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Abstract

In this paper we develop mathematically rigorous computer assisted techniques for
studying high order Fourier-Taylor parameterizations of local stable/unstable manifolds
for hyperbolic periodic orbits of analytic vector fields. The parameterizations studied
here are not required to be graphs over the stable/unstable eigenspace and can follow
folds in the embedding. In addition to providing the embedding of the manifold,
the parameterization also gives the dynamics on the manifold in terms of an explicit
conjugacy relation. We exploit the numerical methods developed in [1] in order to
obtain a high order Fourier-Taylor series expansion of the parameterization. There is
no a-priori theory which guarantees the accuracy of this approximation far from the
periodic orbit, and the main result of the present work is an a-posteriori Theorem
which provides mathematically rigorous error bounds. The hypotheses of the theorem
are checked with computer assistance. The argument relies on a sequence of preliminary
computer assisted proofs where we validate the numerical approximation of the periodic
orbit, its stable/unstable normal bundles, and the jets of the manifold to some desired
order M. The validation of the orbit and bundles is based on existing computer assisted
methods, but the validation of the jets is new and explained in detail here. We illustrate
our method by implementing validated computations of some two dimensional manifold
in R® and a three dimensional manifold in R*.

1 Introduction

The present work is the second paper in a series started in [1]. The purpose of this series is to
study the partial differential equation (1) below. Our interest in Equation (1) is due to the
fact that its solutions parametrize local stable/unstable manifolds associated with hyperbolic
periodic orbits of ordinary differential equations. We focus on ordinary differential equations
given by analytic vector fields, so the manifolds and hence the solutions of Equation (1) we
consider are analytic.

Paper (I) [1] is devoted to efficient numerical solution of the partial differential equation.
Since solutions of Equation (1) parametrize embedded cylinders in phase space, it is natural
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to look for a formal solution expressed as a Fourier-Taylor series. The numerical scheme
developed in Paper (I) exploits Floquet theory to find elementary recursion relations for
the Fourier-Taylor coefficients of the formal series. These recursion relations can be rapidly
solved to any desired order.

The present paper is concerned with convergence of the formal series just mentioned. Our
main result is Theorem 2.4, an a-posteriori theorem which allows us to establish the existence
of a true solution of Equation (1) supposing we have a “good enough” approximate solution.
The theorem also provides mathematically rigorous C° bounds between the approximate and
true solution. The hypotheses of the theorem are checked via finite numerical computations.
In order to illustrate the use and performance of our method we implement computer assisted
convergence proofs for some example applications, namely we compute some two dimensional
manifolds for the Lorenz system as well as some three dimensional manifolds for a simplified
suspension bridge equation.

Both papers in this series are based on a functional analytic framework for studying
invariant manifolds known as the Parameterization Method. The theoretical core of this
method is developed in the work of [2, 3, 4, 5], and we refer the reader back to paper (I)
for more complete discussion of the method and its literature. The interested reader may
also want to consult the recent book of [6]. Presently we recall only the main philosophy
of the Parameterization Method, which is that many of the smooth invariant manifolds of
dynamical systems theory are characterized by an (infinitesimal) conjugacy, or invariance
equation. The invariance equation, which often takes the form of a nonlinear operator
on a Banach space, may be approximately solved on the digital computer using existing
tools of numerical analysis. The operator equation may also be susceptible to a-posteriori
analysis, that is once we obtain a good numerical approximation it may be possible to
obtain mathematically rigorous error bounds via a computer assisted Newton-Kantorovich
argument in the tradition of [7].

The reader interested in the Parameterization Method as a framework for computer
assisted proof can consult the works of [8, 9, 10, 11, 12, 13] and the references discussed
therein. We remark that the works just cited deal with stable/unstable manifolds of fixed
points for maps/equilibria for differential equations, and also with invariant circles for area
preserving maps and their bundles. The present work is a contribution in this vein, where
we extend existing validated numerical methods based on the Parameterization Method to
hyperbolic periodic orbits of differential equations.

In Section 1.1 we refine the discussion above, and review as much of the Parameterization
Method as is needed for the present work. In the section just mentioned we also outline
the main steps of the validation argument developed in the remainder of the paper. Before
moving on however, several remarks are in order.

Remark 1.1 (First order constraints). Solutions of Equation (1) below are dynamically
meaningful only after the imposition of certain first order constraints. These constraints
require that the periodic orbit, its stable or unstable Floquet exponents, and its stable or
unstable normal bundles are known “exactly”. Here exactly is interpreted in the sense of
validated numerics, that is we need numerical approximations of this data along with explicit
mathematically rigorous error bounds.

Since our goal is to validate parameterizations of local stable/unstable manifolds using
Fourier spectral methods, we require the first order data is given as Fourier series. Indeed,
the methods of the present work exploit complex analytic properties of the first order data
and we actually require some knowledge about domains of analyticity of the periodic orbit
and the stable/unstable bundles (bounds on the size of a strip about the real axis in the
complex plane into which the periodic functions can be extended analytically). In practice



this information is not readily available and some preliminary work is required.

Recent advances in computer assisted Fourier analysis of periodic solutions of analytic
differential equations [14, 15] and computer assisted Floquet analysis [16, 17] allow us to
obtain the desired representation of the first order data. The methods of the works just
cited also provide the lower bounds on the domain of analyticity mentioned in the previous
paragraph. See Remark 2.9 for more detailed discussion of this point.

Remark 1.2 (Features of the Parameterization Method). Many functional analytic meth-
ods for proving stable manifold theorems are based on “graph transform” type arguments,
Lyapunov-Perron operators, or sequence space arguments ala Irwin (see a standard text on
dynamical systems such as [18, 19, 20]). While it is possible to adapt such arguments for a-
posteriori computer assisted analysis this approach has some draw backs, such as the need to
compute the composition of the unknown parameterization with itself, and the requirement
that the representation of the manifold is expressed as the graph of a function.

The Parameterization Method on the other hand, requires only composition of the un-
known function with the known vector field. Moreover there is no requirement that the
parameterization be the graph of a function, hence it is possible to follow folds in the embed-
ding. Another advantage is that the parameterization of the manifold satisfies a conjugacy
relation which recovers the dynamics on the manifold in addition to the embedding.

The price we pay is the appearance of some non-resonance conditions between the Flo-
quet exponents of the periodic orbit. These non-resonance conditions have no analogue
in the classical approaches mentioned in the first paragraph of this remark. However we
must point out that (a)-the non-resonance conditions are satisfied “generically” that is for
open sets in the parameter space of the vector field, and (b)-that it is possible to modify
the underlying conjugacy relation in the Parameterization Method (that is conjugate to a
polynomial rather than a linear vector field) in order to treat the resonant cases as well.
We do not consider such degeneracies further in the present work. The interested reader
can consult the works of [2, 3, 4] for more complete discussion of the resonant case, and can
also see the work of [10] for computer aided proofs for resonant stable/unstable manifolds
attached to equilibrium solutions of differential equations.

Remark 1.3 (Geometric methods: covering relations and cone conditions). Another ap-
proach to stable manifold theory is based on topological degree theory and cone conditions
applied directly in the phase space. See for example the work of [21] on stable manifolds
of fixed points of maps and the work of [22] on normally hyperbolic invariant manifolds.
These geometric methods are well suited for adaptation to computer assisted proof, as is
illustrated by the work of [23, 24, 25] (see also the references discussed therein).

Geometric methods have been used to give computer assisted proofs of a number of
conjectures in celestial mechanics involving the existence and intersection of stable/unstable
manifolds for periodic orbits [26, 27]. One of the advantage of the geometric methods is that
they require only C! or C? assumptions on the vector field. Geometric methods also make
only weak hyperbolicity assumptions, so for example there no non-resonance assumptions to
check. In fact the geometric methods have been used to give elementary computer assisted
proofs of the existence of center manifolds, see for example the work of [28], again in the
context of celestial mechanics.

Of course the geometric methods result in only C! (or sometimes only Lipschitz) infor-
mation about the manifold under consideration. Moreover these methods show the existence
of the manifold (often that the manifold is contained somewhere inside the union of a collec-
tion of polygons) but do not explicitly recover the dynamics, that is one obtains conclusions
about the asymptotics of orbits but no conjugacy is obtained. Analytic properties of the



embedding such as decay rates of jets or domain of analyticity seem to be unavailable using
these methods.

The geometric and analytic methods (such as the analytic methods developed in the
present work) complement one another, and the choice of method in a particular problem
depends on the desired results. This state of affairs (not surprisingly) mirrors the state
of affairs in the classical qualitative “pen and paper” theory of dynamical systems, where
many of the most important results have both geometric and functional analytic proofs.

Remark 1.4 (Automatic differentiation for Fourier series). In the present work we im-
plement our argument for vector fields with polynomial nonlinearities. This simplifies the
technical details somewhat but is not a fundamental limitation. By exploiting ideas from
“automatic differentiation” it is possible to apply the Fourier-Taylor methods of the present
work to study analytic vector fields with nonlinearities given by elementary functions. For
more complete discussion of automatic differentiation as a numerical tool in dynamical sys-
tems theory we refer to the works of [29, 30, 31, 32] and the references therein, though the
list is by no means complete. The reader interested in automatic differentiation as a tool
for computer assisted proof in Fourier analysis might consult the work of [15].

Remark 1.5 (Computer assisted proof of connecting orbits). While the invariant manifolds
studied in the present work are of interest in their own right, we also remark that inter-
sections of stable/unstable manifolds play a central role in the global study of nonlinear
systems. By studying the intersections of stable/unstable manifolds it is possible to learn
about orbits which connect invariant sets to one another. In addition to being a critical
component of Melnikov theory (see for example the classical works of [33, 34, 35, 36]) the in-
tersections of stable/unstable manifolds explain global phenomena such as Arnold diffusion
[37] and transport in celestial mechanics and fluid systems [38, 39, 40, 41, 42]. Of course
this list of references does not even scratch the surface of the literature, and is only meant
to point in the direction of further reading.

Given the importance of connecting orbits in dynamical systems theory it is not sur-
prising that many authors have developed numerical computational methods. We refer for
example to the works of [43, 44, 45, 46, 47, 48] and the references discussed therein for much
more complete discussion, though again this is by no means a complete list of references.
Existence for connecting orbits occupies a central place in the computer assisted proof liter-
ature and we refer the interested reader to the works of [49, 50, 51, 52, 53, 54, 55, 9, 56, 8, 57|
and the references discussed therein.

Moreover we remark that the last two references just cited incorporate the Parameteri-
zation Method in a fundamental way, obtaining computer aided proofs of connecting orbits
between equilibria of differential equations and fixed points of maps. A feature of the ap-
proach developed in these two papers is that the method of proof obtains the transversality
of the connecting orbit “for free” (that is if the method succeeds then the intersection of
the stable/unstable manifolds are transverse). Combining the methods of the present work
with a mathematically rigorous method for computer assisted analysis of boundary value
problems as in [57] would be a natural extension, and will make the topic of a future study.
The proposed method would give automatic transversality for connecting orbits between
periodic orbits.

1.1 Review of the parameterization method for stable/unstable
manifolds of periodic orbits

In this section, and throughout the remainder of the paper, we assume the reader is familiar
with classical stability analysis/Floquet theory for periodic orbits of differential equations



(an excellent reference for this material is the book of [18]). We also remark that the material
which we briefly review in this section is meant to provide context for the work done in the
remainder of the present work. The reader interested in more thorough discussion may also
want to consult the works of [2, 3, 58, 59, 6] for more general coverage of the Parameterization
Method, and [60, 61, 62, 4, 1] for more discussion of the Parameterization Method in the
context of periodic orbits.

Now a little notation. With w € C, let |w| = y/real(w)? + imag(w)? denote the complex
absolute value. We endow C? with the max norm, so that if z = (z1,...,24) € C? then

Il = mas, 2
Let
A, = {w e C: |imag(w)| < 7},

denote the complex strip of width r about the real axis. With T" € R, T > 0 we say that
the complex function v: A, — C¢ is T-periodic on A,. if

Y(w+T) =7(w),

for all w € A,. A function v: A, — C? is said to be analytic on A, if each component of
is complex differentiable at each w € A,..
For ke N, k>1let

D5 % {z= (a1, 3) € CF st |lalle < v},

denote the poly-disk of radius v about the origin in C*¥. Throughout the sequel we are
interested in functions P: A, x D¥ — C? with d > k + 1. We say that P is T-periodic in
the first variable (or simply that P is T-periodic) if

Plw+T,z1,...,25) = P(w,21,...,2k),

for all (w, 21, ...,2x) € A, xDE. We say that P is analytic on A, xD¥ if each component of P
is complex differentiable in each variable separately at each point (w, z1, ..., z) € A, x DX

Let T > 0, f: C* — C? be an analytic vector field, and fix the complex numbers
Aly.., A € C. We are interested in 27-periodic, analytic functions P: A, x D¥ — C4
solving the partial differential equation

k
0 0
%P(w, 2150y 2k) + ; /\jzja—ZjP(w, 21y, 2k) = fIP(w, 21, ..., 28)]- (1)
When properly constrained, Equation (1) has special dynamical significance for the vector
field f. In order to make this precise we state the following assumptions.

Assumption 1. Suppose that v: A, — C¢ is an analytic, T-periodic solution for the vector

field f, that is ;
<y (w) = fhrw),

and y(w +T') = y(w) for all w € A,.

Assumption 2. Suppose that Aj,..., A\, are the stable (or respectively unstable) Floquet
exponents for v. Suppose in addition that these are all of the stable (respectively unstable)



exponents, so that any remaining exponents are unstable or neutral (respectively stable or
neutral). Suppose now that &;: A, — C? are analytic, 27-periodic functions parameterizing
the stable (respectively unstable) normal bundle of 7. More precisely suppose that

real(A;) <0, for1<j<k
(respectively that real(\;) > 0, for 1 < j < k) and that &;(w + 2T) = &;(w) for all w € A,

and solve the eigenvalue problem

261(0) + A& () — DS w)lg(w) =0, for 1< <k

Remark 1.6 (Orientation of the stable/unstable normal bundles). The functions
&j(w) are 2T-periodic as the stable/unstable bundles need not be orientable. Moreover, we
can find a T-periodic basis function &;(w) if and only if the associated bundle is orientable.

We now recall several properties enjoyed by solutions of Equation (1).

¢

(w, 2) .|

>

Figure 1: Cartoon of the flow conjugacy Equation (4) satisfied by solutions of Equation (1).

