POLYNOMIAL APPROXIMATION OF A ONE PARAMETER
FAMILY OF (UN)STABLE MANIFOLDS WITH RIGOROUS
COMPUTER ASSISTED ERROR BOUNDS

J. D. MIRELES-JAMES*

Abstract. This work describes a method for computing polynomial expansions of a one param-
eter branch of stable or unstable manifolds associated with hyperbolic fixed points or equilibria of a
family of analytic dynamical systems. We develop a-posteriori theorems which provide mathemati-
cally rigorous bounds on the truncation errors associated the polynomial expansions. The hypotheses
of these theorems are formulated in terms of certain inequalities which can be checked via a finite
number of calculations on a digital computer. Exploiting the analytic properties of the dynami-
cal systems we are able to obtain mathematically rigorous bounds on the jets of the manifolds, as
well as on the derivatives of the manifolds with respect to the parameter. A number of example
computations are given.

1. Introduction. The existence and geometry of invariant manifolds, especially
stable and unstable manifolds of fixed points and equilibria, plays a central role in the
qualitative theory of dynamical systems. The intersection of these manifolds gives rise
to not only connecting orbits but also to periodic orbits and chaotic motions. When a
dynamical system depend on a parameter, then we are interested in how these man-
ifolds and their intersections vary as the parameter is changed. This understanding
illuminates the transition from regular to chaotic dynamics, bifurcations of connecting
orbits, as well as the location of separatrices.

The present work is concerned with high order approximation of stable (and un-
stable) manifolds for a parameter dependent family of analytic dynamical systems.
We present a constructive method for obtaining polynomial approximations to ar-
bitrary order in both the dynamical variables and the parameter. We also develop
analytical tools which facilitate the computation of rigorous computer assisted error
bounds on the truncation error. In order to formalize the discussion we establish some
notation.

We endow C with the usual Euclidean norm |z| = |z + iy| = /22 + y?, and C"
with the norm

|Z| = |(Zl7 R Zn)| = 121%)(71 |ZZ|
These norms induce the balls B.(z) = {w € C: |w — z| < r} in the complex plane,
and the poly-disks

B.(z) ={weC" : |w;—z|<r for 1<i<n},

in the complex vector space C"™. (So B,.(z) could denote a ball in the complex plane
of a poly-disk depending on context). We write B, = B,.(0) to denote balls and
poly-disks centered at the origin.

Let pg € C", p,7 > 0. We consider a one parameter family of analytic vector
fields f: B,(po) x Br C C* x C — C", which is analytic with respect to parameter.
We assume that f is continuous and bounded on B, x B,. Suppose that pg is a
hyperbolic equilibria of f(z,0), and that 0, f(po,w) is not zero at w = 0. While
the implicit function theorem then guarantees the existence of an analytic branch of
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hyperbolic equilibria, our goal is to obtain more quantitative information about the
dynamics. We make the following assumptions.
A1l-flows: There is a 7 > 0 and an analytic function p: B, — C™ so that

flp(w),w] =0, for all w € B;,.

So p parameterizes an arc of equilibria for the vector field.

A2-flows: For each w € B;, Df[p(w),w] is diagonalizable and hyperbolic in the sense
of differential equations. Then there are k < n stable eigenvalues, and n — k
unstable eigenvalues for each w € B,. Each of these eigenvalues is parameter-
ized by a one parameter family of analytic functions \;: B, - C, 1 <i<n
with

det (Df[p(w),w] — Ai(w)Idy) =0 for all w e B;.

Moreover for all w € B; we have that real(\;(w)) < 0 for 1 < i < k, and
0 < real(\;(w)) for k + 4 < i < n. The eigenvalues are distinct, and undergo
no bifurcations on B,. Let A: B, — Matxx(C) be the diagonal matrix of
stable eigenvalues defined by

/\1 (w) e 0

M@=

0 coo Ap(w)

A3-flows: There are analytic functions §;: B, — C™ parameterizing the eigenvectors
associated with each \;. Then

(Dflp(w),w] — Xi(w)Idy,) &(w) =0, forall w e B;.

and each 1 < ¢ < n. We call & (w),...,&(w) the stable eigenvectors and
Epr1 (W), ..., & (w) the unstable eigenvectors. Let A: B, — Mat,,«x(C) de-
note the matrix of stable eigenvectors given by

Aw) =[G (@)] - &k (@)]-

For fixed w € B; let ¢, denote the flow generated by f(-,w). Under assumptions
A1-A3-flows the Stable Manifold Theorem implies that the set

Welp(w)] = {z € C"| lim ¢u(21) =p(w) }

is an analytic invariant manifold tangent to the span of A(w) at p(w) (and similarly for
the unstable manifold). See for example [16]. Again, the implicit function theorem can
be used to show that these manifolds depend analytically on w in some neighborhood
of w = 0. However, because we are interested again in a more constructive approach
we examine the situation in a little more detail.

With w € B, still fixed, let p, = p(w), fu = f(-,w), Ay = A(w), and A, = A(w).
We utilize the so called Parameterization Method of [8, 10], and obtain that (under
some mild non-resonance conditions which we treat in detail later) there exists a
v > 0 and an analytic chart map P, : B, C C*¥ — C™ for a neighborhood of the stable
manifold at p(w) which satisfies the system of first order partial differential equations

fulP.(0)] = DP,(0)A0.
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subject to the linear constraints
P,(0) = p, DP,(0) = A,.

Moreover, [8, 10] develop a method by which a polynomial approximations of the
chart map P, can be obtained following a constructive procedure. In [5, 17] a-
posteriori numerical schemes are developed which allow computer assisted validation
of these polynomial approximations, again at a single parameter value.

In [10] the implicit function theorem is invoked in order to show that P, is analytic
in w. Then there exists an 7/ > 0 and a one parameter of analytic chart maps
P: B, x B, C C¥ x C — C" so that

P(0,w) = p(w), DP(0,w) = A(w), (1.1)
and
fIP(O,w),w] = [D1P(O,w)|A(w)d forall 6He€B,, we B (1.2)

Since P is analytic it has a convergent power series expansion in # and w on B,, X B,.
However when we apply the implicit function theorem we obtain no bounds on the
size of the parameter neighborhood B, on which the branch is analytic, hence no
bounds on the radius of convergence of the Taylor expansion of P with respect to w.

In the present work we show that Equation (1.2) can be exploited in order to
construct polynomial approximations Pp;n of P which are order N in 6 and or-
der M in w for M, N € N large enough. The construction is guided by the earlier
work of [8, 9]. Given a polynomial expansion Pjsy, and a parameterization domain
B, x B, ¢ C* — C", our next priority is to evaluate the accuracy of the approx-
imation domain in questoin. The main purpose of the present work is to develop
an a-posteriori theory which can be implemented on the digital computer and which
leads to mathematically rigorous bounds on the magnitude of the truncation errors.
In this sense the present work generalizes the numerical methods developed in [5, 17]
to parameter dependent families of flows. The following “meta-theorem” summarizes
our main result for families of vector fields.

THEOREM 1.1 (Theorem (4.8) Paraphrased). Assume A1-A3-flows and sup-
pose that Py is a “properly constructed” polynomial approximation of a solution of
Equatoin (1.2), subject to the linear constraints given by Equation (1.1). Suppose also
that Py is a “good enough” approximation on the domain B, x By with0 <7 <1
and 7 as in A1-A3-flows. Then there is an analytic function P : B, x B, — C"
and a 6 > 0 so that P is the unique true solution of Equatoin (1.2) satisfying the
linear constraints given by Equation (1.1) and

sup sup |P(8,w)— Pun(8,w)| <.
0€B, weB,/

Much of the present work is devoted to making precise exactly what is meant by
“properly constructed” and “good enough” in the previous meta-theorem. Moreover
we develop explicit formulas for 7/ and ¢ in terms of know quantities. At the moment
we remark that “good enough” will be defined by measuring the defect obtained after
plugging the polynomial Py x back into the functional Equation (1.2). We will see
that this defect can be bound rigorously using a computer and that in the full version
of Theorem (1.1) the constant § is given explicitly in terms of this defect.
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Similar considerations apply to discrete time dynamical systems. Let f: B,(po) X
B, C C" x C — C™ be a one parameter family of analytic diffeomorphisms, and
po € C" be a hyperbolic fixed point of f(z,0) with d,,f(0,w) not zero at w = 0. We
make the following assumptions.

Al-maps: There is a 7 > 0 and an analytic function p: B, — C" having
flp(w),w] = p(w) =0, for all w € B.

So p parameterizes a one parameter family of fixed points for f.

A2-maps: For each w € B, D f[p(w),w] is diagonalizable and hyperbolic in the sense of
diffeomorphisms. Then there are k < n stable eigenvalues, and n — k unstable
eigenvalues for each w € B,. Each of these eigenvalues is parameterized by a
one parameter family of analytic functions \;: B, — C, 1 < i <n with

det (Df[p(w),w] — Ai(w)Id,) =0 for all w € B,.

Moreover for all w € B, we have that 0 < |A\;(w)] < 1 for 1 < i < k, and
1 < |Ai(w)| for k +i < i < n. The eigenvalues are distinct, and undergo
no bifurcations on B,. Let A: B, — Matxx(C) be the diagonal matrix of
stable eigenvalues defined by

)\1(0.)) 0
M) =| 5o

A3-maps: (Same as A3-flows).

In this case the stable manifolds theorem implies that for each w € B, the point
set

Wlp(w)] = {2 € €| lm () = p(w)

(where f™ denotes the composition of f with itself n times) is an analytic invariant
manifold tangent to A(w) at p(w). [8] shows how to locally parameterize such mani-
folds, and the implicit function theorem guarantees that there is an analytic branch
of parameterizations as w varies.

In this case the work of [8, 10] (and analogy with the previous discussion above
about continuous time dynamical systems) lead us to look for v,7/ > 0 and P: B, X
B,/ — C™ which solves the functional equation

fI[P(0,w),w] = P[A(w)f,w], forall 6e€B,, we B,. (1.3)
subject to the first order constraints
P(0,w) = p(w), DP(0,w) = A(w). (1.4)

Again, our approach is to develop a formal polynomial approximation of P, and then
to validate via a computer assisted argument some bounds on the truncation errors.
The main result for maps is Theorem (4.9), which is a precise version of Meta-Theorem
(1.1), but formulated for diffeomorphisms. This generalizes the work on [23] to one
parameter families of discrete time dynamical systems.

4



REMARK 1.2 (Linear Data for the Branch of Invariant Manifolds). In order
to proceed we must first show that A1-A8& (in the case of both maps and flows)
are reasonable in practice. The assumptions require that we know exact analytic
parameterizations of the fixed point/equilibria as well as the associated eigenvalues
and eigenvectors. In Section (2.3) we explain the method which we use for computing
polynomial expansions with rigorous error bounds for the the linear data hypothesized
in A1-A3. As per the philosophy of our study of invariant manifolds we obtain the
formal expansions via the tools of automatic differentiation, and the error bounds via
analytic (rather than topological/degree theoretic) arguments.

We remark also that while the computation of such “taylor models” is well know
and thoroughly documented in the literature (see the opening remarks in Section
(2.3)) since all our work on invariant manifolds depends explicitly on the remainder
bounds obtained on the linear data we include a full description of the methods we use
to obtain the polynomial approximations, as well as a full description of the theorems
we use to bound the remainders. It is essential here that the results are formulated in
the analytic category. In this sense our notion of an “analytic Taylor model” is more
restrictive, but also more regular than the usual notion.

REMARK 1.3 (Multi-Parameter Families of Dynamical Systems). We note that
the choice to study one parameter families of dynamical systems largely to simplify the
exposition and the implementation of the numerics. A careful reading of Section (2.3)
makes if clear how the definitions, theorems, and computations could be extended
to multi-parameter branches of fixed points/equilibria, eigenvalues, and eigenvectors.
It is also clear that if one begins with multi-parameter parameterizations of the lin-
ear data then the formalism of Section (4.1), as well as the validation techniques of
Sections (4.3) and (4.4) apply with little modification.

REMARK 1.4 (Rigorous Computation of Jets). An important feature of the com-
puter assisted error bounds for polynomial approximations of stable/unstable man-
ifolds at a single parameter developed in [5, 17] for vector fields and in [23] for dif-
feomorphism is that in addition to obtaining rigorous Cy bounds on the truncation
error, one actually obtains that the truncation error is an analytic function. Having
a representation of the truncation error as a bounded analytic function allows one to
bound derivatives of the truncation error using classical estimates of complex analy-
sis in exchange for shrinking the domain of the function. Having some control over
the derivatives of the truncation error is essential in certain applications to computer
assisted proof of the existence of connecting orbits, chaotic motions, etc. (See also
Remark 1.6)

REMARK 1.5 (Related Wrok). Part of the present work (the portion pertain-
ing to on parameter families of vector fields) is closely related to the work of [2].
There the authors develop polynomial approximations to one parameter families of
stable/unstable manifolds for the purpose of proving the existence of a homoclinic
tangency in a certain model of cardiac muscle. A difference between the present work
and the work of [2] is in the formulation of the fixed point problem which determines
the truncation error. In [2] the second order Taylor remainder of the vector field f
about the equilibria is exploited in order to obtain a contraction mapping about the
approximate solution. In the present work we follow [5, 23] and formulate the con-
traction mapping problem for the truncation error in terms of the second order Taylor
remainder of the vector field f about the image of the polynomial approximation Pyyn
itself.

In this sense the present work is an attempt to generalize the kinds of techniques
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developed in [2] for application in a neighborhood of the equilibria where the second
order Taylor remainder of f about the origin may not be small. We stress that
both methods can be used to produce the same Taylor coefficients for the polynomial
approximation. The distinction is in the arguments used to obtain rigorous bounds
on the truncation errors on a particular domain.

REMARK 1.6 (Computer Assisted Proofs for Connecting Orbits). Recently a
number of authors have developed strategies for obtaining computer assisted proof of
the existence of connecting orbits for discrete and continuous time dynamical systems
which require that the connecting orbit is formulated as the solution of a certain
boundary value problem. The computer is then used to rigorously solve this boundary
value problem. See for example [5, 23, 2, 20] and especially the references therein.
In the references just mentioned, the boundary conditions are formulated in terms
of chart maps for the stable and unstable manifolds. Then these chart maps must
be computed rigorously and the Parameterizatoin Method is a powerful tool in this
setting.

A natural extension of the methods just mentioned would be to combine them with
the something like the methods of [4, 14] for computing rigorous branches of solutions
of infinite dimensional equations such as boundary value problems. (See these papers
for a much more thorough discussion of the literature). The combination of the
methods of for example [5, 23, 2, 20] with for example the methods of [4, 14] could be
used in order to computer rigorous one parameter branches of connecting orbits for
families of vector fields. However it would be necessary to to control the boundary
conditions, and derivatives on the boundary conditions, with respect to parameter.
Since the boundary conditions would be formulated in terms of one parameter families
of stable/unstable manifolds, this is the problem solved by the present work.

We also remark that some local control over the invariant manifolds is essential
for studying degenerate connecting orbits such as tangencies (see again [2] and also
Remark (1.5)) , and that this same local control will be essential in future computer
assisted studies of bifurcations of connecting orbits for vector fields. Using the high
order methods developed here in order to study connecting orbit bifurcatoins will be
the topic of a future work.

The remainder of the paper is organized as follows. In Section (2) we establish
the notation used throughout the paper, and recall certain theorems and estimates
analysis. In Section (2.2) we define and a certain family of analytic function which we
call ‘one parameter families of analytic N-tails.” These comprise the main technical
tools of our error analysis.

