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Abstract

In this paper we study the computability of the stable and unstable
manifolds of a hyperbolic equilibrium point. These manifolds are the
essential feature which characterizes a hyperbolic system, having many
applications in physical sciences and other fields. We show that (i) locally
these manifolds can be computed, but (ii) globally they cannot, since
their degree of computational unsolvability lies on the second level of the
Borel hierarchy. We also show that Smale’s horseshoe, the first example
of a hyperbolic invariant set which is neither an equilibrium point nor a
periodic orbit, is computable.

1 Introduction

Dynamical systems are powerful objects which can be found in numerous ap-
plications. However, this versatility does not come without cost: dynamical
systems are objects which are inherently very hard to study.

Recently, digital computers have been successfully used to analyze dynamical
systems, through the use of numerical simulations. However, with the known
existence of phenomena like the “butterfly effect” — a small perturbation on
initial conditions can be exponentially amplified along time — and the fact that
numerical simulations always involve some truncation errors, the reliability of
such simulations for providing information about the long-term evolution of the
systems is questionable.

For instance, numerical simulations suggested the existence of a “strange”
attractor for the Lorenz system [Lor63], and it was widely believed that such an



attractor existed. However, the formal proof of its existence remained elusive,
being at the heart of the 14th from the list of 18 problems that the Fields
medalist S. Smale presented for the new millennium [Sma98]. Finally, after a 35
year hiatus, a computer-aided formal proof was achieved in [Tuc98], [Tuc99], but
this example painstakingly illustrates the difference between numerical evidence
and a full formal proof, even if computer-based.

For the above reasons, it is important to understand which properties can
be accurately computed with a computer, and those which cannot. We have
previously dwelled on this subject on our paper [GZar| which focused on “sta-
ble” dynamical systems having hyperbolic attractors. The latter systems were
extensively studied in the XXth century and were thought to correspond to the
class of “meaningful” dynamical systems. This happened for several reasons:
the “stability” — structural stability — which implies robustness of behavior to
small perturbations was believed to be of uttermost importance, since it was
thought that only such systems could exist in nature; there were also results
(Peixoto’s Theorem [Pei62]) which showed that, in the plane, these systems are
dense and their invariant sets (which include all attractors) can be fully char-
acterized (they can only be points or periodic orbits).There was hope that such
results would generalize for spaces of higher dimensions, but it was shattered by
S. Smale, who showed that there exist “chaotic” hyperbolic invariant sets which
are neither a point nor a periodic orbit (Smale’s horseshoe [Sma67]) and that
for dimensions > 3 structurally stable systems are not dense [Sma66].

Moreover, the notion of structural stability was shown to be too strong a
requirement. In particular, the Lorenz attractor, which is embedded in a system
modeling weather evolution, is not structurally stable, although it is stable to
perturbations in the parameters defining the system [Via00] (in other words,
robustness may not be needed for all mathematical properties of the system).

Despite the fact that systems with hyperbolic attractors are no longer re-
garded as “the” meaningful class of dynamical systems for spaces of dimension
n > 3, they still play a central role in the study of dynamical systems. In
essence, what characterizes a hyperbolic set is the existence at each point of
an invariant splitting of the tangent space into stable and unstable directions,
which generate the local stable and unstable manifolds (see Section 2).

In this paper we will study the computability of the stable and unstable
manifolds for hyperbolic equilibrium points. The stable and unstable manifolds
are constructs which derive from the stable manifold theorem (see Theorem
2). This theorem states that for each hyperbolic equilibrium point zg (see
Section 2 for a definition) of an open subset of R™, there exists a k-dimensional
manifold S such that a trajectory on S will converge to zy at an exponential
rate as t — +o00. S is called a (local) stable manifold. Similarly one can obtain
an (n — k)-dimensional manifold, a (local) unstable manifold U, using similar
conditions when ¢ — —oo. (The stable and unstable manifolds of a hyperbolic
equilibrium point are depicted in Fig. 1.) It is important to note that classical
proofs on existence of S and U are non-constructive. Thus computability of
these manifolds does not follow straightforwardly from these proofs.

We address the following basic question: given a dynamical system and some
hyperbolic equilibrium point, are stable and unstable manifolds computable?
We will show that the answer is twofold: (i) we can compute a stable manifold
S and an unstable manifold U given by the stable manifold theorem which are,
in some sense, local, since there are (in general) trajectories starting in points



which do not lie in S that will converge to x (the set of all these point united
with S would yield the global stable manifold — see Section 2), but (ii) the
global stable and unstable manifolds are not, in general, computable from the
description of the system and the hyperbolic point. Since classical proofs on
existence of S and U are non-constructive, a different approach is needed if
one wishes to construct an algorithm that computes S and U. Our approach
aiming at a constructive proof makes use of function-theoretical treatment of
the resolvents (see the first paragraph of Section 4 for more details).

A most likely interpretation for these results is that, since the definition of
hyperbolicity is local, computability also applies locally. However global homo-
clinic tangles can occur [GH83|, leading to chaotic behavior for such systems.
So it should not be expected that the global behavior of stable and unstable
manifolds be globally computable in general, as indeed our results show.

In the end of the paper we also show that the prototypical example of an
hyperbolic invariant set which is neither a fixed point nor a periodic orbit — the
Smale horseshoe — is computable.

The computability of simple attractors — hyperbolic periodic orbits and equi-
librium points — was studied in our previous papers [Zho09], [GZar| for planar
dynamics, as well as the computability of their respective domains of attraction.

A number of papers study dynamical systems, while not exactly in the con-
text used here. For example the paper [Moo90] shows that shift maps can simu-
late Turing machines. Since many systems of physical inspiration contain within
their dynamics horseshoe maps which are equivalent to the shift, the long-term
behavior of such systems is undecidable. In [BBKTO01] it is shown that a prob-
lem concerning a long-term property (stability) of a class of dynamical systems
whose dynamics is piecewise linear is also undecidable. In [Col05] it is shown
that the reachable set (set of all points which can be reached from trajectories
starting in a given set) is lower semi-computable and only computable in some
special cases. In [BYO06] it is shown that Julia sets are not computable from the
maps defining them. The articles [Spa07], [Spa08], [Hoy07], [HKLO8], [GHRar],
and other papers by the same authors, provide interesting results about dy-
namical systems. They use a symbolic dynamics and/or a statistical approach
and are interested in computability questions about entropy, measures, and re-
lated notions. Another interesting paper is [Zho09], where Zhong shows that
the problem of calculating the domain of attraction of dynamical systems de-
fined by C'*°-functions is not, in general, computable. See [BGZar] for a more
detailed review of the literature.

2 Dynamical systems

In short, a dynamical system is a pair consisting of a state space where the
action occurs and a function f which defines the evolution of the system along
time. See [HS74] for a precise definition. In general one can consider two kinds
of dynamical systems: discrete ones, where time is discrete and one obtains the
evolution of the system by iterating the map f, and continuous ones, where the
evolution of the system along time is governed by a differential equation of the
type

&= f(z) (1)



Figure 1: The figure on the left represents dynamics near a hyperbolic equilib-
rium point. The figure on the right depicts the dynamics near a non-hyperbolic
equilibrium point.

where ¢ is the independent variable (the “time”) and & denotes the derivative
dx(t)/dt. Continuous-time systems can be translated to discrete-time using
time-one maps and, in some cases, the Poincaré map, and vice-versa (using the
suspension method). Therefore to study dynamical systems one can focus on
continuous-time ones.

Although the essential feature of hyperbolic attractors is the existence of
an invariant splitting of the tangent space into stable and unstable directions
generating the local stable and unstable manifolds, for a hyperbolic equilibrium
point zg, it can be described equivalently in terms of the linearization of the
flow around zy. We recall that x is an equilibrium point of (1) iff f(zg) = 0.

Definition 1 An equilibrium point xo of (1) is hyperbolic if none of the eigen-
values of D f(xg) has zero real part.