Claim 1. (Flow conjugacy) Let ¢: R x C¢ — C? denote the flow generated by f. (In fact
we only need that ¢ is defined in a neighborhood of v). Suppose that P: A, x D¥ — C? is
an analytic 2T -periodic solution of Equation (1) which satisfies the first order constraints

P(w,0,...,0) =y(w), (2)



and 9
—P(w,0,...,0) =& (w), forl<j<k. (3)
82’]‘
Then the image of P is a local stable (respectively unstable) manifold for v. In fact, P
satisfies the flow conjugacy relation

o [P(w,z1,...,2),t] = P(w +t, eAltzl, ce e’\’“tzk), (4)

for all t > 0 (respectively ¢ < 0), that is the dynamics on the local manifolds parameterized
by P are conjugate to the linear flow L: A, x D*¥ — A, x DX given by

def

L(w,z1,. .. 2n,t) = (w +teMlz, ,e)"“tzk) )

The geometric meaning of this conjugacy is illustrated in Figure 1. For the elementary proof
see Theorem 2.6 in [1].

Remark 1.7 (Real vector fields, orbits, bundles, and parameterizations). The case
of a real analytic vector field is of special interest, that is when 2 € RY ¢ C? implies that
f(x) € R In this case we are especially interested in real analytic periodic orbits, that
is v: A, — C¢ having that v(t) € R? when t € R. If v is real analytic and A; € R for
1 <7 <k then the basis functions &; can be chosen real analytic. In this case the solution
P of Equation (1) can be taken real analytic. Another case of interest is that A; and A1
are a complex conjugate pair. In this case the associated basis functions §; and ;41 can
be taken as complex conjugates and arrange that P maps associated complex conjugate
variables into R?. In other words, P is no longer real analytic, but there is a canonical
method for obtaining the real image of P and hence the real stable (unstable) manifold
associated with v C R?. See [1] for more complete discussion.

Claim 2. (Non-uniqueness) Solutions of Equation (1) are not unique. Indeed suppose
that P is a solution of Equation (1) constrained by Equations (2) and (3), and consider any
collection I' = {7y, ..., 7} of non-zero positive real scalars. Define the disk

def

v
Dk {(zl,...,zk) €Ck: |zl < L and 1< gk},
’ T
and the function Q: A, x D’li’y — C? by
Q(w,z1,...,2s) = P(w, 121, ..., Th2k)-
By differentiating and evaluating at zero we see that

Q(w,0,...,0) = P(w,0,...,0) = y(w),

and that 9 9
a—sz(w, 0,....,0) = oz P(w,0,...,0) = 7§ (w) (5)
Moreover
flQ(w, z1, ..., zx)] = f[P(w, 7121, ..., Tk2k)]
0 k 0
= 8wP(w, T1215 .- ThZ2k) + J; )\jrjzja—sz(w, T1Z15 .-y Th2k)
k
= 8 Q(w7'zla azk) +Z>\]Zj3 Q(wazla 7Zk7)7
j=1



as P is a solution of Equation (1). Then @ is an 2T periodic solution of Equation (1)
on A, x le‘,w satisfying constraint Equations (2) and (3) (with a rescaled choice of basis
functions for the normal bundle). Since P is analytic so is Q. If 7; < 1 for 1 < j < k then
Q is also a solution of Equation (1) on A, x DX hence the non-uniqueness. If the 7; > 1
then the question of whether or not @ is a solution on A, x D is a question we return to
momentarily, indeed it is one of the main concerns of the present work.

Remark 1.8 (Rescaling the basis of the stable/unstable normal bundle). Equation
(5) shows that rescaling the domain by I' leads to a corresponding rescaling of the basis
functions for the stable (respectively unstable) normal bundle of the periodic orbits . In
fact this is the only source of non-uniqueness in the problem, that is once the scalings of
the &; are fixed then the solution of Equation (1), if it exists, is unique. See Claim 3 below
and also the discussion in Section 5 of [4]. We remark that the freedom in the choice of
the scaling of the basis functions can be exploited in numerical computations. Numerical
implications of non-uniqueness were discussed in [1], and will play a role in the sequel.

Suppose now that we look for a solution P of Equation (1) as a Taylor series

oo

P(w,z) = Z Ao (w)z®.
|a|=0
Here a = (a,...,a;) € N¥ is the k-dimensional multi-index, |a| = a; + ... + ag, z =
(z1,...,2) €DE and 2 = 20 - ... 2%, and for each o € N¥ the functions a,: A, — C¢

are analytic, 2T -periodic functions. Imposing the first order constraints (2) and (3) leads to

ao(w) =y(w) and ac,(w) = &;(w),

where 0 = (0,...,0) € N* and e; =(0,...,1,...,0) is the jth vector of the canonical basis
of R¥. Plugging the Taylor expansion into Equation (1) and matching like powers of z shows
that the periodic functions a: A, — C? must solve the homological equations

%aa(w) + (A + ..+ apdr)aa(w) — Df (y(w))aa(w) = Ra(w), (6)
for || > 2. Here R, is a function only of the ag with || < |al, that is the homological
equations are inhomogeneous linear differential equations which can be solved recursively to
any order. Computation of the a,, is illustrated for a number of specific example problems
in [1], and one sees that for a given vector field f the functions R, (w) can be worked out
explicitly.

Definition 1.9. We say that the Floquet exponents Aq,..., A\; are non-resonant if
Q1A+ . oA # A, (7)

for each |a] > 2 and 1 < j < k. Note that since the real part of the A; are all negative
(respectively positive) this reduces to only a finite number of conditions, that is for || large
enough the non-resonance condition is automatically met.

Claim 3. If \q,...,\; are non-resonant then a, exists and is unique for all |o| > 2.
This is due to the fact that the homological equations given by (6) are linear with periodic
coefficients. Hence the classical Floquet theorem gives that these equations have unique
analytic 2T periodic solution assuming that Equation (7) holds. See also Section 2.3 of [1].
Only the convergence of the formal solution is in question.



For fixed choice of §;(w), 1 < j < k assume that the Floquet exponents A1,..., Ay are

non-resonant and let
oo

P(w,z) = Z aa(w)z,

lo|=0

be the associated formal solution of Equation (1). By Claim 1 we obtain another formal
solution by

Q(w, 2) &f (W, 121, ., TkZk)
oo
= Z Ao (W) (T121, . . . ) Tz ) @1 0k)
|a|=0
o0
= Z (W)t -T2
|a|=0

Moreover, as seen in Claim 1, this rescaling of the domain is equivalent to rescaling the basis
of the stable (respectively unstable) normal bundle. Since by Claim 3 the coefficients with
|| > 2 are uniquely determined we see that: given the Taylor coefficients {aa(w)}“’é’l:o of
a particular formal solution of Equation (1) all other formal solutions are of the form

Go(w) =11 TR an (w), (8)
for some choice of the scalars 7, ..., 7.

Claim 4. (A-priori existence for small scalings) Fix first order data 7, ¢;: A, — C¢
for 1 < j <k, and let

- . d _ hy
m= s gl and = max (7))

Suppose we fix also a v > 0. The results of [2, 4] give that: if the Floquet multipliers are
non-resonant then there exists an € > 0 so that for all s < € the formal solution associated
with this choice of first order constraints converges, that is for small enough s the solution
P: A, xDF — C? of Equation (1) subject to these constraints exists. The solution is unique,
again up to the choice of the scalings & (w), ..., & (w). Then for different choices of 7; < €
we parametrize larger or smaller portions of the local stable (respectively unstable) manifold
of the periodic orbits.

The dependence of the Taylor coefficients on the scalings illustrated in Equation (8)
make it clear that by choosing larger scalings for the basis functions §;(w) we obtain slower
convergence of the series P. Hence for a fixed domain disk D¥ larger scalings correspond to
a larger image of the parameterization in phase space. On the other hand, smaller choice
of scalings make it more likely that the formal solution converges to a true solution. This is
the fundamental balancing act inherent in the Parameterization Method: namely we want
the image of P as large as possible in phase space so that the series still converges.

Assumption 3. Suppose that the stable (respectively unstable) Floquet exponents A1, ..., Ag
are non-resonant. Choose 71, ...,7; > 0 and suppose that the basis functions & (w), ..., & (w)
are scaled so that

7 = sup [|§;(w)]la-

weh,



Fix N € N with N > 2. For 2 < |a] < N assume that a,: A, — C? are analytic,
2T-periodic solutions of the Homological Equation (6). Define the approximate solution
Py: A, x CF — C? of Equation (1) by

N
Py(w,z) = Z aq (w)z®. (9)
|a]=0
Main question — Existence and approximation: With the scalings 71,...,7%, N > 2,
and Py (w, z) as in Assumption 3, let
o0
H(w,z) = Z aq(w)z",
|a|=N+1

be the tail function defined by the formal series solutions of the homological equations. For
a particular choice of v > 0, does H converge on A, x D¥? If so, can we bound H on
A, x Dk?

The remainder of the paper is organized as follows. In Section 2 we develop the main
result of the present work. This is Theorem 2.4 which, when its a-posteriori hypotheses are
satisfied, answers the existence and approximation questions at the same time. Section 3
deals with computer assisted validation of the solutions a, (w) of the homological equations
for 2 < |a| < N, that is with obtaining the data postulated in Assumption 3. Sections 4
and 5 are devoted to applications: validation of manifolds with one and two stable/unstable
Floquet exponents respectively. Appendix A contains some technical details associated with
the application problem of Section 5.

2 A-posteriori analysis of Equation (1)

We begin somewhat informally in order to introduce the main idea of the argument. Suppose
that f: C? — C? is an analytic vector field and that T', y(w), A1, ..., A\, &1(w), ..., & (w),
and Py (w, z) are as in Assumptions 1, 2 and 3 of Section 1.1. We seek a 2T-periodic function
H: A, x D¥ — C? so that

P(w,z) = Py(w,2) + H(w, 2), (10)

is an exact solution of Equation (1) for all (w, z) € A, x DE.
Plugging P from Equation (10) into Equation (1) gives

fIPn(w,2) + H(w, 2)] = %[PN(UJ» z)+ H(w,2)] + D:[Py(w, 2) + H(w,2)]Az,  (11)

where

0 ... X
is the k x k diagonal matrix with the Floquet exponents on the diagonal and zeros elsewhere.

We expand the vector field to second order about the image of the approximate solution
Py so that the left hand side of (11) becomes

f[Pn(w,z) + H(w, 2)] = f[Pn(w, 2)] + Df[Pn(w, 2)|H(w, z) + R[Pn(w, z), H(w, z)]. (12)

10



Here R is the second order Taylor remainder associated with the vector field f at the point
Py (w, z). Define the a-posteriori error function Ey: A, X ]D)’lf — C4 associated with Py to
be the function given by

En(w,z) = f[Py(w,2)] — %PN(U}’Z) — D, Py(w, 2)Az. (13)

Plugging (12) and (13) into Equation (11) and rearranging gives

%H(w7 2)+ D, H(w,z)Az — Df[Pn(w, 2)|H(w, z) = Enx(w, z) + R[Py(w, 2), H(w, 2)].

(14)
We introduce the linear operator
L[H|(w,z) = %H(w, z)+ D.H(w,z)Az — D f[Pn(w, 2)|H (w, 2), (15)
and rewrite (14) as
L[H]|(w, z) = Ex(w, z) + R[Pn(w, 2), H(w, z)].
Assuming that £ is invertible gives
H(w,z) = L7 (Ex(w, 2) + R[Py(w, 2), H(w, 2)]),
and we introduce the nonlinear operator
O[H|(w,z) = L7 [En(w, 2) + R[Py(w,2), H(w, z)]. (16)

We see that H is the truncation error associated with Py if and only if H is a fixed point
of Equation (16). The remainder of the section is devoted to the study of ®.

We want to show that ® has a unique fixed point in a small neighborhood of Py, and
we solve the problem in three steps.

Step 1: Show that the linear operator L is invertible. We will see that invertibility of £ follows

if N is “large enough”.

Step 2: Establish some quadratic estimates for the nonlinear function R[Py(w,z), H(w, z)]

given by Equation (12).

Step 3: Obtain that the operator ® is a contraction mapping in a certain neighborhood Us.

In order to formalize these steps we need to define appropriate Banach space norms.

2.1 Background: analytic functions and 27T-periodic families of an-
alytic IN-tails

Let Mat,,«x»(C) denote the collection of all m x n matrices with complex entries. For
A € Mat,, «»(C) we employ the norm

n
Al = 1285”2 |ag],
j=1
where |a;;| is the usual complex absolute value.

11



Let U C C be a simply connected open domain in the complex plane, and f: U — C an
analytic function. We say that f is bounded on U if

sup | f(w)] < oo.
welU

The set of all bounded analytic functions on U is a Banach space under the norm
def
II77 = sup [f(w)].
wel

The set of all functions f = (f1,..., fa) such that each f;: A, — C, 1 < j < d is analytic,
bounded, and T-periodic is a Banach space under the product space (maximum) norm

def
1= mas 1513

Similarly, we say that P: A, x DX — C? is bounded if

x| B[ g < oo

For P: A, x DX — C9 given by the Taylor series

oo

P(w,z1,...,2,) = Z ao(w)zyt ..o z0 ",
|a|=0

with as: A, — C? bounded analytic functions, we define the two norms

oo
1Pl =7 llaali®v),
|a|=0

def
121, s 1P o
Note that it is always the case that || P25, < ||P||.,, even when the latter quantity is infinite.

Now for 1 < 4,5 < N let a;;: A, — C be bounded and 27-periodic analytic functions,
and consider the matrix

app(w) ... ainy(w)
A(w) =
ayi(w) ... ann(w)
Define the norm
N
oo def 00
415 2 a3 a5 (1)

=

Then if g: A, — C? is a bounded, analytic, T-periodic function then we obtain a new
function Ag: A, — C% by the matrix multiplication A(w)g(w) and have that

1Agl7 < LA gl
We say that an analytic function h: D¥ — C is an analytic N-tail if

|
h(O):g? (0)=0, forall aeNF 0<|al <N.

12



Note that an analytic N-tail has Taylor series

h(z) = Z haz®,

la|=N+1

converging absolutely and uniformly for |z| < v. Analytic N-tails enjoy the following esti-
mate.

