounds related
to the tail of the Chebyshev approximation to be (too) large. We should mention that it is feasible
to validate this periodic orbit using a Fourier basis (and hence a single domain) via the method
in [19]. However, Fourier series can be used for problems with periodic boundary conditions only.
Furthermore, the number of Fourier modes needed is comparable to the total number of modes in
our domain decomposition method, and the latter is readily amenable to general (non-periodic)
boundary conditions.

We have reported the computational results in Table[5.1} As expected, the size of the Bernstein-
ellipses v, (as defined in ) increases and the (rounded) average number of modes N decreases,
whenever the number of subdomains m is increased. Moreover, as long as the decrease of N
outweighs the increase of m, the dimension of XV decreases, thereby making the proof computa-
tionally more efficient. In particular, m = 34 was the computationally most efficient choice. We
remark, however, that no attempt was made to optimize dim XV for fixed m. It may be possible
to validate the orbit by using a significantly smaller number of modes N; per subdomain, i.e., by
relaxing the requirement that |a}‘€|oO < 107 for k > N;. Finally, for each m the initial guess vy
for v was slightly too large and was lowered by 0.01 in order to make validation feasible.

The approximations of the complex singularities of the orbit are shown in Figure Note that
the relevant singularities, i.e., the ones which determine the size of the smallest Bernstein ellipse,
were fairly uniformly distributed. As a consequence, the resulting grids look close to uniform at first
glance, as can be seen in Figure[5.2al However, we stress that our method for distributing the grid
points based on the location of the complex singularities significantly improves the computational
efficiency compared to choosing a uniform grid. To illustrate this, notice the dramatic decrease in
the dimension of X2 as we proceed from m = 33 to m = 34, i.e., we add one grid point. This is
caused by a very subtle redistribution of the grid-points, as shown in Figure which resulted
in a relatively large increase in the decay-rates from 1.68 to 1.87, see Table

Indeed, at first sight the grids appear to be very similar and it is unclear how the decay-rates
could have increased that much. To get some insight, we have depicted two seemingly similar
subdomains [t32, 1] and [733, 1] in Figure where (tl)f’io and (Ti)?io denote the grid-points for
m = 33 and m = 34, respectively. The grid-points ¢35 and 733 are so close to each other that
the sizes of the Bernstein ellipses associated to [tse, 1] and [r33,1] are determined by the same
pair of complex singularities. Nevertheless, the subtle movement of 733 to the right was sufficient
to cause the observed increase in the decay-rates. To see this, recall that the computation of
the size of the Bernstein ellipses involves a rescaling to [—1, 1], as explained in Section This
rescaling contributes to the increase in the decay-rates. We note that in other regions in the grid,
the redistribution of the grid points (when adding a grid point) leads to a change in which pole
determines the size of the Bernstein-ellipse (for some domain). The combination of delicate shifts
of all the grid points together leads to the major improvement in the (uniform) decay rate.

The results highlight the effectiveness of the proposed method for performing domain decompo-
sition: the global improvement of the decay-rates due to the subtle repositioning of the grid-points
could not have been achieved by merely using uniform grids.
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m | N dilefV v Ve LIy

32| 79| 7618 | 1.1148 | 1.6413 | [4.5581-1071, 1.0217-1077]

33| 76 | 7498 | 1.1278 | 1.6837 | [3.1192-107'0, 1.5371-10"7]

34 | 63| 6433 | 1.1432 | 1.8749 | [3.8158- 1077, 1.1950 - 10~7]
[ ]
[ ]

35 | 61 6457 1.1529 | 1.9056 | [3.3529-1071°, 1.0320- 107
36 | 61 6610 1.1564 | 1.9115 | [3.1282-10719, 1.1097 - 10~7

Table 5.1: Numerical results for a validated periodic orbit of period L =~ 25.0271 in the classical
Lorenz system. In each case the number of modes IV; per domain was approximately the same.
The number N denotes the (rounded) average number of modes per domain.

Figure 5.1: The approximate complex singularities of the validated periodic orbit. The complex
singularities were computed with the procedure described in Section

5.3 Family of periodic orbits near a homoclinic connection

In this section we will validate periodic orbits close to the homoclinic orbit to the origin as p |
Phom & 13.926557407. The map F as defined in definition [T} however, has to be slightly adapted to
accomplish this goal. The reason F' has to be adapted can be seen in Figure which depicts the
dependency of L on p. In particular, note that the bifurcation curve is almost vertical near ppom.
Therefore, DFy (&) is close to singular near the critical parameter value ppom. Consequently, the
approximate inverse Ay of DFy () is badly conditioned near ppom, which causes the estimates in
Proposition [§| to blow up, which in turn will obstruct the validation process.

The latter problem can be solved by adding an additional equation to F' and including the
parameter p as an additional variable to solve for. We adapt the method in Section [3] as follows:

e Include p as an additional variable in X,, ie., set X, := R x R x []", E%w ny and write
T = (p,w,al,...,am) e i,.

e Define the norm and projections on X, in the same way as before by including an additional
projection I1_; : X, — R onto the parameter space defined by IT_; (p,w, a,... ,am) = p.

e Define F : X, — A5 by
F ()= (f-1(pw a1, am), fola'), fi(p,w,at,a™), falp,w,a',a),. . fn(p,w,a™F a™)),
where fo,..., fm are defined as before, and we choose
f1:= Vo, 1In(z) — Vo)

where Vj is approximately tangent to the solution curve (p, ¢(p)) of Fy, and Uy is a “pre-
dictor” for the next point on the solution curve.

The corresponding modifications to the bounds Y and Z are described in Section
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respectively. [(b)] A plot of the grid-points tsq, 733 and the complex singularities (colored in red)
which determine the size of the Bernstein ellipses associated to [tse, 1] and [733, 1].