According to the value of the real part of these eigenvalues, one can determine
the behavior of the linearized flow near xg: if the eigenvalue has negative real
part, then the flow will converge to x¢ when it follows the direction given by
the eigenvector associated to this eigenvalue. A similar behavior will happen
when the eigenvalue has positive real part, with the difference that convergence
happens when ¢ — —oo. See Fig. 1. The space generated by the eigenvectors
associated to eigenvalues of D f(xg) with negative real part is called the stable
subspace E7, F(zo)? and the space generated by the eigenvectors associated to
eigenvalues with positive real part is called the unstable subspace £, F(zo)"

Zo

We now state the Stable Manifold Theorem (as it appears in [Per01]).

Theorem 2 [Stable Manifold Theorem/Let E be an open subset of R™ con-
taining the origin, let f € CYH(E), and let ¢; be the flow of the system (1).
Suppose that f(0) =0 and that D f(0) has k eigenvalues with negative real part
and n — k eigenvalues with positive real part (i.e. 0 1is a hyperbolic equilibrium
point). Then there exists a k-dimensional differentiable manifold S tangent to
the stable subspace E7, ;) such that for all't >0, @:(S) C S and for all zp € S

lim ¢ (zo) = 0;

t—+oo



and there exists an n — k dimensional differentiable manifold U tangent to the
unstable subspace Ep, ) such that for all t <0, d+(S) C S and for all zy € U

tiglfnoo (bt(:EO) =0
From the local stable and unstable manifolds given by the Stable Manifold
Theorem, one can define the global stable and unstable manifolds of (1) at a
hyperbolic equilibrium point xy by

)= o-5(5)
j=0
Wi (o) = | 5 (0),
7=0
respectively, where
¢t(A) = {z(t)|z is a solution of (1) with z(0) € A}.

We note that W*(xg) and W*(z() are Fy-sets of R” (recall that a subset F¥ C R"™
is called an Fj-set if F = U;io Aj, where A;, j € N, is a closed subset of R™).
This is due to the fact that S and U are compact (if they are not closed,
intersect them with a sufficiently small closed ball with center xg and pick these
intersections as S and U in the definition of W*(x() and W (), respectively)
and ¢_; and ¢; are continuous functions.

We end this section by introducing Smale’s horseshoe [Sma67]. We refer the
reader to [GH83] for a more thorough discussion of this set. In essence, Smale’s
horseshoe appears when we consider a map f defined over S = [0, 1]2. This map
is bijective and performs a linear vertical expansion of S, and a linear horizontal
contraction of S, by factors u > 1 and 0 < A < 1, respectively, followed by a
folding.

Definition 3 In the conditions defined above (see [GH83] or [HSDO/] for pre-
cise definitions), the Smale horseshoe is the set A given by

Too .
A= ) F(9).

j=—c0

This set is invariant for the function f (i.e. f(A) =A).

3 Computable analysis

We now introduce concepts related to computability. The theory of computa-
tion is rooted in the seminal work of Turing, Church, and others, which provided
a framework in which to achieve computation over discrete identities or, equiv-
alently, over the integers.

However, this definition was not enough to cover computability over continu-
ous structures, and was then developed by other authors such as Turing himself
[Tur36], Grzegorczyk [Grz57], or Lacombe [Lach5] to originate computable anal-
YSis.



The idea underlying computable analysis to compute over a set A is to encode
each element of A by a countable sequence of symbols from a finite alphabet X,
using representations (see [WeiO0] for a complete development). A represented
space is a pair (X;0) where X is a set, dom(§) C ¥V, and § :C ¥V — X is an
onto map (“C ¥ is used to indicate that the domain of § may be a subset
of ¥N). Every ¢ € dom(d) such that §(q) = = is called a J-name of z (or a
name of  when 9 is clear from context). Thus to perform a computation over a
represented space, it suffices to work with names only. To compute with names,
we use Type-2 machines [Wei00], which are similar to Turing machines, but (i)
have a read-only tape, where the input (i.e. the sequence encoding it) is written;
(ii) have a write-only output tape, where the head cannot move back and the
sequence encoding the output is written. At any finite amount of time we can
halt the computation, and we will have a partial result on the output tape.
The more time we wait, the more accurate this result will be. Other equivalent
approaches to computable analysis can be found in [PER89], [Ko91].

The notion of computable maps between represented spaces now arises nat-
urally.

Definition 4 A map @ : (X;dx) — (Y;0dy) between two represented spaces is
computable if there is a computable map ¢ :C EN — EN such that Podx = Sy 0.
Informally speaking, this means that there is a Type-2 machine such that on any
name of x € X, the machine computes as output a name of f(x) € Y.

In this paper, we use the following particular representations for real num-
bers; for points in R™; for open and closed subsets of R™; and for functions
in C1(E;R"), the set of all continuously differentiable functions defined on an
open subset E C R™ with ranges in R™ (these representations can be found in
[Wei00] with various prefixes such as p-names for real numbers; since we only
use certain particular representations, we omit the prefixes for readability):

Definition 5 (1) A sequence {ry} of rational numbers is called a name of a
real number x if there are three functions a,b and ¢ from N to N such that

for allk € N, ry = (—1)2® c(bk()kll and

1
|Tk_x‘§27' (3)

(2) A double sequence {r; i} ken of rational numbers is called a name of a
sequence {x;}ien of real numbers if there are three functions a,b,c from

N? to N such that, for all k,l € N, 1}, = (—1)’1(17’“)% satisfies

1
[rip — x| < o
(3) A sequence {(T1k, T2k, - -, Tnk) }ken of rational vectors is called a name of
a point x = (x1,Z2,...,%,) € R" if {rjr}ren is a name of x;, 1 < j < n.

(4) A real number x (a sequence {x;}1en of real numbers) is called computable
if it has a computable name, i.e. the functions a, b, and c are computable
or, equivalently, there is a Type-2 machine that computes a name of x
({z1 }ien, respectively) without any input.



There are different representations for real numbers; several of them give rise
to the same set of computable real numbers (e.g. a name of a real number x
could be a sequence of intervals containing x¢ with diameter 1/k for k > 1, etc.).
A notable exception is the decimal expansion of zg, which cannot be used since
it can lead to undesirable behavior [Tur37] because this representation does not
respect the topology of the space R.

Definition 6 1. Let E CR™ be an open subset. A name of E is a sequence
of rational open balls B(ay, ) = {x € R™ : |z — ag| < 1}, where ay, € Q"
and ry, € Q, such that

FE = U]?;OB(ak,Tk).

Without loss of generality one can also assume that for any k € N, the
closure of B(ag,r), denoted as B(ay,ri), is contained in E. The set E
is called recursively enumerable (r.e. for short) open if {ar} and {ry} are
computable sequences.

2. Let A CR" be a closed subset. A sequence {xy}, x € R"™, is called a name
of A if it is dense in A. A is called r.e. closed if {x} is a computable
sequence.

3. An open set E C R"™ is called computable (or recursive) if E is r.e. open
and its complement E° is r.e. closed. Similarly, a closed set A C R™ is
called computable if A is r.e. closed and its complement A€ is r.e. open.

4. Let K CR"™ be a compact subset. A pair (r,{zr}), r € Q and x; € R", is
called a name of K if K C B(0,r) and {zx} is a name of K as a closed
set. K is called computable if K C B(0,r) and it is computable as a closed
set.

In the rest of the paper, we will work exclusively with C' functions f : E —
R™, where F is an open subset of R™. Thus it is desirable to present an explicit
representation for such functions.

Definition 7 Let E = ;- , B(ak,7%), ar € Q" and i, € Q, be an open subset
of R™ (assuming that the closure of B(ak,Tk) is contained in E) and let f :
E — R"™ be a continuously differentiable function. Then a (C1) name of f is a
double sequence { Py} of polynomials (P, 1 : R™ — R™) with rational coefficients
satisfying dy (P, f) < 27%, where

dp(Pi, f) = sup_ |Pi(z) = f(@)[+  sup  [DP(z) - Df(x)].

z€B(ak,rk) z€B(ak,rk)

Thus, f is computable if there is a (type-2) Turing machine that outputs P,y
(more precisely coefficients of Py ), on input I, k, satisfying dy (P, f) < 278

We observe that the above representation of f is well-defined and contains
information on both f and Df in the sense that {P, ;} is a name of f while
{DP, .} is a name of Df. See [ZWO03] for further details.