Lemma 2.1. Suppose that h: D — C is an analytic N-tail with

[7llp = sup [h(2)] < oo.
z€Dk

Fiz A1, ..., M € C and suppose that |N\;| < p <1 for1<j <k for some u>0. Then

sup [z, . Aez)] < gV sup [A(2)) (18)
z€Dk z€DkE

An elementary proof of (18) is given in [9]. The estimate above extends trivially to functions
h: Dk — C? whose component functions are analytic N-tails.

In the sequel we are interested in analytic N-tails with coefficients which are 27-periodic
on A, and analytic on A, x DX, Such an H: A, x D¥ — C? is given by

H(w,z) = Z ha(w)z®,

|a|=N+1

where the sum converges absolutely for |imag(w)| < r,|z| < v. Then for each fixed wy € A,
the analytic function H(wyp, z) is an analytic N-tail in z. We call such a function H a 27-
periodic family of analytic N-tails. The space of 2T-periodic families of analytic N-tails is
a Banach space under both the || - ||, and [| - ||?5, norms. Suppose that Aj,..., A\ satisfy
the hypothesis of Lemma 2.1 and let A be the diagonal matrix with Aq,..., A\ as diagonal
entries and zeros elsewhere. Then || H |75, < oo implies

1 (w, A2)II75, < @™ H IS (19)

TV

as Lemma 2.1 applies uniformly for each fixed w € A,..
For bounded analytic functions f: D*¥ — C? we have the following bounds on derivatives.
The result is standard (and we refer to [8] for the proof).

Lemma 2.2 (Cauchy Bounds). Suppose that f : DX ¢ Ck — C? is bounded and analytic.
Then for any 0 < o <1 we have that

oo 2m [
10:f e < —IIFI1Z°-

vo

2.2 Validation values and the main theorem

Take f: C* — C4, T, N, v: A, — C4 N\,..., 0, € C, &: A, — Cfor 1 < j <k,
ao: A, — C?for 2 < |a|] < N, and Py: A, x C¥ — C? as in Assumptions 1,2,3 of Section
1.1.

We define the “tube” of radius p about 7 to be

U,(v) = |J Diy(w)).

wEA,
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Suppose that f is bounded and complex analytic on the tube U,(y) C C™. Consider
Df[Py(w,2)] = Df[y(w) + Py(w, 2)],

where Py (w,z) = Zﬁi\:l aq(w)z®. Let

A(w,2) = Df[Px(w,z)] = Df[y(w)].

For the applications considered in the present work f is always an M-th order polynomial
with M = 2,3. Then, since Py is an N-th order polynomial in z we have that

(M—1)N

A(w, z) = Z Aq(w)z® (20)

|a]=1

is an (M —1)N-th order polynomial with 27-periodic matrix coefficients A, (w). The explicit
form of the A,(w) is a problem dependent computation illustrated in examples.

Now fix ¥ > 0. The following definition tabulates the constants which need to be
computed in order to obtain validated bounds on the tail of Py.

Definition 2.3 (Validation values for an approximate solution of Equation (1)).
The positive constants x, C, ps, p, p', M1, Ms, and € are called validation values for the
approximate parameterization Py if

(i)

IDFNIE < &,
(ii)
(M—1)N
[ Aall?® o 5
ex r vl <,
e |‘§_:1 ‘041)\1+...+Oék)\}€‘ -

where the A, = A, (w) are the coefficients of A(w, z) as given in (20),

(iii)

< i .
po < 1I§r1ilgk(|rea1(h)\7 s [real(Ag)]), (21)
(iv)
max # {(k,0)|1 <k, <n such that 9"9f; # 0} < M, (22)
sJsn
(v) ,
S ~=Ji < ]\47 23
z:(}lpIE'Y) 11%1%Xn I%IIEE BzBf (2)| < My (23)

(vi) 0 < p’ < p and
N
D llaallZvl*t < o,
la|=1

(insuring that image(Pn) C Uy (7)).

(vii) Finally assume that
BN <€

where Ey(w, z) is as defined in (13).
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Theorem 2.4 (A-Posteriori Validation of a High Order Approximation of the
Stable Manifold of a Periodic Orbit). Suppose that x, C, p., p', My, Ma, and € are
validation values for Pn. Assume that N € N and 6 > 0 have that

N+1> 2, (24)
L

N4+ 1)y —
5<e_1mim{(+)u~H7p—p'}7 (25)
2n7TM1MQC
2C
(N +1Dps —k
Then there is a unique periodic family of analytic N-tails H: A, x DF — C™ with
IHII7, <6,

Vv —

€< 0. (26)

having that
P(w,z) :PN(w,z)JrH(w,z),

is the exact solution of Equation (1) on A, x DE.

2.3 Spaces and Lemmas

First, we will exploit the following bound.
Lemma 2.5. Suppose that r, C' are real positive constants with | Df(7)||%° < k and

(M—1)N .
[ Aall7

ex
p |az:1 oA + ..+ gl

vlel | < ¢. (27)

Then for any w € A, z € DX, and t > 0 we have the bound

v

t
exp < Df (Py (w+ s, eASz) ) ds)‘ < Ce™.
0

Proof. Letting N = (M — 1)N note that

_/O ZA w+ 8) ) ds
/Z|A w4+ s)|

Ja]=1
N
Z | Ag 12 </ (arpi+.. +akuk)9d8) laf

lAal® : (<t oronmr _ 1) o
"agpn F .+ app

/Aw+se )ds

(041)\1+ +Oék)\k)8 @ d

Il
MZ‘ I

1

B
I

| Aall?®
|a1u1+ ik

vlel

IA
T Mz'
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Then
exp </ Df (PN (w + s,eASz) ) ds)‘ = exp
0
< exp (/0 [Df(y(w+ 9))] ds> exp

¢ ¢
/ Df(’y(w+s))ds+/ fl(w+s,eASz) ds
0 0

t
A(w + 5,e252) ds
0

as desired. O

Remark 2.6 (General vector fields). If f is not a polynomial then of course the bound
for C will be more complicated. We can always obtain an expression similar to Equation
(27), plus a small remainder, by considering a Taylor expansion for f (about any convenient
point). On the other hand, if the nonlinearity of f is given by elementary functions, then it
will be possible to bound C using techniques of automatic differentiation.

We now define our function space. Let
X = {H: A, xDF - C? : H is a 2T-periodic family of analytic N-tails and |HI[5, < oo},

and recall that A’ is a Banach Space under the [ - [|75, norm. We denote the closed delta
neighborhood of the origin in X by

Us={HeXx : |H|X, <d}.
Lemma 2.7. Let L as defined by Equation (15). If

N+1>M£, (28)

then L is boundedly invertible on X and

__c

Proof. Let S € X. We will show the existence of H € X such that L[H] = S. Assuming it
exists (it does and it is given by Equation (33) below), consider the equation

1L < (29)

L[H)(w, z) = a%H(w, z)+ D, H(w,z)Az — Df[Pn(w, z)|H(w, z) = S(w, 2). (30)

For t € Rt we fix w € A, z € D¥ and define the curve I' : R — C**! given by

It) = ( ’LZAJtth ) :
We now make the change of variables
H(t) = HoD(t) = H (w+t,eMz),
U(t) = Df[Py oT|(t) = Df[Pn(w +t,eM2)],
S(t) = Sol'(t) =S (w+t,eMz),
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and observe that

H(t) = DH(T(1) - T'(¢)

dt

= [0, H(D(t))| D H(T(t))] ( eAtlAz )
i)

=—H (w +t, eAtz) + D, H (w +t, eAtz) eMAz.
w
Then we consider the ordinary differential equation

. 3 3
S H() = WO H(t) = 5(),

and note that H(0) is the solution of Equation (30). We introduce the integrating factor
Q) & e Jg w(rydr

and note that Q(0) = I and
Q—l(t) — eJo ¥(m)dr.

Then for any t,a € R we have that

t

QA = o) a) + | DS d5. ()

a

The next step is to evaluate the limit as a goes to infinity. We assume that H is bounded
(an assumption which will be justified momentarily) and see (recalling the definition of .
n (21)) that

1Q(a) A (a)] = ‘e_ S5 A g (o a,eA“z)‘

@

< elo ¥ (M)l dr (e—u*a)N-‘rl \H(w + a, 2)|
®
< Certem NHDma| ||

= C||H |75 el Dmetrla (32)

where (a) follows from Lemma 2.1 and (b) follows from Lemma 2.5. Now the hypothesis of
Equation (28) implies that (N + 1)p, > « and we have

lim |Q(a)H(a)| = C|H||, lim elmN+Dmtrla —
a—00 a—o0
Then (at least formally) we have that Equation (31) becomes
() = -7 [ 0(9)3(5)ds.
t
Taking ¢t = 0 gives
Hlw,2) = A0 = = [ [ PP losne 9 1or] 5 5, 002) dp. ()

0

Now we take Equation (33) as the definition of H, and by running the argument back-
wards we see that H solves Equation (30), assuming that we can show that H is bounded.
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It is also clear upon inspection that H so defined is T-periodic on A, in the variable w,
owing to the fact that Py and S are. What remains is to show that H is bounded and
analytic in both w and z and that H is a T-periodic family of analytic N-tails.

By arguing as in Equation (32) we have

2(B)S(B)] < CelmNFDmF5) 5100 (34)
with S bounded and —(N 4 1)u. + k < 0 by hypothesis. It follows that

|H(w, 2)| = |H(0)]

= '— | ewse) db"
< Clsif, [ et g
0

S|z,

ST D )

and we see that H is indeed bounded. To see that H is analytic in any of w, z1,..., 2z we
remark that Equation (34) shows that the integrand is bounded and we know the integrand
is analytic in each variable. Morera’s Theorem [63] then gives the analyticity of H. To
see that H is an N-tail we simply use that S is an N-tail and apply the Leibnitz rule on
Equation (33) (exploiting the boundedness of the integrand in order to pass the derivative
under the integral).

Since S was arbitrary we see that the desired inverse operator is defined explicitly by
L71[S] = H. Taking the supremum in Equation (35) over all S with norm one gives the
bound claimed in the Equation (29). O

Lemma 2.8. Assume that the hypotheses of Theorem 2.4 are satisfied. Given H € X, let
R: A, x Dk — C? be the function defined by

f[PN(w7 Z) + H(w7 Z)} = f[PN(w7 Z)} + Df[PN(w7 Z)]H(wv Z) + R[PN(wﬂ Z)? H(w, Z)] (36)
Then R is a T-periodic family of analytic N-tails satisfying the following bounds:
o Foranyd<p—p and H € Uy,

IR(Px, H)|75, < MyMad?. (37)
e Forany 6 < (p—p)e ! and Hy, Hy € Us we have
HR[PN,Hl] - R[PN,HQ]H;?OU S 27T6dM1M2(5||H1 - H2||$,OV (38)

Proof. Let s & p— p/. For any fixed wq, zo € A, X D* and n € D? we have that

fIPn(wo, 20) +n] = f[Pn(wo, 20)] + D f[Pn(wo, 20)In + R[Pn(wo, 20), 1],

where R is given by the Lagrange form of the Taylor Remainder

R; [P (wo, 20),m) = > ﬂ;" / ﬁfg(PN(wo,Zo)ﬂLt??)d (39)
|B1=2
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Applying Morera’s Theorem (e.g. see [63]) to Equation (39) shows that R is analytic
as (wo,z0) € A, x DX as well as n € D? vary. It is also clear that R; is T-periodic in wp.
Moreover

32
@fj(z) ||77||§ < M1M2H77||3-

2
|R; [P (wo, 20), ]l < G
18]=2 * z€U,(7)

Fixing H € Us with § < s we define R: A, x D — C?% by R[Py(w, z), H(w, z)] and have

IR[Py, H]|I7S, < My M2,
as desired.
We now introduce a “loss of domain” parameter o € (0, 1] which is used to leverage the
supremum bound on R into a Lipschitz bound. So, fix (wg, 20) € A, x DX and 7,1, € ]D)g
Then

—og*

R[Pn(wo, 20),m) — R[Pn(wo, 20), 2] = Dy R[Pn(wo, 20),7](m — n2),

for some 7 € DZ,US. The fact that R is analytic and zero to second order in n implies that
0/0n; R; is analytic and zero to first order in 5 for each 1 <4, j < d. Then for any 0 < ¢ < 1
we have

| Dy R[Pn (w0, 20), tn][|ar < tl| Dy R[Pn(wo, 20), 0] |ar,

Let t = §/se™? with 0 < ¢ < 1 and note that 0 < ¢ < 1 by the hypothesis given by Equation
(25) of Theorem 2.4. It follows that

]

se— 7

A

| Dy [Py (wo, z0) tn]l|ar <

HDnR[PN(w07 ZO)a 77]||M

<
se~ 7

sup [|[DR[Pn(wo, 20),n]||m

In|=e=7s

oe’ [ 2nd

< — ( sup R[PN(wO7ZO)v77]>
S\ 59 Inl=s

2wde’
052
S 271'6d]\41]\42(57 (40)

<é

My Mys?

as €” /o is minimized when o = 1. Note that we have used the Cauchy Bounds of Lemma 2.2

in order to pass from the second to the third line of the estimate. The use of the Cauchy

Bounds explains the loss of domain and the parameter o appearing in the argument.
Fixing Hy, H> € Us we now have

HR[PNaHl] — R[PN,HQ]HOC S 27T6dM1M25||H1 — HQH;OV

TV

as desired. O

2.4 Proof of Theorem 2.4

We will show that the operator ®: X — X defined in (16) has a unique fixed point in
Us C X. First note that ® is well defined as the hypothesis of Equation (24) allow us to
apply Lemma 2.7 and obtain that £ is boundedly invertible on X'.
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Now for any H € Us and consider

IR[H]I7S, = II£7" [Ex + R[Px, H]II7S,
<L BN, + L7 IR IR Py, H|I,

C

<— M, M6
_(N—&—l)u*—,«;(e_'— 1M567)
<.

(41)

Here we have applied the bounds of Lemma 2.7, as well as the bound given by Equation
(37), the the definition of € from condition (vi4) if the definition of validation values, as well
as the hypothesis given by Equations (25) and (26) of the present theorem. This shows that
in fact ® : Us — Us.