Figure 5.2: A plot of the two grids (i, ti)?io and (1, Ti)fio corresponding to m = 33 and m = 34,

5.3.1 Results

To examine the performance of the proposed method we first determined how far we could push the
period by using only one domain. Next, we extended the result by using domain decomposition.
In particular, we validated a long periodic orbit of period L = 100.2254 which revealed a limitation
of the proposed method. In fact, there the standard algorithm breaks down in two spots.

First, it was not feasible to determine a grid by using the procedure in Section [4], since in the
region where the orbit is flat (i.e. near the equilibrium at the origin in phase space, see Figure
we were not able to compute accurate approximations of the complex singularities. A likely reason
for this is that the complex singularities in this region are located too far away from the real axis
(i.e. there are no “nearby” poles).

Second, after fixing the grid in the flat part of the solution in an ad-hoc manner (discussed
below), the number of modes N; in this part of the grid, as determined via the procedure in Section
[.1] was very small. To see why the use of such a small number of modes is an obstruction, recall
that the approximate inverse A, as defined in definition [} was constructed under the assump-
tion that wkal is the dominant term in (fi (w, a1, ai))k for kK > N; in a small neighborhood of
the numerical approximation. The latter assumption, however, is only satisfied if the truncation
dimensions N; are sufficiently large and max {t; — t,_1 : 1 <14 <m} is sufficiently small (see defi-
nition . Consequently, in order to validate the flat part of the orbit (where a small number of
modes per subdomain is used), one needs to ensure that the grid is sufficiently fine there.

To validate the long periodic orbit we constructed a grid which was uniform in the region where
the orbit is flat, and outside this region (where the number of modes per subdomain were relatively
large) the grid-points were placed by using the complex singularities as described in Section 4l We
remark that another strategy for resolving the above issue is to use only one domain for the flat
part of the orbit, and to artificially increase the number of modes on this subdomain by padding
with zeros. We have succeeded in validating the orbit in this way as well. The results are reported
in Table In particular, in the case m = 7 we used one subdomain with 1800 modes (of which
only the first 136 were nonzero) to approximate the flat part of the orbit. In the case m = 506
we used 500 equally spaced subdomains each using (on average) about five modes to represent the
flat part of the orbit.

By adapting the algorithm, we are thus able to validate very long orbits near the homoclinic
connection. We conclude this section by remarking on two possible improvements to the domain
decomposition technique.

Remark 8. The results show that the proposed method is not directly applicable for validating
orbits which exhibit slow-fast behavior on different time-scales. In this particular case, a more
effective approach for validating the long periodic orbit would be to avoid “numerical integration”
of the slow passage and to analyze the (relatively simple) dynamics near the equilibrium by other
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Figure 5.3: The dependence of the period L as a function of p obtained via non-rigorous pseudo-
arclength continuation.

L m dilefV I
4.5473 | 1 566 | [4.4568 - 10711, 8.4403 - 1079]
100.2554 | 7 5894 | [1.5186-107*, 7.4915-1078]
100.2554 | 506 | 8441 | [1.5174-107'!, 4.2914-1079]

Table 5.2: Numerical results for two periodic orbits near the homoclinic connection. The periodic
orbit of period L ~ 100.2554 was in both cases validated on a grid for which (the same) six
subdomains were used to approximate the non-flat part of the orbit.

means (normal forms, lambda lemma, etc.).

Remark 9. For this particular problem, distribution of the grid-points based on the location of
the complex singularities is not an efficient choice, since our domain decomposition algorithm will
concentrate most of the grid-points outside the region where the orbit is flat. Indeed, (in general)
our domain decomposition algorithm will yield relatively large subdomains in regions where the
complex singularities are located far away from the real-axis. This can obstruct the validation
process as max {t; —t;—1 : 1 <4 < m} might be too large. To resolve this issue, one can try to
improve the domain decomposition algorithm by incorporating constraints on the maximal distance
between successive grid-points.

5.4 Heteroclinic orbit

To show that our method is applicable to more general BVPs than just periodic boundary con-
ditions, we consider the validation of a transverse heteroclinic orbit from ¢ = (\/8(p — 1),
VB(p—1),p—1) to the origin for the classical parameter values in the Lorenz system. Both
the origin and ¢+ are hyperbolic, and dim (W*(0)) = dim (W"(¢")) = 2. In particular, the
transversality condition n, + ns = n + 1, where n, = dim (W" (¢")), ns = dim (W?*(0)), is
satisfied.

The idea is to set up a suitable BVP which characterizes the heteroclinic orbit, and to adjust
the method in Section [3| accordingly in order to solve the BVP. A heteroclinic orbit from ¢* to the
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origin is characterized by

%:LQ(U), tE[O,l],
uw(0)=P(a), acl,, (5.3)

u(l) :Q(¢)7 ¢ € Vs,

where L > 0 is a fized integration time and P :V, C R? - W _(q%), Q : Vs C R? — W (0) are
local parameterizations of W} (¢7) and W} (0), respectively. We have used the parameterization
method developed in [11,22[33] to explicitly compute P and Q.

The idea of the computational method developed in |114[22,/33] is to construct P by expanding
it as a power series, and by requiring that it conjugates the unstable part of the linearized dynamics
around the origin with the dynamics on W} _(¢"). The parameterization @ is obtained similarly.
The method yields approximate parameterizations Py, and Q n,, where Ny, N,, € N are the degrees
up to which the power series are computed, and establishes the existence of exact parameterizations
P and Q via a rigorous numerical scheme. In particular, the procedure provides rigorous error
bounds §,,ds > 0 such that

1P = Pr, oo < 0u, Q= @n. oo <05

Since heteroclinic orbits are invariant under translations in time, we need to introduce a phase
condition to remove this extra degree of freedom. This can be accomplished by, roughly speaking,
restricting P or () to a domain of one dimension less. We have used the same phase condition as
in [22]: let ©, : S' — V; be the embedding of the unit circle into V; defined by

@M (QS) =L (COS ¢a Sin ¢) 9
where p > 0 is sufficiently small, and consider the following equivalent formulation of (|5.3):
du
— = Lg (u), te|0,1],
U Ly (w) 0.1

u(0) = P (a), a €V, (5.4)

wl) =Qo0,(¢), ¢eVi.