Section (3) belongs to the study of certain operator equations on the Banach
Space of one parameter families of analytic N-tails. In Section (3.1) solve a pair of
linear equations on the space of one parameter families of analytic N-tails. These
linear equations play a central in our analysis of invariant manifolds in the sequel.
Section (3.1.1) is devoted to an abstract non-linear equation on the space of one
parameter families of analytic N-tails, and we prove an existence theorem. We also
examine a concrete instantiation of this non-linear equation which allows us to prove
our a-posteriori error theorems later in the paper.

In Section (2.3) we define the data structure which we use throughout the paper
in order to model analytic functions on the computer. The data structure consists
of a polynomial with interval coefficients, a real number representing the radius of
convergence of the model, and a real number representing a bound on the ‘tail’ of
the analytic function. We call this data structure an ‘analytic Taylor’ model, to
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distinguish from the usual notion of a Taylor model where the third real number
usually represents a bound in the Banach Space of continuous functions. In Section
(A.2) we show how we obtain an analytic Taylor model for the inverse of a matrix
whose coefficients are analytic Taylor models, while in Section (A.3) we recall that the
composition of a Taylor model with an elementary function can usually be computed
at the cost of a Cauchy Product. We also record the estimates which we use in order to
bound the tail of the analytic Taylor model representing the resulting composition. In
Section (A.4) we discuss using analytic Taylor models to parameterize one parameter
solutions of finite dimensional nonlinear equations. Finally in Section (B) we present
several example computations which illustrate that we can in practice, for a given
fixed one parameter family of dynamical systems, obtain the data hypothesized in
A1-A3. We examine also the relationship between the order of the Taylor Model,
the size of the radius of convergence, and the tail error bound.

In Section (4) we finally turn to the main topic of the paper, rigorous computation
of one parameter families of stable/unstable manifolds. We begin by illustrating the
formal computation of the coefficients for the polynomial approximation of the family
of invariant manifolds. We discuss conditions which guarantee that the coefficients are
formally well defined to all orders, and illustrate the computation for a specific family
of diffeomorphisms and another family of differential equations. We focus on the
examples of the classical Hénon map and the Lorenz differential equation. In Section
(4.2) we provide a method which allows us to compute explicitly a parameter interval
on which the formal solution converges. We think of the parameterization of the
invariant manifold as a power series in the dynamical variables, whose coefficients are
power series in the parameter. In Section (4.3) we show how to bound the truncation
errors of a finite number of these coefficient power series. The remaining truncation
error is now a one parameter family of analytic N-tails, and in Section (4.4) we apply
the theory of Section (2) in order obtain the desired bound. The cases of maps and
flows are studied seperately.

Section (5) presents example computations with rigorous error bounds for the
Hénon map and the Lorenz system. Specifically we compute one parameter branches
of all four stable and unstable manifolds of the two fixed points of the Hénon map.
Since the phase space of the map is two dimensional and all the (un)stable manifolds
are one dimensional we can represent the resulting one parameter families of invariant
manifolds graphically. We also discuss computations of the one parameter family of
two dimensional stable manifolds at the origin of the Lorenz system. Since this results
in polynomials of three variables we present only tabular results.

Two of the quantities required in the hypotheses of Theorems (4.8) and (4.9)
require information about infinitely many terms of some power series in several vari-
ables. In Appendix (C) we discuss how these series can be bound in practice using
only the finite data available from the Taylor models. We illustrate the computations
and derive explicit estimates for the Hénon and Lorenz systems.

2. Background.

2.1. Spaces, Norms, and Theorems of Analysis. Let z € C™ and f: B,.(z) C
C™ — C™ be an analytic function. Then we let

1£1lr = sup [f(2)],
|z|<r

denote the (compontenwise) C° norm of f on B,.(z). We note that this norm induces
a Banach Space structure on the collection of all such functions. We denote this

7



Banach Space by C¥(B,.(z),C").

Let 7 > 0 and B, denote the ball of radius 7 about the origin in the complex
plane C. We are often interested in a one parameter family of analytic mappings
fi Br(2) x B C C™ x C — C™. Here we employ the norm

1£ll7 = sup sup |f(w,w)|.

lw|<r w|<T

Again the collection of all such functions is a Banach Space under this norm.

Suppose that X and ) are Banach Spaces. Let || - ||+ and | - ||y denote the norms
on these spaces. Suppose that £: X — ) is a linear operator between them. The
norm of the linear operator £ is defined to be

1€l Bx.2) = [€wlly-

\w X:1

If ||€] B(x,y) < oo then we say that the linear operator is bounded. If £ is invertible
and ||£71gy,x) < oo then we say that the operator £ is boundedly invertible. If
X =Y then we simplify the notation by writing

1€l Bx,x) = |1€]lB(xy-

Now let A be a k x £ matrix of fixed complex numbers. We denote the (i, j) entry
of A by either [A]; ; or a;;, depending on context. We take the norm of A to be the
maximum of the sum of the absolute values of row entries, where the maximum is
taken over all rows; i.e.

¢
|Alar = lfgggkzl |aij|.
J]1=

If we consider A to be a linear operator from the (finite dimensional) Banach Space C*
to the (finite dimensional) Banach Space C* (both endowed with the maximum norm
on components) then |[A| gce,cr)y < [Alar. We will always use this inequality when
dealing with finite dimensional linear maps as the quantity |A|ys is easy to compute
numerically. When it is clear from context that A is a matrix we will sometimes
suppress the M subscript and simply write | A].

Suppose that A(w) is a k x £ matrix whose entries a;;: B; C C — C are analytic
functions, and w: B, € C — C’ be a ‘column vector’ of analytic functoins of one
variable. Then A(w) defines a linear operator £: C*(B,,C*) — C¥(B,,CF) by the
formula

The discussion of the preceding paragraphs makes it clear that we have

1Ll B(cw (B, ct),co (B, cr)) < sup |A(w)|ar-
|w| <7
Then we simply write ||All- = ||€]| pce (B, ct),c+ (B, ck))> and trust that no confusion
will result.
Consider again z € C™, 7,7 > 0, and take f: B,(z) x B, C C™ x C — C"
an analytic function. Later in the paper w € B,(z) will often be thought of as a
8



“dynamical variable” and w € B, will be thought of as a parameter. When we
consider the Fréchte derivative of f with respect to w (and w is fixed) we will denote
this derivative as D; f(w,w). Should we take the derivative with respect to parameter
we will write /0w f(w,w) to stress that our parameter is one dimensional.

Let o € NF denote a multi-index, m € N denote an integer index, w € CF,
and a(q,m) € C" be a complex number indexed by o and m. For any multi-index
a=(ay,...,ox) welet o] = a1+ ...+ o and w* = wi™* - ... wpt. If f is analytic
on B,(z) x B, C C¥ x C then we can write the power series for f as

oo o0 oo

m « «

= g E A(a,myw "W = E o (W)w®,
=0 m=0 ja=0

i.e. as a power series in w whose coefficients are power series in the parameter w, and
have that the series converges to the value of the function for any |w| < r and |w| < 7.
Similarly, we denote by

N M
fun(w,w) = ZZ

a polynomial of degree N in w whose coeflicients are polynomials of degree M in w.

The following estimate follows directly from the Cauchy Theorem of Complex
Analysis [1], and is a standard part of “KAM folklore”. An explicit proof (which
yields the constants given here) can be found for example in [23].

LEMMA 2.1 (Cauchy Bounds). Suppose that f : B,(0) C C™ — C" is bounded
and analytic. Then for any 0 < 0 < 1 we have that

2 2mm
10 fllve- < —|fll.  sothat [|Df[,e-o < (2.1)
Vo
as well as
472 4m2m?
10:0 fllye—o < and  ||D?f[ye-o < — gz 1l (2.2)

We make repeated use of the following standard theorem of non-linear analysis.

THEOREM 2.1 (Newton-Kantorovich Method). Let X,Y be Bancah spaces and
F: X =Y be a differentiable mapping. Assume that there as an & € X and anr >0
such that

(i) DF (&) is boundedly invertible and

(ii) | DF(x) - DF()|5cx.vy < sl — yllx for all 2,y € By(3).

(1)

If

enk > ||DF(2)7" F(2)]ly,
(11)

l\.’)\ﬁ

ENK <

and



(I11)
denk k| DF(2) pxy) <1,
then the equation
F(z)=0
has a unique solution in B(r,I).

(See [24] for an exposition of the proof in the language of English).

2.2. Analytic N-Tails and One Parameter Families of Analytic-N Tails.
We now define a class of functions which are essential in the sequel, as they are the
functions which we use in order to model truncation errors.

DEFINITION 2.2. [Analytic N-Tails] An analytic function h: B, C C*¥ — C" is
called an analytic N -tail if

h(0) = 9,h(0) =0, forall |a] <= N. (2.3)

If h: B, C CF — C™ satisfies the condition given by Equation (2.3) and in addition
is bounded on B, then we say that h is a bounded analytic N-tail on B,. Given a
disk B, the set of all bounded analytic N-tails on B, is a Banach Space under the
supremum norm.

Let z € C*F, o € N*, and a, € C" for each a. A key fact is that a bouhnded
analytic N-tail h on B, has a power series representation

|a]=N+1

which converges for |z| < v. We think of an analytic N-tail as a function which is zero
to N-th order at the origin. In this sense an analytic N-tails is a ‘small perturbations’
of the zero function, and as such enjoys some useful ‘perturbative’ properties.

LEMMA 2.2. Let h be a bounded analytic N-tail on B, C CF, and let A be a
k x k diagonal matriz with diagonal entries A1, ..., A € C having 0 < |X\;| < 1 for
1 < i < k. Denote by p* = supi<i<i|Ai|. Then (ho A)(z) = h(Az) is a bounded
analytic N-tail on B, and

lho Ally < ()N Al (2.4)

See [5] (Lemma 3.2) for an elementary proof. The following estimate of N-tail solu-
tions of a certain ordinary differential equation is useful in the sequel.

LEMMA 2.3. Suppose that E: B — C is an analytic M -tail, K € N with K > 1,
and that f: Br — C is an analytic function. Suppose in addition that ||f||r < C and
that

|f(w)|>M  forall w € Bg.
Then the differential equation

fwh (w) — Kf'(w)h(w) = E(w)
10



has a unique solution h: Br — C. Moreover h is an analytic M -tail with
oK
Ihla <7 (57) 1l (25)

Proof: We note that since fX is analytic and nonzero on Bgr(0), f~¥ is analytic
and bounded on Bg. Multiplying both sides of the equation by f~%(z) we obtain the
equivalent equation

f_Kh/ . KfK—lflh _ f_KE,

or

d

—(n) =, (2.6)

for any z € Br(0). Since Br(0) is a convex neighborhood about the origin we have
that the line segment between the origin and z is contained in z. We parameterize

this line by ~: [0,1] — Bg(0) by the formula
v(t) = tz.
Taking the line integral over v of both sides of Equation (2.6) we have
1y 1
| & G aorb@) O d = [ EheEneh o d.
Since Bg(0) is simply connected we have that the left hand side is
'd
/0 - ER@IRL@) ' (1) dt = f IR W)] = £ [y (0)]Aly(0)]
=[5 (2)h(2),
as v(0) = 0 and h is an analytic N-tail. Then
1
2= 146 [ I BOBL O ) d

and we note that h is an analytic N-tail due to the fact that F is. Now we bound

sup ()] < sup 1752 |\ / IS OVER()= dr,

|zI<R

1
< CKW |E|r R

as desired.

]

Since the present work deals largely with parameterized families of analytic func-
tions we will have use for the concept of a parameterized family N-tails.
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DEFINITION 2.3. [One Parameter Family of Analytic N-Tails] We call an analytic
function H: B, x B, C C*¥ x C — C" a one parameter family of bounded analytic
N-tails if H(z,w) is a bounded analytic N-tail on B, for each fixed |w| < 7.

A family of analytic N-tails has that
H(0,w)=D{H(0,w) =0 foreach 1<]|a|/< N, andforall |w| <7

So a family of analytic N-tails has convergent power series expansion

H(z,w) = i ia(%m)wmza.

|a|=N+1m=0

Let A: B, € C — C* be a diagonal matrix of analytic functions on B, and suppose
that there is a positive p* € R so that

sup |A(w)| < p* < 1.

lw|<T

Lemma (2.2) applies uniformly to w € B, and we have that (HoA)(z,w) = H(A(w)z,w)
is an analytic N-tails for each fixed w. Then

”HOAHVJ < (N*)N+1||HHV’T~ (2.7)

Because A is diagonal an equivalent statement is ||H o A, » < [|[A[|Y T H|, -

2.3. Analytic Taylor Models. The data structure which we use in order to
represent analytic functions in all of the numerical implementations is a version of
what is usually called a “Taylor model”. In principle (if not in name) the use of so
called Taylor models for the purposes of computer assisted proofs in analysis appears
in the literature as early as the works of [11, 12, 13, 18, 19] on universality, renor-
malization, and the Feigenbaum conjectures. (We remark that these works appear
inaugurate the birth of the field of computer assisted proof in dynamical systems).
Taylor models seem to have been developed independently (and so named) beginning
with the works of [21, 22, 6], and leading to the development of the COSY Infinity
software for computing and manipulating Taylor models [7].

The fundamental idea behind Taylor models is to discretize the space of contin-
uous functions using polynomials of a fixed order, restricted to a fixed domain, and
concatenated with a floating point number defining a neighborhood of the polynomial
in function space. While the polynomial part is often interpreted as the Taylor coeffi-
cients of an analytic function, techniques such as “shrink wrapping” sometime lessen
this requirement [15]. We also note that the coefficients of the polynomial of a Taylor
may or may not be intervals. In any event round-off errors associated with Taylor
model manipulations can be periodically reorganized into the remainder term. Typical
operations on such Taylor models include the usual operations of arithmetic, function
composition, and integration. However it is generally not possible to differentiate a
Taylor model, because of optimizations which redistribute the truncation/round-off
errors.

In the present work we require a stricter notion of a Taylor models, in order to
recover some regularity. The following defines the fundamental data structure needed
in the sequel.

12



DEFINITION 2.4.  An Analytic Taylor Model (centered at the origin) for an
analytic function f: B, C C — C is a polynomial with interval coefficients

M
fu(w) = Z Amw™
m=0

and a number d¢ > 0 so that

1 d»
n! dwn

f(0) € ap,
and

Hf_fM”r §5f'

Noting that h¢: B, — C defined by hy = f — fu is an analytic M-tail we have that
f can be represented by

fw) = fu(w) + hy(w)

where the coefficients of fy; enclose the first M Taylor coefficients of f and the
truncation error hy is uniformly bounded on B, by d¢. We represent an analytic Taylor
model by the triple (far,7,6¢), i.e an interval polynomial fs, a positive number r > 0
describing radius of the domain of the model, and the bound ¢ > 0 on the truncation
€rror.

One could of course define multi-variable analytic Taylor models in an analogous
fashion, however Definition (2.4) is sufficient for the present work.

REMARK 2.4 (Interval Arithmetic and MatLab). For the implementation of all
the numerical computations discussed in the present work we utilize the MatLab soft-
ware known as IntLab [28]. See [27] for a thorough introduction to interval arithmetic
and the algorithms used in the IntLab software.

We now state without proof some elementary properties of analytic Taylor models.
More sophisticated operations are discussed in the Appendices. It is clear that analytic
Taylor models form a vector space, and it is clear that we can easily consider vectors
of analytic Taylor models. The following Lemma enumerates several basic useful
properties of analytic Taylor models.

LEMMA 2.5 (Properties of Analytic Taylor Models). Let (far,7,9) be an analytic
Taylor model. Then for any f which is analytic on B, and which is enclosed by this
analytic Taylor model we have that

(@) 7l < T2 lawlr™ + 5= | farll oy + 0.