What remains is to show that ® is a contraction on Us. To see this let Hy, Hy € Us. The
inequality hypothesized by Equation (25) of the present theorem gives that 6 < (p — p’)/e.
Tt follows that we can apply the bound given by Equation (38) to the expression

|®[H:] — S[H:]|IS, = |£71 (R[Pn (w, 2), Hi(w, 2)] — R[Py(w, 2), Ha(w, 2)]) |17,
S — Hy||,.
S (N T 1)M* _ KQﬂ'edMlMg(SHHl HQHT,V (42)

Here we have again used the bounds of Lemma 2.7. Moreover,

—————2medM1 M3 < 1
(N—l—l),u*—nﬂe 1Mo0 <

by the inequality hypothesised in Equation (25) of the present theorem. Then ®: Us — Uy is
a contraction mapping and hence has unique fixed point H € Us. Since H is the truncation
error we have

v

as desired. O

2.5 Validation Algorithm

The parameters v and the scalings of the basis functions £;, 1 < j < k are free in the
discussion above. In theory there is no difference between fixing the norms of the basis
vectors and then choosing the size v > 0 of the validation domain, or vice versa. In practice
however it is preferable to fix ¥ = 1 and choose numerically convenient scalings for the basis
functions. This is simply due to the fact that v = 1 is the most stable choice in the v/l
terms appearing in the Taylor-norms.

Algorithms for optimizing the choice of the scalings are discussed in detail in [64], however
we make a few heuristic comments. In many applications it is sufficient to simply compute
once the parameterization PV with any convenient choice of scalings, and then examine the
growth of the resulting ||pa||2°. If these coefficients grow either too fast or too slow then
simply rescale so that the desired decay rate is achieved. The dependence of the new decay
on the choice of rescaling is given explicitly in Equation (8). A good heuristic is to choose
that the highest order coefficients have magnitude close to machine epsilon.

Once the scalings and v are picked then we try the following algorithm. If the algorithm
fails then we modify the scalings and try again.

Recipe: Input choice of v from above.
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. Choose: any positive constant x with

IDFIZ < k.

In practice x will be an interval arithmetic bound on ||Df(7)]|3° as this quantity
depends only in the known Fourier coefficients of + as well as the known decay rate
bounds.

. Choose: a positive constant C' with

(M—-1)N -
exp Z | Aa Iz vlel ] < .
=1 ‘041)\1 + ...—I—Oék)\}c‘ -

In practice C' is any bound on the sum obtained using interval arithmetic.

. Choose: a constant p’ with

N
Y laalFviel <o

la]=1
In practice the terms ||as||3° are bound using the ||aq |/ norms.

. Choose: s > 0. For polynomial vector fields the choice of s is more or less arbitrary
and we often obtain good results with s = 0.1p’. Then define p to be any number with

P +s<p.

If f is not polynomial then we have to pick a p > 0 and estimate the second derivative
of f in a p neighborhood of «. This could be done either by hand, or more likely with
some preliminary interval arithmetic. Note that if f has poles then this imposes a
theoretical limit on the size of p. Next we make sure that p’ defined above is smaller
than p. s is then the difference.

. Compute: M; and M, on the “tube” U,(). For quadratic vector fields the second
partials are of course constant.

. Choose: ¢ to be any positive number with

IEN], < e

. Choose: pu, to be any lower bound on the absolute values of the real parts of the
stable eigenvalues.

. Check: .
N+1>—.
[
If not then the proof fails.
. Choose: § > 0 so that -
2C
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10. Check:

§ < e 'min (W,p — p’) . (44)
277//TM1MQC

If not then the proof fails.
11. Return: 4.
If the proof does not fail before Step 11, then it succeeds and we have the validated bound

IH7 < 1H [l <6,

for the truncation error associated with the approximation Py on the domain A, x DF.

Remark 2.9 (Implementation details). In practice we must obtain the data hypothesized
in Assumptions 1, 2 and 3 of Section 1.1 by separate computer assisted arguments. Since the
functions y(w), &1 (w), ..., & (w), and ay(w) for 2 < |a| < N are analytic and periodic, it is
reasonable to represent these functions as Fourier series. Then the first step is to compute
numerical approximations

M
2mim
IYM(w): E Yme T Y,
m=—M

M
2mim .
rw)= Y (§me T, 1<j<k,
m=—M
M
2mim
ay(w) = Uo.m€ 27T w, 2< |Oé‘ < N.
m=—M
In addition to these numerical approximations we need positive constants r, €y, €1, ..., €,
and €,, for 2 < |a] < N so that
M =l <o, 1€ -Gl <6 and ) — ol <eas  (45)

for 1 < j <k and 2 < |a] < N. In the present work we compute the approximate Fourier
coefficient sequences {vm }M__,;, {(&)m }M__,, for the periodic orbit/parameterization of
the normal bundles, as well as the constants r and €1, €1, ..., €, using the computer aided
methods of [14, 15] (for the periodic orbit) and the methods of [16, 17] (for the basis functions
of the normal bundles). The approximate Fourier coefficients {an.m }*_ ,, all in C? for the
solutions of the homological Equations are computed numerically using the methods of [1].
What remains is to compute validated constants €, for 2 < |a] < N satisfying (45). This
is topic of Section 3. We note that all of this data is assumed as input for the validation
algorithm above.

3 Rigorous solution of the homological equations

The goal of this section is to obtain computer assisted error bounds satisfying (45) on the
solutions a,: A, — C? of the homological equations for 2 < |a| < N. Or to put it another
way, the goal is to obtain the data hypothesized in Assumption 3 of Section 1.1. More
precisely, recall that for each o € N* we seek a, so that

daq(w)
dw

+(a-Naa(w) = (f o P),(w),
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where o - A & ;A +...+ ap Ak, and with

oo

Y (foP),(w): =

|a|=0

f(P(’LU, Z)) =

For j =1,...,d, denote

; 2mim
) et
@, m 2T

Denote

with
Ao = (a&l)7 ..

Similarly, denote

with
Fy = (F;U,...

We look for a solution of
F(a) =

Given a bi-infinite sequence ¢ = (¢, )mez of complex numbers and given v > 1, let

def
ll,V -

D

meZ

le

which is used to define the Banach space

Ei = {C = (Cm)mEZ

Denote

vyt

B2, 08 = {A:Ei — ’ A is linear and [||A]|| =

the space of bounded linear operator from ¢ to

+a-A) a{), — (fo P)¥Y)

,F§d>)Te1R<d and  FU) =

|o¢‘:0 meZ

a,m ’

(F(Ef,)n) , forj=1,...,d.
’ meZ

0.

|Cm|l/|m‘,

el < oo}

sup
llvll1,0=1

[Av[|1, < 00}

0.

(46)

(47)

For each a € N¥ with |a| € {2,...,N} and j = 1,...,d, we consider af € 0L, Let

n = n(m, N) be the cardinality

n:#{a:(al,...,ak) eNFllal=a1 +---+ap €{2,...,N}}.
For each i = 1,...,n, denote by a(i) € N¥ the corresponding multi-index such that |a(i)| €
{2,...,N}. In other words, we choose an ordering for the set of multi-indices satisfying
lal € {2,...,N}.

Consider the Banach space

b'e d:ef (lel)nd
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endowed with the norm

lallx = max {a v} (49)

The goal is to compute solutions of (47) within the Banach space (X, | - ||x) using
a Newton-Kantorovich type theorem (the radii polynomial approach, e.g. see [65, 14]).
This approach first requires computing an approximate solution using a finite dimensional
projection.

Given a Fourier truncation order M, consider a finite dimension projection IIM) : X =
(1) = M=) defined by

M) . (f,l,)nd — RMACM=1) s (M) g = ((ag()i) m>| ‘ M)
’ m|< i=1

Given a € (@)nd, denote ap = II™)a. Consider the finite dimensional projection
Fm)  Rrd(@m=1) _, Rrd(m=1) of (47) given by

dZCf H(]VI)F(aF) c Rnd(QM—l).

i=1

FOD(qp) = (F%(QF)),L

Assume that using an iterative scheme (e.g. Newton’s method), a numerical approximation
ar has been computed that is FM)(ap) ~ 0. For the sake of simplicity of the presen-
tation, we introduce the notation a € (éi)nd to denote the embedding of the numerical
approximation ar € R™M-1 by adding zeroes in the tail.

The idea now is to introduce a Newton-like operator based at a whose fixed point cor-
respond to a solution (near @) of the infinite dimensional problem (47). A Newton-like
operator is an operator of the form

T(a) =a— AF(a), (50)

with A a linear operator chosen carefully so that it is a good enough approximate inverse for
the derivative operator DF(a). Since the Newton operator a +— a — DF(a)~!F(a) should
be a contraction on a neighbourhood of an hyperbolic fixed point, there is hope that for
a carefully chosen approximation A of DF(a)~! the perturbation of the Newton operator
(50) will still be a contraction near the fixed point.

The computation of the operator A is problem dependent, and by using carefully the
structure of the problem under study, one can get better approximate inverses. However,
for the specific problem (47), there is natural choice that we present next.
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3.1 Construction of the approximate inverse A

Consider the Jacobian matrix DF™)(a) € M, 40201-1)(C) and let AM) 3 numerically com-
puted pseudo-inverse of DF™)(a@). Denote AM) block-wise as

AP APy (AP APy,
(A)an - (A4 (AMDy, e (AP,
AR = ; : : : € Mya2n-1)(C)
Ay - (AP, (AP, (A1 4
L AM)an o (AN AN - (AS)aa

(51)
with (A,(h,zlz)d1 dy € M(apr—1)(C) for 1 < mny,me < nand 1 < dj,dy < d. The operator A
which acts as an approx1mate inverse for Df(Z) is given block-wise by

[ (A11)11 - (A11)14 (Aip)in - (Ain)id |
(A11)a1 - (A11)ad (A1n)ax - (Ain)dd
A= : : . : : (52)
(An,l)l,l e (An,l)l,d (An,n)l,l o (An,n)l,d
L (An,l)d,l e (An,l)d,d (An,n)d,l e (An,n)d,d i
where (An, n,)dr,ds € B (E},,Ei) for 1 <nj,ne <nandl<d,dy <d. Forc=(¢pn)mez €
(%, denote by cp = (c_pre1,...,car—1) € C2M—L

Given b = (ba(s))i=y = (bg()i)) i=1n € X, the action of the operator A on b is given by
=1
n ( n d
(Ab)(()) - Z (A11ﬂ2 04(12 7 Z Z 21,12 Ji,J2 55(21)2)7

i2=1

where the action of (4;, ,)j,.j, on ¢ € £} is given by

M
((A§1,z)z)Jl,chF)m7 |m| < M,

(i iadin ) = 0i iz 01,2 (2me +;(21) A) Cmy M| = M, 9
where 6; ; equals 1 if ¢ = j and 0 otherwise.
Lemma 3.1. Define T as in (50) with A defined by (52). Then
AF: X > X. (54)
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def def

Proof. Let h € X, b = F(h) and a = Ab. Denote b = (ba(;))i—; = (b(j)_ )

is to show that a € X. We have

Il
. o
1=
—
—~
b
i
S
S
Q
>
N
S~—
—
i
3

Fixie{l,...,n} and j € {1,...,d}, and let
n d

def (32)

- Z Z Hz JsJ2 a(zQ)

Let us show that c(i,j) € ¢L. Recalling (83), (46) and that b =

Fo(f(i)) (h), and therefore

o0

le(é )l = Z e (i, §)m ™

m=—0o0

-« 1 ) |m|
= ¥ | mmapa) Fom),|»

M-1

(M) (42) m

+ Z Z Z 01,12 ]1,j2 (Fa(iQ)(h))F V| l
m=—M+1 12=1 jo=1 m

S <2’”+(>A> (Ehm), |
- 3 () (5 e a) -

M-1
+ Z Z Z Efwz)z )j1.d2 ( o(lj(ii)(h))F plml

=—M+1 12=1 jo=1 m

T

(i)

—(foP)

,,,,,

F(h), we have

()

a(i),m

b(]z

. The goal

a(z):

]

7)

where the middle sum is finite, and the first and the third sums are bounded since h(a(i) €

and since by the Banach algebra property of £3, we have that (f o P)g)

lle(i, j)|l1,y < ooforallie{l,...,n} and j € {1,...,d}. Hence, a = AF(h) € X.
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1
£u7

0 (h) € £L. Therefore,
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We introduce the notation conj(z) to denote the complex conjugate of a complex number
z € C. Since we are interested in real solutions, we impose the following symmetries on the
blocks of A. Assume that AM) satisfies

(A™M))51 o) s~k = conj ((A(M) )jl,jz)kl,m) , Vkike=-M+1,...,M—1. (55)

i1,i2 i1,i2
Define the space
Xy @)nd (56)
where _
0y Lof {c c Ell/ |c_m = conj(en,) Vm e Z} . (57)

Denote by By(a) the closed ball of radius r > 0 centered at @ in the Banach space X,
that is
B.(a)={ae X :|la—a|lx <r}.

Lemma 3.2. Assume that @ € Xy, and set v > 0. Define T as in (50) and let A defined
by (52) such that the assumption (55) holds. Then

AF 2 Xym = Xaym. (58)

Assume moreover that T : Br(a) — By(a) is a contraction, and let a € X the unique fized
point of T in By (@) which exists by the contraction mapping theorem. Then, & € Xgym.

Proof. We begin by showing that (54) holds. Let h € Xy, b = F(h) and a = Ab. As in
the proof of Lemma 3.1, we have that

n d
a = Z Z (Ai,iz )j,jz bij(zi)z)

i2=1 jo=1 i=1,...,n
G=1,....d

By Lemma 3.1, we know that ||al|x < co. It remains to show that each component ag()i) is
in [}, Now, for each 4,45 = 1,...,nand j,jo =1,...,d, let ¢ & (Ai,iz)jdzbgél)- Then, for

each m € Z, and using the symmetry assumption (55),

com =Y ((Aiix)ige) s (bgé)z))kl

my=—co

= Y ((Ai)jga) iy (bgé)@),kl
ky1=—o0

- Z conj (((Amz)j,jz)m,kl) conj ((bg(zi)?))kl)
k1=—00

= conj ( Z ((Aii2)5.52) ey (bgé)z))h)

ky=—o0
= conj (c_m) -

Finally, by (54), T : Xsym — Xsym. Using that a € Xy, N B,(@), and that X, is a
closed subset of X, we obtain that

a= lim T7"(a) € Xoym. O

n—oo
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3.2 The radii polynomial approach

The goal of the present section is to determine an efficient way of determining a ball of the
form B,(a) on which the operator T : X — X as defined in (50) is a contraction.