The procedure in Section [3| however, needs to be modified before it can be applied to ([5.4]).
First, note that we fix the integration time L. Furthermore, the parameterization variables ¢
and « have to be treated as unknown variables. Therefore, in order to solve (5.4)) we modify the
procedure in Section [3] as follows:

e Set X, :=S"x V, x[[i~, Z%w ny and write z = (¢,c,at,...,a™).

e Adapt the set-up described in Section by replacing IIy with projections Iy ; : X, — R,
where 1 < j < 3, defined by

HO,l (gb,oz,al, s 7am) = d)v HO,j (¢7O[, alv cee 7a‘m) = [a]j—l )
for j € {2,3}.

e Define F': X, - R3x[[", E%Di n) analogously as in deﬁnitionby incorporating the modified
boundary conditions into fo and (f1),:

F(z) == (fo(¢,a™), f1 (wa'), f2 (a',a®) ..., fm (@™ 1, a™))

where
fo(d,a™) :=ag' +2) ai' —Qo©,(¢),
k=1
(ILF (2))y = a5 +2>_ (-1)*a} = P(a),
k=1

L (ti — ti—l) ( ;

(LF (z)),, = kaj, — 4 Cho1— 02-4-1) , keN, 1<i<m.
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m | N | dimIly (X,) v I,
55 | 42 6364 1.3710 | [6.4412-107°, 7*]

Table 5.3: Numerical results for the connecting orbit from ¢* to the origin. The interval I, , is
the set of admissible radii on which the radii-polynomials were proven to be strictly negative.

..........
..........

(a) (b)

Figure 5.4: @ The complex singularities of the connecting orbit. @ The grid, determined by the
algorithm in Section [4] on which the connecting orbit was validated.

o Define the finite dimensional reduction Fy : R*(1+2 Vo) eI+ Vo) of by Fy (z) :=
TN F (z), and by replacing P, Q with Py, Qn., respectively.

~ 1
e Define A and A as before without the factors — and @, respectively.
w

The corresponding modifications to the estimates Y and Z are described in Section [6.3.2]

5.4.1 Results

We have successfully validated a connecting orbit from ¢ to the origin by using the procedure
described in Section[5.1] The integration time was L = 30. The parameters used for approximating
the stable and unstable manifolds were N, = 15, N, = 25, u = 0.4, and 7* = 1076, The meaning
of r* is explained in Section The corresponding error-bounds for the parameterizations were
8y < 4.6847-10712 and 0, < 5.9717 - 10715, We have kept the size of W}, (¢") small so that the
orbit was relatively “long” and sufficiently complicated to test the domain decomposition method.
The computational results are reported in Table [5.3]

The complex singularities and the corresponding grid are shown in Figures and
respectively. Figure shows that the complex singularities move closer to the real axis as the
orbit spirals away from ¢ up until the point at which the orbit travels to the origin in (roughly)
a straight line in phase space (see Figure . In this last part of the orbit there appear to be no
complex singularities close to the real-axis. These observations are reflected in the distribution of
the grid-points as shown in Figure the distance between successive grid-points decreases as
the orbit spirals away from ¢, except for the distance between the second to last grid point and
the last one, which is substantially larger.

6 The estimates need to prove contraction

In this section we give explicit expression for the bounds Y and Z in Theorem[I} We focus primarily
on periodic boundary conditions. Additionally, we indicate where (and which) changes are in
order for more general types of boundary conditions. Explicit examples of such generalizations
are discussed in Section [6.3] which deals with the modifications of the estimates that arise in the

applications in Sections [5.3] and
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6.1 Computation of the Y-bounds
Proposition 7. The bounds
= |llpAnF ()],

Ng(Nifl)Jrl

ti—tio ; .
V= TS @) = @], + I A FY @,
k=N;

where 1 <14 <m, 1 <j <n, satisfy (3.7).

Proof. Let 1 <i¢ <m, 1< j <n be arbitrary and note that

Mo (T () — )| < [MoA(F () — Fi (£))| + [Tl AFN (2)], (6.1)
ML (T (2) = @), < Wi g A (F(2) = Fn (@)],, + [T AFN (2)]],, - 2)
Next, observe that the only nonzero components of F(Z) — Fy (&) are
5 R (ti—tiz1) 10 v i s
(I j(F (2) — Fn(2))), = B [cho1(a) = cha(@)];,  for Ny <k < Ng(N;—1) + 1.
Hence the result follows from and (| . O

6.2 Computation of the Z-bounds

Let 21,29 € B, (0), 7 > 0 be arbitrary and recall the factorization in (3.6). We shall com-
pute bounds Z; ; (r) and Zy (r) satisfying (3.8) and (3.10)), respectively, by estimating the two
terms in (3.6) separately. Throughout this section we write ;1 = rv and zs = rw, where
v = (wv,vl,...,vm),w: (ww,wl,...,wm) € B41(0).

We start by computing a bound for (I — Ag) 2. To accomplish this we first state a result

about the norm of linear operators C' on X'V, for which we introduce the notation

T, C (w,0) = Cw ,C(0,a) = Z(cg)”’ﬂam
ik
(@, 0)ige = (i (LC(O,))ie = Y (C)ha
ijk
where 7,7 =1,...,mand j,j=1,...,n and k,k = 0,..., N; — 1 refer to the notation a;;; = ([aL]);

for the Chebyshev coefficients introduced in Section [3.1]

Lemma 2. Suppose C : XN — XN is a linear operator. Using the above notation, we define
nij = 1(CQ)is-llv p =G 3
Fijk 7k
& = 1COF s &= 1ET 15

v

Then
Il 1081+ 33,
=1 j=1
||Hi,jc||@(xgv,g1 <1 + ii
Proof. This follows from writing out the definitions of the norms. O

Remark 10. Explicit expressions for ¥ and fg can be obtained by using Lemma

We can now compute a bound for (I — Ag) T
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Lemma 3. Let 1 <i<m, 1< j <n, and let ho and h;; > 0 denote the bounds
o (In — ANDEN @)l gacy 2y < o Wiy (Iv = ANDEN @)l (v, ) < D
provided by Lemma@ where Iy is the identity on XN . Then

‘Hg (I - Aﬁ) x2’ < hgr, HHi’j ([, AE) To

< hy 4,
v;

foralll<i<m,1<j<n.

