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SHADOWING IN ORDINARY DIFFERENTIAL
EQUATIONS

Abstract. Shadowing deals with the existence of true orbits of
dynamical systems near approximate orbits with sufficiently small
local errors. Although it has roots in abstract dynamical systems,
recent developments have made shadowing into a new effective tool
for rigorous computer-assisted analysis of specific dynamical sys-
tems, especially chaotic ones. For instance, using shadowing it is
possible to prove the existence of various unstable periodic orbits,
transversal heteroclinic or homoclinic orbits of arguably the most
prominent chaotic system—the Lorenz Equations. In this paper we
review the current state of the theory and applications of shadowing
for ordinary differential equations, with particular emphasis on our
own work.

1. Introduction

In this extended introductory section we give a narrative overview of shadow-
ing. Precise mathematical statements of relevant definitions and theorems are
presented in the following sections.

Shadowing? An approximate orbit of a dynamical system with small local er-
rors is called a pseudo orbit. The subject of shadowing concerns itself with
the existence of true orbits near pseudo orbits; in particular, the initial
data of the true orbit are near the initial data of the pseudo orbit. Shad-
owing is a property of hyperbolic sets of dynamical systems. It is akin to a
classical result from the theory of ordinary differential equations [23]: if a
nonautonomous system has a bounded solution, the variational equation
of which admits an exponential dichotomy, then the perturbed system has
a bounded solution nearby.

Origins? In its contemporary setting, the first significant result in shadowing,
the celebrated Shadowing Lemma, was proved by Bowen [7] for the non-
wandering sets of Axiom A diffeomorphisms. A similar result for Anosov
diffeomorphisms was stated by Anosov [2], which was made more explicit
by Sinai [57]. The Shadowing Lemma proved to be a useful tool in the
abstract theory of uniformly hyperbolic sets of diffeomorphisms. For ex-
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ample, in [8] Markov partitions for basic sets of Axiom A diffeomorphisms
were constructed using the Shadowing Lemma. Also shadowing can be
used to give a simple proof of Smale’s theorem [59] that the shift can be
embedded in the neighbourhood of a transversal homoclinic point as in
[47] and [39].

Discrete systems? Since Anosov and Bowen, the Shadowing Lemma has been
reproved many times with a multitude of variants. A noteworthy recent
development, initiated by Hammel et al. [28], [29], has been a shadowing
theory for finite pseudo orbits of non-uniformly hyperbolic sets of diffeo-
morphisms which proved to be a powerful new paradigm for extracting
rigorous results from numerical simulations of discrete chaotic systems.
This development also provided new tools for establishing the existence
of, for example, transversal homoclinic orbits in specific systems [21], [37].
For these recent shadowing results for discrete dynamical systems, we rec-
ommend our review article [18] followed by [21] and the references therein.

ODEs? Developing a useful notion of a pseudo orbit and establishing an ap-
propriate Shadowing Lemma for ordinary differential equations proved to
be more difficult because of the lack of hyperbolicity in the direction of
the vector field. The first successful attempt in this pursuit and an accom-
panying Shadowing Lemma was given by Franke and Selgrade [26]. Here
we will present our formulation of pseudo orbits and shadowing for ordi-
nary differential equations as initiated in [14], [16]. Our formulation has
the advantage that pseudo orbits are taken to be sequences of points and
thus can be generated numerically. This permits one to garner rigorous
mathematical results with the assistance of numerical simulations. Such
computer-assisted shadowing techniques make an attractive complement
to classical numerical analysis, especially in the investigation of specific
chaotic systems.

Chaotic numerics? The key signature of chaotic systems is the sensitivity of
their solutions to initial data. This poses a major challange in numerical
anaysis of chaotic systems because such systems tend to amplify, often
exponentially, small algorithmic or floating point errors. Here is a gloomy
account of this difficulty as given by Hairer et al. [30]:

“The solution (of the Salzman-Lorenz equations with constants
and initial values o = 10, r = 28, b = 8/3; z(0) = -8, y(0) =8,
z(0) = 27) is, for large values of ¢, extremely sensitive to the
errors of the first integration steps. For example, at ¢ = 50 the
solution becomes totally wrong, even if the computations are
performed in quadruple precision with T'ol = 1072°. Hence the
numerical results of all methods would be equally useless and
no comparison makes any sense. Therefore, we choose t¢,q = 16
and check the numerical solution at this point. Even here, all
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computations with Tol > 1077, say, fall into a chaotic cloud of
meaningless results.”