Foreachi=1,...,nand j=1,...,d, consider bounds Yofgi)) and Z((j()i) satisfying

()
H(T(a) —a)am 1

Remark 3.3 (The bound Z((lj()l) as a polynomial in 7). To compute Z((j()i) fori=1,....n

and j =1,...,d, one estimates (DT (a + b)c)g(),) for all b,c € B,.(0). This is equivalent to

estimating (DT (a + m’)vr)(J) for all u,v € B1(0). If the nonlinearities of the vector field
f are polynomials, then F wzll consists of Cauchy products of discrete convolutions. Since
T(x) =x — AF(x) and DT (a + ur)vr € X, then each component of DT (a + ur)vr can be
expanded as a polynomial in r with the coeﬁczents being in LL.

< 70

a(i)”
1,v

(59)

< YOEZZ.)) and sup
b,c€B,.(0)

’(DT(a + b)c) v

(i)

Hence, from now on we assume that the bound ZLJ()Z) = Z;J()Z)(T) is polynomial in 7.
Definition 3.4. For each ¢ = 1,...,n and j = 1,...,d, the radii polynomial p(J) (r) is
given by ' '

pOy () LYY+ 20 () — . (60)

(i) a(i

Lemma 3.5. Define

ﬁ {7’ >0 :pff()i)(r) < O} . (61)

I\Ds

If T # 0, then T = (I_,1y) is an open interval, and for any fivzed T € I, the ball Br(a)
contains a unique solution of (47).

The proof of this result is standard (e.g. see [14, 65, 66]) and will be omitted.

Before proceeding with the explicit computation of the bounds satisfying (59), we present
a remark describing how a successful application of Lemma 3.5 can be used to obtain the
rigorous error bounds required in (45).

Remark 3.6. Consider the radii polynomials (60) constructed with a fized decay rate v > 1.
Let T the set defined in (61) and assume it is non empty. Let 7 € T and let a € Br(a) such
that F'(a) = 0. Then

la—alx = max {a%) —al .} <7 (62)

Let « be a multi-index such that 2 < |a| < N. In the context of the error bounds (45), set

M _ =
ay’ = aq. Also, set

r= %log(u). (63)
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the width of the strip A, in the complex plane. Then, 2 < |a| < N, using (62),

M o _ ||= o
laa = @l = [laa — aal);
= max [|a¥) — al ||OO
1<;5<d
= max sup |a¥)(w) — a¥)(w)|
1<j<d e,
oo
2mim - 2wim
= max sup E a(J) e 2w — ) oTErw
1<;5<d '
SISCwehr |, T
< max sup E J))eTw‘
1§J<dw€A
= |m|
< max E ‘d(j) —al) ’e T
= i<j<d a,m a,m
m=—
[e9)
< max 3 [ay), - af) ’y\ml
= 1<5<d a m a,m
[ —
= max Hdgj) fa(()f)
1<j<d v
< €q-

Hence, the rigorous error bound required in (45) can be set to be €, =7 forall2 < la] < N.

Here is our general strategy: we use Lemma 3.5 to solve (47) and Remark 3.6 shows how
the rigorous error bounds required in (45) can be obtained. Next, we attempt to provide
general formulas for the construction of the radii polynomials valid for any vector field, any
periodic orbit, no matter what the dimension of the manifold and the dimension of the
phase space are. However, some of the formula would be significantly hard to write in the
full generality and almost impossible to read, hence we prefer to combine the exposition of
the general case with a concrete example.

To begin with, we remind that the unknowns of the problem are the sequences a$’ € (2
of Fourier coefficients of the functions a¥ )( ) where |a] € {2,...,N} while the Fourier

coefficients of the function a )( ) with || € {0,1} are data for the problem. More precisely

(J ) is the sequence of Fourier coefficients on the basis of 27-periodic functions of the periodic

orblt ~(t) while aY) with |a] = 1 are sequences of the Fourier coefficients forming the normal

bundle. We assume that both the periodic orbit and the linear bundle have been previously
computed and that the data are given in the form

0¥ —a + €0, ol € (0,1} (64)
where (a(()f ))m = 0 for any |m| > M and the remainder £a¥ is known only in norm,

|€ag 1, < .

For any a € X, the function F'(a) depends on the data a, with |o| € {0,1}. Let us write
explicitly such a dependence as F(a) = F({aa}|y =, @) = F({@a + Eaa} |y o, a). Denote
F(a) = F({aa}ﬁa\=ov a) and introduce EF'(a) so that the equality holds

F(a) = F(a) + EF(a). (65)
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In practice, EF'(a) is a correction that can only be estimated in norm, since the contributions
Eaq, |a| € {0,1} are only known in norm. Afterwards, the notation &- always stands for a
quantity the knowledge of which is only given in norm.

Similarly, the derivative DF'(a) splits into the sum

DF(a) = DF(a) + EDF(a) (66)
where DF (a) = DF({da}lloz‘:07 a).

<<COMMENT>> What are ¢y and €17 Why the dependency is only on these terms?
JP
SOLVED !

3.2.1 Bound Y
Formally,
(4)

(i)

d
> (Aiia)ia |[F@)5,) + EFSE) (@)

o=

I

s
N
I

—
<

H (4aF@)

1,v

=

1,v

n d
(Aiin)in P@YE 1+ 1130 3 (Aiin); 1 EFSE) (@)

1 171/ 7,2:1 ]2:1

M=

i2=1 ja 1,v

Any F(a )&3 ) is a finite dimensional sequence, the length of which depends on the degree of

the nonlinearity of the vector field. Therefore the first sum is a finite computations which
can be rigorously bounded using interval arithmetic. For the second sum we estimate

<<COMMENT>> Is it really what is done here? Don’t we loose the fact that
somehow only the tail of A is involved? JP

Why it should be like that? All the £F\{3) (a) are sequences different than

zero also in the finite part I

n d
(Aiy); 0 EF9) @) < ||| (Ai3)5.5: IHIEFSE) @)1
(i2) (
i2:1 j2:1 17 7,2 1 jQ 1

and we take advantage from the algebra property ||a*b||1,, < ||a||1,.||b]l1,» in order to bound

IEFSE 11,0

3.2.2 The bounds Z( 9)

Pyri=1,0,m,j=1,....,d

Foreachi=1,...,nand j = 1,...,d we seck a bound Z)

NOTE polynomial in the variable

r satisfying

sup ’(DT(& + b)c) D <29 ).

b,c€ B,.(0) a(i) ||y
Recalling that DF)(a) € M, 4o1-1)(C)(a) is the Jacobian of FM) at a, denote as

DFM) — {(DFTEJI\{,)Q)dl,d?} the component-wise representation of DF)(a@) similar to (51).
Define the linear operator Af so that, for any b € (£1)"¢

" (41)
(ATb)aj(lll) - Z (A; iz ) ) Z Z 11,02 j1,]2 ‘5(21)2)

=1 i2=1 jo=1
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where the action of (Al1 iy)i1,je O1 I € £ is given by

M
((DF( ))]17j2hF>ma |m|<M’

1,02

2rim (67)

(Ajl 22) 17'2h =
(st S (2 +alin) - A) el > M,

where §; ; equals 1 if 7 = j and 0 otherwise.
Consider now the splitting

DT (a+b)c= (I—ADF(a+b))c= (I—-AA"c— A(DF(a)— AT)ce— A(DF(a+b)— DF(a))c

and

()
a(i)

(@)

H(DT(a—H))c) ol

H 1 AANe )()

a(i)

H (DF(a) — AT)C)

€)

+ H (A(DF@+0) - DF(d))C>a<i>

1,v

Since b, ¢ € B,-(0), we can factor out r and write b = ru and ¢ = rv where u,v € B;(0). This

(J) ”1 .

means that v = {u(aj())}7 Looon satisfies ||u <lforanyi=1,...,nand j=1,...,d.

,,,,,

The same holds for v.
The bound is constructed as

Z(()zj) (r) = (ZO)((XJ)z + (Zl>(aj)i "+ (ZQ)((X) 4ot (Zp):(xj)i P
(i " (i " (i
where
(4)
. + 04(5) <
[(@=aa) 2] =@y i<
(4) ;
[(awr@-ane) ! | <@ el <
SONEW
) , |
H (A(DF(a +ru) — DF(d))rv) ](_) < (22 + - (20)Dyr?, ullx < Llolx < 1.
o 1v

)

The exponent p refers to the maximal power of r that appears on the last relation and equals
the degree of the polynomial nonlinearity of the vector field f(z).

3.2.3 The bound Z°

Denote by B = I — AAT. Since the tail diagonal components of (A;;);; are defined as

the inverse of the tail diagonal components of (A ;)4.j, the operator B results in a finite
dimensional operator acting on vr. Hence

()

n d
((I - AAT)U)Q( ) a(z Z Z (Biiz); j, (UF)EXJ(zi)z)'
=1 7jo=1

The operator DF () used in the definition of At represents the genuine (finite-dimensional)
Jacobian of F. Therefore DF (M) and A" inherit the same splitting already discussed for
DF, that is At = AT + £AT.
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< <COMMENT>> Don’t we have that £B =07 JP
DF™) and thus Af depend on ap and a; both given within bounds. So when computing
AAT one splits A(AT 4 £AT). 1!

Thus, we set B = B + EB where B =1 — AAT and EB = —AEAT. Tt follows
)

(i)

(@)
(i)

n d
szz zmm+22mzmmmewﬂ
io=1 jo=1

i2=1 jo=1

H ((1 - AAT)U>

WSK%NU"MM)

1

3.2.4 The bound Z?
(4)
H (A(DF(@) - AT))

o <(ZHY9, lvlx < 1.

> a(i)?
1,v

In order to properly compute a bound of the above norm, we need to recast the quantity
A(DF(a) — A")v as a linear operator acting on the components of v. It is convenient to
treat the linear operator DF (@) — AT as a matrix of operators. We remind that the index
1€ {1l,...,n} and j runs between 1 and d. Without separating further the different role of
the two indexes, we can consider a unique index ranging from 1 to nd labelling the elements
of v.

Suppose that the operator DF(a) — AT is represented by the matrix I' = I'(s, t), where

s,t € {1,...,nd} and I'(s,t) € B(£L,¢L) for any s,t. That is, [(DF(ZL) - AT)v} =

>+ (s, t)v;. Suppose also that A is represented by A(p,q), p,q € {1,...nd}. Then the
operator A(DF(a) — A") is represented by the matrix AT' with AT(q,t) = Y, A(q, s)I'(s,t),
AD(q,t) € B(£L, ) and (A(DF(&) - AT)U) — 3, AT(q, t)v,. Therefore

q

<Qmﬂ%wm<ZZM% D(s,thoelliw - (68)

qail1,v

H (A(DF(a) - Af)v)

Also, we separate the e-contribution and write I'(s,t) = I'(s,t) + E['(s,t). Accordingly,
the general receipt for the definition of Z; is

< ZZI\A (4, 8)(T(s, 1) + ED(s,8))ve 1.0
3" A T, Ol + 3 3 A I 1T, tala

—. 7l
=z}

H (A(DF(a) - Af)v)q

(69)
The previous formula provides the scheme for the computation of the bound Z! for any
given vector field. However, the definition of I' is problem dependent, hence we prefer to
present more details about the construction of the bound Z' having a concrete case in mind.
That will be done in the subsequent section, where the Lorenz system is considered as toy
model.
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3.2.5 Bound Z?),2<i<p

For the construction of the bound Z?, 2 < i < p we proceed as follows: define a vec-
tor of sequences {Vg}72,, Vg = {(Vg)m}mez so that V, contains the r* contributions of
[(DF(a+ ru) — AY) rv]q. Then introduce V = {V,}74, so that V; < SUP|ju||x <1, ol x <1 Vall1,0-
Finally, define

Zy= Y llA@)llIVe.

1<t<ngq

3.3 Enclosure of a, in case of large N

The first condition required by Theorem 2.4 is that (N +1) > A/u., where A only depends
on the jacobian of the vector field along v and u, on the Floquet exponents. If the degree of
the polynomial nonlinearity of the vector field is large, or the magnitude of orbit ~ is large
in phase space, the bound A can be considerably large. Also, if the real part of the Floquet
exponents are small, u, is small. The combination of these factors may lead to a choice of
large N. From the theoretical point of view, the procedure so far exposed is well working
for any N. On the other hand, the number of equation in the nonlinear system F(% =
to be rigorously solved increases with NV and the effective computation can be problematic.

In this section we present a modification of the technique that allows to compute the
coefficients a, when |a| is large. The key observation is that [|a,||2° — 0 for || large
enough, thus it is reasonable to compute the enclosure of a, around a, = 0.

Suppose that for a choice of N < N the method of the previous sections returns the

enclosure of the functions a, (w) for |a| < N. We are now concerned with the computation

of aq(w) for N < |a] < N, that is, we need to solve Fo(ﬂ)n = 0, in the unknowns a&j)(w),

N < |a] < N. Instead, a, with |a| < N are data of the problem and given within rigorous
bounds computed before.

Since F, depends on a, and on ag with |8| < |a| we can solve layer-by-layer. That
means, we solve {Fo = 0}, _y;; in the unknown {aa}, 54 Once the N +1 layer
is rigorously enclosed, we move to the next N + 2 layer, treating the previous computed
coefficients as data for the new problem.

We apply the same technique as before, with the following modifications.

e The numerical approximate solution a is set to zero. For a choice of M, that might
be different than the previous, define aﬁ,i)m =0 for any |m| < M, j = 1,....d,

N < |a| < N.

e The operators A and A, see (83), (67) are now defined as diagonal operators in a,
that is A;, ;, = 0if 41 # 3. The same for AT, In practice only the Jacobian of F,, with
respect to ao is considered in constructing A and A, even in the finite dimensional
subspace. Use the notation A, . in place of A;; when a = a(i).