Proof. Tt suffices to observe that

I—AE:HN(J—AE)ZIN—ANDFN(,%),

since the tails of A and A are exact inverses of each other. O

The analysis of the second term in (3.6]) is more complicated and requires one to analyze the
infinite dimensional map F' in more detail. Note that

~

(DF (T +rv) 721\) w = 4 (F(Z+rv+7w) — Fy (& +7Tw)) — Ascw, (6.3)

T ‘7‘_0

where Ay, = (I -Ty) A, since IIyA = DFy (2). Furthermore, a straightforward computation
shows that

d s N
(d IL (F (2 4 rv + 7w) — Fy (# + 7'11)))) =2 > (D wp— > wit|, (64)
Tlr—o 0 k=N; k=N;_1
for 1 <i<m, and
d R . . .
e IL (F (& +rv+7w) — Fy (2 +71w)) ) = k(wwv), +wew}) T
T 7=0 k

ti—tion d
4 dr

(c};_l (di + v’ 4 Twi) —ci (di + m1ly, (wl))
T=0
—Clpq (0" + 10" +Tw") + ¢y (@° + 711y, (w’))), (6.5)

for1<i<m,1<k<N,;—1, while

4d
dr
ti —ti_1 d

k (ww’u,iC + wvw,i) T @

IL (F (2 +rv+Tw) — Fy (8 + Tw)) — Hijzl\oow> =
k

7=0

<c§c_1 (@' +rv' +7w') — ¢l (@ + 10’ + Twi)>, (6.6)

7=0

for1 <i<m, k> N;.
We start by computing a bound for (6.4):

Lemma 4. Let 1 <i<m, 1< j5<m, then

d
dr
Proof. Define v; : £}, — R by () := 23 52N, Tk, and note that v; € (E,lj)* for any 1 < i < m,
since v; > 1. Furthermore, |[¢;|, = v; Ni by Lemma Therefore, one can bound the components

ofby Z/Z-_Ni+1/i__]\1[i_l. O

N,

IL ; (F (2 +rv+7w) — Fy (i’—l—TU)))) Sui_Nf'—&—l/f_li’l.

7=0 0
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Next, we compute component-wise bounds for the convolution terms in (6.5)) for an arbitrary
subdomain. Since the construction of these bounds is the same for each subdomain, we will fix and
omit the superscript ¢ whenever possible. Furthermore, to avoid additional clutter we shall denote

the j-th component of a sequence a by a; instead of [a], whenever there is no chance of confusion.
Recall that the convolution terms are defined by

o

cla) = g gaa®,
|0“§Ng

where a® = af' *...*xal", a /!

On vim) @0d Ny € Nis the degree of the (polynomial) vector field.

As mentioned before in the introduction, for the sake of simplicity, we shall restrict our attention
to the case in which N, = 2. In particular, note that

Z gaaa = Z Jisa) * as,

|a]=2 1<i<s<n

where gis = ge, e, and (e;)7_, are the unit vectors in R".
A straightforward computation shows that

d

_O(C (@+rv+71w)—c(a+ Iy, (w)))

n
:dej [w]; + Z Gis (Wy * as + Ws * a; + 1 (W) * v + wWs *x V7)),
J=1 1<i<s<n

where

50 0<E<N -1,
 \wk, k>N

The following lemma is key in computing bounds for the linear terms in (6.7):
Lemma 5. Let a € E,{i be such that ar, =0 for k > N;. Define ¥,y : 611,1_ — R by
Uor(x)=(T*xa), ,

— (z = a)k_H ,
where T is defined by

for1<k<N;—1,

i._

0, 0<k<N,—1,
Ty, k>N

Then ¥, ) € (@)* for1<k<N;—1, and

_ l=k+N;—2 —(k+N;—
1Wakll,, = 5 max ({”i a1y = apesry|} S

1 —(k+N;
I=N; Vi ) |a|N'i_2|| Vi ( ) |aN7:—1\) .
Proof. Let x € (], , k € Ny be arbitrary and observe that

k+N;—1

(@ xa), = Z Thy Ok—ky |5 (6.8)
k?l—N

since Ty, =0, ay, =0, for 0 < ky < V;—1 and k3 > N;, respectively. Next, note that ¥, ; € (E,lj)
by Proposition [3} and

—1
V.
3

5= (app—1-y — Apg1-1)» Ni <I<k+N; -2,
1
U, k(er) = v

— 5 Ak+1-1) l=k+N;,—LE+N,
0, otherwise.