Shadowing reveals a striking silverlining of this “chaotic cloud.” While
it is true that this chaotic cloud has little to do with the solution having
the specified initial data, it is not meaningless: the chaotic cloud is an
exceedingly good approximation of another solution whose initial data is
very close to the specified initial data. More generally, using the finite-time
shadowing theorem in [17], it is possible to shadow numerically generated
pseudo orbits of (non-uniformly hyperbolic) chaotic ordinary differential
equations for long time intervals.

Chaos? There are many ways chaos can arise in a dynamical system. A com-
mon cause, as first observed by Poincaré [51] over a century ago while
studying the resticted three-body problem, is the presence of transversal
homoclinic points. He called such points “doubly asymptotic” because
they are asymptotic both in forward and backward times to a fixed point
or a periodic orbit. Birkhoff [4] proved that every homoclinic point of a
two-dimensional diffeomorphism is accumulated by periodic orbits. Smale
[59] confirmed Poincaré’s observation by proving that a transversal homo-
clinic point of a diffeomorphism in dimension two and higher is contained
in a hyperbolic set in which the periodic orbits are infinitely many and
dense. Sil’'nikov [55] showed that a similar result holds for flows. Recently,
it has been conjectured by Palis and Takens [45] that generically chaotic
orbits occur if and only if there is a transversal homoclinic orbit. This is
indeed the case for continuous interval maps as shown in [6].

In spite of the remarkable mathematical results above, transversal homo-
clinic orbits are quite difficult to exhibit in specific chaotic flows. Even the
periodic orbits, to which the homoclinic orbits are to be doubly asymp-
totic, are hard to come by. Recently in [22], we have formulated a prac-
tical notion of a pseudo homoclinic, more generally pseudo connecting,
orbit and proved a shadowing theorem that guarantees the existence of
transversal homoclinic, or heteroclinic, orbits to periodic orbits of differen-
tial equations. The hypotheses of this theorem can be verified for specific
flows with the aid of a computer, thus enabling us to prove the existence
of a multitude of periodic orbits and transversal orbits connecting them
in, for example, yet again, the chaotic Lorenz Equations.

Contents? Here is a section-by-section description of the contents of the re-
mainder of this paper:

e In Section 2, we first give definitions of an infinite pseudo orbit and
its shadowing by a true orbit. Then we present two infinite-time
shadowing results, one for pseudo orbits lying in hyperbolic invari-
ant sets, and another for a single pseudo orbit in terms of a certain
operator.
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e In Section 3, shadowing definitions for finite pseudo orbits and a
Finite-time Shadowing Theorem for non-uniformly hyperbolic sys-
tems are formulated. This theorem is significant in proving the ex-
istence of true orbits near numerically computed ones for long time
intervals.

e In Section 4, the shadowing of pseudo periodic orbits is considered.
The Periodic Shadowing Theorem stated here is very effective in es-
tablishing the existence of periodic orbits, including unstable ones in
dimensions three and higher.

e In Section 5, the notion of a pseudo connecting orbit connecting
two pseudo periodic orbits is formulated. Then a Connection Orbit
Shadowing Theorem that guarantees the existence and tranversality
of a true connecting orbit between true periodic orbits is stated. In
the particular case when the two periodic orbits coincide we have
a Homoclinic Shadowing Theorem, with the aid of which existence
of chaos, in the sense of Poincaré, can be rigorously established in
specific systems.

e In Section 6, some of the key computational issues such as construc-
tion of good pseudo orbits, rigorous bounds on quantities that appear
in the hypotheses of the shadowing theorems, and floating point com-
putations are addressed.

e In Section 7, we present several examples to demonstrate the effec-
tiveness of the shadowing results above as a new computer-assisted
technique for establishing rigorously finite, periodic, and transversal
homoclinic orbits in the quintessential chaotic system—the Lorenz
Equations.

e In Section 8, we conclude our review with some parting thoughts.
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2. Infinite-time Shadowing