The definition of the Z bound is the same as before. However, since A" and A are diagonal
in «a, the operators I'(s,t) are slightly different and the sum (68) is taken over those s’s
that refer to the same a as gq. The meaning of these statements will be clearer in the next
section, where the computational technique is applied to the Lorenz system.
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4 A study case: the Lorenz system
The Lorenz vector field is given by

—ox + oy
f@yz)=| pr—y-=zz |, (0,8,pER). (70)
—Bz+wy

The composition of f and the parameterisation P reads as

—oal (w) + oal? (w)

(foP)(w) = | pal’(w)—al(w) — (aMa®) _(w) |,
—Ba (w) + (aMa®)_(w)

where
(aa®) @) = Y al@a@(w) and (aa®) @) = 3 alb @) (w).
" R " B
Moreover,
_Ua((xl,)er + Uagxz,)m
(f © P)a m pa“(l{zﬂ - at(f)’” - (a(l)a(S))a m ’
~BaSn + (aWa®)
where
(a(l)a(?’)) = Z (a(all) * agf’z) and (a(l)a(2)) = Z (agl) * a((122)) )
&, MM @1:"(‘«;20:@ m o,m 01:‘a>20:a m
with
1 3 ® 3 1 2 ® (@2
(agél) * a&Q)m = Z aoéhklaf(,w,]f2 and (agn) * aglz)>m - Z aa1,k1aa2,k2'
kythgem ki+ko=m
k;EL ki €L
Therefore, in the context of the Lorenz system, (46) is given by
2mim +a ) al, +oat) —oal?)
(1) 2T a,m a,m a,m
V) (27Tim 9 1 2 1 3
’ + a\ afy)m—pagzn+ag)m+ Z (@Syl)*agz))
Fo(z,r)n = 2T a1+.a>20=a m ) (71)
(3) ori .
(200 402 ot S~ 3 (ol +af2)
a]tag=a
;>0

i

with 2 < a < N and m € Z.
Concerning the separation (65), by direct computation, it results

0
(EF(a))2 = Sa(()l) * a(23) + 5aé3) * aél) + Sagl) * a(lg) + Sa(l?’) * agl) + Eagl) * Ea(13)
Eaél) * agz) + Ea((f) * aél) + Eagl) * agz) + 5a§2) * agl) + Eagl) * 5a§2)
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0

(EF(a)a =] E&a (1) xald) + Eag ® e all) + Sa(l * a 1+ Sa (1)1 , Ya>2.
Sa(()l) * ag) + &182) * a&l) + Ea(l) * a 1+ Ea (1) 21

Since £} is an algebra with the convolution product, it follows that

0 0

o+ e a2 + el + el [+ Ve | Sas-

1 2 1 2
vt e Nal i + eV NONC)

IEF@)allin < | €]al

2 1
v+ ePNal

The derivative of F at any point a is a linear operator DF(a) : (£1)3" — (¢1)3". The action
of DF(a) on v € (£1)3" is explicitly given by

m,(l) — ov@

2 3 o, m
«DFWMW)) _<g¥kﬂm>%wﬁ» —mm + o), (72)
o +8v%,
0
S (), ¢ S (eleet)
+]| SRS w502
S ea), S (s eat)
ajtag=a m ajtag=a m
a;>0,a1>2 a;>0,ap>2

For any a, the derivative DF(a) splits into two parts (66). The data ag and a; contribute
only to the nonlinearity, therefore we have

0
<5DF(a)(v)) = Ea(()l) * Ua —|—5a(3) *Ua —|—Sa +5a (1)
“ Eaél) * va —|— Ea(2) * va —i— Ea 1+ Eal (1)

From where, we infer that the action of £AT on any v € By (0) is such that

0 0
AT @]l , < | & +e” | [EA ], < | & +e+eV +6” |, va>2.
) ’ 0, &, 0, 2
€ T € teé tea te

Now we depict in more details the definition of Z!.

For x = {2, }mez we define ! = (I — IM))z, that is the sequence so that 2! =0 for
|m| < M, xl, =z, for [m| > M. Our goal is to write the action of DF(a) — AT. Recalling
formula (72), the definition of At and the assumption (64), it turns out that

[(DF(a) — AT)v] =

a,m
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0

Z (&SQ) * v((!ll)l) + (&82) * v(()i)l>

w0 S + (EV)am, m| < M
- Z (&gz) * v((lll)l) + ((’1812) * vgi)l)
ajtas=a m m
a; >0,a12>2
[ (vl = vln)
—pvt(xl,zn + vggn + Z (dl(f’z) * U‘(Xll))m + (@&12) * v((fl))m
a50.4, 52 +(EV)am,  [m[= M.
Bl = > (a2 od)) 4 (al) <o)

a]tag=a
a;>0,a1>2

In the term (Ev)q,m all the contributions due to £ap and £a; are collected.
In order to define the matrix of operators I', it is convenient to introduce further notation.
Let I the infinite dimensional matrix given component wise by

T _ 6j7ma ‘]‘7 |m| > M
I(g,m) = { 0, otherwise

To any d&j ) let be associated the matrix A&j ) and A&] ) as

) ) .y 0, n|,m|l <M
AD (m,m) = (@), Ag><m,n>:{ o ol m! (73)

ag’ )m—n,  otherwise
The action of I on a sequence w = {wW, }mez is (Jw)y, = 0 for |m| < M and (Iw)y, = wp,
for [m| > M. The action of AY) on w is such that ( (()f)w)m = (d(()f) *W),, while ( 1 w), =
(an) x wl),, for |m| < M and (flg)w)m = (d(aj) * W), for Im| > M.
We are now in the position of writing

af(v&l) - vg))
fpfvg}) + 1:1)&2) + Z AS’Q)U&) + Ag}gvgi)

[(DF(@@) - AN v] = w 5o + (Ev)a
Y AR+ A
ajtag=a
;20,122
Referring to the label set {1,...,nd} previously introduced, we can now define the operators

['(s,t) associated to DF(a) — Af, for any s,t € {1,...,nd}.

Suppose the couples of labels (4,j), ¢ € {1,...,n}, j € {1,...,d} are one-to-one related
to the set {1,...,nd} through the bijection ¢. Given ¢ = ¢(i,j) denote by g, = «(i) and
qj = j. For instance [(DF(a)— A') v]s = [(DF(a) — AT) v] zi Also, given q¢ = ¢(i1,71)
and s = ¢(i2, j2), according to the notation in (52), A(q,s) = (Aiy i) j1.ja-

The non zero I'(s,t) are the following:
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tj=1 T(s,t) =0l
—1  sa=t, =5 3
K s t;=2 TI(s,t)=—0ol
. = T = — I N(S) — ~
t] 1 E(S, t) N p[ + AO t] 1 F(S, t) — Agg)_t
S5 = 2 Saq = ta t7 =2 F(S, t) =1 , Sa > ta ’ f( t) A(f) @
t;=3 T(s,t) = AY i=3 Lst)=A .,
ti=1 T(s,t)=—A} ~ -
_ _ ! . 7(8, )7 4?1) tj=1 (s, t) = _Agi)—ta
S5 = 3 Sa = ta tj =2 F(S,t) = 7"40 ’ Sa > tq ‘s f(s t) _ —/i(l)
tj=3 T(s,t)=pI J T ieat

Concerning the contribution of £T', as said before, we are interested in the the image of
ET(s,t) applied to a sequence w € L.

— —c,3 - _ e,3)
T ti=1 Er(s,t)w é’a(()l)*w se—ta 1 t;i=1 F(s,t)w_ )*w
ti =3 ET(s,t)w=_CEay’ *w ti =3 ET(s,t)w = * W

— — c,2 _ _ (2)
55 =3 s =t ti=1 ET(s,t)w= Ea?)*w st 41 tj=1 EF(s,t)w_ ()*w
t; =2 ET(s,t)w= Sao * W t; =2 ET(s,t)w= * W

Therefore the various terms IET (s, t)ve |1, appearing in (69) are easily bounded by either
1€ag 11, = € or [|€af” 1, = €. ~

It remains to provide a mean to compute |||A(g, s)I'(s,t)]|]-

Looking at the definition of A, we realise that A(g, s) is either a square finite dimensional
matrix of dimension 2M — 1 or a infinite dimensional operator with a diagonal action out

of the central block. The latter case holds when ¢ = s. We depict the two cases

0[01]0 “lo|o
Alg.s)= 0| A0 qg#s, Algg)= 0 ]A] 0 . (74)
0[0]0 o o

Suppose I'(s,t) = i9) ( the case I is immediate). Since (a g))m = 0 for |m| > M, the
infinite dimensional matrix I'(s,t) is zero out of a strip 2M — 1 thick around the main
diagonal. For the proceeding, it is useful to introduce the matrix

ao a_q a—p+1 0 e 0
a1 ag a_1 aA_p+2 Q—pM+1 0 0
0
E=| apm-1 ag a_pM+1
0 apr—1 0 ao G- M +2
0
L 0 0 anr—1 ap |

and the (M — 1) x (M — 1) sub matrixes B, C' of E as



Finally, define B and C the (2M — 1) x (2M — 1) matrices given by

- [3f2]. e[

Using these matrices, we can see the infinity dimensional operator I'(s,t) as tri-diagonal
concatenation of B, E/,C with a empty block in the centre.

(75)

[=IRovNesTe
o G3lo0N o
o Qe
b Qo
Qo

In case L'(s,t) is I, then E = Id and B=C = 0. B
Let us now compute the multiplication A(q, s)I'(s,t). If p # ¢ the operator A(q, s) is of
the first of the two forms depicted in figure (74). It results

0 |0] O
A(q,s)T(s,t) = AB| 0| AC
0 |0] O

It is a finite dimensional operator and the operator norm can be easily computed. Note that
if T'(s,t) = cI then A(q, s)I'(s,t) = 0.
Consider now the case s = q. The operator A is of the form

D3
D,
D,
Alg,q) = A

H,
H,
Hsj

where dim(D;) = dim(A) = dim(H;) = (2M —1) x (2M —1). Remember that the elements
on the diagonal are strictly decreasing, hence max,, |D;(m, m)| < inf,, |D;—1(m,m)| and
the same for H;.

The multiplication with I'(s,t) produces
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DsB D3E  DsC
DoB DoE DoC | 0 0
D\B DiE|DC| 0
(5.1) = 0 AB| 0 | AC 0
’ 0 | 0B | HE H.C
0 0 | HoB HyE HC
H3B HiE HsC

]

A(s, s)

V3 Vo i M W1 Wa W3

The operator norm of the above infinite dimensional operator is given by
[11A(s, $)T(s, t)]|| = max{ ||| M]|], max{|[[Vi]|[}, max{||[W;][| }}

Since |D;| < |D;—1] and |H;| < |H;—1], it follows that |[|[V;]|| < |||Vi=1]|| and [||W;]]] <
[[|W;-1]||- Hence we conclude that

11 A(s, )T (s, )| < max{[[[MI[], [|[Valll, W[}

Such a quantity can be rigorously computed because it involves only a finite number of
operations.
Concerning the Z2 bound, in the case of the Lorenz system, the r? contribution is

0
S eofd +ufl ol
[(DF(a+ru) — A") rv] o= r? | ertezre (76)
— Z ug}l) * vg) + u((f) * 1192)

2 1

altag=a
a;>2

Since any convolution is bounded by ||u&j1) * vggﬂlw < |\u£3'3||1,y||v(§l§||17u <1, we define

V., — 0 if Qj =1
T 2(ga—3) ifgj=2o0rgqg; =3, and ¢, > 4.

4.1 Higher order terms

Now we apply the variant described in Section 3.3 to the case of the Lorenz equation.
Suppose the enclosure of the functions a&j ) has been computed for any o < N and it results
agj) = dgj) +5a((1j) with ||5a£yj)H < eg), for any a < N and j=1,2,3.
We are now concerned with the computation of ay, as solution of Fig , = 0. Let
o = N +1. The system F, is formally the same as (71). It is however convenient to rewrite
the nonlinearity in the form
Z a(ll) * a(g) = Z aSl) * aS’z) + (aél) * a((x?’) + a(al) * aé3))

e a?
alta2=a alta2=a
al>0 0<at<N
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where the dependence on the unknown a, is highlighted.
Setting a, = 0, it results

oV 5 o® oV« o® )

F.(a) = |0, Z agl *ags, Z a,i *xa,
ol fal= alta2=
0<at<N 0<at<N
A bound for | F,(a)||1,, is provided by
_ 0 -
1, =3 ’
_(1) . (3
D G g S Nl el + 1A el + el
_ !+a?= altaZ=a
IFa(@lly < | Mosisy || S
S 1@l wel + 132 el + Dl
T wa® ot
0<ai<N
alta2=
L | ogai<k Ly

The definition of A, and Al

L. are based on the Jacobian of F, with respect to aq,

say DF, . Recalling the definition (73) and denoting by p, the diagonal matrix with
Lo (m,m) = 2”"" + a\ Vm, the operator DF, , = DF,, o +EDF, o, where
Lo + 01 —ol 0
DFy o = —pI+Aé3) Po + 1 Aél)
_"482) _Aél) Mo + BI
o) 0
EDF,, | v® | = 5a(()3) x o) 4 5(1(()1)11(3)
v(3) —Sa(()z) x D) — 5@81)1)(2)

The finite dimensional operator (A, o )*) is defined as approximate inverse of (DF )™),

while (AT )(M is given by DFé]g).

The operators I'(s,t) are similar to those reported in the previous section. The difference
is that any ./L(lj ) with o > 0 is replaced by zero. The construction of Z; follows form (68).
However, since the only unknown is a,, the sum in (68) restricts to those s such that
s(a) = a.

Explicitly, for j = 1,2, 3,

Z5 ;5 22l(Aa)ja0]]

=4 (1
[ (Aaa)i2(=p + A + 11(Aaa)i2 Il + 111(Aa,a);245" ]
3
+111(Aasa)si2 H(eo L)
F111(Aaa)3 (A + 111 (Aaa)is (— A + 111 (Aa.a) ;381
F[11(Aasa)is H(eo L)
We remark that some of the above terms vanish, for instance |||(Aa.q);.i1]|| = 0 whenever

J# i
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4.2 Some remarks

1. According to (45), the computation of the parameterisation begins with the rigorous
enclosure of the periodic orbit v(¢). Denoted by T the period of the orbit, the function
~(t) is expanded on the T-periodic exponential Fourier basis. For a choice of v, the
sequence of Fourier coefficients v = {v,, }mez is proved to be in a ball of radius r.,, with
respect to the v,-norm, around the numerical approximation yM. Define v < NZ
and 7 as in (63). Arguing as in Remark 3.6, it follows that ||y — |2 < ¢, where
€0 o Ty

2. The computation of the normal bundle is performed following the method described in
[16]. The functions &;(w) are defined as &;(w) = Q(w)v;, where v; is an eigenvector of
R and (Q(w), R) is the Floquet normal form decomposition of the fundamental matrix
solution of the linearised system around 7(t). The matrix function Q(t) is expanded
in Fourier series on the 2T -periodic exponential basis. Denoted by Q the sequence of
Fourier coeflicients of Q(w), the computation returns a radius rp; so that

19(i, §) — Qi )1 < rru, |R(i,§) = R(i,j)|oc <rpi, 1<i,j<d

where (Q, R) is a finite dimensional approximate solution.