Now use Lemmato obtain the stated formula for ||\I/ak||;
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Corollary 2. Let 1 <i<mand 1 <k < N; — 1, then

n
de]’ [w]j + Z Jis (wl *ds+ws*&l)
j=1 1<i<s<n E—1

n

_ dej[u?]j—&— Z gis (W * G + Ws * Gy)

j=1 1<i<s<n k1

is bounded by (using the Kronecker J)

Bj —5kN71 Z|gej|+ Z |915] (H\I}ap

1<i<s<n

+H\If

Vl) . (6.9)

We are now ready to construct bounds for

HH,-J-HNA (DF (@ +w1) - 4)

(6.10)
vy
There are two boundary conditions that we need to deal with separately, namely the phase condition
and the periodicity condition (the “internal” boundary conditions between successive domains will
be dealt with uniformly). We deal with these two bounds in such a way that the method can be
easily adapted to deal with other boundary conditions. Hence, for the moment, assume that there
exist bounds Ag 1, Ag2 > 0, and Ay 1, Ay € RY,, such that

d
E HQ (F(i—i—rv—kﬂu) —FN (QAT“FTU)))‘ S A0’1+TA0727 (611)
7=0
d
I (IL (F (2 +7rv+T1w) — Fn (2 4+ Tw)))o| < A1 + 1A, (6.12)
7=0

for any v,w € B1(0). Explicit expressions for these bounds are given explicitly in Remark [11| for
periodic boundary conditions.
We define Z; € R1T 2% Ni by

My Z; := Ao 1, My, 7y = it [p]

A
11]N1 1 ] ) Iy, Zy =

with B} defined in , and we set Z; = |Ap| 7.

Proposition 8. Let 1 <i<m, 1 <j<mn, then
‘H()A (DF (i‘ + .131) — 2) .I‘Q’ S HQZlT‘ + Y ||HOANHB(XJV,R) 7"27
HHi,jHNA (DF (& +21) - 2) xQH < 2, Y T AN ey 7

where the operator norms can be evaluated using Lemmal[d, and

ti—to) (202 +1
v :=max | {Ao2}U A1,2+2(N1*1)+( )2( : )Z|ga| U
V1

o0

(t; —tio1) (202 + 1)

2(N; —1) + Zlga 2<i<m

lo|=2
o)

Proof. First observe that

)HO (DF (& +21) — A) 1‘2‘ < Agar + Agor?
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by (6.11)) and

‘HN1 (DF (i‘+$1)—121\) xg’ Sl_[]\/'1 (21>T+Zz,17"2, (613)
where
Al,?a k= Oa
t1 — 1o
~ (o + ) + 2210 o ([ 02}
(Zan)k == 4 1§§§n ‘ k 1’

+|(w5 *'Ul)k—1| + ‘(wl *US)k+1| + |(ws *Ul)k+1|>v I1<k<N -1,

by (6.12)) and Corollary [2l Furthermore, the quadratic part of (6.13)) is estimated by

(tl 2V1 + 1
1Z2 Mgy < max | [Aval; +2 (N1 = 1) + 2V1 'y [19a];]

1<5< =2
Similarly,
‘HNi (DF (5% + !E1) - X) LEQ‘ <Ily, (Zl) r+ 22’1‘7"2,
where
OTL; k - 0,
i ol + ) + S ol (Jwn o),
(Z2,i)k = 4 <iien k=1

+|(ws *Ul)k;q‘ + ’(wl *US)kJrl’ + ‘(ws *Ul)kﬂ‘), 1<k<N; -1,

and the quadratic part is estimated by

_ ti—ti1) (02 +1)
1 Zaall o < max | 2(N;— 1)+

1<j<n Z ‘ 9ol

le|=2

A

Combining these estimates, we can now bound A (DF (Z+x) — A) x2 as asserted. O

Remark 11. In the current setting for periodic orbits we have that

d
— Iy (F (2 +7v + Tw) — Fn (2 4+ Tw)) = 0,
dr =0
d o0 o0
(d I (F (2 +7v+7w) — Fy (:z+m))> =2 < S(=Drfuwp - > w?) .
Tlr=0 0 k=N, k=N,,

Therefore, by the same computation as in Lemma[d] it suffices to set
A= (Vl_Nl + V;LN’"> 1y, MA2=0, Ag1=Ag2=0.
It remains to bound the E,lji—norm of for £k > N;. Observe that

d R - . .
— c(a+rv+7w):2gj[w]j+ Z gis (W * a5 +ws xa; + 7 (wy * v +ws *v7)) .

dr
7=0 j=1 1<I<s<n

(6.14)
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Lemma 6. Let a € K}, be such that ar, =0 for k > N;. Define o, ,oF : K}, — R by

- .- vy .- vi
@)= Y Gl et 3 el
k=N,;,—1 k=N;+1

*

Then o7 ¢ € (11,)°, and g5 I}, = 3T7. I¢ill}, = 375, where

Vi — 2 a>
V,Ni_l Nizl vk
I, :=max | {2|ay,_ 1] lNi U > |a|k||m:1glg2(m—1) ,
k=N;—1—1
N;—1 l/k
rt.= — % _:2<[<2N; .
ol 3l oy s ison)
k=N;+1—1

Proof. Tt follows directly from Proposition [3| that o, ¢F € (Ell,)* Next, we consider the compu-

tation of [|¢; ||, (the computation of |||, is similar). Let & > N; — 1 be arbitrary and observe

that
k+N;—1
(x*|a’|)k:: Z ﬁrk‘l ‘a|k_k1||,
ki=k—N;+1
since ay, = 0 for ko > N;. Therefore,
plNi—l
‘aNi71| lNl' 9 l: 0)
1 N;—1 Lk
- 5 —_—t << o
Pa (El): 2 Z |a‘k”k+l+1’ 1_Z_2(Nl 1),
E=N;—1—1
N;—1
1 ' Vf
9 Z |a\kl|ma I1>2(N;—1).
k=1—N;