(b) Suppose that T > 0 has that

M
T Z |am|T™ 7 + 8 < ag].

m=1
Let C be defined by
M ~
lag| — 7 Z lam|T™ =0 =C.
m=1

Then

Hl 1
- ST.
fll.-—¢C
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(c)

(d)
(¢)

For any 0 < 0 <1 we have that

M—-1
1 lee < 3 (mt1 my 2T
re=9 X m+ )|am+1|r + or f

m=0

by applying the Cauchy Bounds of Lemma (2.1). Then it is moreover the case
that (fi,_1,re”7,2md¢ /or) is an analytic Taylor model for f'. (Note that the
domain of the new analytic Taylor model is reduced by a factor of e=7, the
order of the polynomial approximation is reduced by one, and the bound on
the truncation error is inverse proportional to the “loss of domain” parameter
o. However the amount of domain given up is exponential in o.

If (fm,r,df) and (gar,7,04) are analytic Taylor models on B, then (far +
gm, 1, 0¢ + 8g) is an analytic Taylor model for f + g.

Let (fap,m,dp) be an M-th order analytic Taylor model and K < M Then
there is an analytic M -tail h so that

M
flw)= Z amw™ + h(w)
m=0

with ||h||, < &¢. This can be re-written as

K M
flw) = Z amw™ + Z amw™ + h(w),
m=0

m=K+1

and we note that

) M
h(w) = Z amw™ + h(w),

m=K+1
is an analytic K-tail with
M
IBlle < > lanr™ + 65 = b5
m=K+1

Then (fx,r, Sf) is a K-th order analytic Taylor model for f. This allows
us to “step down” the order of a model. In this way we can for exampe add
analytic Taylor models of different orders and obtain a model whose order is
the minimum of the orders of the summands.

REMARK 2.6 (Taylor versus Analytic Taylor Models). Note that it is Lemma

(2.5(c)) which exploits the analytic category and justifies the specialized definitions
of this section, and distinguishes our analytic Taylor models from the usual ones.

3. Operator Equations on the Space of One Parameter Families of An-

alytic N-Tails.

3.1. Two Linear Equations. We now consider the solvability of certain linear

equations which are defined on spaces of N-tails and families of N-tails. These linear
operators play a critical role in the a-posteriori truncation error analysis developed in
Section (4.4.1).

14



Let Xn(B, x B, C C* x C,C") denote the Banach Space of all one parameter
families of bounded analytic N-tails, endowed with the supremum norm. When N,
v, T, k, and n are clear from context we simply write X. Let

Xs={H|HeX and ||H|,., < 6}.

In the following discussion we take A be an n xn matrix of analytic functions a;;: B, x
B, C CF x C — C". We assume that A(z,w) is invertible for each |z| < v, |w| < T
and that A(0,w) is diagonalizable for each |w| < 7. We let A\;: B, — C with 1 <
i < n denote parameterizations of the eigenvalues of A(0,w). We assume that the
eigenvalues vary analytically for w € B, and that there are no bifurcations. So we
assume that the eigenvalues are distinct and non-zero on B .

Take Q: B; — Mat,x,(C) to be a parameterization of the diagonalizing trans-
formation for A(0,w). Then if we denote by ¥: B, — Mat, x,(C) the matrix with
Ai(w) as diagonal entries and zeros elsewhere then we have

A(0,w) = Qw)E(w)QH(w)

for each w € B;. Note that for each w € B; the columns of Q(w) are eigenvectors for
A(0,w).

THEOREM 3.1 (Parameterization Co-Homological Equation for Maps). Suppose
that for each w € B, the matriz A(0,w) is hyperbolic in the sense of maps. We
have already supposed that there are no eigenvalue bifurcations on B,. Assume in
addition that the stability of A(0,w) does not change on B,. Then there are k < n
stable eigenvalues. We order the eigenvalues so that the stable ones come first. More
explicitly we require that 0 < |\;(w)] < 1 for 1 < i < k. Let A(w) denote the k x k
matriz of analytic functions having the stable eigenvectors \;(w) for 1 < i < k as
diagonal entries and zeros as the off-diagonal entries.

Define the linear operator Lmaps: X — X by

Lmaps[H](z,w) = A(z,w)H (z,w) — H[A(w)z,w] (3.1)

7

Assume that there are 0 < p* <1 and M > 0 so that

Ai(w)] < p
Jnax litllgl W)l < u,

and

sup sup |A7!(z,w)| < M.

lw|<T|2]<v
Assume in addition that N is so large that
M(p )N < 1. (3.2)
Then Lmaps 1s boundedly invertible. Moreover we have that

_ M
HgmlapsHB(X) < T(MN'H) (3.3)

15



Proof: Let E: B, x B, ¢ CF¥ x C — C” be a one parameter family of bounded
analytic N-tails and consider the equation

A(z,w)H(z,w) — H(Aw)z,w) = E(z,w).

The solvability of this equation is equivalent to the invertibility of the operator defined
in Equation (3.1). We rewrite as

H(z,w) — LIH](z,w) = [(I - L)H] (2,w)
= A" (2,w)E(z,w), (3.4)

where L: X — X is the linear operator defined by
L[H](z,w) = A7 (z,w) H[A(w)z,w].
Using the estimate given by Equation (2.7) we have that

sup [|L[H]|w,ry < sup [[ATH o Al

| H|=1 IH =1
< sup HA71||(V,T)||HOA||(V7T)
IH||=1

< sup M(p)N T H )

Then the Neumann Theorem gives that the operator defined by the left hand side of
Equation (3.4) is boundedly invertible so that

H(z,w)=[(I-L)""A7'E] (z,w)

is the desired solution. In addition the Neumann Theorem gives

M
H <—————||F .
1Hlwn < T 1B lwn
Then £7!(E) = H and taking the sup over all E with norm one gives

M
-1 < - -

as desired.
O

THEOREM 3.2 (Parameterization Co-Homological Equation for Vector Fields).
Suppose that for each w € B, the matriz A(0,w) is hyperbolic in the sense of differ-
ential equations. We have already supposed that there are no eigenvalue bifurcations
on B;. Assume in addition that the stability of A(0,w) does not change on B,. Then
there are k < n stable eigenvalues. We order the eigenvalues so that the stable ones
come first. More explicitly we require that 0 < real[\;(w)] < 0 for1 <i <k. Let A(w)
denote the k x k matriz of analytic functions having the stable eigenvectors A;(w) for
1 < i<k as diagonal entries and zeros as the off-diagonal entries.
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Define linear operator £ﬂ0ws: X —-Xx
Sﬂows[H](z, w) =[D1 H(z,w)]| Aw)z — A(z,w) H(z,w). (3.5)

Assume that My, Ms, ., and u* are positive real constants having that

0 < s < min |$I|1<fT |reallAi(w)]] < max sup |[reallAi(w)]| < p* < oo, (3.6)
and that
1QI-NQ |- < M, (3.7)
Z Z 14 °””>| mylel < N, (3.8)
im0 Hela

Assume in addition that N is so large that
(N + D > 407, (3.9)

Then Sﬂows is a boundedly invertible with

MyeM2

H ﬂowsH m- (3.10)

Proof: Let E: B, xB, C C*xC — C" be a one parameter family of bounded analytic
N-tails and note that inverting the operator given by Equation (3.5) is equivalent to
solving the equation

[D1 H(z,w)]| Alw)z — A(z,w) H(z,w) = E(z,w). (3.11)

A(w)t

We make a change of variables z — e z and define the analytic N-tails

x(t) = H( Alwt, w) and FE(t)=FE (eA(“’)tz,w> ,
and the matrix of analytic functions
Alt)y=A (eA(“’)tz,w) .
We consider the ordinary differential equation
—ux(t) — A(t)z(t) = E(t), (3.12)

and note that if 2(t) solves Equation (3.12) the 2:(0) solves Equation (3.11). We define

the integrating factor
t
t) = exp (—/ A(s) ds)
0

2(t) = —C=1 (1) /too C(s) B(s) ds
17
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solves Equation (3.12). Taking the limit as ¢t — 0 we define
£ E|(z,w) = H(z,w) / C(s

as the solution of Equation (3.11). The fact that H is an one parameter of analytic
N-tails follows from the fact that F is.

In order to obtain bounds on £7! we first note by the definition of ju, given in
Equations (3.6) we have that

’eA(w)tZ‘ < e_lj’*t Z|

forallt > 0, w € B;, and z € B,,. Then, since FE is a one parameter family of analytic
N-tails, the estimates of Equations (2.7) give that

B < [[B[A@0z0]|| <oty g),,. (3.13)

In order to bound the integrating factor we observe that

[ A= 5 S e [

la]=0 m=0

T Z Z Afamyw™ (/t elMw),e)s ds) L
0

\a|:0 m=0

(M), >
= Q(w)[-2(w) Z ZAW) o ™ ds.

|a|=1m=0
Then

|Atam)]
lC®| < 1QN-1Q I+ exp(u*t) exp Z z lem)l ) < MyeMeent

o =1 m=0 ]

We note that (A(w), a) is never zero for |a| > 1 by the assumption that the eigenvalues
are non-zero for w € B;. Combining this with the estimate of Equation (3.13) as well
as the assumption given by Equation (3.9) we obtain

isEl < |- [ cwra|

< /oo e (=l B dt
0

1

< o IEls
(N + g — p*

Taking the sup over all E with norm one gives the estimate claimed in Equation
(3.10).

O
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3.1.1. A Non-Linear Operator Equation on X. In this section we take
£: X — X to be a bounded linear operator and E be a fixed one parameter family
of bounded analytic N-tails. Suppose that R: B; x B, C C* x C — C" is a one
parameter family of analytic functions. Assume that there are C7,Cy > 0 having so
that for any 0 < § < s we have that

R1:

sup sup |R(z,w)| < C162,
lw|<T[2]<8

R2:

sup sup ||DR(z,w)|lam < Cad.
lw]<T [2]<6

We are interested in equations of the form
L[H](0,w) = E(0,w) + R[H(f,w),w] =0, (3.14)

with H: B, x B, C C¥ x C — C" (and k < n) a one parameter family of bounded
analytic N-tails. The next theorem provides conditions under which we can uniquely
solve such equations.

THEOREM 3.3. Suppose that R: B; x B, C C" x C — C" is a one parameter
family of bounded analytic functions, that 0 < § < s, and that there are C1,Cs > 0
s0 that the estimates of R1-R2 are satisfied. Let E: B, x B, C C* x C — C" be a
fized one parameter family of bounded analytic N-tails with |E||, . < €. Let £ be a
boundedly invertible linear operator with ||£71| gy < C. If there is a § > 0 having

1 1

2 6 in|{—,— 1
Ce < <m1n<20€l,002,5), (3.15)
then Equation (3.14) has a unique solution H € Xj.

We remark that if we think of € as a “small parameter” then the theorem is saying
that; if € is small enough then we can solve Equation (3.14).

Proof: Since £ is invertible we define the nonlinear operator ®: X — X by
O[H|(z,w) = £ E(z,w) + R[H](z,w)],

and note that H is a solution of Equation (3.14) if and only if H is a fixed point of
®. Then the theorem is proved as soon as we show that ® is a contraction mapping
on Xs. First we take H € X5 and consider

[@[H]llb,7 < 1€ I Bx) (I
< Cle+ C16?)

v+ IRIH]|.r)

_60
-2 2
<4

as the left hand side of (3.15) gives

Ce< =
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and the right hand side gives

1)
CC16% < .
2
Here we have used R1. Then ® maps X into itself.
Now let Hy, Hy € X5. Noting that the left hand side of Equation (3.15) gives that
0 < s we have that

|@(H1) = D(Ha)llvr < €7 B2y [R(H1) — R(Hz)llu,
< 1€ By sup | DRIH]||pw)llHi — Hally,r
HeXs

< C sup sup [|[DR(z,w)||m[|H1 — Hallo,-
|lw|<7|2]<8

< CCy||Hy — Ha|y, -

Here we pass from line three to line four by R2. Now it is again by the right hand
side of Equation (3.15) that CC3d < 1, so that ® is a contraction. Then ® has a
unique fixed point on X5 by the Banach Fixed Point Theorem.

O

We now discuss a situation where the previous theorem applies. The operator
we define is the second order Taylor remainder of a one parameter family analytic
vector fields on C™, where the for each fixed parameter the vector field is expanded
not about a single point, but about the image of some analytic function P from CF
to C™ with k < n (so that the image of P is then a sub-manifold of C™). If we have a
certain amount of control over the vector field in a neighborhood of the sub-manifold
then we can show that the second order Taylor term, restricted to the sub-manifold
satisfies assumptions R1-R2 above.

COROLLARY 3.4. Suppose that £: X — X is boundedly invertible linear operator
with | L7 gy < C, that 0 < p' < p, that f: By(po) x By C C" x C — C" is a
bounded family of analytic functoins, and that P: B, x B, C CkxC — C™ withk < n
is analytic with P[B,,w] C By (po) for all w € B;.

Assume that My counts the number of second partial derivatives of f(z,w) which
are not identically zero (with respect to z and w), and My is any bound of the form

sup sup max |0gf(z,w)| < M.

|w|<T |z2—po|<p |B]=2

Assume that E: B, x B, C CF x C — C" is a fived one parameter family of analytic
N-tails with | E||,,» < € and that there is a 6 > 0 so that

- L (p— e (3.16)
2CM, M, 2menC MM, P~ P/ ‘

206<(5<min(

For every (0,w) € B, xB; and alln € Bye-1, let Rp: B,e-1 x B, C C"xC — C"”
be the analytic function defined by

f[P(QWJ) + 777(*‘}] = f[P(97w)7w] + Df[P(97w)7W]77 + RP(G,W) [n7w]'
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Then the equation
L[H](0,w) = E(0,w) + Rp(g,.)[H(0,w),w]

has a unique solution H € Xj.

Proof: Define s = p — p/, and note that s > 0. We want to bound the second order
error term associated with the Taylor expansion of f at P(,w) on the ball B[P (6, w)].
Then note that for any 6 € B,, w € B, we have that the ball B,[(P(0,w)] C B,(po),
and that B,(po) is the ball on which we have control of the second order partial
derivatives of f.

The argument reduces to a local computation. To this end we fix (¢,w) € B, x B,
and define z = P(#,w). For any n € Bs(z) we have that

fz+n,w) = f(z,w) + Df(z,w)n + R:(n,w),

with R.(n,w)/n — 0 as [n| — 0, as f is analytic on B,(py). R.(n,w) can be bound
using the Lagrange form of the Taylor Remainder. We see that

|R.(n,w)|] < max Zﬂln/ (1 —1)0afi(z +tn,w)dt

1<i<n

Zp|l8l _ .
< g Y 2 [ Dotz + tmola

< o Z 8l
_1I£ia§Xn<sup sup  Oglfi(w,w) ) Z s

|w| <7 [w—po|<p 18]= 2
S M1M282.
Now suppose that h € Bs and define Define 7, € B by

0
h = —MNh-
S

Since R, (:,w) and its first partial derivatives are zero at the origin, R,(-,w) is an
analytic 2-tail. Exploiting the bound given by Lemma (2.2) we have that

0
Rl = R (2]

52
< 5 R (m,w)|
52 )
S fQMlMQS
S
= M, M52 (3.17)

Now if H is a one parameter family of bounded analytic N-tails with || H]|,, < 4,
then since the Estimates of Equation (3.17) are uniform in z, h, and w we have that

|Sl|lp |STlp |RP(9,w)[H(0aw)aw]| = HRP[H]HV,T < M1M2627
w|<T |0|<v
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which of the same form as R1.

In order to bound the derivative Rp we take z = P(f,w) with § € B, and w € B,
fixed as before, and now consider any 0 < § < e~ 's. For any 0 < ¢ < 1 define
t = 0/(se”?). Let h € Bs(z). Then define h = tn with 7, € B.-o,(%). Since
DR, (-,w) is a matrix whose entries are analytic 1-Tails we have that

|DRz (tﬁhvw”M <t |DRZ (ﬁhaw)IM

<

< sup  |DR.(n,w)|u
se

In|=e=7s

e’ [ 2mn
< — ( sup IRz(n,w)l>

s 80 |n|=s

2mne’
2

<9 M Mss?, (3.18)

os
where we pass from line two to line three using the Cauchy Bound Lemma (2.1).