Throughout the rest of this paper, unless otherwise mentioned, we will as-
sume that, in (1), f is continuously differentiable on an open subset of R™ and
we will use the above name for f.



4 Computable stable manifold theorem

The stable manifold theorem states that near a hyperbolic equilibrium point z,
the nonlinear system

&= f(x(t)) (4)
has stable and unstable manifolds S and U tangent to the stable and unstable
subspaces E9 and EY of the linear system

T = Ax (5)

where A = D f(x¢) is the gradient matrix of f at 2. The classical proof of the
theorem relies on the Jordan canonical form of A. To reduce A to its Jordan
form, one needs to find a basis of generalized eigenvectors. Since the process of
finding eigenvectors from corresponding eigenvalues is not continuous in general,
it is a non-computable process. Thus if one wishes to construct an algorithm
that computes some S and U of (4) at xg, a different method is needed. We
will make use of an analytic, rather than algebraic, approach to the eigenvalue
problem that allows us to compute S and U without calling for eigenvectors.
The analytic approach is based on function-theoretical treatment of the resol-
vents (see, e.g., [SN42], [Kat49], [Kat50], and [Rob95]).

Let us first show that the stable and unstable subspaces are computable from
A for the linear hyperbolic systems & = Az. We begin with several definitions.
Let Ay denote the set of all n x n matrices such that the linear differential
equation & = Az, x € R™, is hyperbolic, where a linear differential equation & =
Az is defined to be hyperbolic if all the eigenvalues of A have nonzero real part.

The Hilbert-Schmidt norm is used for A € Agy: ||A|| = \/Z?:l Z?Zl laij|?,

where a;; is the ijth entry of A. For each A € 20y, define the stable subspace
E?% and unstable subspace EY to be

E% = span {v € R" : v is a generalized eigenvector for an eigenvalue A\ of A
with Re(\) < 0}

EY =span{v € R" : v is a generalized eigenvector for an eigenvalue A of A
with Re(A) > 0}

(We recall that v is a generalized eigenvector for an eigenvalue A of multiplicity
m if v is a nonzero solution of the equation (4 — AI)* = 0, for some integer k
satisfying 1 < k < m.) Then R" = E%, @ EY. The stable subspace E, is the set
of all vectors which contract exponentially forward in time while the unstable
subspace EY is the set of all vectors which contract exponentially backward in
time.

As mentioned above, the process of finding eigenvectors from corresponding
eigenvalues is not computable; thus the algebraic approach to E% and EY is
a non-computable process. Of course, this doesn’t necessarily imply that it is
impossible to compute E% and EY from A, but rather this particular classical ap-
proach fails to be computable. So even for the linear hyperbolic system & = Ax,
one needs a different approach to treat the stable/unstable subspace when com-
putability is concerned. The approach used below to treat the stable/unstable



subspace is analytic, rather than algebraic. Let pa()) be the characteristic
polynomial for A, v; be any closed curve in the left half of the complex plane
that surrounds (in its interior) all eigenvalues of A with negative real part and
is oriented counterclockwise, and 7, any closed curve in the right half of the
complex plane that surrounds all eigenvalues of A with positive real part, again
with counterclockwise orientation. Then

PiR" =E%,  PiR"=EY

where

1 1
1, _ _ -t 2. _ _ -t
Piv= 57 /71 (&I — A)" vdg, Piv 57 /72 (&1 — A)"vdg

(See Section 4.6 of [Rob95].)

Theorem 8 The map H® : Ay — AR"™) = {X|X CR" is a closed subset of R™},
A — E?, is computable, where A is represented “entrywise”: p = (pij)?,j:l 18
a name of A if p;; is a name of a;;, the ijth entry of A.

The above theorem can be seen as a strengthening of a seemingly unrelated

result [ZB04, Theorem 19]. The latter result can be used to show that the map
H? is computable, provided that one has access to an additional parameter as
input: the number of eigenvalues (including multiplicities) associated to the
space E%. Our results show that this extra parameter is not needed. Its usage
in [ZB04] is due to the fact that eigenvectors are not computable from A. Here
we avoid this problem altogether by not using eigenvectors on the construction
of the mapping H*®.
Proof. First we observe that the map A +— the eigenvalues of A, A € Ay, is
computable. Assume that A1, ..., A\g, tet1,-- -, 11, K <1 <n (some eigenvalues
may have multiplicity greater than one), are eigenvalues of A with Re();) <0
for 1 < 5 < k and Re(,uj) > 0 for k+1 < j <. Then from the names
of the eigenvalues, one can compute two rectangular closed curves v} and 7%,
where ~} is in the left half of the complex plane that surrounds all eigenvalues
A; with 1 < j < k and ~% is in the right half of the complex plane that
surrounds all eigenvalues y; with k+1 < j <, and both v} and 7% are oriented
counterclockwise. From ~} and 74 one can further compute the maps P}, P3:
R"™ — R" , where Pjv = 7 o (¢I—A)~'vd¢ and Piv = - v (E1—A)~wde,
since all the operations used to define P} and P3 are computable. We note that,
on the one hand, E% = (P%)~!({0}), and on the other hand, E$, = E5, = PiR",
where K denotes the closure of the set K. Then by Theorem 6.2.4 of [Wei00],
Eé is both r.e. and co-r.e. closed, thus computable. The same argument shows
that EY is computable from A. =

Next we present an effective version of the stable manifold theorem. Consider
the nonlinear system

&= fx(t)) (6)
Assume that (6) defines a dynamical system, that is, the solution z(t,zg) to (6)
with the initial condition 2(0) = x¢ is defined for all ¢t € R. Since the system (6)
is autonomous, if p is a hyperbolic equilibrium point, without loss of generality,
we may assume that p is the origin 0.



Theorem 9 Let f: R® — R" be a C-computable function (meaning that both
f and Df are computable). Assume that the origin O is a hyperbolic equilibrium
point of (6) such that Df(0) has k eigenvalues with negative real part and | — k
eigenvalues with positive real part, 0 < k <1 < n (some eigenvalues may have
multiplicity greater than one). Let x(t,x0) denote the solution of (6) with the
initial value Ty at t = 0. Then there is a (Turing) algorithm that computes
from f a compact subset S C R™ containing 0 (S is a manifold except possibly
at its boundary of the same dimension as of ESDf(O)) and two positive rational
numbers v and € such that

(i) For any xo € S, x(t,z9) € S for allt > 0;

(ii) For anyzo € S andt > 0, |z(t,zo)| < ve ¢ consequently, lim;_, o0 x(t, z0) =
0.

The proof of Theorem 9 is presented at the end of this section. In that
proof, we make use of a number of lemmas and auxiliary results. We begin by
recalling that, under the assumption that f is C'-computable, the solution map
z:RxR" = R" (¢,a) — z(t,a), is computable ([GZB09]).

Let f(z) = Az + F(x), where A = Df(0) and F(x) = f(z) — Az. Then the
equation (6) can be written in the form of

&= Az + F(x) (7

The first step in constructing the desired algorithm is to break the flow e gov-
erned by the linear equation & = Ax into the stable and unstable components,
denoted as Ir, (t) and Ip, (t) respectively. By making use of an integral formula,
we are able to show that the breaking process is computable from A. This result
is presented in the following lemma. But before presenting this result, we need
a few definitions. Assume that Aj,..., Ak, pgr1,---, 11, £ < 1 < n, are eigen-
values of A with Re(\;) < 0for 1 <j <k and Re(u;) >0for k+1<j<lI,
where Re(z) denotes the real part of the complex number z. Then two rational
numbers o > 0 and « > 0 can be computed from the eigenvalues of A such that
Re()\j) < —(a+o0) for 1 < j < kand Re(p;) > o for k+1 < j <1. We break o
into two parts for later use: Let a; and as be two rational numbers such that

0<a;<a and a4+ ar=oc. (8)

Let M be a natural number such that M > max{a+o, 1} and max{|\;|, |i:| :
1<j<kk+1<i<Il}<M-—1 We now construct two simple piecewise-
smooth close curves I'; and I'y in R?: T'; is the boundary of the rectangle with
the vertices (—a — o, M), (M, M), (—M,—M), and (—a — 0,—M), while I'y
is the boundary of the rectangle with the vertices (o, M), (M, M), (M,—M),
and (o, —M). Then I'; with positive direction (counterclockwise) encloses in its
interior all the A; for 1 < j < k and I'y with positive direction encloses all the
wy for k+1 < j <[ in its interior. Now define

__i &t _ —1 __L 133 _ —1
I, (1) = —5 e (A=€L)7'de and  In, (1) = —5 e (A—¢I,) " d¢
9)

10



Lemma 10 I, (t) and Ir,(t) are the stable and unstable components of e?,
respectively. Moreover I, (t) and Ir,(t) are computable from f.