Without loss of generality, let us choose j = 1 and denote v = v1, so that £ = Q(w)v.
The eigenvector v of R is computed rigorously, for instance following [67], so that
[v(4) — 9(5)| < ry, for any 1 < j < d. For convenience, let us write Q@ = Q + ¢ and
v =70+ €, with |legll1,, < rpi, |€] < 7y both component wise.

Set 51 = 07. Thus

§1— 51 = (Q+ EQ)(’D + 61,) — Qv = €QU + Qev + €Qéy

and
[[€1(4) — < HZEQ (@)D + 1D O )ew(illw + 11> eqli, jew(d) 1
J J
<TFlZ|U 470 > 196 )l + drery.
J
Hence

<
l_HllaXd”fl() 310 ||1U—TFlZ|U ‘+drFlrv+rvmaXZ‘| (@ ) [1,0-

Again, according to remark 3.6, the bound €; appearing in (45) is provided by the
right hand side of the above relation. The same applies for all the normal bundles &;,
1 < i < k. In the case of the Lorenz system d = 3.

3. The eigenvalues A of R are also given within some bounds, precisely [\ — | < 7.

4. The parameterisation of the normal bundle, i.e a,(w) with |a| = 1 is defined in terms
of the eigenvectors v; of the matrix R. Therefore the scaling of the eigenvectors is
a further free parameter. From one side a larger eigenvectors will result in a larger
image of the parameterisation. On the other, the rigorous enclosure of the coefficients
might be problematic. Besides the scaling of the eigenvectors, the size of the image
of the validated parameterisation is affected by the choice of the Taylor norm decay
parameter v. A large value of v produces large image but it also leads to a larger a
posteriori error bound.
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4.3 Validation values for the Lorenz system

We now report the validation values for the stable manifold of a periodic orbit of the Lorenz
system, with o = 10, 5 = 8/3.

Fix the parameter p = 22 and choose the decay rate v, = 1.3 and v = 1.14017. The
periodic orbit is computed with period T = 0.764386427 and enclosure radius 7, = 8.8448 -
10712 around a numerical approximate solution. Hence define

€0 = 8.8448 - 10712,

The computation for the Floquet normal form decomposition (Q, R) returns the enclosure
radius rg; = 3.0955-107 1. The periodic orbit is hyperbolic has one positive and one negative
Floquet exponent. Here we are concerned with the stable manifold. The stable eigenvalue
) and associated eigenvector v of R are proved to be in a ball of radius r, = 8.0431 - 10~}
around the numerical approximation

A\ = —13.861695717713566,
7 = [0.793402810447226, 0.025855938972115, 0.608147556760951]”

The procedure explained in section 4.2 point 2, provides
€1 = 5.0003 - 10710,

Now choose N = 10 and M = 40, respectively the order of the parameterization Py and
the finite dimensional projection coefficient. The rigorous enclosure of the functions agj )
returns the bound

€, = 1.3389.10710,

Following the algorithm proposed in section 2.5, the validation values can be defined as
follow. First define r = 0.031918155042942 and v = 1. Note that the latter v refers to the
norm in the Taylor space.

We need to bound the norm || Df(7)]|2°. In the case of Lorenz we have

-0 o 0
Dfty)=1| p=7® -1 —®
VLCOREN(C) B
and v = T + &, where T'(w) = SM Mfmei%rmw and ||&||7° < €. Explicitly, from (17),

m=—

3 o
IDfNI =maxi<i<s 35—y [Df(V)E )
In practice, one computes

0 0 O

— 27r
IDFIZ = D IDfm@le T+ e 0 e
|m|<M € € O

and then takes the maximum over sum along the rows. In our example
Kk = 32.9823362305.

For the computation of C, let us first compute the norm laallzS. For a = 1,...
ao (W) = Gq + Eaq with [[Eaa]|2® < €, . Hence

2nr

laall? <> H@a)mle 7™ + €.
m
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The matrices A, have the form

0 0 0
A, = —a&g) 0 —a((ll)
ag) a(al) 0

Plugging in the r-norms above computed, and afterwards taking the maximum of the sums
along the rows, we obtain

a 1 2 3 4 5
|Aqll2 | 3.450453 0.092396  4.4772-107%  1.4108-10~* 5.0794-107°

a 6 7 8 9 10
|Aal/e® | 1.4752- 1077 4.8646 - 1079 4.0205-10710 2.7729-10719 2.7367- 10710

Inserting into formula (27), having A = A\; € —13.861695 & r,, N = N because the nonlin-
earity of the vector field is quadratic, it follows

C = 1.28706319.

Fix My =2, My =1, p, = 13.8616957. The definition of p’ and p is useless in this example,
because the second derivatives of the vector field are constants and do not depend on p.
It remains to compute € so that [|[En|, < e. By definition, Ey is given by

Eny(w,z) = Z R, (w)z".

|| >N+1
For the Lorenz equation
0
- > al)(w)al)(w)
R, (w) = e (77)
Y al)(w)al)(w)
a]tag=a
;>0

Since aq(w) = 0 for any o > N, it holds R, (w) = 0 for any a > 2N. Thus

2N
EN(U),Z): Z Roz(w)za

a=N+1
and
2N )
1By, 2)l% < max > RO
a=N+1

The functions a$ are known within bounds, that is [|a$’[|= < [|a%’||> + €,. The norm of

the components of (77) can be bounded by

0

N
_ —(3
>0 (0D + ) (1820, 5 + €ama))
[Ral[7 = alzﬁ*N (78)

_ o _(2 00
(00D + a1, 1 + caar)
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For the example under investigation, it holds
€ = 4.75196887496 - 10~ 1°.

Then, check that (N + 1) > x/p* and define § = 1.0236439709 - 107! so that the relation

(43) is satisfied. Since also the last check (44) is satisfied, we conclude that the finite order

parameterisation Py (w, z) is rigorously validated and the N-tail is such that || H||25, < 4.
Figure 2 (left) shows the image of the parameterisation Py (w, ), |2| < v above discussed.

28

28
26 -|
26
24 -|
24
22
22+

204

/‘//AO
2 7>\/"~;\ < N X 123 -10
24 g T 0 -15 B N
8= 10 0 x
10 42 y N 0

Figure 2: Two images of the parameterisation Py (w, z), |z| < v, N = 10, of the local stable
manifold associated to the periodic orbit of the Lorenz system at parameter p = 22. In the
left case v = 1 and the N-tail norm is [|H||73, < 1.024 - 107''. On the right v = 4 and
|H|[22, < 9.77-1075.

In Table 1 we summerize the data and results for other examples. Each line reports
the value of the parameter p of the Lorenz system, the period T of the orbit, the finite
order/dimension parameters N and M, the Fourier/Taylor norm parameters r, v and the
resulting ¢ so that ||H||,, < J. All the computations concern the stable manifold. Figure
2, on the right, shows the image of the parameterisation computed in the third example.

We also compute the parameterisation for the local unstable manifold for the periodic
orbit with p = 28. The unstable Floquet exponents is A = 0.99465 and a preliminary
analysis shows that a value for N larger than 50 is required. We choose N = 70. Thus,
setting N = 10, M = 60, the computation of a,, o < N is performed according to the
general technique. Rather, the remaining coefficients aq, N < a < N are enclosed layer-
by-layer as discussed in section 4.1. In this case, we scale the eigenvector to be of length
2 and we set the Taylor decay rate v = 1. The N-order parameterisation is validated with
N-tail norm || H||,.,, < 9.0789- 1077, being r = 0.023644. In Fig. 3, right, the image of the

unstable local manifold is plot.

5 The bridge problem

Consider the vector field

&= flz) = s (79)

T4
—120x1 — x‘;’ — 15425 — Tlxs — 1424
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Table 1: default

P T N M r v )

17.32 | 1.1084183 | 6 40 0.08291 1  2.6769-107°
22 | 0.7643864 | 10 40 0.03191 2  2.8987-1078
22 | 0.7643864 | 10 40 0.01915 4  9.7698-1075
20 | 0.8765522 | 10 40 0.03660 1  1.2643-10~1°
28 | 1.5586522 | 10 40 0.02364 1  4.6806-107°
28 | 1.5586522 | 10 60 0.02364 1.2 1.4591-1076

50 50

45 45

Figure 3: Image of the local stable ( left) and unstable (right) manifold associated to a
periodic orbit of the Lorenz system at parameter p = 28.

equivalent to the 4—th order differential equation
w”" 4 14w + Tlw” + 154w’ + 120w + w? = 0

considered in [68].
In the work [68] it is rigorously computed a T-periodic orbit I'(t)

together with the Floquet exponents. The orbit I' has two negative Floquet exponents
A=(A\,N), A<O

hence the stable manifold is a 3-dimensional manifold in 4-dimensional space. We now apply
the procedure explained before to compute the parameterisation of the stable manifold.

Note that y(t), the first component of I'(¢), represents the periodic solution of the 4-th
order ODE.

45



The validation of the coefficients of the high order parameterisation
N
Py(w,z) = Z ao(w)2®, o€ N? ay(w) € R?
|ae]=0

is split into three steps: for a choice of v,

1. For N < N compute the enclosure in £ of each component of aq(w) with 2 < |a| < N
around a numerical approximation @, (w).

2. Let N* be such that 3N < N* < N. Compute layer-by-layer the fL-norm of each
component of a,(w) for any a with N < |a| < N*.

3. Compute an uniform bound for the £}-norm of all the a,(w) for N* < |a| < N.

Details about the rigorous computation of the enclosure of the coefficients a,(w) are
provided in Section A.

5.1 Computational results

The rigorous computation performed in [68] provides the enclosure of the periodic solution
~(t), see Fig. 4, and the enclosure of the Floquet exponents together with the normal
bundles, that is the coefficients a(1,0)(w) and a( 1)(w) of the parameterisation.

The period T and the sequence of Fourier coefficients of v are proved to be in a ball of
radius 7, = 7.5955 - 1073 around the numerical solution in the space E,ljw with v, = 1.3.
That is

T =T] <7y, |7 =, <1y

where T = 1.908097232051104.
The Floquet exponents are computed so that

M — (=7)] < 449421072, |A\y — (—8)| <4.9807-10""

and the normal bundles, rescaled so that [a(1,0)(0)| = 5, |a(,1)(0)| = 20, are proved within
bounds

lailoy = (g e < 224709107 {lafd)) = a), oy, < 99614010712, Vj=1,....4,

where vg; = 1.001. Set

N=3, N*=15 N =380, v =1.0005.

The Fourier coefficients of the parameterisation of the stable manifold are numerically com-
puted up to order |a| = 3 with finite dimensional parameter M = 60. For |a| > N the

numerical approximation @, (w) is set to zero. The rigorous computation returns the enclo-
sure of the sequence of Fourier coefficients a of the functions a$’ (w) as Hag) —ay Il < €,

where

o for any 2 < |a| < N, ¢, = 2.413502 - 1010
e for each N < |a| < N*, 2.20396 - 10718 < ¢, < 2.5209 - 108

e for any N* < |a| < N, ¢, = € = 9.208077 - 10~ 13.
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Figure 4: Left: image of the periodic solution ~(¢). Right: image of the first 3 components
of I'(¢), periodic solution of the vector field (79).

5.2  Validation values

According to the scheme explained in section 2.5, the validation values can be defined as
follow. Fix the Taylor decay rate v = 1 and choose » = 3.03607 - 10~%.
A positive constant k such that ||Df(T)[|2° < & is computed as

Kk = 2.520751 - 10°.

The bound C is given as ~
C = 4.834293.

The a-posteriori error bound is estimated by ( see next section)

B[, < 1.412547 - 107°.

Compute

p = 172.23678
and choose

p = 79.46046.
Set

and compute
My = 6(sup |y(t)| + p) = 639.2028.

The validation of the parameterisation is successful with
| Hlry < 9.338422 1075,

Figure 5 represents the projection on the first 3 components of two sub manifolds of the
stable manifold. More precisely, writing the parameterization in the form

ot _a?
P(w,z): Z a(al,az)(w)zl 29

(at,a?)

the red-to-yellow and the green-to-blue plot of Fig. 5 are the image of P(w, 21,22 = 0) and
P(w, z; = 0, z2) respectively.
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Figure 5: Image of the parameterisation of two sub manifolds of the local stable manifold
associated to the periodic orbit I'(¢). Ounly the first three components of Py(w,z) are
drawn. The red-to-yellow surface is the image of the sub manifold tangent to the eigenspace
a1,0)(w), associated to the Floquet exponent A\; = —7. The green-to-blue surface is the sub
manifold tangent to the eigenspace a (g 1)(w), associated to Ay = —8.

5.3 A-posteriori error bound

For a choice of v, the a-posteriori error bound is given by

3N

BN, = > S allw)alR (w)all (w)|| v

|a|=N+1 || al+a2+ad=a
|a?|<N

,
We know bounds for the r-norm of al’ for any a up to |a] = N. In particular ||a((l1)||r =€
for any |a| > N*. It is not advised to run over all possible s of the above sum and
compute precisely all the terms in the inner sum. Rather, by means of some combinatorial
calculations, we can provide an upper bound for the error.

Denote by
R, = Z asl) (w)a((;) (w)a(alg (w)
al +a2+a3=a
lai|<N
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First compute the quantities

2> Y dPwallw) , vo<lal<2N

(03
0¢1+‘a2*o¢
[at|<N

and consider the splitting
1 (1 1
> ad@edwagw) = 3 a3 el w),
alta?24ad3=a \al\SN 2+a?:o¢70¢1

lat|<N [at|<N

For any « such that N +1 < |a] < 2N + N* we have

1) 2 = 2
Ro< Y lay IIT‘QHZIPVTLN* ) € Jax g
0<|al|<N* N*<|al|<N
N+1)(N+2 N*+1)(N*+2
< E Ha(ll)”r max a’s —|—€<( HOIN+2) (V7 H DIV + )) max a2,.
« |a2|>N+1-N* 2 2 |a2|>N
0<|al|<N*

For all the remaining 2N + N* < |a| < 3N we bound

(N+1)(N+2) (N*+1)(N*+2)
2 h 2 )

max  a2,.
|a2|>N+N*

Ra§€(

A Rigorous enclosure of the coefficients for the bridge
problem

The multi-indeces o € N? and are denote by o = (a1, o), whereas superscripts (af) label
different a’s.