Taking H a one parameter family of bounded analytic N-tails with |H]||, . < J,
we observe again that the estimate of Equation (3.18) is uniform in 6, w, and o. Also
note that e? /o is minimized at o = 1, so that

|SI|1p ‘Swlup HDRP(Q,W)[H(Q,M),W]HN[ < 2wenMy Ms6.
wl<T |0l<v

This is of the form of R2. Then Theorem (3.3) applies to Rp(-,w) and we have the
corollary.

O

We remark that while Rp is defined, analytic, and bounded on B,, because we
have used the Cauchy Bound we only have the estimate on the derivative of Rp on the
strictly smaller ball B.-1,. The is the reason for the restricted domain of definition
for Rp. However from a practical standpoint all that was required is that we have
bounds on the second derivatives of f on a somewhat larger disk (radius p) than the
disk which contains the image of P (radius p’).

4. Parameterized Families of Invariant Manifolds.

4.1. Formal Computation of Coefficients. In this section we develop the
formalism for polynomial approximations of one parameter families of invariant man-
ifolds, as promised in the Introduction. First however it is highly instructive to recall
several basic facts about formal the computations at a single parameter value. As
discussed in the Introduction of the present work, the problem of finding a parame-
terizatoin of the stable/unstable manifold of a fixed vector field f is equivalent to the
problem of solving the partial differential equation

F[P(0)] = DP(6)Af (4.1)

under the constraints that P(0) an equilibria and that DP(0) the matrix of sta-
ble/unstable eigenvectors. Here A is a numerical matrix of fixed complex numbers.
(Namely the stable/unstable eigenvalues of the differential at the equilibria).
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Moreover it is shown in [8, 10] that (under mild non-degeneracy conditions which
will be recalled momentarial) the coefficients a,, for || > 2 of the power series solution
P0) = Z\O;:o a,0% themselves solve the homological equation

[Df(po) — (1M1 + ... + apAp)ldy])an = Sa- (4.2)

The equation is derived by a power matching scheme. Here s, is a non-linear function
of the the coefficients ao with || < |@|. The from of the nonlinearity depends on
the nonlinearity of f. Then Equation (4.2) is a matrix equation whose only unknown
is an. For the specific example of the Lorenz system, an explicit formula the s,
associated with the two dimensional invariant manifolds of any equilibria is given by

0
1 3
S(n1,n2) = Z a(’flll —jm2—k) a(]évk) (4.3)
0<k+j<ni+nz _a(n17j7n27k) a(j,k)

for all two dimensional multi-indices (ny,ng2) with ny + ng > 2.
Similarly a parameterizatoin of the stable/unstable manifold of a fixed point of a
diffeomorphism f solves the problem

fP(0)] = P(A0) (4.4)

with P(0) an equilibria and DP(0) the matrix of stable/unstable eigenvalues. Again
under mild non-degeneracy conditions, the coefficients a, for |a| > 2 of the power
series solution P(6) = Zm:o an,0% solve the homological equation

[Df(po) — (AT ... A7F)Idp]aq = Sa- (4.5)

Again s, is a non-linear function of the the coefficients a,s with || < |a|. For
the Hénon map one can for example work out that the homological equation for a
stable/unstable manifold is

—2aaf — A" 1 ap | _ aZZ;llaLkai
O B R R o

The explicit derivation of this homological equation can be found for example in
(CITE FRECHENCII).

Then the following lemmas provide conditions under which we can define (at
least formally) the chart maps parameterizing the stable/unstable manifolds discussed
above. The proofs of the lemmas follow immediately from the discussion above, how-
ever reader interested in the details can consult [8, 5] (KONST ME MAPS, TuCKER).
The idea is that the left and side of the homological equations are characteristic equa-
tions for the differential of the fixed point/equilibria. Then the coefficient a,, fails
to be defined if and only if the sum (a1 A1 + ... + agAg) (for flows) or the product
AT AYE (for maps) is itself equal to an eigenvalue. Should this equality occur we
say that there is a resonance. Since Aq,..., A\, are eigenvalues of like stability, there
are only a finite number of possible resonances, and no “small divisors”. (This is in
contrast to the situation in KAM /normal form theory where one encounters homolog-
ical equations with eigenvalues of mixed stability, i.e. some stable and some unstable
or even some with elliptic stability).
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LEMMA 4.1 (Existence of a Stable Formal Solution for Differential Equations).
Assume that pg is an equilibria of an analytic vector field f and that Df(pg) is hy-
perbolic. Let A1, ..., Mk, Ak+1, - ., An be the eigenvalues of D f(po) and suppose that
the first k eigenvalues are stable and the remaining n — k eigenvalues are unstable (in
the sense of differential equatoins). Define

. = mi I, d = I(A)].
I @lgklrea(z)l and  p 1r£ia§xk|rea(z)|

Assume that for each o € N¥ with 2 < |a| < [p*/u«] we have that the non-resonance
condition

al)\1+...+ak)\k7é)\i, 1<:<k

holds. Then the solution of Equatoin (4.1) is formally well define to all orders.

LEMMA 4.2 (Existence of a Stable Formal Solution for Maps). Assume that pg
is a fized point of an analytic diffeomorphism f and that Df(po) is hyperbolic. Let
ALy ooy My Aktls - o Ap be the k stable and n — k unstable (in the sense of maps)
eigenvalues of D f(po). Define

e 3 . >K: .
po= min M| ond  p% = max |Al.

Assume that for each o € N¥ with 2 < |a| < [In(u.)/In(u*)] we have that the non-
resonance condition

AT AR N, 1<i<k
holds. The the solution of Equatoin (4.4) is formally well define to all orders.

REMARKS 4.3.

(A) (Unstable Manifold Parameterization) When considering the parame-
terization of an unstable manifold for differential equations we apply Lemma
(4.1) to —f. Since this has differential —D f(pg) the unstable eigenvalues of
f become the stable eigenvalues of —f. Similarly when considering the pa-
rameterization of an unstable manifold for diffeomorphisms we apply Lemma
(4.2) to Df~Y(py), and again the unstable eigenvalues of D f(pg) become the
stable eigenvalues of D f~1(pg).

(B) (Systems With a Single Stable/Unstable Direction) Suppose that k =
1 so that the system has only one stable eigendirection, and hence the stable
manifold is one dimensional. Then the multi-indices are one dimensional (i.e.
a =n € N ) and Equations (4.2) and (4.5) reduce to

[Df(po) — nAldlay, = $n, and [Df(po) — \"Id|a, = sn,

respectively. Then since n > 2 and A is the only stable eigenvalue it is
impossible to have either nA = A (in the case of differential equations) or
A" = X (in the case of maps). We conclude that in the case of one stable
direction there are never resonances, and the parameterizations are formally
defined to all orders. A similar remark holds for the case of a singe unstable
direction.
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(C) (Real Systems With a Single Complex Stable/Unstable Directoin)
Similarly if f is real, k = 2, and A; is complex, then it follows that Ay = A;
(i.e. in real systems complex eigenvalues occur in complex conjugate pairs).
Considering a two dimensional multi-index o = (n1,n2) € N? we see that
both n1A; +n2\1 = A1 (for differential equations) and A} A= A1,2 (for
maps) are impossible. So here again there are no possible resonances.

4.1.1. Formal Computation of a One Parameter Branch of Invariant
Manifolds for the Hénon Map. Consider again the Hénon Family given by Equa-
tion (B.1). At w = 0 choose pg one of the maps two fixed points and let Ay and & be
the stable eigenvalue and associated eigenvector of D f(pg,0). As discussed in Section
(B) we can compute analytic Taylor Models for

p(w) = Z pw’™,  Aw) = Z Apw™  and  E(w) = Z Emw™,
m=0 m=0 m=0

using Equations (B.4), (B.5), (B.8), and (B.10) to compute the first M coefficients
and Lemma (A.4) to validate the truncation errors.

As mentioned in the Introduction (and proved in [10]) there exists an analytic
branch of parameterizations P(f,w) for the invariant stable/unstable manifold at po.
We denote its unknown power series by

PO,w) = Z Z Py 0" W™

n=0m=0

For the Hénon family the Equation (1.3) reduces to
fIP(0,w),w] = P[A(w)8,w]. (4.7)

By imposing the linear constraints given by Equation (1.4) we have that p(,, 0) = pm,
Pim,1) = Em.-

The coefficients p(g ) are the coefficients of the parameterization when w = 0.
These are computed by solving the homological equation for the Hénon map given by
Equation (4.6). We obtain the equations for the coefficients p(,,,,y when n > 2,m > 1
by plugging the unknown power series representation for P into Equation (4.7) and
matching like powers of w and . First we define the coefficients (., ,,) by the series
expansion of A(w)™. So

Aw)]" = Z Amn)w"™.
m=0

We expand the right hand side of Equation (4.7) and obtain

oo

PA(@)8,0] = Y palw)A(w)] 6"

= Z ( p(m’n)wm) (Z )\(m’n)wm> o"
0 m=0

n=0 \m=
o© oo m plk " o
n=0m=0 k=0 p(kvn)
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Expanding the left hand side of Equation (4.7) as a power series gives

1+ P(0,w) —alP(0,w
fpe.w = | OIS

which we expand component-wise to obtain

f[ (90) 1_1+Zzpmn9nm

n=0m=0

N Z Z Z Z a p%m*j,nfk)p%j,k)anwm» (4.9)

n=0m=0 k=0 j=0
and
[e.e] oo [ee] (oo}
fIP(O,w),w]s = Z Z bpp,,w™0" + Z Z p%m_lm)me" (4.10)
n=0m=0 n=0m=1

Now we equate the power series expressions for the left and right hand sides, match
like powers, and isolate the highest order terms to obtain the homological equation

_2ap1 - Ay 1 plm n Slm n
{ (Ol;)) 0 v } [ g O N . sg \n) (4.11)
0 Pim,n) (m,n)
where
1 1
Stmm) = Z Am—snPlmy + D D8 Blanjn-1Plik)
k=0 j=0
and
m—1
2 1 2
Stmn) = ~Plm—tm) T D Mm—jn)Pljm)
j=0

forn>2,m > 1.

4.1.2. Formal Computation of Polynomial Approximations for the Lorenz
System. We illustrate the formal computation for the one parameter branch of two
dimensional stable manifolds through the origin of the Lorenz System. Let

P(8,w) = P(01,02,w Z Z Zp o)W 07 05

n1=0n9=0m=0

denote the parameterization of the one parameter branch of two dimensional stable
manifolds through the origin. Then P satisfies the functional equation

FIP(01,02,w). ] = [D1P (01,05, w)|A(w) [ 33 } ’

where



Since the origin is a fixed point for all w the series expansion of p(w) is trivial
to all orders. Moreover since we take 8 > 0, we have that A\}(w) = —3 and ¢! (w) =
(0,0,1) are a stable eigenvalue/eigenvector pair for all w. The remaining unstable
eigenvalue/eigenvector pair A?(w) and & (w) do depend on w and are computed using
the techniques of in Section (A.3). We have that p(m, 0,0y = 0 for all m > 0, p(m.1,0) =
&m for all m >0, poo1 = (0,01), and py, 0,2 = 0 for all m > 1.

The po,n, n, coefficients are the coefficients for the two dimensional manifold in
the w = 0 system. These are computed using the homological equation (4.2) with
a = (ny1,n3) a two dimensional multi-index and with the right hand side given by
Equation (4.3). What remains is to compute the coefficients P(ni,ns,m) for n1+ng > 2
and m > 1. As in the previous example for the Hénon map we compute a recursive
expression for the remaining coefficients by a power matching scheme which results
in

—0 — (nl)\(lé—&- n2A3) 01 , q pém,m,nz)
P = (o) —1 = (mAg +n225) ) Plimnsma)
3

a%oo) a%oo) =B = (mAg + n2A) DPlm,ny na)

1
8(m,n1,n2)

= | Smmima) | (4.12)
S(m,nl,ng)
where
m—1
1 1 2 1
s(m,nl,ng) = [’n’l)‘mfk + nQ)‘mfk] p(k,nl,ng)
k=0
m—1
2 1 2 2
S(m,nl,nz) = —P(m—1,n1,m2) + [nlAm—k + n2)‘m—k] p(k,nl,ng)
k=0
ny no m
_1 3
FD DD Pl —ima—)Pikid)
i=0 j=0 k=0
and
m—1 ny M2 m
3 1 2 3 —1 —2
S(mn1na) = [N + 12000 1] Pltmsine) = D D D Plonoms —ima—i) Plkis)
k=0 i=0 j=0 k=0

4.2. Formal Well-Definedness of P(f,w) and One Parameter Branches
of Non-Resonance Conditions. We note that Equation (4.11), which is the homo-
logical equation defining the coefficients of the one parameter branch of chart maps
for the stable/unstable manifolds of the Hénon map, has the form

[Df(po) - /\gld]a(m,n) = §(m7n)

where the characteristic matrix on the left-hand side is ezactly the same matrix as
in the left hand side of the homological equation (4.6) for the coefficients of the
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parameterization for the w = 0 system. So while the right hand sides of Equations
(4.11) and (4.6) are different, we see that the coefficients of P(6,w) are well defined
under precisely the same conditions given in Lemma (4.2). We conclude that if the
eigenvalues of the w = 0 system are non-resonant in the sense of Lemma (4.2), then
the formal series for the one parameter branch of parameterizations is well defined
to all orders. To put it another way; when we decide to compute a one parameter
branch of invariant manifolds we need impose no extra conditions in order that the
formal solution is well defined to all orders.

Similar comments are seen to apply for the Lorenz system by observing that the
matrix on the left-hand-side of the homological Equation (4.12) is the same matrix as
on the left-hand-side of the homological Equation for the w = 0 system of differential
equations given by Equation (4.2). So again we see that the one parameter branch of
parameterizations is formally well defined under precisely the conditions of Lemma
(4.1).

These considerations give rise to an a-priori necessary condition on the radius of
convergence of the formal series defined above. Namely, for a one parameter branch
of invariant manifolds for differential equations we must find a 7 > 0 so that

ar A (W) + ..+ apAp(w) # Ai(w)

for all 2 < |a] < [p*/p«], 1 <i <k, and all w € B;. On the other hand, for a one
parameter branch of invariant manifolds for diffeomorphisms we must find a 7 > 0 so
that

Ar(@)]* - (@) # Ai(w)

for all 2 < |a| < [In(ps)/In(p*)], 1 <i <k, and all w € B;.
We focus for the moment on the case of differential equations. Consider the
analytic Taylor models

Al(w>: ()\3\4(6‘))77-1761)7 ISZSI{:

for the eigenvalues at an equilibria of a one parameter family of analytic vector fields.
Then there is a resonance at w € B, if and only if w is a solution of one of the
equations

oA (w) + .. apAp(w) — Ai(w) = 0.

for 1 <i<kand2< |a <[p*/u]. Assuming that w = 0 is not a solutions of
any of these equations, i.e. under the assumptions of Lemma (4.1), we now want to
find a 7 > 0 so that if w € B, then there are no solutions for any multi-index o with
2< |af < [p*/ps].

For any 7 > 0 we define the quantities

bo(7) = min, ‘il‘lng lar A1 (w) + ...+ ag Ak (w) — N (w)]

Let iy, (w) = Z%ZO AL w™, so that A\, are the polynomial coefficients associated with

Ai(w). Then we have the bound

ba(r) > min, A+ o apAl = Ni| = Ba(7) (4.13)
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where
M
B.(r)=T1 Z |oz1)\}n +...+ ozk/\lﬁn — A;n’ 7 4 agdy 4 .. A ardy + 6l
m=1

If
‘041/\(1)++Oék)\§—/\6‘ > 101 + ...+ apdi + 05, (414)

for each 1 < ¢ < k, then there exists a 7 > 0 so that b, (7) > 0 for every a. If there
is further a 7 > 0 for which all of the Equations (4.14) holds for each multi-index «
with 2 < |a| < [p*/u+]. then there are no resonances on B, with this choice of 7.