Proof. Since F(z) = f(x) — Az, it follows that F(0) = 0, DF(0) = 0, F
and DF are both computable because f and Df are computable functions by
assumption. Thus there is a computable modulus of continuity d : N — N such
that

|F(z) — F(y)] < 27™|x —y| whenever |z| <27%™) and |y| <274 (10)

in particular, |F(z)| < 27™|z| whenever |z| < 279™). Since D f is computable,
all entries in the matrix A are computable; consequently, the coefficients of the
characteristic polynomial det(A — AI,) of A are computable, where det(A —
Al,) denotes the determinant of A — AI,, and I, is the n X n unit matrix.
Thus all eigenvalues of A are computable, for they are zeros of the computable
polynomial det(A — AI,,) (actually the eigenvalues are computable uniformly in
the characteristic polynomial’s coefficients by a nontrivial result due to Ernst
Specker [Spe69]). We observe that for any £ € I'y [JT'2, the matrix A — &I,
is invertible. Since the function g : T1 T2 — R, g(¢) = ||(A — £1,) 7Y, is
computable (see for example [Zho09]), where (A — £1,,)71 is the inverse of the
matrix A — &I, the maximum of g on I'; [J's is computable. Let K; € N be
an upper bound of this computable maximum. Now for any ¢ € R, from (5.47)
of [Kat95],

Ao L eff(A—gm—ldg—i/ H(A—eL) Mg (11)
1)

27 Jr, 2mi
= Ir, (t) + I, (t)

We recall that e’ is the solution to the linear equation & = Az. Since A is
computable and integration is a computable operator, it follows that I, and Ir,
are computable. A simple calculation shows that || — 5 fFl e'S(A—E1,) 7 1de|| <

274
AK Me™(@Fo)t  for ¢t > 0 and || — 55 [r, (A = €1,) 7 dE]| < 4K Me”" /m
for t < 0. Let
K =4MK, (12)

Then
|| I, (t)]| < Ke= (@t for t >0 and ||Ir,(t)|] < Ket for t <0 (13)

The two estimates in (13) show that Ir, (t) and I, (¢) are respectively the stable
and unstable components of e’. m

The second step in the construction of the algorithm is to compute a set
S C R™ such that the condition (ii) of Theorem 9 is satisfied for any initial
value zo € S, that is, the solution x(t,xo) of (6) with the initial value z¢ € S
converges to 0 exponentially as t — co. In order to find, effectively, an explicit
exponential convergence rate, we make use of a fixed-point argument.

Lemma 11 Consider the integral equation
t 00
u(t,a) = I, (t)a +/ Ir, (t — 8)F(u(s,a))ds — / I, (t—s)F(u(s,a))ds (14)
0 t
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where the constant vector a € R™ is a parameter. If u(t,a) is a continuous
solution to the integral equation, then it satisfies the differential equation (7)

([Per01]).

Proof. See Appendix 1. =
We observe that the solution to the integral equation is the fixed point of
the operator defined on the right hand side of the equation (14). Now let us

_g_

compute an integer mg such that 270 < YN og: (o, K, and the function d used
in the next equation are defined in the proof of Lemma 10) then set

r=2"9m) oK B=DB(0,r)={aeR": |a| <r} (15)

where the computable function d is defined in (10).

Lemma 12 For any a € B and t > 0, define the successive approximations as
follows:

u®(t,a) =0 (16)

u(j)(t, a) = I, (t)a + /t I, (t— S)F(u(j_l)(s,a))ds
0
— /ij I, (t— S)F(u(j_l)(s,a))ds, ji>1

then the following three inequalities hold for all j € N:
w9 (t,a) —u V(¢ a)| < Klalem ™t /20! (17)
[uD(t,a)] < 274mo)gmant (18)
and for any a € B,
) (t,0) —u(t,a)] < 3K|a — d (19)
Proof. See Appendix 2. m

Lemma 13 The sequence {u(j)(ta)}j‘?‘;1 defined in Lemma 12 is a computable
Cauchy sequence effectively convergent to the solution u(t, a) of the integral equa-
tion (14), uniformly int > 0 and a € B.

Proof. The conclusion follows from (16) and (17). m

It follows from this lemma that the solution operator ® : Ry x B(0,r) — R™,
(t,a) — u(t,a), is computable, where R denote the set of all non-negative real
numbers. Furthermore, (18) and (19) imply that for all ¢ > 0 and a,a € B,

fu(t,a)] < 279met, Ju(t,a) — u(t @) < 3Kla—al  (20)

We note that the first inequality in (20) shows that u(t,a) satisfies condi-
tion (ii) of Theorem 9 with 4 = 2=%(™0) and ¢ = a4 for all t > 0 and a € B(0, ).

As we already mentioned that if u(¢,a) is a continuous solution to the in-
tegral equation (14), then it satisfies the equation (7). Thus if u(0,a) = a,
then u(t,a) is the solution to the initial value problem & = f(z), (0,a) = a;

12



in other words, u(t,a) = z(t,a), which implies that x(¢,a) would then satisfy
the inequality (20) and, subsequently, the desired condition (ii) of Theorem 9.
However, we note that u(0,a) = Ir, (0)a — [;° Ir,(—s)F(u(s, a))ds, which may
or may not be equal to a. And so our next attempt is to find a set S such
that for any a € S, u(0,a) = a. We start by recalling the projection maps to
E? and EY (the stable and unstable subspaces) and some properties concerning
resolvents.

Let P = I, (0) = — 55 [1 (A = €1,) 7M€ and Py = Ir, (0) = —55 [o (A —
¢I,)"'d¢. Then PR™ = E5, P,R" = EY, R" = E5, @EY, P,P, = 6;xP;
(0j5 =1if j =k and §;, =01if j # k), and P, + P, = I is the identity map on
R™ (c.f. §1.5.3 and §1.5.4, [Kat95]; §4.6 of [Rob95]). Since A is computable, so
are P; and P,. Moreover, It (t)P; = 0 for any ¢ € R as the following calculation
shows: Let R(¢) denote (A — £1,,)~!. Then we have

R(&1) — R(&2) = R(&)(A — &1, R(§2) — R(§1)(A — §11n) R(&2)
R(&)[(A — &21n) — (A — &11n)]R(&2)

R(&1)(&1 — &) [ R(&2)

= (&1 — &) R(§1)R(E2).