In particular, note that ¢, (g;) is decreasing for [ > 2 (N; — 1). Hence

\ 1
= - - 7].—‘_
s = SUP | ()] = 5Ta

i

[

by Lemma
An analogous computation yields |7 |, = $T4. O

Corollary 3 (Estimates for the tail). Define

(R (= a1+ = (1t 47+
di= oy el > ol (”1 (T3 + ) + 5, (i + Faz))’

j=1 1<I<s<n
. 22 +1)
dy = —*—~
2 I/ZNrL Z |g0t| 9
|a]=2
then
= | d vk
2 Z —_— (ck,l (&l—f—rv—i—ﬂu) — Ckt1 (&Z+TU+T11))) — < dj + rds.
dr | _, k
’C:Ni T=
Proof. First note that
oo oo
d . Vk d . yk
2 ‘ ckl(&’+rv+7w)‘zz2ui Z —_— ck(dz—i—rv—i—Tw)‘ .,
g8 dr | _, k e dr | _, kE+1
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Next, observe that

oo y: 1 & 1 &
2 Z de] wk Z]_ Sﬁ ‘gej‘ ‘[’w]] VSﬁZ’gej )
K2 ? ]:1

k=N;—1 |j=1 j=1
while
(o) l/-k
A _ _
2 > |(wxal) kﬂgz%é(\w”)gr&é,
k=N;—1
and
2 S el o < T el < 4
k=N,;—1 YRR+ TN ST N

for any I, s € {1,...,n} by Proposition Lemma@ and since v, w € By(0). Therefore,

Ch—1 (&i + rv + Tw)

1/ _ _ 2r
? S Z ’gej| + Z |gls| (rd;' + F&i + M) )

1<i<s<n

2 Z 1
k=N;

by (6.14). An analogous computation shows that

= | d i vk 1 + + 2r
2 Z ‘dT 7Ock+1 (@' +rv+Tw) ?SJ Z‘gej‘—k Z |gls|<1" —l—l" Ni ,
k=N; T= 1<i<s<n
which completes the proof of the lemma. O

We are now ready to define the Z-bounds:

Proposition 9. The bounds
1t —ti1 4 2
Zus o)+ = [ Mes vty ) + 5 (= 1], +2) |
i—ti1 oy
+ i + [y (ZO)],, + i [d1]j T,
Zo (r) : = 7 Mo ANl gxn gy r° + (ho + 1o (Z1))
where 1 <i <m, 1< j <n, satisfy (3.8) and , respectively.
Proof. First observe that
(HiA (DF (& +wy) — E) w)k -

wwv,i —l—wvw,iC _ t; —ti_1 i
w 4ok dTt| _,

for all k > N; by (6.3) and , and

(Ckl (a+rv+71w) —cpqr (@+rv+ T’LU))

D wwth +wowi]vF < 1n, (6.15)
k=N;

since v, w € B1(0). Now recall the decomposition in (3.6) and combine ([6.15]), Lemma [3|, Proposi-
tion [§, and Corollary [3] to obtain the result. O
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6.3 Modifications for non-periodic boundary conditions

In Section[5.3|an equation representing arc-length continuation is added to the system, accompanied
by an extra a priori unknown parameter. In Section the periodic boundary conditions are
replaced by boundary conditions that guarantee that the solution ends up in the local stable and
unstable manifolds. The adaptations of the estimates to these modified problems are presented in

Sections and respectively.

6.3.1 Periodic solutions near the homoclinic orbit

In this section we incorporate the necessary adjustments for the modified problem introduced in
section First, observe that we will have an additional radii-polynomial p_; which corresponds
to the equation for p. In particular, the additional bound Y_; is given by

Y_1 = |H_1ANFN (JA))| 5

and the formulae for the other Y-bounds remain the same.
Recall that the Z-bounds were derived by estimating the two terms in (3.6). In particular,
one can derive bounds for the norm of linear operators on XV in exactly the same way as before

as in Lemma and then use Lemma [3| to compute a bound for (I — Ag) x2. The changes in

the bounds for the second term, A (DF (Z+ 1) — ﬁ) Zo, are more subtle, since p is now to be

interpreted as an unknown variable as well.

1 = rv, To = rw, where v = (phwl,vl,...,vm) ,W = (pg,wg,wl,...,wm) € B1(0), and recall
that the bounds for A (DF (T4 x1) — E) x9 were obtained by computing estimates for 1) and

(6.6). Furthermore, observe that the additional equation for p has no contribution to this part of
the analysis, since the equation is linear and therefore

d
s I_; (F(Z+rv+Tw) — Fy (2 + Tw)) = 0.

7=0

Next, note that the convolution terms ¢’ are the only functions in the definition of F which de-
pend on p, since g, is the only coeflicient in the Lorenz-system which depends on p. Consequently,
a straightforward computation shows that the term

0
r (p1 [wl]l + P2 [Uz] 1) J
0
needs to be added to the right-hand side of 1D and ge, [W] 1 = 9es (P) ﬁ)i]l. To incorporate
this extra term in the estimates for (6.10]) one needs to modify Proposition [8| by setting
0
(ti — tifl) (2V12 + 1) .
v:=max{ [2(N; — 1)+ 2, Z|ga|—|— 1 1<i<m
la|=2 0 -
Similarly, terms
0 0
P2 [&i]l T P2 [q)i]l +m [wi]l T
0 0

need to be added to the right-hand side of (6.14)).
Therefore, by analogous computations as in the proof of Corollary [3] the tail-estimates in
Corollary [3| remain valid if we add the terms

20 |y, 1], | I ES)
Ni an Nil/i ’
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to the expressions for [dﬁ] , and [dé] ,» Tespectively.
The above modifications account for all the necessary changes in the estimates, and the extra
formula for the additional bound Z_; is given by

Za(r) = M1 Ayl gy 7 + (hoy + Ty (Z0)) 7.