Since in the present work we consider only the two dimensional Hénon map with
one stable and one unstable direction, there are no possible resonances. Then the
only restrictions on the parameter domain come from assumptions A1l-A3(Maps);
namely we must choose a B, so that for all |w| < 7 the differential is invertible and
there are no eigenvalue bifurcations. If we were to consider the secondary equilibria (or
“eyes”) of the Lorenz System near the classical parameters then again there would be
no possible resonances, as at the classic parameters the eyes have one stable direction
and one complex unstable direction, and again there are no possible resonances.

On the other hand when we consider the stable manifold associated with the
equilibria at the origin of the Lorenz System near the classical parameter values then
the eigenvalues are real distinct and we must rule out any possible resonances.

Example: Consider the Lorenz System with parameter values o = 10, § = 8/3, and
p = 13.9265 (parameters close to the classical homoclinic tangency). Using IntLab
we compute the eigenvalue enclosures

A1 € B (—18.12992478204046,3.56 x 10~ °) ,
A2 € B (—2.66666666666666,4.45 x 107'%) ,
A3 € B (7.12992478204047,6.22 x 107°)

which are clearly real and distinct. Considering only the stable eigenvalues we take

fy =2.6 < Din, [real(A;)] and p* =18.13> max, [real(A;)].

We can check that [p*/p.] = 7. Then if ny 4+ ny > 7, we have that
N1AL + Nado < —Ngfle — Nofly < — Ty < —p < A1 < Ag,

which shows explicitly that n; +ny > 7 implies that nyA; +n2As # A; for 1 = 1,2 and
we conclude there are no possible resonances with for multi-indices of order greater
or equal to 7. What remains is to check the 33 remaining non-resonance conditions
of the form

b("lﬂlz) = 121322 |n1/\1 + nodg — )\i| > 0.
with 2 < ny +nz < 7. We compute b(,, ,) using interval arithmetic and check that

the resulting interval does not contain zero. We tabulate the results and find the the
closest the system ever comes to resonance is when (n1,n2) = (0,7), in which case

|OA1 4+ 7Aa — A1| € [0.53674188462619, 0.53674188462621].
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This tells us that when we compute the analytic Taylor models which parameterize
the branches of stable eigenvalues, we have to take care with the equation

Th2(w) — A1 (w) = 0.

We compute the analytic Taylor models for \;, i = 1,2 to order 12, and check the
resonance bounds for all 2 < nj +mny < 7. For the multi-indices with (ny,n2) # (0,7)
we find that for 7 as large as 1.3 we have that b(,, »,)(7) > 1. The difficult multi-
index is (0,7) where we only have b 7)(1.3) > 0.01. However, we also report that
when 7 = 1.4 we cannot guarantee that b 7)(1.4) > 0 using interval arithmetic and
the bounds given by Equation (4.13). On the other hand if we take 7 < 0.5 we have
b(n1,nz)(0.5) > 1 forall 2 <ny +np < 7.

REMARK 4.4 (Range Bounding Using Interval Arithmetic). Since the resonance
conditions always involve bounding functions of one variable away from zero we can
always try to use other range bounding methods instead of the simple bounds given by
Equation (4.13). This could be especially useful for any multi-indices where there is
a near resonance in the w = 0 equation (like the equation associated with the multi-
index (0,7) for the homoclinic tangency parameters in Lorenz that we have been
discussing). See [27] for a more sophisticated treatment of techniques for obtaining
range bounds using interval arithmetic. For the present work Equation (4.13) will be
sufficient.

4.3. Validated Truncation Error for Coefficient Tails. Suppose that

N M
Pyn(0,w) = Z Z A(a,myw™ 0" (4.15)

|oe|=0 m=0

is an N M-order polynomial approximation of a solution of either Equation (1.2) or
(1.3) whose coefficients are solutions of either the homological Equations (4.11) in the
case of the Hénon family or the homological Equations (4.12) in the case of the Lorenz
system. We treat the truncation error associated with this polynomial approximation
in two steps. In the present section we bound the truncation error in w up to all
powers of 6 with || < N on a complex disk |w| < 7. In the next section we treat
with the truncation error due to terms of order |a| > N.

Then for the purposes of the present discussion it is helpful to think of Py;n as a
polynomial in the variable 6, whose coefficients are polynomials in the variable w. So,
we write the true solution as a power series in 6 whose coefficients depend analytically
on the parameter w;

oo

PO,w) = Z aq(w)0%,

|a]=0

and think of each coefficient as an analytic function

o) M
an(w) = Z Ulamyw™ = Z A,y + ha(w) = ad (W) + ha(w).
m=0 m=0

We note that by computing the formal solution Pysx given by Equation (4.15) we
have actually computed the M-th order polynomials a}!(6) for each 0 < |a| < N.
Now we want to bound the truncation errors h, on some disk B;.
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Note that ag(w) = p(w) = pm(w) + hp(w) is the one parameter branch of fixed
points and we already have an analytic Taylor model p(w) = (pam(w), 7,6,). Then
if we write ag(w) = a9;(w) + ho(w) then we have a}!(w) = py(w) and the bound
[lholl- < dp = do. Similarly, for the first order multi-indices we let e; = (0,...,1,...,0)
be the i-th standard basis vector of N*¥ (i.e. e; is the multi-index with a one in
the i-th slot and zeros elsewhere). Then a.,(w) = §(w) and again if we consider
ae; (W) = ae; (W)™ + he, (w) then we have that ||he, || < J¢,, where d¢, is the truncation
error associated with &;(w)*. Then we define 8., = d,.

What is left is to prove that for 2 < |a| < N we must prove that there exist
analytic functions h: By — C" so that aq(w) = aM (w) + he(w) and truncation error
bounds of the form ||hs|lr < do. We proceed by exploiting the fact that a,(w) is
a solution of a homological equation. To be more precise, we recall that a,(0) are
the power series coefficients of the parameterization of the stable/unstable manifold
for the w = 0 system. Then the a,(0) terms solve the homological equation (4.2)
in the case of differential equations and the homological equation (4.5) in the case
of diffeomorphisms. (Explicitly the terms of order zero in m are the solutions of the
Equation (4.3) for the Lorenz system and Equation (4.6) for Hénon). Allowing w to
vary we see that a,(w) is a solution of the non-constant matrix equation

k
<Df[p(w),w] — Z ai/\i(w)ldn> o (W) = sq(w), (4.16)

for differential equations and

k
<Df[p(w),w] - H[/\i(w)]o‘ildn> o (W) = $q(w), (4.17)

1=1

for diffeomorphisms. Since these are linear equations and we already have an approx-
imate solution a(w), we could use Lemma (A.3) in order to bound the remainders.
However the following two theorems show that the desired bounds can be obtained
by exploiting the a-priori non-resonance bounds already computed in Section (4.2),
and the fact that we have already computed the diagonalizing transformations Q(w)

and Q1 (w).

THEOREM 4.5 (h, Bounds for Differential Equations). Assume that \;(w), 1 <
i < k are mon-resonant on B, in the sense of differential equations. Assume that
we have analytic Taylor model representations (A\M,7,8;), 1 < i < k, (s¥,71,85),
and (pam,T,0p) Tespectively for the functions X;, sq and the fized point branch p.
Define 05 = max; §;. Additionally let (Apr,7,04) be an analytic Taylor model of the
differential of f at p having

A(w) = Dflp(w),w] = Dflpm(w),w] + Ha(w),

with Ay = Dflpy(w),w] an M-th order polynomial in w with matriz coefficients,
and ||Hall; < 04. Let Q(w) be the matriz of eigenvectors for D f[p(w),w].
Define
M, = 11;1%)% |il\1§p'r IXi(w) — ar A () — ... — e (w)|7h.
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Let aM(w) be the M-th order solution of Equation (4.16) obtained by solving the
homological equations. Define the a-posteriori error polynomial

Ef(w) = sa' (W) = (Dflpar (@), w] = (A (@) + .. + ! () Idy,) ag (w),
and the total a-posteriori error bound
ca = | Efrllr + 85 + (54 + |aldn) a1+

Then there is a unique analytic M-tail ho: By — C" so that a® + ho = a is the
exact solution of Equation (4.16). Moreover we have the bound

1hall- < 1QI- Q7 [l Maca

Proof: Let a,(w) = a
We re-write Equation (

w) + ho(w) where we want to determine the function h,.
6) as

(Df[par (@) + hp(w), 0] = (Aar(w) + Ha(w), @) 1d) [ag] () + ha ()]

o (
4.1

Sa (W) + hy(w).

or

[Dfp(w),w] = (A(w), a) Id] ha(w) =

Efy + hs(w) = [Ha(w) = (Ha(w), @) 1d] ag/ (w).

Let E(w) denote the right hand side of this equation and note that E is an analytic
M-tail with ||E||; < €,. Utilizing the diagonalizing transformation Q(w) we have that
the equation becomes

[QW)ZW)Q™ (W) — (Aw), a) 1] ha(w) = E(w).

We now make the change of variables

Q(w)wa(w) = ha(w),

and re-write the equation as

(E(w) = (Aw), a) Id) wa(w) = Q™ (w) E(w).
The left hand side is now diagonalized and, under the assumption that the eigenvalues
are a non-resonant branch, we obtain the component equations
1
(@
Aj(w) —arAi(w) — ... — apAg(w)

Then w, exists and is an analytic M-tail. Now since h, = Quw, and we see that h,
is an analytic M-tail as desired. Moreover we have the estimate

[wa(w)]; = “Hw)EW)]; for 1<j<n.

Hw)EW)

1
el < 1QU max sup |5 (@
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< QI-Q 7" I-Macea,

as desired.

O

Note that the M, = 1/b,(7), where b, (7) is defined as in Section (4.2). Then
the bounds given by Equation (4.13) can be used to estimate the M, in practice.

THEOREM 4.6 (h, Bounds for Diffeomorphisms). Assume that A\;(w), 1 <i <k
are non-resonant on B, in the sense of diffeomorphisms. Assume that we have ana-
lytic Taylor model representations (MM, 7,6;), 1 < i <k, (sM,7,8,), and (pn,7,5,)
respectively for the functions \;, s, and the fixed point branch p. Define 5 = max; d;.
Let (Apr,7,04) be an analytic Taylor model of the differential of f at p having

A(W) = Df[p(w)vw] = Df[pM(w)vw] + HA(W)v

with |Hall; < da. We also assume that (A, T,0ne) is an analytic Taylor model for
the scalar function A“(w). Let Q(w) be the matriz of eigenvectors of D f[p(w),w].
Define

_ . (W) — )\ e\ -1
Ma_l%?é(k‘Z?é)T')\l(w) AT (W) o AR (W)

Let aM(w) be the M-th order solution of Equation (4.16) obtained by solving the
homological equations. Define the a-posteriori error polynomial

Ef(w) = 53! (0) = (Dflpa (), w] — Afy (w)Idy) agf (w),
and the total a-posteriori error bound
€a = Bl + 85 + (54 + 0pe)[lag] |+

Then there is a unique analytic M -tail hy: By — C™ so that aﬁ/l + ho = aq 1S the
exact solution of Equation (4.17). Moreover we have the bound

Ihall- < 1QI- Q7 [l Maca

The proof is almost identical to the proof of Theorem (4.5.)

REMARK 4.7 (Computational Cost of Computing d,). The theorems say that in
order to bound h, we must compute the a-posteriori error polynomial Ef;, as well
as the sigma-norms of EY, and a}. Note that the cost of computing E¢, in both
cases is the cost of a Cauchy product of two polynomials of order M. The cost of
evaluating the sigma norms are the cost of an inner product.

4.4. A-Posteriori Analysis of The Full Truncation Error. In this section
we state and prove the main theorems of the paper; one theorem for flows and one
for maps. Throughout the section we take f, p, v, p(w), D; f[p(w),w], k, Ai(w) and
&(w) for 1 < i <k, A(w), and A(w) to be as in either A1-A3-flows or A1-A3-
maps from Section (1) depending on wether we are discussing differential equations
or diffeomorphisms. In either case we assume that that Py: B, x B, C CF xC — C»
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is an N-th order polynomial in § € B,(0) C CF with coefficients analytic in the
variable w € B, (0) C C, so that Py has power series expansion

N N e
Pn(0,w) = Z o (W) = Z Z Um0y 0%,
|a|=0 |a]=0 m=0

convergent on B, X B,. Moreover suppose that Py satisfies the first order constraints

Py(0,w) =p(w), and DiPy(0,w)=[&(w)]... [k (w)]-

Suppose that the power series of the differential

Df[Pyn(0,w),w Z ZA(am)w 0>

la]=0 m=0

also converges on B, x B;. Take Q,Q~': B, C C — Mat, x,(C) to be the transfor-
mations which diagonalize D f[p(w),w]; i.e. @ is the matrix whose columns are all of
the stable and unstable eigenvectors, and Q! it’s inverse.

Finally, assume that Py is the N-th order formal solution either Equation (1.2) in
the case of vector fields, or Equation (1.3) in the case of difeomorphisms; i.e. suppose
that the coefficients of Py are exact solutions of the homological equations for a one
parameter family of stable manifolds.

4.4.1. Differential Equations. Define the total a-posteriori error
En(0,w) = f[Pn(0,w),w] — D1 Pn(6,w)A(w)b, (4.18)

for the case of vector fields.

DEFINITION 4.1. [Validation Values for a One Parameter Branch of Local Stable
Manifolds at an Equilibria of a Vector Field] A set of positive real constants, €, p’, i,
w*, My, My, Cy, and Cy are called validation values for the one parameter branch of
stable manifolds problem if

@): |1Elvr <

(ii):

A _ <
[in, \oﬂlgfr real (A\;(w)) < p*  and . < Jmax, ‘il|1<p7— real (A;(w))

QII-IQ™ - < C1,

>0 > el <o,

im0 o

(v) M is the set of multi-indices (i, 8) € N x N* with 1 < i <n, |8| =2, so that
0pfi(z,w) is not identically zero. M; denotes the cadnality of M, and My is
any uniform bound of the form

max sup sup gl fi(z,w)| < M.
(i.8)EM 2€B,, weB, slfiz @l
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(vi): p’ has 0 < p’ < p, with

|21|1<p s‘ul‘) | Pxn(8,w) — p(w)]l < p'.

This insures that domain B, (0) C CF is small enough that the image of Py
is contained in the interior of the domain B,(p) x B;(0) C C" x C of the
family of vector fields f.

THEOREM 4.8 (A-Posteriori Error for a One Parameter Branch of Stable Man-
ifolds for an Equilibria of a Vector Field). Suppose that €, p', p., p*, My, My, Cy,
and Cy are validation values for a one parameter branch of local stable manifolds at
an equilibria of a vector field.

Assume that N € N and § > 0 are such that

*

I

(N+1)> 2 (4.19)
s
[ )
1 (N D —
) ! ( —p 4.2
<¢ mln{Q’l’LTerMQC&eC?’p p ( O)
e and
202

Then there is a unique one parameter family of analytic N-tails H: B, x B, C CF x
C — C™ with

IHl.- <0,
so that
P(f,w) = Py(,w) + H(O,w)

is the exact solution of Equation (1.2) on B, x B;.
Proof: We seek a one parameter family of bounded analytic N-tails so that

fIPn(0,w) + H(0,w),w] = D1[Pn(0,w) + H(0,w)|A(w)0 (4.22)

for all (§,w) € B, x B;. Image(Py) C B(po, p’) and f is analytic on B(pg, p) so we
can Taylor expand the left hand side of Equation (4.22) to second order and obtain

fIPN(8,w) + H(0,w),w] = f[Pn(0,w)]+ Df[Pn(0,w) H(0,w) + Rpy 0,0 [H (0, w), w],
where R is the quadratic remainder there. Rearranging Equation (4.22) we have

Dy H(0,w)A(w)d — Df[Py(0,w), wH(0,w) = En(0,w) + Rpy(0.0)[H(0,w), w].
Letting

A(97w) = Df[PN(97w)7w]a
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and recalling the definition of £q, from Section (3.1) we note that this is
LhowlH](0,w) = Ex(0,w) + Rpy 9.0 [H(0,w),w], (4.23)

which has the form of the non-linear operator equation considered in Corollary (3.4).