Using the last equation we obtain that for any v € R™,

/ EREde [ R(E)ode (21)
Fl F2
2

~(55) [ [ < rOREwdcac
I'y JI'o

)
>2/F /F eaR@g:?(wvdwg,
)
)

271
1
21
1y gt( RE©) .. [ RE) )
2ri /ple /r e—e® /p c—gt )k
1 e [ RE) ,>
/1“16 ( /1~2§—§’d£ vd&
1 2 / e‘ft /
:<2m> /1“2R(§)(/rlf’§d§>vd§20

A similar computation shows that for any ¢ € R,

Ir,(t)Prv =0 and Polp,(t)v = Ir,(t)v, veR" (22)

Now let us use these results to compute the projections of u(0,a) in E and EY:
for any a € R",

Piu(0,a) = P, (Ip1 (0)a — /OO Ipz(—s)F(u(s,a))ds)

0
— P\Pia— / Pulr, (—s)F(u(s,a))ds
0

= Pla (23)
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and
Pyu(0,a) = Py (Ipl (0)a — /000 Ir, (—s)F(u(s, a))ds)
= PyPia— P, (/000 ng(—s)F(u(&a))ds)
=— /OOO I, (—8)F(u(s,a))ds

We note that for any a € R",

II‘1 (t)a = Irl (t)(Pla + PQCL)
= Ipl (t)Pla + Irl (t)Pg(l
= Ipl (t)Pla

which implies that if the solution u(¢,a) of the integral equation (14) is con-
structed by successive approximations (16), then Poa does not enter the com-
putation for u(¢,a) and thus may be taken as zero. Therefore the projection of
u(0,a) in EY satisfies the equation

Pou(0,a) = — /O ey () F(uls, Pra))ds. (24)

Next we define a map ¢4 : B (r) — EY, b — — [ I, (—s)F (u(s,b))ds for
b € E%(r), where r is the rational number defined in (15) and E%(r) = {b €
E% : |b| < r/2}. We observe that the compact set E% (r) is computable since
the closed set E% is computable (proved in Theorem 8). Obviously the map
¢4 is computable. By Theorem 6.2.4 [Wei00] the compact set ¢4[E%(r)] is
computable.

Now we define the set S:

S={b+¢a(d):becE5(r)} CR"

Then S is a k-dimensional manifold. Since both E%(r) and ¢a[E%(r)] C EY
are computable compact sets and R” = E% @ EY, it follows that the set S is a
computable compact set as well. Moreover, for any a € S , 0 = b+ ¢pa(b) for
some b € E% (r). Since R" = E% @ EY, b € E%) and ¢4(b) € EY, it follows that

b="Pa and ¢a(b) = da(Pra) = Pra (25)
From (23), (24), and (25) it follows that for any a € S, u(0,a) = Piu(0,a) +
Pyu(0,a) = Piat+¢a(Pra) = Pia+Pya = a. Thusforanya € S, z(t,a) = u(t, a)
is the solution to the initial value problem & = f(z), 2(0,a) = a.
Lemma 14 S C B(0,7).
Proof. For any a € S, it follows from the definition of S that there exists

b € E%(r) such that a = b+ ¢ 4(b); in particular, [b| < r/2 = 274m0) /4K . Since
pa(b) = — [;% Ir,(—s)F(u(s,b))ds and, from (10) and the proof presented in
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Appendix 2, |F(z)| < 270 z| if |z < 279m0) and |u(s,b)| < 2K[ble™* <
2K |b| < 274m0) for any s > 0, which in turn implies the following estimate:

a0 = |- [ or s
0
< 2m°-2K|b|"/ I, (—s)ds
0
< 2_m°~2K2|b|-/ e %%ds| (see (13))
0
—m, 2 1
= 27mo . 9K2p|. ~
o
< L.2K2|b|l
- 4K?2 o
bl _r
= — < =
2 — 4

(recall that myg is chosen such that 27™° < Z5). Thus |a| = [b+ ¢a(b)| <
7/247/4 < 7, which implies that a € B(0,7). This proves that S ¢ B(0,r). m

We need one more auxiliary result before we can present the construction of
the desired set S.

Lemma 15 Ifz(t, o) is a solution to the differential equation (7) whose initial
value x(0) = xq satisfies the conditions that 0 < |xo| < 2-4m0) JAK? but zo ¢ S,
then there exists t' > 0 such that |x(t',zo)| > 274m0),

Proof. Assume otherwise that |z(t,zo)| < 27%™0) for all t > 0. We show in
the following that this condition implies zy € S, which is a contradiction.

Since x(t, o) is the solution to & = Az + F(z) with the initial value zg, it
follows that (c.f. Theorem 4.8.2 [Rob95])

¢
x(t, zo) = el +/ AR (x(s, x0))ds
0

which, using (11), can be rewritten as

z(t,xo) (26)

— Ir (o + In, ()70 + /O In, (t — 8)F(a(s, 20))ds + /0 Iny(t — 8)F(a(s, 20))ds
= Ir, (t)xo + /0 I, (t — 8)F(x(s,x0))ds — /OC I, (t — 8)F(x(s,x0))ds + Ir, (t)b

where b = xg + [, Ir,(—s)F(x(s,20))ds (c.f. §1.5.3 [Kat95]). Note that b
is well defined since we assume that |x(t,z0)] < 27%™0) for all t > 0, then,
from (10), |F(z(t,x0))| is bounded for all ¢ > 0; consequently, by (13), the
integral fooo Ir, (—8)F(x(s,x0))ds converges. We also note that the first three
terms in the above representation for z(t, zo) are bounded. Moreover, I, (t)b =
Ir, (t) Pib + Ir, (t) Pob = I, (t) Peb since I, (t)Pib = 0 by (22). We claim that
if Pb # 0, then I, (¢)b is unbounded as ¢ — co. We make use of the residue
formula to prove the claim. Recall that I's is a closed curve in the right-hand
side of the complex plane with counterclockwise orientation that contains in its
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interior pj;, k+1 < j <, where p; are the eigenvalues of A with Re(u;) > 0,
which are the exact singularities of R(£) = (A — £I,)~! in the right complex
plane. Then by the residue formula,

1
= e'*R(€)dE = Z eti'res, R (27)

211 Ty J=ht1
where res,, R is the residue of R at p;. Since Re(u;) > 0, if Pob # 0, then

Ir, (t)b = I, (t)Pab
1
= [ (A= en) Pobe
211 Ty
l
=— Z e”jtresw RPyb
Jj=k+1

is unbounded as t — oco. This is however impossible because the first three terms
in (26) are bounded and we have assumed that |z(t,z0)| < 274™0) for all t > 0.
Therefore, Pob = 0; consequently, Ir,(t)b = I, (t)P2b = 0. This last equation
together with (26) shows that z(t, x¢) satisfies the integral equation (14). Now
let 2’ (¢, zo) be the solution to the integral equation (14) with parameter 2y and
constructed by the successive approximations (16). Then

2 (t,zg) = Ipl(t)xo—l—/o Ir, (t—s)F(m'(s,xO))ds—/oo I, (t—s)F(2'(s, P1xo))ds

By the uniqueness of the solution, x(t,xg) = 2'(t,20); in particular, xg =
2(0,20) = 2/(0,30) = Przg — [y Ir,(—s)F(2/(s, Piwg))ds. Since Pizg € ES
and ||Przo|| < ||Pyl|||zo]| < K -27%m0) JAK? = /2 (recall that |P|| < K by
(13)), it follows that Pyzo € E5(r), which further implies that o = Pixo —
fooo I, (—8)F (' (s, Pixo))ds = Pixo + pa(Przo) € S. This contradicts the fact
that x is not on S. The proof is complete. m

Finally we come to the proof of Theorem 9. First we define the set S:
S ={z(t,zo): zo€ S, t>0} CR"

(recall that x(t, zo) is the solution to the initial value problem & = f(z), x(0) =
xo). It is immediately clear that S C S. We also note that from the definition
of S and (20), for any a € S, a = u(0,a) and, consequently, |a| = |u(0,a)| <
2740m0)  Thus for any a € S it follows from the proof of Lemma 12 (see
Appendix 2) that

lz(t,a)| = |u(t,a)| < 2K|ale”1t < 2K . 274mo) g—aut
_ In(10K?) .
Let Ty = . Since K,d(myg),r, and oy are all computable from f, then
so is T'z. It is readily seen that for any a € S and t > T,

9—d(mo) 9—d(mo)
= < .
ot.0)| = fufta)| < * o < 200

(28)
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Then from Lemma 15 we conclude that
z(t,a) = u(t,a) € Sforallae S and t > Ts (29)

For if otherwise, there exist a« € S and t > Tg such that z(t,a) & S, then
it follows from Lemma 15 that there exists ¢ > 0 such that |z(¢',z(¢,a))| =
|z(t' +t,a)| > 274m0) which contradicts (28) for ¢ +t >t > T. From (29) it
follows that

S ={a(t,zg) 120 €5, 0<t < Tg}=d([0,T] x S)

Since [0,T3] x S is a computable compact set, S C B(0,7), and the solution
operator ® : R, x B(0,7) — R", (¢,a) — u(t,a), is computable, it follows from
Theorem 6.2.4 of [Wei00] that S is a computable compact set.