In this section we first introduce notions of an infinite pseudo orbit and its shad-
owing by a true orbit of a system of autonomous differential equations. Then we
state two general results that guarantee the shadowing of infinite pseudo orbits.
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The first result, Theorem 1, in the spirit of the classical Shadowing Lemma, is
a shadowing theorem for pseudo orbits lying in a compact hyperbolic set. The
second result, Lemma 1, replaces the hyperbolicity assumption with the invert-
ibility of a certain linear operator. The second result is more general; in fact,
the classical theorem follows from it. Moreover, the second result has practical
applicability in numerical simulations as we shall demonstrate in later sections.
Whilst the hyperbolicity assumption on a compact invariant set is not possible
to verify in any realistic example (strange attractors are not usually uniformly
hyperbolic), the invertibility of the operator associated with a particular pseudo
orbit can frequently be established.

Consider a continuous dynamical system

(1) x = f(x),

where f : U — IR" is a C? vector field defined in an open convex subset U of
IR™. Let ¢’ be the associated flow. Throughout this paper we use the Euclidean
norm for vectors and the corresponding operator norm for matrices and linear
operators, and in product spaces we use the maximum norm.

DEFINITION 1. Definition of infinite pseudo orbit. For a given posi-
tive number &, a sequence of points {yk}ﬁi‘iw in U, with f(yx) # 0 for all k, is
said to be a § pseudo orbit of Eq. (1) if there is an associated bounded sequence
{h}E2° . of positive times with positive infrez hi, such that

lyit1 — @™ ()| <6 for k€ Z.

Next, we introduce the notion of shadowing an infinite pseudo orbit by a
true orbit.

DEFINITION 2. Definition of infinite-time shadowing. For a given
positive number ¢, a § pseudo orbit {yx}°° __ of Eq. (1) with associated times

k=—oc0
{hi}2° s said to be e-shadowed by a true orbit of Eq. (1) if there are points
{xk 122 on the true orbit and positive times {t}2° __ with p'*(xx) = Xk11

such that
Ixe —yill <e and |t —hg| <e for ke Z.

In our first Shadowing Theorem we will assume that pseudo orbits lie
in a compact hyperbolic set. For completeness, we recall the definition of a
hyperbolic set as given in, for example, [47].

DEFINITION 3. Definition of hyperbolic set. A set S C U is said to
be hyperbolic for Eq. (1) if

(i) f(x) #£0 for all x in S;
(11) S is invariant under the flow, that is, ¢*(S) = S for all t;
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(i) there is a continuous splitting
R" = E'(x) @ E*(x) ® E*(x) forxe€ S

such that E°(x) is the one-dimensional subspace spanned by {f(x)}, and
the subspaces E*(x) and E*(x) have constant dimensions; moreover, these
subspaces have the invariance property

D¢'(x)(E*(x)) = E°(¢'(x)), D¢ (x)(E"(x)) = E*(¢'(x))
under the linearized flow and the inequalities

1D¢" () €li
1De" () €li

are satisfied for some positive constants K1, Ko, oy, and as.

Kiem®tg]| fort >0, € € E5(x),

<
< Koe®|¢|| fort <0, € € EY(x)

Now, we can state our first shadowing theorem for infinite pseudo orbits
of ordinary differential equations.

THEOREM 1. Infinite-time Shadowing Theorem. Let S be a compact
hyperbolic set for Eq. (1). For a given sufficiently small € > 0, there is a 6 > 0
such that any & pseudo orbit {y,}}2>° _ of Eq. (1) lying in S is e-shadowed by
a true orbit {x;}>° .. Moreover, there is only one such orbit satisfying

flye) (xx —yk) =0 for k eZL.

In preparation for our second infinite shadowing result, we next introduce
various mathematical entities. Take a fixed pseudo orbit {y;}{>° . with asso-

ciated times {hz}7>° __. Let Y, be the subspace of IR™ consisting of the vectors

k=—o0

orthogonal to f(yx). Then let Y be the Banach space of bounded sequences
v = {Vi ke z with vi € Y%, and equip Y with the norm

[v]l = sup [[vil]
keZ

Also, let Y be a similar Banach space except that v € Yi+1. Then let
Ly:Y =Y
be the linear operator defined by

(LyV)k = Viy1 — Pog1 D™ (yr ) ve,
where Py : R™ — IR"™ is the orthogonal projection defined by
fyr)'v

1 (yr)II?