Following the scheme proposed in section 3, the rigorous enclosure of the coefficients
ao(w) of the parametersation with 2 < |a| < N are computed.

The system (46) is given by

2mim +a-A)adh, —a?)

2T m am
Fo(cl'r)n 2mim fa-A)a?® —a®)
P2, i .
e T a2 ) ), ,
Fa4’r)n (27;;” + - /\) &4)7” + 120afxl)m Z (a * asz) xalt ))m

1+a2+m3*o¢
L>0

+154a%), + 710, + 1400,
(80)

with 2 < |a| < N and m € Z.
The derivative of F' (with respect to aq m, |@| > 2) at the point a acts on an element v
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as

U
2mim —o®)
(pr@w) ), = (%57 + o) U
+120081), + 15402), + 7108 + 1401
(81)
0
0
0
+
3 Z (a((lll) * afxlz) * v((;g))
alta24ad3=a m
al>0,|la3|>2
Denoting by
a? = Z aSl) * aglz)
alta2=a
la?|20
the last term of the above derivative is rewritten as 3 Z (ail * U,(llz))

alta2=a
lal|>0,|a2|>2

We now choose the operator A and Af. We remind that A" approximates the derivative
DF(a) ( where a is an approximate solution of F(a) = 0) while A approximates the inverse
of DF(a). We have some freedom in defining these operators but it is advisable that the
composition AAT : X — X acts as the identity out of a certain finite dimensional subspace
of X. Arguing as in (67), define a finite dimensional part of AT as the exact derivative of
DFM) while the action of the derivative on the infinite dimensional complement is only
approximated. In (67) we chose to approximate the derivative with the diagonal action of
(272@,’” + - A) because this term is growing with m, hence, it is asymptotically dominant.
However, besides those terms that are growing, it is advisable to consider in A" also those
terms that are big. In our case the vector field has a cubic nonlinearity and the first few
Fourier coefficients 7, of the 2T-periodic orbit () are

Yo = 0, Y42 = 0.178 + 1334i, Y+6 = —-0.17 + 0064i7 V+1,43,+4+5 = 0.

It follows that the first few Fourier coefficients of a3 are the following ( 0 = (0, 0)):
(ad)o ~ 356.31, (ad)+s ~ —176.40+9.52i (a)+123~0.

Therefore, the cubic term alone produces contributions in the derivative as big as multipli-
cation by 1100.
We decide to include these contributions ( 3 times the multiplication by (a3)o, (a3)+4),

together with the linear term 1201}&1,2,1, 1541)&2,2,1, 711}&3:2,1 in the definition of Af. In practice,
define AT so that

M
(DFDindre) o Iml <M,

11,72

((A;rl,ig)]'ldé d>m = (82)

2mim .
Oiy iz 05y jo <2T + a(i) - A> dm, |m|> M,

and for any ¢ ranging on the set of possible a’s, we augment the action of the operators
(Al.:i)4,j, j =1,2,3 with the multiplication by the infinite dimensional tri-diagonal matrix
or the diagonal matrix as depicted in Figure 6 where

do =120 + 3(@%)0, d4 = 3(&%)4, d,4 = 3(&%),4,
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fo = 154, go = 71.

Similarly, we define the operator A as

M
((Agl,i)z)jlyjch) ) |m|<M’

m

Ail’i2 j1,J2C) o = 83
(( )i1.32€) 5is 0 s ; e, |ml > M, (83)
(i1) - A

2wim :
o7 T ¢

and, at first, we augment the action of (A4;;)s;, j = 1,2,3, for any 7 ranging on the set
of possible a’s, with the multiplication by the infinite dimensional tri-diagonal matrix as
depicted in Figure 7 where

(m) __ do (m) _ d_y (m) _ dy
€ =5, e =, g = ————,
Him Hm~+afbm Hm—atm

B — fo fm) 90

2 2
m m
and o;
1T
=—m+a(i)-A
Hm = S (4)
R\ o fo 490
dy i
1:..,.n.,:‘,n,o.o.d(,.n.n,o,d 00
(M) (M)
,,,,,,,,,,,,,,,,, DM DF; (DFH )
(DFi,i )4Yl """""""""" ( ! )4,2 """"""" )43

d 4 fo il

Figure 6: Structure of the components of the operator AIZ

Let us now compute the action of A" on v € X. The finite dimensional part results

1)

—

(DF(M)y)
DF(M)y)2)

<(AT(v))°‘>F B EDF(M)’U> )
(DF(M)U)E;I) +e

o

D!

where € denotes the multiplication of d4 and d_4 times v,(llzn where m = -M —3,...,—M

and m = M, ..., M + 3 respectively.
Instead, for |m| > M

(') = o

d4v8,2n_4 + doviim + d—4v<(11,3n+4 + o + GovSh + fimvSh,
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(k) : p(K)
€o ) E hy | 4

,0,689,0,0,0,¢8,0,0,0,¢%),0....

D (), b

-------------------- (42, [

Figure 7: Structure of the components of the operator A4; ;. The infinite dimensional diagonal

and ti-diagonal terms are defined so that the composition AA! acts as the identity out of
H(A/I+4)X.

Then, let us apply the operator A to Af(v). For any o and |m| > M + 4, it holds

L (vl )
L (pm )

L (pm )

m 1 m
/“Lm*4va,mf4) +6£) )(va((y)z'n) R

[A(AT(v))]am =

m 1
e (M

Hm

By definition of eg, e4,e_4, ho, fo, we have [A(AT(v))]a.m = Va.m, that is AAT acts as the
identity on the infinite dimensional subspace (I — II™+%)X. On the contrary, we can
not guarantee that AAT is close to the identity in the finite dimensional space II(M+4)(X),
because of the out of diagonal terms. Thus, we compute a numerical inverse of the restriction
of AT on IT(M+4) (X), and we append the result in the construction of A. In practice, the
matrices (Agfwz)2 )ji.;» are replaced by slightly larger matrices (Agf\/[,ij4)) j1.j»- In conclusion,
the structure of the operator A is the same as the one depicted in Fig. 7 with M + 4 in
place of M.

Bound Z()

As in (73), let A2 be the matrix with components (A2 )(m,n) = (@2 )m_n. The matrices

— (0%
['(s,t) used in the computation of the Z(1) bound, are of the following form

sj=1 Sq =1tq t; =2 i(s,t):f{
s; =2 Sq =to t; =3 I(s,t)=-1I
s;=3 Sa =ta tj=4 T(s,;t)=—1I
H=4 st (5.1) = 3(43)"
(s,1)
(s,1)

Sa > o tj:].

where (A3)* is the same as A3 after replacing (a3)o = (@2)+4 = 0. That is one of the
consequences of considering the tridiagonal action in (A]

is that there are no the linear terms 1201:7 154|:I~7 711.
Bound Z® and Z®

)a,1. The other main consequence
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Because of the cubic nonlinearity, besides the Z() bound we also have the Z() bound.
Indeed
Z (d((lll) + rug) * (dSQ) + TUg2) * (1“1}((113 )=

alta24ad3=a
lal]>0,|a2|>0,|a3|>2

r Z (@%) g *v((llz) +r? Z (aflll)*ua2 —|—ELS2)*ua1)*va3 +r3 Z U ¥Ug2 ¥V 3

alta2=a alta2+tad=a al+02‘+a3:a
lal]>0,]a2|>2 lal],Ja2|>0 lat]>2
[ad]>2

Hence (22 = (2 =0, for j = 1,2,3, and
(ZMP =2 > allhe. @O0= 3 1

altaZ24ad=a al+a?+ad=a
lal>0,la2],|ad]>2 la®]=2

A.1 Extra coefficients, N < |a| < N

Once the enclosure of the function a, (w) for || < N is computed, following the approach of
section 3.3, the coefficients aq (w) for N < |a| < N can be addressed layer by layer. In the
case under analysis, the value of N required by the proof is pretty big. As already stated,
we do not compute all the coefficients one-by-one for any |a| up to N, rather for |«| big
enough a uniform bound is employed. More precisely, for a choice of N*, 3N < N* < N,
the functions a, are one-by-one enclosed for any N < |a| < N*. Then uniform bounds
provide the enclosure for all the remaining a,.

The case |a| < N*.

In the unknown a,, the function F, is the same as in (80). The nonlinearity is decom-
posed into

Z Clsl) * (ISQ) * a((lls) = Z asl) * af;) * ass) + 3a(Y  (a2).
al+ol+al=a alt+a?4ad=a
lot|<lal

Since a = a, = 0, it follows that

F(a))o = 10,0,0 a(ll)*a(12)*a(13)
(F(a)) 0,0, Y ol ¥ g3 ¥ a

alta24ad=a
Ja®|<|]af

Definition of A4, ,
Let us first write explicitly AL)Q

(DFED)smdr) o Iml <M,

((Al-l;ga)jl;]éd)m = 2mim
6j17j2 7

(84)
—|—a~A> dm, |m|> M,

and, as done before, we augment the operators (A};,Q)AL,jQ, Jj2 = 1,2,3 with the tridiagonal

) (M)

and diagonal operators depicted in figure 6. Here DF(gAg is the derivative of F, " ' with

respect to a&M) and it is given by
u$M — (M) 0 0
DFM) — 0 p 10D 0
a,a 0 0 ,ugM) 7I(M)

12070m) 4 3(A2)M) 1547 717D (M) 4 147 (M)
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where ,u((xM) is the (2M —1) x (2M —1) diagonal matrix with 22 + - A on the diagonal, [m| <

M, I™) is the (2M —1) x (2M — 1) identity matrix and (AZ)™M) is the (2M —1) x (2M —1)
matrix representing the action of the convolution a3 * x on X (M)
The operator A, , is of the same shape as done previously

((Ag%+4))j1,j2cF)m ) |m| <M +4,

((A@:a)jIJZC)m = 1
(5]'1’]'2 W Cm, |m| 2 M + 4,

(85)

with the tridiagonal and diagonal elements of Figure 7 appended to (Aq,a)4,52, j2 = 1,2,3.
Again, as before, we moved M to M + 4 to ensure that AAT = I on I — II™M+Y X and
A&%+4) is a numerical inverse of (AL’Q)(M“L).

Construction of the bounds Y and Z(r)

Vo= [ Aaalll |0,0,0,|) > (al #all +aly)

a1+02+o¢3:a

lat|<|a| v

For any a, let R, =1 — Ag%+4) (Al,a)(M +4) the residual that occurs when multiplying
AT with the approximative inverse A and define

(Z0)9 > 3 (Rl
J1

Explicitly, for any j = 1,...,4 the Z(M bound is as follows:

28 = M(Aa )y dlll+ 1Al + (Ao a)salll + 1 Aac)ia 4TI+ g
3011 Ao, (A3)° 11l + 31l [(Aaa) sl 0.

where [|(a%)o — (a®)ol|, < €0.2-

Uniform bound for N* < |a| < N

It remains to compute rigorous enclosure for a, for any N* < |a| < N. The idea is
to solve the system {F, = 0} ny+<|oj<n in the unknowns {a.}n+«<jaj<n- The operators Af
and A are constructed as diagonal operator in « so that any polynomial p, depends on the
operator A, . Also, the numerical approximate solution is taken to be zero for any «. In

order to define an unique polynomial that provides the enclosure for any «, uniform bound

on Y,, Z, are sought, together with uniform bound of |||Aqa,ql||- Let us briefly discuss
how to define uniform bound for |||Aq,o|||. The crucial point is to bound [[|A)/4]||, where
A((X%+4) is an approximate inverse of (AJ;’Q)(M +4) For the system under analysis, we have
’u(aM +4) (M) 0 0
(M+4)
(Al yortn _ |0l —100 0
@, 0 0 N&M"“L) _I(M)

Caa Ca2 Cas  pMH 414100

)

where Cy ; is the 2(M +4) —1x2(M+4)—1 matrix obtained by enlarging 1201™) +3(.A3)(M)
with the terms on the 3 diagonals dp,dy,d_4, Cy o = 1541+ Cy 3 = 711(MH4),
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Write (A, o)™ *4 = P + B, where

0 -1 g 0 pM 0 0
p_ |0 0 =100 0 B _ 0o uM 0
0 0 0 —I((M)) r e 0 0 pMt 0
M
0 0 0 141 Ca Cy2 Cas M&MH)

Now, we define Ag%+4) as

AWM+ — B, — B,PB,,.

where
pst 0 0 0
N 0 1 0 0 ~ ~
B, = 0 " ot o |oopat= )
—p Cuapgt  —pntCuopyt —pgtCaspgt pg?

It follows B, B, = I and
I— AMFD AL M+ — B PB,P.

For the definition of Z°, an uniform bound of the latest product is needed for any |a| > N*.

Since B, is component wise decreasing in |a, that is |By/| < max |B,| if |o/| = |a| + 1, a

bound is obtained by computing the expression for all the a’s with |a| = N*.

A(]V[+4)

Similarly, a bound for ||| ||| is computed, as explained in the next remark.

Remark A.1. Direct computation provides

A&%JA) = Ba - BaPBa =

ot pro T gt 0 0

0 o' prg T ! 0
g T Cuapgt —p T M Cuopt gt = pg T Cagpyt ' T gt

X1 X2 X5 X4

Xy = —(I = pg " Cagp I = 14p 1Y) Oy

Xo = —pg Caap T gt = (1 =y Cupn TN = 14 1Y) Coy
Xg = —pg " Caopg ' TNt — (I = p ' Caap ' T — 14p M 1Y) 1 Cy g
Xa = —pg Cagu T gt 4 pgt = 14p 10 !

For any « the operator norm of the operator u;t is given by

1 1 1
g |l = max | — = =
m | 2wim/2T + o - A a-AN|  a-|A]

Clearly, if |o/| = N 41, o - [A| > minjq =y o - |A| therefore

-1 _
o 111 < ‘gllgﬁll\ual\ll-

According to this remark, the knowledge of |||u; ||| with |o| = N* allows to uniformly
bound ||| }||| for any |o/| > N*. From where it follows uniform bound for the operator

norm of each of the entries of AO%JHQ that is valid for any o with |a| > N*.
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