It remains to show that S satisfies conditions (i) and (i7) of Theorem 9. We
note that for any zo € S, there exist a € S and ty > 0 such that zo = x(to, a).
Then for any ¢ > 0, since z(t,z¢) = z(t, z(to,a)) = z(t + t9,a), we conclude
that x(t,z9) € S; thus S meets the requirement (i). Now let us set y = 2-4(m0)
and € = «1. Then it follows from (20) that

z(t, z0)] = |2(t +to,a)

|u(t +to, a)
2—d(m0)e—o¢1(t+t0) < 2—d(m0)e—a1(t) — ,Ve—et.

IN

Therefore the second condition (i) is also satisfied by S. The proof of Theorem
9 is now complete.

Theorem 16 Let f : R™ — R™ be a C'-computable function. Assume that the
origin 0 is a hyperbolic equilibrium point of (6) such that D f(0) has k eigenvalues
with negative real part and | — k eigenvalues with positive real part, 0 < k <
I <n. Let x(t,zq) denote the solution to (6) with the initial value xo at t = 0.
Then there is a (Turing) algorithm that computes from f a compact subset
U C R" containing 0 (U is a manifold except possibly at its boundary of the
same dimension as of E%F(O)) and two positive rational numbers v and € such
that

(i) For any xo € U, z(t,x0) € U for allt <0;

(ii) For anyxzo € U andt <0, |x(t,xo)| < ve; consequently, lim;_, o x(t, xo)
0.

Proof. The unstable manifold U can be computed by the same procedure as
the construction of S by considering the equation

& =—Ax — F(x(t))

]

The proof can be easily extended to show that the map: Fyg — K X R,
f+ (S¢,Uy), is computable, where Fp is the set of all C! functions having the
origin as a hyperbolic equilibrium point, £ is the set of all compact subsets of
R", and Sy and Uy are some local stable and unstable manifolds of f at the
origin respectively.
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5 Computability and non-computability of global
stable /unstable manifolds

Although the stable and unstable manifolds can be computed locally as shown
in the previous section, globally they may not be necessarily computable.

In [Zho09] it is shown that there exists a C* and polynomial-time com-
putable function f : R? — R? such that the equation # = f(x) has a sink at
the origin 0 and the basin of attraction (also called the domain of attraction),
B¢(0), of f at 0 is a non-computable open subset of R2. Since a sink is a hy-
perbolic equilibrium point (with all eigenvalues of the gradient matrix D f(0)
having negative real parts) and the basin of attraction at a sink is exactly the
global stable manifold at this equilibrium point, we conclude immediately that
the global stable manifold is not necessarily computable.

A natural question arises - what is the degree of computational unsolvability
of the problem of finding the global stable manifold? We investigate this prob-
lem in the remaining of this section. Our approach is similar to [Bra05] and
[BHWO08], where the Borel hierarchy is used to classify the degree of unsolvabil-
ity of computational problems.

We recall that the (finite beginning of the) Borel hierarchy is given by

»?(X) = set of all open subsets of X
9 (X) = set of all complements of sets in X9 (X)
29, 1(X) = set of all countable unions of sets in IIj, (X)

where k > 1 and X is a topological space. In particular, I1(X) is the set of all
closed subsets of X and X9(X) is the set of all F,-subsets of X.

As we have noted, the global stable and unstable manifolds of a hyperbolic
equilibrium point are F,-sets of R™ and thus they are elements of X3(R™). The
following representation of X9(R™), dxg(mny, is introduced in [Bra05] (see also
[BHWO0S]).

Definition 17 The representation 0sgmny of YY(R™), Os9mn) 1€ N — B9(R™)
(recall that ¥ is a finite alphabet), is given by

Ssgmny(p) = UC(p,i)

where p € N and {Cip,iy }ien is a sequence of closed subsets of R". In other
words, p is a name, called a dsgn)-name, of the Fy-set |JC, ;) (see [BHWOS]
i

for more details).

The next theorem shows that, given a description of a system and of a
hyperbolic equilibrium point as input, it is possible to compute a 528(Rn)—name
of the global stable manifold. This result shows that the degree of unsolvability
of computing global stable manifolds is bounded above by X9. Since there are
open global stable sets which are not computable (as open sets) as mentioned
at the beginning of this section (see [Zho09]), 39 is also the lower bound.

Theorem 18 The map ¢ :C CH(R") x R* — Z5(R"), (f,20) — W}(xo), is
computable (using the representations of Section 3 for inputs and the repre-
sentation Oxg(gny for the output), where (f,xo) € dom(v) if xo is a hyperbolic
equilibrium point of f, and W;(,To) is the global stable manifold of [ at xq.
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Proof. From Theorem 9 one can compute from f and zy a compact subset S
of R™, which is a local stable manifold of f at xg. Note that the global stable
manifold of f at xg is the union of the backward flows of S, i.e.,

Wi(2o) = | 6-5(5)

where ¢;(a) is the flow induced by the equation & = f(x) at time ¢ with the
initial data z(0) = a. Since the sequence {¢_;(a)} is computable from f and a
[GZBO09], it follows that the sequence {¢_;(S)} of compact sets are computable
from f and zo (Theorem 6.2.4 [Wei00]). Since a X9(R")-name of W§(xo) can
be computed from the inputs, the map 1 is computable.

We note that the function f in the counterexample mentioned at the be-
ginning of this section is C'°° but non-analytic (recall that an analytic function
is a function that is locally given by a convergent power series. One can also
define analytic functions in several variables by means of power series in those
variables). It is well known that analycity sometimes helps to reduce degree of
computational unsolvability. For example, the sequence { f (")} of derivatives of
f is computable if f is analytic but may be non-computable if f is only C°°.
Thus we are led to consider the following problem: whether or not the degree
of unsolvability of computing global stable/unstable manifolds can be lowered
from X9 to I1Y in the context of analytic dynamical systems. Our next theorem
shows that the answer to this question is negative.

Let us denote by w(R"™) the set of real analytic functions f : R™ — R™ and
A(R™) the set of all closed subsets of R”. With Wijsman topology W on A(R™)
(see [Bee9d]), (A(R™), W) is a topological space that is separable and metrizable
with a complete metric. In particular, if the Wijsman topology on A(R™) is
induced by the (maximum) distance d on R™ (i.e., d(z — y) = ||z — y||, where
2]l = (@1, 22, ..., 2n)|| = max{|z1],|z2]|,. - .,|zn|}), then it can be shown that
the Wijsman topology on A(R™) is the same as the topology induced by the
representation ¢ of A(R™) (Definition 5.1.6 [Wei00]).

Theorem 19 The map ¢ :C w(R") x R" — A(R"), (f,z0) — W} (zo) (the
closure of W (z0)), is not continuous and hence not computable, where (f,zq) €
dom() if xo is a hyperbolic equilibrium point of (f,zo) € dom(v) if xo is a
hyperbolic equilibrium point of f, and W}*(wo) is the global unstable manifold of
f at xzg.

Proof. Consider the following system & = f,(z) taken from [HSD04],

=221 (30)
y' = —zy+ p(a® — 1)

where p € R is a parameter. The system (30) has two equilibria: z; = (—1,0)
and zg = (1,0). Df,(21) has eigenvalues —2 and 1, associated to the eigenvec-
tors (—1, —2u/3) and (0, 1), respectively, and D f,(z2) has eigenvalues 2 and —1,
associated to the eigenvectors (—1,—2u/3) and (0, 1), respectively. Therefore
both points z; and z5 are saddles (the behavior of the system is sketched in Fig.
2). From this information and the fact that any point (—1,y) or (1,y) can only
move vertically, one concludes that the line x = —1 is the unstable manifold of
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z1 and the line z = 1 gives the stable manifold of zo. Note that z1, zo and the
above manifolds do not depend on u.