First we note that by A1-A3-flows and the fact that Py satisfies Equation (1.1),
A(0,w) = Df[p(w),w] is a hyperbolic matrix (in the sense of differential equations)
and undergoes no eigenvalue/stability bifurcations. Moreover the k < n stable eigen-
values of D f[p(w),w] satisty the u., u* bounds given by Equation (3.6) by part (iz) of
Definition (4.1). Now (ii), and (iv) of Definition (4.1) combined with the hypothesis
given by Equation (4.19) allow us to apply Lemma (3.2) and conclude that £q; is
invertible with bound given by Equation (3.10).

In final preparation to apply Corollary (3.4) we note that the preceding paragraph
gives the bound C on the inverse of the linear operator asked for in the hypotheses of
the corollary. Moreover part (vi) of Definition (4.1) gives that Pn[B,,w] C By (po),
and (v) of Definition (4.1) gives precisely the M; and M, hypothesized in the corollary.
Finally we see that the bound on Qﬁ(l)ws given by equation (3.10) used in conjunction
with the constraints on ¢ hypothesized in Equations (4.20) and (4.21) and see that
any such choice of ¢ satisfies the hypothesis of Corollary (3.4) required by Equation
(3.16). Then the corollary applies and the proof is complete.

O
4.4.2. Maps. Define the total a-posteriori error
EN(G,LU) = f[PN(97w)aw} - PN(A(UJ)07W)7 (424)

for the case of diffeomorphisms.

DEFINITION 4.2. [Validation Values for a One Parameter Branch of Local Stable
Manifolds at a Fixed Point of a Diffeomorphism] A set of positive real constants, e,
Py s, p*, My, My, and C are called validation values for the one parameter branch
of stable manifolds problem if

@: 1E]l,r <,

(ii):

. < min inf |\ d (w)| < pf <1
0<p —@%@%TM’(”)' an %?%MS,?;'W”—“ <

(i)
oo oo A
Z Z 7| (a’m)leylo“ <C.

aCim=o Helod

(iv) M is the set of multi-indices (7, 5) € N x N with 1 <4 < n, |8| = 2, so that
0 fi(z,w) is not identically zero. M; denotes the cadnality of M, and M, is
any uniform bound of the form

max sup sup gl fi(z,w)| < M.
(i.8)EM 2€B,, weB, slfiz @l
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(v) and that there is a 0 < p’ < p with

sup sup || Py (6, w) — p(w)|| < o,
o1y |l

again insuring that domain B,(0) C CF is small enough that the image of
Py is contained in the interior of the domain B,(p) x B(0) C C™ x C of the
family of diffeomorphisms f.

THEOREM 4.9 (A-Posteriori Error for a One Parameter Branch of Stable Man-
ifolds for a Fixed Point of a Diffeomorphism). Suppose that €, p', ps, pu*, My, M,
and C are a collection of validation values for a one parameter branch of local stable
manifolds at a fized point of a diffeomorphism.

Assume that N € N and § > 0 are such that

(wHNTIC <1, (4.25)
[ ]
B ) 1— C (’u*)NJrl
1 A

d<e mln{ SnnC M, P—p (4.26)

e and

2

¢ <0 (4.27)

L= C)¥e

Then there is a unique one parameter family of analytic N-tails H: B, x B, C CF x
C — C™ with

|Hl» <0,
so that
P(f,w) = Py(,w) + H(f,w)

is the exact solution of Equation (1.3) on B, X B;.
Proof: Now we are looking for a one parameter family of bounded analytic N-tails
so that

f[Pn + H](0,w) = [Py + H](A(w)0,w) (4.28)

for all (6,w) € B, x B,. Image(Py) C B(po, p’) and f is analytic on B(pg, p) so we
Taylor expand the left hand side of Equation (4.28) to second order and obtain

FIPx + H)(0,w) = FIPx(0,w)] + DFIPx (0,) H(8,w) + Rpy (6.0 [H(0, ), 0,
where R is the quadratic remainder term. Rearranging Equation (4.28) we have
H[A(w)0,w] — Df[Py(0,w),w]H(0,w) = Ex(0,w) + Rpy (9.)[H(0,w),w]
Recalling the definition of £map from Section (3.1) we note that this is

Qmap[H](g,w) = EN(97W) + RPN(Q,W)[H(Q,W),M], (429)
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M N T T v On 1) time

I 1 105]0995x107% [ 1078 | 448 x 107 [ 3.22 x 1011 | 0.3 (sec)
3 5 10720995 x1072] 01 | 21 x107? | 1.95x107% | 1.7 (sec)
6 10 1072[0995x1072| 0.1 | 51x10"1 [ 328 x107 12 | 6.1 (sec)
10 10 1071[0995x107t | 05 | 25x 10710 | 1.04 x 107° | 10.7 (sec)
20 10 107110995 x 1071 | 05 | 1.4x107% | 6.12 x 10710 | 28.6 (sec)
20 10 0.2 0.1991 0.75 | 21x 10711 | 2.46 x 107 | 28.5 (sec)
20 10 0.25 0.248 0.75 | 9.36 x 107" | 1.3 x10~% | 28.4 (sec)

TABLE 5.1

Branch of Stable Manifold Performance Data for the Hénon Family: a;slkdfj

with
A(0,w) = Df|Pn(6,w),w].

The remainder of the proof is analogous to the last two paragraphs of the proof of
Theorem (4.8). Namely one checks that Definition (4.2) and the hypotheses of the
present theorem are sufficient that Theorem (3.1) and Corollary (3.4) apply. Then
the operator £maps is boundedly invertible with bound given by Equation 3.3 and
the corollary gives that proof as before.

O

REMARK 4.10. In practice the methods of Section (2.3) provide us with only
analytic Taylor models for the analytic branches of fixed points/equilibria p(w), stable
eigenvalues \;(w), stable eigenvectors &;(w), the inverse transformation Q~1(w), and
for the case of diffeomorphisms the powers of the stable eigenvalues. Similarly the
methods of Section (4.3) provide analytic Taylor models for the coefficients

aq(w) = Z A, myw"™.
m=0

In other words all terms are known up to interval enclosures of the M -th order
taylor polynomials, plus a validated error term on the complex parameter disk B, (0).
In other words, we don’t actually know exactly the polynomial Py hypothesized in
Definitions (4.1) and (4.2), we only have an interval inclosure of it with validated
error bounds. However we do know that a polynomial satisfying all the conditions
of the theorems is enclosed by our Taylor model. Moreover all the conditions of the
theorems can be checked using only the information provided by the Taylor model.

We also remark that in order to obtain the bound Cy for vector fields, C' for
diffeomorphisms, and € it is best to take the explicit form of the given system into
account, i.e. to exploit the actual formulas for the map or vector field in order to obtain
simplifications which depend on the specific form of the given dynamical system f.
This is discussed in detail for the Hénon and Lorenz systems in Appendix (C).

5. Numerical Computation of Families of Invariant Manifolds with Rig-
orous Error Bounds for Hénon and Lorenz. Consider first the Hénon map we
we fix the classical parameter values of @ = 1.4 and b = 0.3. There are two fixed
points p1, p2 € R? with

0.631354477089505 _16
peB ({ 0.18940634312685 } ,3.34 10 )
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and

~1.131354477089504 16
p2€B ({ ~0.339406343126851 } 44510 >

The eigenvalues associated with p; are
AT € [—1.923738858153408, —1.923738858153406],
and
A7 € [0.155946322302794, 0.155946322302795, ]
while the eigenvalues for associated with po are
Ay € [3.259822097891451, 3.259822097891454]
and
A5 € [—0.0920295620408391, —0.0920295620408399].

We choose eigenvectors with lengths 1.25. The taylor expansions for the fixed points,
eigenvalues, and eigenvectors are computed to order M = 20, and validated on an
parameter interval of [0.2,0.4], i.e. an interval of radius 0.1 about the classic parameter
value of b = 0.3. The validated bounds on the analytic Taylor models for the linear
data are 6, < 2.62x10715,5,, < 0.747x1071%, dyu < 2.92x107M, §5s < 2.51x10715,
oy <6.11 x 10~ 14, Oxy <214 % 10715, and the validated bounds for the eigenvector
series expansions are all also less then 8 x 1074, The eigenvector series are used to
compute an analytic Taylor model for the inverse of the diagonalizing transformation
Qo(w)™! to order M = 20 with a validated truncation error of less then 3.2 x 10713,

Using the methods of Section (A.3) we compute analytic Taylor models for the
powers of the stable eigenvalue series [A§(w)]™ for 2 < n < 10. Each series is computed
to order M = 20. The truncation errors associated with the powers of the eigenvalues
are all bounded by 8 x 107!3. Since the validation of the powers requires giving up
a small portion of the validated parameter domain these bounds are only valid on a
range of |w| < 7 < 0.0995, which we take as the new parameter range for the rest of
the computation.

Now we compute the formal series coefficients for the one parameter branch of
the stable invariant manifold associated with p;(w) to order M = 20 in the parameter
variable and order N = 10 in the phase space variable. Next we compute the M,
bounds of Section (4.2), and find all to be less than 11. Next we compute the d,
bounds of Section (4.3). There is one such bound for each coefficient of order greater
or equal to two, so nine. All of these bounds are less than 2 x 107 1%, Next we compute
that the numerical a-posteriori error is less than 1.1 x 1014 with 7 as in the preceding
paragraph and v = 0.75

Finally we bound the total truncation error. Using the bounds from Lemma (C.1)
we compute that 6y < 3.1 x 10713, § <4.7x 1071, and ey < 2 x 107°. Finally we
apply Theorem (4.9) and obtain that the total truncation error is less than 6.7 x 1077.
Combining this bound with the formal polynomial expansion gives a representation
of the one parameter family of invariant manifolds which is accurate to roughly eight
significant figures.

Similar validated computations can be done for the other three families of invari-
ant manifolds. The results of these validated computations are plotted in Figure 5.1.
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For the sake of comparison we also include Figure 5.2, which shows the plots of the
same manifolds on a domain of 7 = 1.5 and 1 < v < 4 for each of the manifolds
(see the caption under the figure for more details). We note that while the param-
eterizations cannot be validated for domains of this size using the methods above,
the approximations are still “good” in the sense that the residuals are small for each
expansion (numerical residual smaller than 107%). Figure 5.2 gives some idea of what
the global dynamics are for parameters near b = 0.3 and also highlights that the
methods developed here provide numerical insight into the dynamics of the system
even in the absence of rigorous proofs.

Table (5.1) shows the results of a number of similar computations for the stable
manifold at p;.

F1c. 5.1. Some Stuff...

We cary out similar computations for the two dimensional stable manifold at the
origin of Lorenz System in order to obtain a three variable polynomial approximation
to the one parameter family of manifolds. We center the expansion at the parameter
set 0 = 10, 8 = 8/3, and p = 13.9265. These parameters put the system near the
classic homoclinic bifurcation. We expand the family of manifolds in the p parameter.
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Fic. 5.2. Some Stuff...

We note that the origin is an equilibria for the vector field for all values of p. Then
in this case the power series expansion of the equilibria with respect to parameter is
completely trivial. We also note that A\j = —8 = —8/3 is a stable eigenvalue for
the differential at the origin for all values of p, so that one stable eigenvalue and one
stable eigenvector have constant power series expansions.

The remaining stable eigenvalue has

Al € [—18.129924782040472, —18.129924782040465],

for the parameters stated above, but does very with p. Then we expand this eigenvalue
and it’s associated eigenvector with respect to the parameter p. The results of this
computation for several different program inputs are shown in Table (5.2). Since the
resulting manifolds are three dimensional we omit graphical results.

Appendix A. Operations on Analytic Taylor Models.

A.1. Products. We begin with the statement and proof of a simple Lemma
which results in an analytic Taylor model of the product of two analytic Taylor models.
The Lemma itself is almost trivial, but it will be instructive later to compare the cost
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N T v OH 0 time
6 1075 0.0001 | 4.32x 1071 | 1.85 x 101 | 8.5 (sec)
10 10°8%] 01 41x 10712 ] 9.84 x 10710 [ 32.7 (sec)
10 107*| 0.1 6.5x 1071 | 1.6 x 10712 | 39.5 (sec)
10 1072] 05 79x 10712 | 3.2x 10710 | 46.3 (sec)
10 1072] 15 34x 10710 | 1.4 x 1077 | 46.3 (sec)
(sec)
)

10 0.1 1.5 2.1 x 10711 9x 1078 69.7
15 0.25 L5 1.3x 1078 6.9x 1075 | 4.7 (min

20 025 | 25 1.4x107% | 4.9x107% | 11.7 (min)
30 107* | 3.0 26 x107% | 1.1x107° | 28.9 (min)

TABLE 5.2
Branch of Stable Manifold Performance Data for the Lorenz System: a;slkdfj

oooooocnwoom»—}—li

and accuracy of other operations to the cost and accuracy of a product. The Lemma
also illustrates the a-posteriori philosophy in an simple setting.

LEMMA A.1 (Product of Analytic Taylor Models). Let (far,7,05) and (gar, 7, 04)
be two analytic Taylor models. Then an analytic Taylor model (par,r,0p) for the
product (f - g)(w) is given by the M-th order polynomial ppr whose coefficients given
by the Cauchy Product formula

M
k=0

(where ay, and by, are the coefficient of far and gy respectively). Moreover, defining
the a-posteriori error

Ey(w) = fu(w)gm(w) — pu(w),
we have the explicit bound

Op < [ Enellr + 1 Faullrdg + llgarllrds + 650g. (A.2)

Proof: That the coefficients of pys are given by Equation (A.1) is just the standard
Cauchy Product. We note that while we could obtain a bound on the product p
simply by bounding f - g, this does not provide an explicit truncation estimate for
par- So we let h,h, and h denote the analytic M-tails of f, g, and p respectively. We
have that

(far + ) (gar + ) = pas + .
From this we obtain the bound
8p = |kl < lfsrgns — o + farh+ garh + ||y,
from which Equation (A.2) follows.
|

The cost of the computation is the cost of a Cauchy Product, plus the cost of the
evaluation of ||Epsllr, || farll» and ||gar]|-. Note that Ejs is a 2M-the order polynomial
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as this is the order of the product fj; - gpr- However, because Fjs is obtained by
taking pys from fargar and because the coefficients pjy; are determined by the Cauchy
Product, Ej; will be almost zero to M-th order. (The low order terms of Fj; capture
the “round off errors” associated with computing the Cauchy Product coefficients).
The cost of computing the norms using the sigma norm is the cost of an inner product.
Then computing (par, r, §p) is the cost of a Cauchy product, the cost of a polynomial
multiplication, and the cost of three inner products. The bound on the truncation
error of the product is the a-posteriori error plus terms proportional to the individual
truncation errors of the products.

A.2. Matrix Inversion and Linear Equations. Consider a K x K matrix of
analytic functions

bn(w) e blK(w)
B =| .

brr(@) - b (w)

Suppose that each of the b;;(w) are analytic on the ball B, C C. Suppose further
that associated with each b;; is an analytic Taylor model (bf\f ,1,0;5). We define the
matrix valued polynomial

M
ij(w) = Z Bmwm
m=0

with coefficients

m m
mo b
By = :

m m

3 T

and truncation error with dp = K max;;(d;;). Then we consider the data (B, 7,d5)
an analytic Taylor model for the matrix of functions B. Supposing that B is invertible
at the origin, we are interested in developing an analytic Taylor model for the matrix
inverse of B.