6.3.2 Heteroclinic orbit

In this section we identify the differences in the construction of the bounds for the connecting
orbit discussed in section We start by identifying the differences in the Y-bounds. We write

m

T = (é, &,a',...,a™) and observe that the main difference in the computation of the Y-bounds,

as performed in Proposition [7], is caused by the following two terms being nonzero:

Mo, (F (2) = Fx (2)))}2; = (Q = @n,) © Ou(9),

and
(ILy (F' (&) — Fn (2)))g = (P — Pn,) (&)

Consequently, we have additional bounds corresponding to the finite dimensional part of A(F (&)
—FN (Z)), which previously had no contribution at all.
The required modifications are as follows: set

8s - 1,
§:=|Ap| 0y - 1p
0n(—1+2;’;1 N;)
add the bounds ||II; ; (6)]

,

. to Y] ; in Proposition |7} define (instead of Yp) the bounds

YEJJ = |H0’jANFN ((13”)| + Ho’j (5) 5

1
where 1 < j < n, and change the factor — into L.

w
Next, we consider the computation of the Z-bounds by considering the decomposition in (3.6)
again. As before, the main differences occur in the bounds for A (DF (T4 x1) — E) x2, which

stem from the fact that there is no dependence on w anymore, whereas dependencies on ¢ and
a need to be incorporated. To identify the differences, write 1 = rv and x = rw, where
v = (¢1,a1,vl, e ,vm)7 w = (¢27a2,w1, e ,wm) € B1(0).

The main differences in the right-hand sides of and in the current setting are that
the term k (wgv,i —|—w1w§€) 7 is not present, and the factors ti74i’1 need to be multiplied by L.
To incorporate these changes into the bounds for we only need to modify Proposition [§] by
setting

L(tl 7750) (2V12+1) Z |g |

v :=max | {|Ao2| U< A2+ 2,

U

laj=2
o0

L(t: —t,_ 22 +1
(ti t1213‘(1/z+)2|ga| :2<i<m

la|=2
o0

Here the extra bounds Ag 1, Ag2 € Ri and Ajq, A2 € R?’H defined analogously as in 1' and
(6.12)), respectively, can be obtained by computing estimates for

c%' T:OHO,j (F(Z+rv+7w)— Fy (2 +7w)) =2 k:ij;m wpl,
_ di . (QNS 00, (Qng ré1 +7¢2) —QnN,00, (QAS + T¢2> +hy00, ((Jng réy + T¢2>)
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for 1 <j <3, and

d oo
= (I (F (& +rv 4+ Tw) — Fy (& + Tw))), = 2 E (=1)" wh
T =0 k=N
d
- (Pn, (& +ray +Ta2) — P, (&4 Ta2) + hy (& + rag + 7a2)),
7=0

respectively, where h, = P — Py, and hy = Q — Qu,. The series involving w™ and w! in the
latter two expressions can be bounded in the same way as in Lemma[d] The terms associated to
the parameterizations P and () can be bounded by using a combination of analysis and interval
arithmetic. In particular, this involves the choice of an a priori radius 7* > 0 in order to compute
uniform bounds for |[DPy, (a* +raq)| and |D (Qn, 0 ©O,) (¢* +re¢1)| for 0 < r < r*, where |¢1],
|a1|y < 1. The reader is referred to [22] for the details.

The final changes to be made are in Proposition [9} the Z-bounds are now defined by

L (ti - ti—l) ;
+ — 1 [d;]ﬁ} r?
Lt —ti_q) ¢,
+ |:hi7j + HHi,j (Zl)HuL + % [dl]j] T,

Zo,; (r) : =7 Mo j ANl g gy 7° + (hoj + o (Z1)) 7,

Zig 1) = | e A o

where 1 <i<mand 1<j<3.

References

1]
2
3
]
5]
]
7
]
9

[10]

[11]

[12]

[13

[14]

[15]

(16]

CAPD: Computer assisted proofs in dynamics, a package for rigorous numerics. http://capd.ii.uj.edu.pll
COSY. http://bt.pa.msu.edu/index.htm.

G. Arioli and H. Koch, Computer-Assisted Methods for the Study of Stationary Solutions in Dissipative Sys-
tems, Applied to the Kuramoto-Sivashinski Equation, Archive for Rational Mechanics and Analysis 197 (2010),
no. 3, 1033-1051.

, Existence and stability of traveling pulse solutions of the FitzHugh-Nagumo equation, Nonlinear Anal-
ysis: Theory, Methods and Applications 113 (2015), 51-70.

A.W. Baker, M. Dellnitz, and O. Junge, A topological method for rigorously computing periodic orbits using
fourier modes, Discrete and Continuous dynamical systems 13 (2005), no. 4, 901-920.

R. Barrio, A. Dena, and W. Tucker, A database of rigorous and high-precision periodic orbits of the Lorenz
model, Computer Physics Communications 194 (2015), 76-83.

M. Berz and K. Makino, Verified integration of ODFEs and Flows Using Differential Algebraic Methods on
High-Order Taylor Models, Reliable computing 4 (1997), 361-369.

J.P. Boyd, Chebyshev and Fourier Spectral Methods, Dover Publishers, 2001.

M. Breden, J.P. Lessard, and M. Vanicat, Global bifurcation diagram of steady states of systems of PDEs

via rigorous numerics: a 3-component reaction-diffusion system, Acta Applicandae Mathematicae 128 (2013),
no. 1, 113-152.

B. Breuer, J. Horék, P.J. McKenna, and M. Plum, A computer-assisted existence and multiplicity proof, J.
Differential Equations 224 (2005), no. 1, 60-97.

X. Cabré, E. Fontich, and R. de la Llave, The parameterization method for invariant manifolds III: overview
and applications, J.Differential Equations 218 (2005), no. 2, 444-515.

B. Coomes, H. Kogak, and K. Palmer, Transversal connecting orbits from shadowing, Numerische Mathematik
106 (2007), no. 3, 427-469.

S. Day, Y. Hiraoka, K. Mischaikow, and T. Ogawa, Rigorous Numerics for Global Dynamics: A Study of the
Swift-Hohenberg Equation, SIAM J. Appl. Dyn. Syst. 4 (2005), no. 1, 1-31.

S. Day, J.P. Lessard, and K. Mischaikow, Validated continuation for equilibria of PDEs, SIAM J. Numer. Anal
45 (2007), no. 4, 1398-1424.

L.N. Trefethen et al, Chebfun Version V5.2.1, The Chebfun Development Team, 2015.
http://www.chebfun.org/.