Let us now study the unstable manifold of zo. It is split by the stable
manifold z = 1, and hence there is a “right” as well as a “left” portion of
the unstable manifold. Let us focus our attention to the “left” portion. From
the system (30) one concludes that any point z near zo, located to its left (i.e.
z < zg) will be pushed to the line z = —1 at a rate that is independent of the
y-coordinate of z.

When g = 0, the eigenvector of D f,,(z2) associated to the unstable manifold
is (—1,0). Looking at (30), one concludes that the “left” portion of the unstable
manifold of z3 can only be the segment

Uyp={(x,00cR?| -1 <z <1}

Now let us analyze the case where p < 0. Since (—1,—24/3) is the eigen-
vector of D f,(z2) associated to the unstable manifold, as the unstable manifold
of zo moves to the left, its y-coordinate starts to grow. The “left” portion of
the unstable manifold is always above the line y = 0 (if it could be y = 0, the
dynamics of (30) would push the trajectory upwards), and as soon as its -
coordinate is less than 0 (this will eventually happen), the trajectory is pushed
upwards with y-coordinate converging to +oo. Notice that the closer p is to
0, the lesser the y-component of the trajectory grows, and the closer to z; the
unstable manifold will be.

If Uy, represents the left portion of the unstable manifold of z5 and

A=UoU{(-1,y9) €R*|0 <y}

then one concludes that
lim d(A,U;,)=0
pu—0-
where d is the Hausdorff distance on R™.

Suppose that 1 is computable. Then, in particular, the map x : R — A(R?)
defined by x(u) = W}‘H(ZQ), is also computable. Since computable maps must
be continuous (Corollary 3.2.12 of [Wei00]), this implies that x should be a
continuous map. But the point g = 0 is a point of discontinuity for y since
(without loss of generality, we restrict ourselves to the semi-plane z < 1)

lim x(u)= lim U;, =A+#U;o=x(0)

pn—0- pn—0-
and hence this map cannot be computable, which implies that 1 is not com-
putable either. m

6 The Smale horseshoe is computable

In this section we show that Smale’s horseshoe is computable. We recall that
Smale’s horseshoe is the invariant set of the horseshoe map (more details on the
horseshoe map and on Smale’s horseshoe can be found in e.g. [HSD04]).

Theorem 20 The Smale Horseshoe A is a computable (recursive) closed subset
in I =10,1] x [0,1].
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b i

©w<O0 u=0 ©w>0

Figure 2: Dynamics of the system (30).

Proof. We show that 2 = I'\ A is a computable open subset in I by making use
of the fact [Zho96]: An open subset U C [ is computable if and only if there is a
computable sequence of rational open rectangles (having rational corner points)
in I, {Jr}32, such that

(a) Jp C U for all k € N,
(b) the closure of Jy, Ji, is contained in U for all k¥ € N, and

(c) there is a recursive function e : N — N such that the Hausdorff distance
A1\ U™ 1, T\ U) < 27" for all n € N,

Let f : I — R? be a map such that A = (>___ (f"(I) N I) is the Smale
horseshoe. Without loss of generality assume that f performs a linear vertical
expansion by a factor of u = 4 and a linear horizontal contraction by a factor of
A=1. Foreachn €N, let U, =I\;__,(f*(I)NI). Then I\ A = ;" U,.
Moreover,

(1) there exists a computable function a : N — N such that U, is a union of
a(n) rational open rectangles in I,

(2) d(A T\ Ui Un) < (1/4)",

Define e : N — N, e(n) = > _,a(k), n € N. Then it follows from the
lemma that I\ A is indeed a computable open subset of 1. =

7 Conclusions

We have shown that, locally, one can compute the stable and unstable manifolds
of some given hyperbolic equilibrium point, though globally these manifolds
are, in general, only semi-computable. It would be interesting to know if these
results are only valid for equilibrium points or can be extended e.g. to hyperbolic
periodic orbits. In [GZar| we provide an example which shows that the global
stable/unstable manifold cannot be computed for hyperbolic periodic orbits.

21



However, the question whether locally these manifolds can be computed remains
open.
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Appendix 1. Proof of Lemma 11. Assume that u(t, a) is a continuous solution
to the integral equation (14). We show that it satisfies the differential equation
(7). To see this, we first establish a relation between Ir,, j = 1,2, and the
Jordan canonical form of A:

P 0 -
A:C(O Q)cl

where C'is an n x n invertible matrix, P is a k x k£ matrix with eigenvalues Aj;,
1<j <k, and Qisa (n—k)x (n—k) matrix with eigenvalues pu;, k+1 < j < n.
By (11), we have

eAt = Ipl (t) + IF2 (f)

On the other hand, it is straightforward to show that

Pt
em:0<% 8>cl+c<82@)cl

Since the first k columns of C' consists of a basis of the stable subspace P/R"
and the last (n — k) columns of C' is a basis of the unstable subspace P,R™, it
then follows from (21) and (22) that

ePt 0 1
Jmmc<o 0>O —0, and

0 0 _
Immc(o ﬂt)clzo

Thus -
ﬁﬂﬂ:C(% 8)01
and
0 0 _
Irz(t):C<O th)C !

(recall that R™ = P,R" @ P,R™). Consequently the integral equation (14) can
be written in the following form:

Mmu:c<it8>cla3[c<dﬁs)8)01Fm@@msmn

o 0 0 -
—/ C’( 0 eQlt-s) )C’ LP(u(s,a))ds.
t
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It is known that if u(, a) is a continuous solution to (31), then it is the solution
to (7) (e.f. §2.7 [Per01]). The proof is complete.

Appendix 2. Proof of Lemma 12. For a,a € B and t > 0, where B = B(0,r) =

{z e R": |z| < r}, r = 274m0) /2K (d is the computable function defined in
(10), and mg is a positive integer such that 270 < -2 define

iR
u®(t,a) =0
t
WD (t,a) = Ir, (t)a + / I, (t — 8)F(uTD (s, a))ds
[ - PO s s, =1
t
We show that the following three inequalities hold for all j € N:

WD (t,a) — w7V (t,0)| < Klale™" /277
|u(j)(t,a)\ < 9= d(mo) g—ant
WD (t,a) —u(t,a)| < 3K|a — dl
We argue by induction on j. Since u(?)(¢,a) = 0 for any a, by (8) and (13)
we get |[uV)(t,a)| = ||Ir, (t)a]| < Ke~(ato)t . 2=d(mo) /9| < 9=d(mo)e=ent and
M (t,a) —uM(t,a)| = |Ir, (t)(a—a)| < Ke~(@F9t|q—a| < K|a—al, the three
inequalities hold for j = 1. The estimate (13) is used in calculations here.
Assume that the three inequalities hold for all £ < j. Then for k = j + 1,

|u(j+1) (ta Cl) - U(J) (ta CL)|
t
= /0 |Ir, (t = 9)|| - |F(uP(s,0)) = F(uU™(s,a))|ds
+/ |Ir, (t = 9)|| - |F(uP(s,0)) = F(uY™(s,a))|ds
t
t
: /0 1, (¢ = )|l - 277 [ (s,a) = u¥ (s, a)|ds
+/ [|Ir, (t = 9)|[ - 277 [ (s, 0) — w1 (s, a)|ds
t

t —a1 s o] —a1 s
<o / e Geronsmien KIUCET g o / Feot—o KAl
0 ¢

271
= Q*mowe*(aﬁa?*”)t /t eleata)sgg 4 9=mo K?|a| et /OO e(-(a1ta)sgg
27-1 0 2i—1 ¢
Yl Yl SPMCY . & | PO i
27-1 as +o 271 —(a1 +0)
- 211 ay 4o 211 oy + o
K]

al e _
<=5 @t (recall that 27™0 < )

2
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and furthermore,

W a)
< [u(t,0)| + [V (¢, 0) — u(t, a)

< [u9(t,a)| + 2| al et

K
< Z la et (induction hypothesis on u*) (¢, a) for k < j)
< 2K|a\e‘°‘1t < 2K et . 97dmo) j9 ¢ — 9=d(mo) g—ant

Lastly we show that if |u(®) (t,a) — u®)(¢,a)| < 3K|a — a| holds for all k < j,
then it holds for j + 1.

|u(j+1) (ta a) - u(jJrl)(tv d)|

= |Ir, (t)(a — @) + /Ot I, (t— ) (F(u(j)(s, a)) — F(ud(s, a))) ds—
_ /too In,(t — ) (F(u(j)(s, a)) — Fu(s, a))) ds

0=+ [ = o)l [ s,0) ~ P 5,0 s
[ st = )1 [F@) 5,0)) = Fa(s,)
t
) ) t e}
uP (s, a) —u(J)(s,&)’ (/ Ke_(“""’)(t_s)ds—l—/ Ke"(t_s)ds>
0 t
§K|a—d+2m°~3K|a—d|~< K +K>

a+o o
= Kla — al <1+2m°3K +2m03K>
o

ds

< Kla—a|+27m°

a+o
< 3Kl|a—a| (Recall that 270 < %)

The proof is complete.