LEMMA A.2 (Matrix Inversion). Assume that B(0) = By is invertible, that By*
is an interval enclosure of its inverse, and that (Bys,r,05) is an analytic Taylor model
of B. Moreover assume that there are M, T > 0 so that

M
1By (T > Bl + 6B> <M <1 (A.3)

m=1

Then there is an M-th order analytic Taylor model (Cyr,T,6¢c) for C(w) = B~ (w),
where the coefficients of Cpy are defined recursively by

m—1
Co=B;', and Cpn=-By"'> BuCp for 1<m<M. (A.4)
k=0

Defining the a-posteriori error

E]y](w) =1d— BM(w) CM((U)
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we have that the truncation error dc > 0 satisfies the explicit bound

1B |
dc < 77257 UBMl- + [Cull- 05).

Proof: The first part of the proof is formal. We seek
o0
C(w) = Z Crw™
m=0

so that
Bw)C(w)=1d

Expanding as series we have

B(w)C(w) = (Z Bmwm> (Z mem>

m=0 m=0
oo m

= E E Bm,kawm
m=0 k=0

=Id 4 0w + 0w? + ...
Matching like powers of w we have for m = 0 that
ByCy=1d

so that indeed Cy = By L Similarly when m > 1 we have that

i B 1Cr =0,
k=0

which we solve for C,, in order to obtain that

m—1

Cm = _B(;l Z Bm,ka,
k=0

as desired.

(A.5)

This formula is now used in order to compute the M-th order polynomial Cjy;.
Let G: B, — L ((CK) denote the truncation error associated with B. Then G is a
K x K matrix of analytic M-tails with ||G||, < § so that B(w) = By(w) + G. Now
we seek a constant ¢ > 0 and a K x K matrix of analytic M-tails H: B, — L ((CK)

so that || H||, < d¢ and

C(w) = Cy(w) + Hw).

Since C' is the inverse of B, this last equation is equivalent to the condition

(Bu (@) + G(w))(Cu (w) + H(w)) = 1d,
for each w € B,.. Then formally we have that

H(w) =B ') [Ey(w) + G(w) Cry(w)].
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for each w such that B is invertible. The Neuman series is used in order to obtain in
fact that B is invertible on B,. Moreover we have the explicit bound

-1
M
1B~ = (BO + D B + G(w)>
m=1
M —1
<|({1d+Bi'w ) Bpw™ '+ BolG(w)> |By Y
m=1
B—l
< M (A'7)

- 1-M

where we use that

M
By'lw Z Bw™ ' + Byl'G(w)

m=1

M
< By (T > Bulrm ! +63> <M<1
m=1

T

by the hypothesis that Equation (A.3) holds. Applying the bound of Equation (A.7)
to Equation (A.6) gives the bound on d¢ claimed in Equation (A.5)

O

Now if (Bar,r,dp) is an analytic Taylor model for an analytic matrix function
B(w) and (qar,7,04) is an analytic Taylor modle for a vector of analytic functions
q, then we consider the equation Bp = g. The following Lemma shows that we can
obtain an analytic Taylor model for p without first computing B~!(w) directly. The
proof of the is almost identical the proof of the previous Lemma and is omitted.

LEMMA A.3 (Solutions of Linear Equations). Assume that B(0) = By is in-
vertible, that Bgl is an interval enclosure of its inverse and that (Bps,r,0p) is an
analytic Taylor model of B. Let (qa,1,04) be an analytic Taylor model of the analytic
function q. Assume in addition that there are M, > 0 satisfying the bound given in
FEquation (A.3). Then there is an M-th order analytic Taylor model (par,T,9,) for
the analytic function p having

Bw)p(w) = qw)  for we€ B;.

The coefficients for the polynomial pys are defined recursively by

m—1
po=By'e and  pm=B;* (qm -y Bm—kph) (A.8)
k=0
and that truncation estimate satisfies
1By ']
0p < 17— 37 UBull- + llpall- 65 + 8q)

where Eyy is the a-posteriori error defined by

Ey(w) = qu(w) — Bu(w)pm (w).
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A.3. Elementary Functions of Analytic Taylor Models. LEMMA A .4.
Suppose that (far,r,d¢) is an analytic Taylor model for the analytic function f and
K e R, K # 0. Denote the coefficients of the polynomial fp; by an, for 0 <m < M.
Assume also that f(0) = ag # 0 and in fact that there are M, T > 0 so that

M
laol =7 > lam|7™ " =65 > M > 0. (A.9)

m=1

Then for any 0 < o < 1 an analytic Taylor model for p(w) = f¥(w) is given by
(pam, R, 9p) where

R = min (T, re_") ,

the coefficients of py; are defined recursively by

m—1
1
K
_ A p=— 3 (K = k(K +1))ay_ 1<m< M,
Po = ap an p mae k:O(m (K +1))am—gpr for m
(A.10)

and moreover we have an explicit bound on the truncation error of fX =p given by

[l +6,\ " RS
6 < (0 R (1Bl Klpmllaeds + Iohillnds ) (A1D)
ro
where the a-posteriori error is defined by

En(w) = K fi(w)py (w) — far (w)ply (). (A.12)

Proof: Of course we actually know that p = f¥ is analytic on the same disk B, as
f regardless of the magnitude of ag. The additional constraints are imposed in order
to obtain explicit bounds on the truncation error associated with the M-th order
approximation of p.

The coefficients of py; are computed formally as follows. Let p’ denote the deriva-
tive of f%. Then we have

p/ _ KfK*lf/.
Multiplying both sides by f gives
fr' = Kpf'. (A.13)

Expanding f, f/, p, and p’ as power series (with the coefficients of p unknown), taking
the Cauchy Products, matching like powers, and isolating the m-th coefficient of p
leads to the recursion relations given in Equation (A.10).

The functional relation given by Equation (A.13) also leads to an effective a-
posteriori analysis scheme for p. Let g denote the analytic M-tail so that f(w) =
fu(w) + g(w) on B, and ||g||» < d5. We seek an analytic M-tail h defined on Bp so
that f&(w) = py(w)+h(w) on By and ||h|| g < 6,. Expanding Equation (A.13) gives
the first order linear differential equation for h defined by

J@)H (@) = K[ (@)h(w) = Ew) (A.14)
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where

BE(w) = Ex(w) + K pym(w)g'(w) — Py (w)g(w),
and E)s(w) is the a-posteriori error given by Equation (A.12). The right hand side
has the bound

2K 7|lpmllr
I1EIlr < |Exmllr + e

Of + 1Pl Ry,

and the bound in Equation (A.11) is obtainde once we realize that Equation (A.14)
has the form discussed in Lemma (2.3) so that the Estimate given by Equation (2.5)
provides the needed bound on h.

O

REMARK A.5. Similar Lemmas can be derived for all the so called ‘elementary
functions’ by utilizing that such functions can be expressed as solutions of linear
differential equations. For example if we want to compute sin and cos of an analytic
Taylor model then we define p by p(w) = e/ = sin(f(w)) + icos(f(w)) and note
that

p'=ipf’.
Again the coefficients can be computed for the cost of a Cauchy Product. Taking real

and imaginary parts gives the sine and cosine series. The a-posteriori analysis of the
truncations errors can be done by exploiting the differential equation.

A.4. One Parameter Branches of Zeros for Finite Dimensional Non-
Linear Problems. DEFINITION A.1. [Validation Values for a One Parameter Branch
of Solutions] Suppose that f: C*xC — C™ is a one parameter family of analytic maps,
that po € C™ has f(po,0) = 0, and that D1 f(po,0) is invertible. (Here D; applied to
f(z,w) means the differential with respect to the ‘first’ variable, namely the variable
x. Since x € C™ D f is an n X n matrix of analytic functions. The entries of D f are
functions in the variables z € C"™ and w € C). In addition we assume the existence of
the following data.

(1) Assume that By ! is an interval inclosure of Dy f(po,0)~!, and suppose that

(Bum, T, 0p) is an analytic Taylor model for

B(w) = D1f(pm(w),w).

(2) Assume that there exist M, > 0 having that 0 < 7 < r and

M
|B; | (T Z | B | 7™ —|—5B> <M<1.

m=1

Then Lemma (A.2) allows us to construct an analytic Taylor model (Cys, 7, 6¢)
so that C(w) = B~!(w). In particular we have that

sup |[D1f (par(w), w)] ™| < [Cull- + dc.

weEB,
(3) Assume that there is an € > 0 and an M-th order polynomial py;: B, C C —
C¥ having
lf (ppm(w),w)| <e forall we B;.
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LEMMA A.6 (A-Posteriori Validation of a Branch of Zeros). Suppose that f, po,
Bo_l, By, 7,08, €, pu, M, Cor, and d¢ are as in Definition (A.1). Let € g > 0 be
any constant with

ICumll- +dc) e < eng-
Define

R = 2¢ g
Let C =M |pm|m™ + R and define the set
U={ze€C": |z—po| <C}.
Now let k > 0 have that

2
s < K.
sup, e 0] < 5

Suppose that
dengr (|l +6¢) < 1. (A.15)
Then there is a unique analytic M-tail h: By — CN with
Ihll- < R

so that p(w) = pyr(w)+h(w) is a one parameter analytic branch of zeros of f. In other
words (puyr, 7, R) is an analytic Taylor model for the analytic function p: B, — C"
having

flp(w),w)] =0 foral we€B,.

Proof: Let X = C¥(C,C") and define the operator ®: X — X by

?lg)(w) = fla(w),w]-
We note that the Frechet Differential of ® is the linear operator D® € £(X, X) given
by
Do[g](w) = D1flg(w),w]-

B(w) = D1 flpym(w),w] = D®[pyy] is invertible for all w € B, by hypothesis. Moreover
we have that

ID®(pan)] - < ICarll- + dc
Then

IID®(pan)] " @[par]ll- < (ICull- + 6c)e < enk-

Let V.= {v € & : |jv||; < R}, where we recall that R = 2eN. Then for any
q € ppy + U and w € B, we have that

M
o — (P (w) + q(w))]| < Z |pm|T™ + R = C.

m=1
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From this we see that image(pas +¢q) C po+U C C™. Tt follows that for any ¢1,q2 € V
we have that

|D®Blpas + a1] — DBpas + aal]| < ( sup ||D2<1>[q]||7) a1 = aslls
qEPM+

_ ( sup ||D2f[pM<w>+q<w>,w1) ot = all»
qepm+V, weEB,

< ( sup D?f[x,wm) -
e

U, weB,

< kllg1 — g2l +»

by the Mean-Value Theorem and the definition of k. Recalling Equation (A.15), the
Newton-Kantorovich Theorem applied to ®[pas](w) provides a unique h € V so that
®lpar + hl(w) = flpm (W) + h(w),w] =0 for all w € B;.

O

Appendix B. Using Analytic Taylor Models to Satisfy A1l-A3-maps-
flows.

Lemma (A.6) can be applied directly in order to validate analytic Taylor models
for one parameter families of equilibria. Since fixed points of diffeomorphisms can be
expressed as zeros finding problems, the Lemma can also be used to validate analytic
Taylor models for families of fixed points as well. In fact one parameter branches
eigenvalues and eigenvectors can also be viewed as zero sets, and so can be fit into
the framework of Lemma (A.6) as well. We consider several examples.

B.1. A One Parameter Branch of Fixed Points for the Hénon Map.
Consider the one parameter family of Hénon mappings defined by

(B.1)

f(l‘vy’(“)): [ y+1_a$2:|7

(b+w)x

where we think of a and b as fixed. We begin by developing a formal expansion for a
branch of fixed points for the family. Let

o0
z(w) = Z Tpw"
n=0

parameterize an analytic branch of the first component of a fixed point of Equation
(B.1). Then z(w) solves

alz())? +2(w)(1 —b—w) —1=0. (B.2)

From this we see that

_boEVA bR tde d 0)= —2 (B.3)
2a ’ '

=gt :2ax0—b+1'

Zo

Matching like powers of w in equation B.2 gives that

n—1
1

T 11— Z atp_prr|. for n>2. (B.4)
k=1

n= 2axg —b+1 n
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M T Ops Ops 1 ro t

2 1077 1.66 x 107 [ 1.75 x 1071 [ 6.91 x 1071 [ 6.92 x 10~1° | 0.31(sec)
2 1072 1.67x1077 | 1.73x 1077 | 6.89 x 1078 | 6.90 x 10~ | 0.31(sec)
2 0.23 0.0024 0.0028 857 x 107% | 857 x10~* | 0.3(sec)
5 023 347x1077 [ 285x 1077 | 1.13x 1077 | 1.13 x 1077 | 0.71(sec)
10 023 851 x1071 [ 589x 10713 [ 245 x 10713 | 2.45 x 1071 | 1.7(sec)
15 023 4.73x107 P [ 733 x 1071 [ 777 x 10716 | 8.88 x 10716 [ 3.1(sec)

TABLE B.1

Fized Point Branch Performance Data for the Hénon Family: M is the parameterization
order, T is the radius of the domain of the analytic Taylor model, i.e. each model is validated for
the real interval w € [—7,7]. We compute models of a branch of fized points for both p1 and p2. The
associated truncation errors (the ¢ values) are given for each model. The columns labeled r1 and r2
are qualitative assessments of the error. For each branch we evaluate the polynomial at w = +7.
We include the truncation errors into the interval results. We compare this to values of the fized
points given by the explicit formulas. r1 is the maximum error over +1 for the first fized point and
similarly for ro. Then r1 and ro represent the observed error, while the §’s give theoretical bounds
on the error. Note that the r’s are always smaller than the §’s. The computation time for each fized
point branch is given as well. We note that the proof fails for T = 0.23 due to loss of control of the
bounds on the norm of the inverse of the differential. For 7 = 0.23 the accuracy is not noticeably
increased by computing to higher order than fifteen.

We note that since the second component of the fixed point is given by y(w) =
(b + w)x(w) we now have

Yo = bz, yp=bry+x9 and y,=br,+TH 1 Nn>2. (B.5)

These recursion relations can be used to define a polynomial approximation

pm(w) = f: [ le:: }wm

m=0

of a branch of fixed points for this Hénon family to any desired finite order M. Then
Lemma (A.6) can be applied in order to validate a branch of zeros of the map

Flpm(w),w) = flpm(w), w] = pur(w).

An analytic Taylor model for a branch of zeros of F' is a model of a branch of fixed
points of the Hénon family. This calculation is carried out by the program paper-
CodeFEzl1. Performance results for several program parameters at the classic values of
a = 1.4, b=0.3 are given in Table (B.1).

B.2. One Parameter Family of Eigenvalues and Eigenvectors for a Fixed
Point of the Hénon Map. We now consider the eigenvalue problem at a fixed point
of the Hénon family. If Ao is an eigenvalue of Dy, ) f(x,¥,0) then we let

[ee]
AMw) = Z Apw"™
n=0
parameterize a branch of eigenvalues passing through Ag. Then A(w) satisfies the
equation

AMw)? +20z(w) AMw) —w—b=0,
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with A(0) = A\g. We have that

1-— 2&331/\0
Ao = — +1/a2z2 + b, A= ——"""" B.7
0 axy a‘xg + 1 9o + 2a ( )

and
_1 n—1 n—1
A= PV 20Ty 1\ ith > 9. B.8

Then the A, are formally well defined as long as \g # —axg, i.e. as long as Ag is not
a repeated eigenvalue. Also note that the coefficient ), depends on the coefficients
of z; of x(w) but only for 0 < i < n. Then if we want to compute A(w) to order M
we need only compute z(w) up to order M. Now we choose an eigenvector & with
]2 = K for some K > 0, associated with the eigenvalue \g. Denote by

o0

Ew) =) &u"

n=0

a parameterizatoin of the branch of eigenvectors through &y, where the entire branch is

normalized to have length V' K. Then £(w) satisfies the system of nonlinear equations

[ L ](89)=(8)
G+ &w?P=K

but since the rows of the matrix equation are linearly dependent, we throw away the
first row of the matrix and have that {(w) solves

(Petao %)= (6) )

Matching like powers leads to

o a J(80) (")

for the coefficient & and

[ b —Xo } < &p(w) ) _ ( —&h 1+ S0 Ak > (B.10)
268 263 €2 (w) DR SN SR N 2 '

for &, when n > 2. The coefficient &, depends recursively on the coefficients of A(w)
to n-th order.