O. Fogelklou, W. Tucker, G. Kreiss, and M. Siklosi, A computer-assisted proof of the existence of solutions
to a boundary value problem with an integral boundary condition, Communications in Nonlinear Science and
Numerical Simulation 16 (2011), 1227-1243.

31


http://capd.ii.uj.edu.pl
http://bt.pa.msu.edu/index.htm

(17]

18]
9]
[20]

(21]

(22]
(23]
(24]

25]
(26]

(27]
(28]

29]
(30]

(31]
(32]

(33]

(34]
(35]

(36]

(37]

M. Gameiro, T. Gedeon, W. Kalies, H. Kokubu, K. Mischaikow, and H. Oka, Topological Horseshoes of Travel-
ing Waves for a Fast-Slow Predator-Prey System, Journal of Dynamics and Differential Equations 19 (2007),
no. 3, 623-654.

M. Gameiro and J.P. Lessard., Analytic estimates and rigorous continuation for equilibria of higher-dimensional
PDEs, J. Differential Equations 249 (2010), no. 9, 2237-2268.

A. Hungria, J.P. Lessard, and J.D. Mireles-James, Rigorous Numerics for Analytic Solutions of Differential
Equations: the Radii Polynomial Approach (2014).

J.P. Lessard, J.D. Mireles-James, and J. Ransford, Automatic differentiation for Fourier series and the radii
polynomial approach (2015).

J.P. Lessard, J.D. Mireles-James, and C. Reinhardt, Numerical Implementation of Computer Assisted
Proof of Saddle-to-Saddle Connecting Orbits in IntLab, 2012. http://www.math.rutgers.edu/~jmireles/
saddleToSaddlePage.html.

, Computer assisted proof of transverse saddle-to-saddle connecting orbits for first order vector fields,
Journal of Dynamics and Differential Equations 26 (2014), no. 2, 267-313.

J.P. Lessard and C. Reinhardt, Rigorous Numerics for Nonlinear Differential Equations using Chebyshev
Series, SIAM J. Numer. Anal 52 (2013), no. 1, 1-22.

R. Lohner, Computations of Guaranteed Enclosures for the Solutions of Ordinary Initial and Boundary Value
Problems, Computational Ordinary Differential Equations, Oxford: Clarendon Press (1992), 425-435.

J. Mason and D. Hanscomb, Chebyshev Polynomials, Chapman and Hall, 2002.

R. Pachon, P. Gonnet, and J. van Deun, Robust rational interpolation and least-squares, Electronic Transactions
of Numerical Analysis 38 (2011).

, Fast and stable rational interpolation in roots of unity and Chebyshev points, SIAM J. Numer. Anal
50 (2012), no. 3, 1713-1734.

L.N. Rump, INTLAB - INTerval LABoratory, Developments in Reliable Computing, 1999, pp. 77-104. http:
//www.ti3.tuhh.de/rump/.

L.N. Trefethen, Approzimation Theory and Approzimation Practice, STAM, 2013.

J.B. van den Berg, A. Deschenes, J.P. Lessard, and J.D. Mireles-James, Stationary Coexistence of Hexagons
and Rolls via Rigorous Computations, STAM J. Appl. Dyn. Syst 14 (2015), no. 2, 942-979.

J.B. van den Berg, C.M. Groothedde, and J.F. Williams, Rigorous Computation of a Radially Symmetric
Localized Solution in a Ginzburg-Landau P roblem, SIAM J. Appl. Dyn. Syst 14 (2015), no. 1, 423-447.

J.B. van den Berg, J.P. Lessard, and K. Mischaikow, Global smooth solution curves using rigorous branch
following, Mathematics of Computation 79 (2010), no. 271, 1565-1584.

J.B. van den Berg, J.P. Lessard, K. Mischaikow, and J.D.Mireles-James, Rigorous numerics for symmetric
connecting orbits: even homoclinics of the Gray-Scott equation, SIAM J. on Math. Analysis 43 (2011), no. 4,
1557-1594.

J.B. van den Berg and R.S.S. Sheombarsing, MATLAB Code for Rigorous numerics for ODEs using Chebyshev-
series and domain decomposition, 2015. http://www.few.vu.nl/~janbouwe/code/domaindecomposition.

M. Webb, Computing Complex Singularities of Differential FEquations with Chebfun, STAM Undergraduate
Research Online (2013).

D. Wilczak and P. Zgliczynski, Heteroclinic Connections Between Periodic Orbits in Planar Restricted Circular
Three-Body Problem - A Computer Assisted Proof, Communications in Mathematical Physics 234 (2003), no. 1,
37-75.

N. Yamamoto, A Numerical Verification Method for Solutions of BVPs with Local Uniqueness by Banach’s
Fized Point Theorem, SIAM J. Numer. Anal 35 (1998), no. 5, 2004-2013.

32


http://www.math.rutgers.edu/~jmireles/ saddleToSaddlePage.html
http://www.math.rutgers.edu/~jmireles/ saddleToSaddlePage.html
http://www.ti3.tuhh.de/rump/
http://www.ti3.tuhh.de/rump/
http://www.few.vu.nl/~janbouwe/code/domaindecomposition

	Introduction
	Preliminaries
	Chebyshev series
	Sequence spaces

	Rigorous numerics for periodic orbits
	Chebyshev operator for periodic orbits
	Finite Dimensional Reduction
	A Newton-like scheme

	Domain decomposition
	A heuristic procedure for computing Pm
	Approximation of the complex singularities

	Applications: periodic and heteroclinic orbits in the Lorenz system
	Main algorithm
	Periodic orbit on the Lorenz-attractor
	Family of periodic orbits near a homoclinic connection
	Results

	Heteroclinic orbit
	Results


	The estimates need to prove contraction
	Computation of the Y-bounds
	Computation of the Z-bounds
	Modifications for non-periodic boundary conditions
	Periodic solutions near the homoclinic orbit
	Heteroclinic orbit