References

[BBKTO01] V. D. Blondel, O. Bournez, P. Koiran, and J. N. Tsitsiklis. The
stability of saturated linear dynamical systems is undecidable. J.
Comput. System Sci., 62:442-462, 2001.

[Bee94] G. Beer. Wijsman convergence: a survey. Set-Valued Anal., 2(1-
2):77-94, 1994.

[BGZar] J. Buescu, D. S. Graga, and N. Zhong. Computability and dynamical
systems. In M. Peixoto, A. Pinto, and D. Rand, editors, Dynamics

and Games in Science I and II : in honour of Mauricio Peizoto and
David Rand. Springer, To appear.

24



[BHWOS]

[Bra05]

[BYO6]

[Col05]

[GHS3]

[GHRar]

[Grz57]

(GZB09)

[GZar]

[HKLO8]

[Hoy07]

[HS74]

[HSDO04]

[Kat49]

[Kat50]

[Kat95]
[Ko91]

V. Brattka, P. Hertling, and K. Weihrauch. A tutorial on com-
putable analysis. In S. B. Cooper, , B. Lowe, and A. Sorbi, editors,
New Computational Paradigms: Changing Conceptions of What is
Computable, pages 425-491. Springer, 2008.

V. Brattka. Effective borel measurability and reducibility of func-
tions. Math. Log. Quart., 51(1):19-44, 2005.

M. Braverman and M. Yampolsky. Non-computable Julia sets. J.
Amer. Math. Soc., 19(3):551-578, 2006.

P. Collins. Continuity and computability of reachable sets. Theor.
Comput. Sci., 341:162-195, 2005.

J. Guckenheimer and P. Holmes. Nonlinear Oscillations, Dynamical
Systems, and Bifurcation of Vector Fields. Springer, 1983.

S. Galatolo, M. Hoyrup, and C. Rojas. Effective symbolic dynamics,
random points, statistical behavior, complexity and entropy. Inform.
and Comput., to appear.

A. Grzegorczyk. On the definitions of computable real continuous
functions. Fund. Math., 44:61-71, 1957.

D.S. Graga, N. Zhong, and J. Buescu. Computability, noncom-
putability and undecidability of maximal intervals of IVPs. Trans.
Amer. Math. Soc., 361(6):2913-2927, 2009.

D. S. Graca and N. Zhong. Computability in planar dynamical sys-
tems. Natural Computing, To appear.

M. Hoyrup, A. Kolaka, and G. Longo. Computability and the mor-
phological complexity of some dynamics on continuous domains.
Theoret. Comput. Sci., 398:170-182, 2008.

M. Hoyrup. Dynamical systems: stability and simulability. Math.
Structures Comput. Sci., 17:247-259, 2007.

M. W. Hirsch and S. Smale. Differential Equations, Dynamical Sys-
tems, and Linear Algebra. Academic Press, 1974.

M. W. Hirsch, S. Smale, and R. Devaney. Differential Equations,
Dynamical Systems, and an Introduction to Chaos. Academic Press,
2004.

T. Kato. On the convergence of the perturbation method. i. Progr.
Theor. Phys., 4(4):514-523, 1949.

T. Kato. On the convergence of the perturbation method. ii. Progr.
Theor. Phys., 5(1):95-101, 1950.

T. Kato. Perturbation theory for linear operators. Springer, 1995.

K.-I Ko. Computational Complezity of Real Functions. Birkh&user,
1991.

25



[Lacb5]

[Lor63]

[Mo090]

[Pei62]

[PERS9)

[Per01]

[Rob95]
[Sma66]

[Sma67]

[Sma9g]

[SN42]

[Spa07]

[Spa08]

[Spe69]

[Tuc98|

[Tuc99]

[Tur36]

D. Lacombe. Extension de la notion de fonction récursive aux fonc-
tions d’une ou plusieurs variables réelles I1I. C. R. Acad. Sci. Paris,
241:151-153, 1955.

E. N. Lorenz. Deterministic non-periodic flow. J. Atmos. Sci.,
20:130-141, 1963.

C. Moore. Unpredictability and undecidability in dynamical sys-
tems. Phys. Rev. Lett., 64(20):2354-2357, 1990.

M. Peixoto. Structural stability on two-dimensional manifolds.
Topology, 1:101-121, 1962.

M. B. Pour-El and J. I. Richards. Computability in Analysis and
Physics. Springer, 1989.

L. Perko. Differential Equations and Dynamical Systems. Springer,
3rd edition, 2001.

C. Robinson. Dynamical Systems. CRC Press, 1995.

S. Smale. Structurally stable systems are not dense. Amer. J. Maith.,
88:491-496, 1966.

S. Smale. Differentiable dynamical systems. Bull. Amer. Math. Soc.,
73:747-817, 1967.

S. Smale. Mathematical problems for the next century. Math. Intel-
ligencer, 20:7-15, 1998.

B. Sz.-Nagy. Spektraldarstellung Linear Transformations des
Hilbertschen Raumes. Springer, 1942.

C. Spandl. Computing the topological entropy of shifts. Math. Log.
Quart., 53(4-5):493-510, 2007.

C. Spandl. Computability of topological pressure for shifts of finite
type with applications in statistical physics. FElectr. Notes Theor.
Comput. Sci., 202:385-401, 2008.

E. Specker. The fundamental theorem of algebra in recursive analy-
sis. In B. Dejon and P. Henrici, editors, Constructive Aspects of the
Fundamental Theorem of Algebra, pages 321-329. Wiley, 1969.

W. Tucker. The Lorenz attractor exists. PhD thesis, Univ. Uppsala,
1998.

W. Tucker. The Lorenz attractor exists. In C. R. Acad. Sci. Paris,
volume 328 of Series I - Mathematics, pages 1197-1202, 1999.

A. M. Turing. On computable numbers, with an application to the
Entscheidungsproblem. Proc. London Math. Soc., (Ser. 2-42):230—-
265, 1936.

26



[Tur37]

[Via00]

[Wei00]

[ZB04]

[Zho96]

[Zho09]

[ZW03]

A. M. Turing. On computable numbers, with an application to
the Entscheidungsproblem. a correction. Proc. London Math. Soc.,
(Ser. 2-43):544-546, 1937.

M. Viana. What’s new on Lorenz strange attractors? Math. Intel-
ligencer, 22(3):6-19, 2000.

K. Weihrauch. Computable Analysis: an Introduction. Springer,
2000.

M. Ziegler and V. Brattka. Computability in linear algebra. Theor.
Comput. Sci., 326:187-211, 2004.

Q. Zhou. Computable real-valued functions on recursive open and
closed subsets of euclidean space. Math. Log. Quart., 42:379-409,
1996.

N. Zhong. Computational unsolvability of domain of attractions of
nonlinear systems. Proc. Amer. Math. Soc., 137:2773-2783, 2009.

N. Zhong and K. Weihrauch. Computability theory of generalized
functions. J. ACM, 50(4):469-505, 2003.

27