Now suppose that we use the recursion relations above and compute M-th order
polynomial approximations Aps(w) and &pr(w) for a branch of eigenvalues and eigen-
vectors for Hénon. We need to approximate the truncation error associated with these
polynomial approximations in order to obtain rigorous analytic Taylor models. To do

this we simply define the maps Feigenvalue: CxC — C and Feigenvector3 C2xC —
C? by
Feigenvalue(Mw) = A 4 20z (WA —w — b
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and

. :<(b+M&A@%2>
elgenvector 5% + 5% _ :
Since F, 1genvalue()‘M( w),w) and F, 1genvector(§M( w),w) are approximately zero we
again use Lemma (A.6) in order to obtain rigorous rigorous bounds of the truncation
errors for the eigendata.

Note the first component of the branch of fixed points z(w) in the definition of

F, and the branch of eigenvalues A(w) in the definition of F, eigenvectors

eigenvalue
are only known up to analytic Taylor approximation. More precisely let (xar, 7,0, )

be the analytic Taylor model for the first component of the fixed point branch, and
(Aar, 7,05) be the analytic Taylor model for the branch of eigenvalues through Ag.
The Newton-Kanrorivich a-posteriori errors have

||Feigenva]ue(>‘M(w)aw)”tau < ”)‘JVI(W)2 +2a xM(w)/\M(w) —Ww = b”T + 20‘”/\1\/[”7'556’

and

b wé} A (w w
epmetsinon=|( S

+[1€3 [0

Similarly, in both cases we must provide analytic Taylor models for the differentials

as these are functions of models themselves. For example if h(w) is the truncation

error associated with the analytic Taylor model (x s, 7, ;) then we have
DlFeigenvalue()\M(w), w) =2y (w) + 2a x(w) + 2ad,

So that (2Ay + 2a€},, 7,2]alé,) is an analytic Taylor model for the differential. Sim-

ilarly if hy(w) is the truncation error associated with the analytic Taylor model
(Aar, 7,0y) we have that

0 —h,\(w
D, Felgenvector Em(w Z Bpw™  + ( 0 0 ) )

where

b =X (1 =N (0 =,
BO‘(%& 253)’ Bl‘(%% 25%)’”‘1 Bm‘(zfin 2£3n>’

so that (Bar, 7,dy) is an analytic Taylor model for Dy F, Then

eigenvectors (€ (w), w).
we can compute analytic Taylor models for

[DlFlgenvalues(/\M( w),w)]”"  and [DlFlgenvectors(gM( w),w)] ™!

using Lemma (A.2). Once this is done we have all the ingredients needed to apply
Lemma(A.6) in order to validate the branches. An implementation of these computa-
tions can be found in paperCodeEx2, and some performance data is recorded in Table
(B.2).
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M 7 T2 XA Oxs.As Oe, & Oes &4 time
5 0.001 0.001 | 25x107™ [ 37x107™ [ 13x107™¥ [ 79x10"1° | 34 (sec)
5 0.13 0.14 1.5x 1076 1.4 x 1077 1.9x107° 3.5x1077 | 3.4 (sec)
10 013 014 [892x107 [97x107™ [ 1.2x 1077 [ 2.9 x 10~ | 8.8 (sec)
25 013 014 | 44x107™ [ 64x107 | 53 x 107 [ 3.8 x 1071 | 43 (sec)
TABLE B.2
Branch of Eigenvalues/vectors Performance Data for the Hénon Family: M is the

parameterization order, 71 and T2 are the parameterization domains for the branches associated
with fized points one and two respectively. The eigenvalues and eigenvectors associated with fixed
point one are subscripted one and two, while the eigenvalues and eigenvectors associated with fized
point two are subscripted three and four. Ox, x, is the mazimum truncation error over the two
eigenvalues and similarly for the remaining deltas.

B.3. One Parameter Families of Powers of the Eigenvalues for Hénon.
We now consider powers of the analytic Taylor models of the one parameter expansions
of the eigenvalues computed in the previous section. Consider for example the stable
eigenvalue associated with p; for the Hénon map with a = 1.4 and b = 0.3. Recall
that the stable eigenvalue associated with the fixed point p; has

As € [0.155946322302793, 0.155946322302794]

We begin by computing an analytic Taylor model for the one parameter branch of
eigenvalues through ;. We take a model (A (w), 7, d) for the eigenvalue branch with
M =10, 7 = 0.1, and § = 4.8 x 1072, Using Lemma (A.4) we compute an analytic
Taylor model for the fifth power of As(w) with M = 10, 7 = 0.995, and validated error
05 = 1.6 x 107'°. Here we have used a loss of domain parameter o = 0.005 as required
by Lemma (A.4). An analytic Taylor model for the twelfth power of As(w) with the
same loss of domain parameter has 615 = 7.4 x 10713 while the analytic Taylor model
for the twentieth and thirtith powers have o9 = 6.2 x 107® and d59 = x1.9 x 10716,
This decay in the truncation error is due to the fact that we are working with the
expansion of an eigenvalue whose norm is less than one.

Suppose instead we work with the unstable eigenvalue associated with p;, which
we recall has

Ay € [—1.923738858153409, —1.923738858153407],

and compute an analytic Taylor model for A,(w) with M = 10, 7 = 0.1, and § =
4.8 x 107'2, Now we compute analytic Taylor models for say the second, fifth, tenth
and twentieth powers of \,(w) and obtain d = 5.1 x 1078, §5 = 1.1 x 107, 6,0 =
7.5x 1075, and 690 = 0.299. We see that the truncation errors don’t decay, but rather
grow when the constant term of the original analytic Taylor model is greater than
one.

This is not terribly surprising when we observe that the same phenomenon occurs
when simply computing powers of intervals. For example if we just compute powers
of an interval of radius 107'? about the number 2 then we see that the radii of the
intervals enclosing the powers of the initial interval grow in a similar way.

Fortunately when we validate the errors of stable/unstable manifolds for maps
using the techniques of Section (4) we never need to compute validated bounds on
powers of analytic functions whose constant terms have absolute value greater than
one. The reason for this is that we validate a polynomial expansion for the unstable
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manifold of a diffeomorphism f by treating it as the stable manifold of the inverse map
f~ 1. For example when we validate the stable manifold of the inverse of the Hénon (i.e.
the unstable manifold of Hénon) then instead of computing analytic Taylor models for
the powers A\"(w) we compute analytic Taylor models for the function A, !(w) (which
of course has constant term with absolute value less than one) and consider powers of
this. We recall that an analytic Taylor model can be computed for A\, ! (w) by utilizing
Lemma (A.2) and the fact that a number can be thought of as a 1 x 1 matrix and the
reciprocal as the matrix inverse. Using this scheme we obtain results for the powers
of the reciprocal of the unstable eigenvalues which are as good as the results above
for powers of the stable eigenvalues, i.e. we have the the truncation errors decay as a
function of the powers of n.

Note also that for differential equations we can have stable or unstable eigenval-
ues with absolute value greater than one because for differential equations stability is
determined instead by the sign of the real part of the eigenvalue. However for differ-
ential equations we are do not have to consider powers of eigenvalues at all (rather we
must only contend with linear combinations of eigenvalues) so this particular problem
does not arise at all.

Appendix C. Analytic Taylor Model Bounds for the Error Term Ey
and Differential Term D f[Py] for Hénon and Lorenz.

We will illustrate how the a-posteriori error estimates and the estimates on the
differential terms required for Theorems (4.8) and (4.9) in practical applications. In
particular we develop explicit formulas for the Hénon and Lorenz systems. We note
that even though both the example systems are low dimensional we attempt to proceed
in a general manner. The fact that the Hénon and Lorenz systems are quadratic will
hold the technical difficulties to a minimum. Nevertheless the following examples
illustrate the general procedure.

C.1. Example: The Henon Map. We will focus on the stable manifold com-
putation. The unstable is similar. Suppose that

N
Py (9, w) = Z an(w)en
n=0

= Pyn(0,w) + Hy(0,w)

N M N
= Z Z A(n,myw"™ 0" + Z B (w)0™
n=0 m=0 n=0

with ||hy|l- < 6, for 0 < n < N is the validated N-th order formal approximation
to a one parameter family of stable manifolds for the Hénon Maps as computed in
Section (4.1.1). In order to apply Theorem (4.9) to Py we have to choose a validation
domain B,, C C and obtain bounds on both the a-posteriori error term

En(0,w) = f[Pn(0,w)] — Pn[A(w)0,w]
and the inverse of the differential term
A(@, w) = Df[PN(97w)ﬂ w}il'

The complication is that we know the one parameter branch for the stable eigenvalue
A(w), and the one parameter branches of coefficients a, (w) only up to analytic Taylor
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Model approximation. That is, the data that we know explicitly are the analytic
Taylor models

Aw) = (Am (@), 7:01),

AN(w) = Ay (w),7,0An), for 2<n<N,
and
an(w) = (afy(w),r, 6,) for 0<n<N.

Given a v > 0, our goal is to obtain computable bounds on ||En||,,» and [|A], - in
terms of the known analytic Taylor models. Define

N
I
n=0

We note that for Hénon, the matrix D f[z,y,w] is a 2 x 2 matrix of functions
of three variables. We could develop an algorithm and validation theorem similar to
those of Section (A.2) for inverting matrices of functions of several variables, however
we find that this is usually unnecessary for problems where explicit formulas for f,
f~L, their differentials and the inverses of their differential are known.

For Hénon we have that

Df(w,y,w) " = — ( X 1)

- b+w \ b+w 2azx
Then
-1 2|a
IDFIPNT v < 14 1PN [lo.r
-7
where
N M
HPN”V,T S Z Z |a(n,m)|1/n7—m + 5N;
n=0m=0

a term which can be computed numerically. We must also require that 0 < 7 < b.
This gives a bound on the inverse of the differential in terms of know quantities.
For the a-posteriori error consider

En(0,w) = f[Pun + Hx](0,w) — [Pun + Hy](AMw)6, w).

The first term on the right hand side can be expressed explicitly in terms of the known
formula for the Hénon mapping. We see that

1+ P2+ H% — a(Py)? — 2P,y HY, — a(HL)?
P + H e’w — |: MN N MN MN**N N 9’0‘}
H2 -2 Pl Hl _ Hl 2
f[PMNw,w)H{ W 2~ oly) ](o,m.

For the second term on the right we proceed more generally. Consider

[Pun + Hy](AMw)f,w) = Pun [(A(w)d,w)] + Hy [A(w)0, w]
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N M N oo
=33 ™ N@) 0TS @™ A () 67

n=0m=0 n=0m=M+1

Using the analytic Taylor models of the powers of A(w) gives that

Z Z Q(m, n)wmAn 0" Z Z A(m, n)w )\n ( ) + hyn (w)} 0"

n=0m=0 n=0m=0

N M M N M
= Z (Z /\mem> <Z a(m}n)wm> o" + Z Z hyn (w)a(m,n)me".
n=0 \m=0

m=0 n=0m=0

Define

(P o) (w,6) Z (Z AT m) (Z (myn)wm> 0",

n=0 m=0

and note that this is 2M-th order polynomial in w with explicitly known coefficients.
On the other hand, the error bounds on the coefficient functions give that

Z Z a(mn)w )\n Z)\n 0",

n=0m=M-+1

Let
EMN(Q,(U) = f[PMN(G,w),w] — (P o )\)MN[G,L«J].

We note that this is a composition of only known polynomials and we can numerically
bound the quantity ||Ean||,,~ using the usual sigma norms (the resulting sums are
finite). Let epsn be any numerical bound so obtained. We have proven the following
Lemma.

LEMMA C.1 (Total A-Posteriori Error for Hénon). The the validation value a-
posteriori error En for the Hénon mapping satisfies the following bound;

IEN |l < ennr 4+ max(dn + 2lal|| Pr |lv,-6n + |ald3, [bl6n)

N M N
+ Z 6A" Z |a(m,n)|7-myn + Z 671(1“’ ) v
n=0 m=0 n=0

C.2. Example: The Lorenz System. This time suppose that

N

PN(aaw) = Z aa(w)ea

le|=0
= PMN(G,W) + HN<97UJ)
N M N
= Z Z a(a,m)wmea + Z ha(w)é‘

|a]=0 m=0 |a|=0
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with |[hallr < dq for 0 < |a| < N is the validated N-th order formal approximation
to a one parameter family of two dimensional stable manifolds at the origin of the
Lorenz system as computed in Section (4.1.2). We have analytic Taylor models of the
stable eigenvalues which we denote by

= ([ 8 )es)

and for the unstable eigenvalue
Aw) = (Am(w), 7, 05).
Let ¥(w) = diag(A1(w), A2(w), A(w)). We also have analytic Taylor models
&i(w) = (£§\4<W)7T76£i) for 1=1,2,3

for the associated eigenvectors.
An analytic Taylor model for @ is given by

QW) = ([EM1€3/1€34). 7. 0),

where dg = max(da,d,). We assume that we also have a validated branch of @1,
represented by the analytic Taylor model

Qil(w) = (Q&lv T, 5Q_1 )7

obtained using Lemma (A.2).
Now consider that

—0 o 0
Df(wyzw)= | prw—z -1 —a
Yy r —p
Then
N
Df[Pn(0,w), 0] = Q)E(@)Q (W) + Y Aa(w)0®
|a|=1
where
M
Aa(@) = Afamw™ + Ha(w)
m=0
with
0 0 0
A = a3 0 —al
(a,m) ga,m) L (a,m)
Uam) Pam) 0
for 1 <|a| < N,0<m< M, and
|Hallr < 204.
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Then take C; to be a numerically computed constant having

1QU-IQ7HI < (1Qall- + 60) (1Q4 Il +dg-1) < Cr

and C5 to be any numerically computed constant having

ZZ\Aamﬂ \a|+z ‘ \a|<02

|or|=1m=0 loe|=1
Now consider the a-posteriori error
EN(97W) = f[PMN(&w) + HN(Q,(U),UJ] - D1PMN(97W)A(OJ)9 — DlHN(w)A(w)G

Again for the first term on the right hand side it is advantageous to exploit the explicit
formula for the Lorenz field and obtain that

0
FIPun(0,w)+Hn(0,w),w] = f[Pyn(0,w),w]+Df[Pyn(0,w),w Hy(0,w)+ | HYHY
HyHY

For the second term on the left we have that
DlPMN(O, w)A(w)é‘ = D]_P]\/[N(97 w)AM(w)G + D1PMN(9,w)hA<UJ)9,

while the third term on the right is

DiHy(w)Au0 = Zh w)D16% | A(w)6.
lal=0

Again we define the term
EMN(Q,w) = f[PMN(G,w),w] — D1PMN(9,M)AM(W)9

which is the explicitly polynomial part of the a-posteriori error, and which can be
easily bound numerically. Let ep;ny be any numerically computed constant with
lErmn|lvr < emn. We now have that

LeEMMA C.2 (Total A-Posteriori Error for Lorenz). The walidation value a-
posteriori error for the Lorenz system satisfies

N
<enm + | Df[Pun]llvrn + 0% + | D1Pun|lv,-0av + Z [N
|a|=0
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