Pov=v-—

f(yr)-
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So Ly is a linear operator associated with the derivative of the flow along the
pseudo orbit, but restricted to the subspaces orthogonal to the vector field.
This operator plays a key role in what follows. We assume that the operator is
invertible with a bounded inverse:

-1
1Ly |l < K.
Next we define various constants. We begin with

Mo=sup [f(x)], My =sup|Df(x)|, Mz =sup|D*f(x)|,
xeU xeU xeU

and

hmin = Inf hg,  hmax = sup hyg.
ke Z ke Z

Next, we choose a positive number €y < hmin such that for all k and ||x —yi|| <
g0 the solution ¢! (x) is defined and remains in U for 0 < ¢ < hy+¢g¢. Continuing,
we define

A= inf [|f(yi)ll, Mo=sup |[f(ye)l, M= sup [|Df(yx)l-
€L ke Z ke Z

Now, we define the following constants in terms of the ones already given:
C = max{K, A7 (eMihmax | 4 1},
C = (1-MésC) ',

and

N, =8 [Moﬂl 4 M eMr (hmaxteo) 4 M (hmax + 60)62M1(hmax+50)} ’

Ny

8 [144C (Mo + et ) | [N B 4 Mp Mg + 20Mpe (ot )]

N3

2
8 {1 +4C (MO n eM1<hmax+60>)} M, M.

Now, we can state our second shadowing result for an infinite pseudo orbit
in terms of the associated operator Ly and the constants introduced above.

LEMMA 1. Infinite-time Shadowing Lemma. Let {y.};>° _ be a

k=—o0
bounded & pseudo orbit of Eq. (1) with associated times {hy}°° __ such that Ly
is invertible with ||L;'|| < K. Then if

4C6 < €0, 2M-,C6 < 1, C2(N1(S + N252 + N353) <1,
the pseudo orbit {yy}>° __ is e-shadowed by a true orbit {x;}>° __ of Eq. (1)

k=—o0 k=—oc0
with associated times {tx}{2°  and with

e < 206.
Moreover this is the unique such orbit satisfying

fye) (xx —yr) =0 for keZ.
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Notes on infinite-time shadowing: The details of the proof of the Infinite-
time Shadowing Lemma are given in [22]. The idea of the proof is to set up
the problem of finding a true orbit near the pseudo orbit as the solution of
a nonlinear equation in a Banach space of sequences. The invertibility of the
linear operator L, implies the invertibility of another linear operator associated
with the abstract problem and this enables one to apply a Newton-Kantorovich
type theorem [33] to obtain the existence and uniqueness of the true orbit.

One uses the Infinite-time Shadowing Lemma to prove the Infinite-time
Shadowing Theorem. The main problem is to show that hyperbolicity implies
that the operator Ly : ¥ — Y is invertible with a uniform bound on its inverse.
A slightly different proof of the Infinite-time Shadowing Theorem is in an earlier
publication [16].

For flows, unlike diffeomophisms, there are various alternatives for the
definition of a pseudo orbit. Should it be a sequence of points or solution seg-
ments that are functions of time? Here we have elected to use sequences of
points. These choices of definitions have obvious advantages when we consider
finite pseudo orbits that come from numerical computations. With such consid-
erations in mind, the definitions of a pseudo orbit and shadowing for ordinary
differential equations as given here first appeared in [14] and [16]. The problem
in proving the shadowing theorem for flows is the lack of hyperbolicity in the
direction of the vector field. To compensate for this, we allow a rescaling of time
in our definition of shadowing.

A shadowing theorem for flows, with a somewhat different notion of shad-
owing, was first proved in [26]. Different versions of the shadowing theorem
have been proved in [42], [34], [35], [16], and [49]. For a “continuous” shadow-
ing theorem, see [47] and also [49]. In the latter book the author also proves
a shadowing theorem for structurally stable systems, which includes that for
hyperbolic systems.

3. Finite-time Shadowing

Since chaotic systems exhibit sensitive dependence on initial conditions, a nu-
merically generated orbit will diverge quickly from the true orbit with the same
initial condition. However, we observe that a computed orbit is a pseudo orbit
and so, according to our Infinite-time Shadowing Lemma, would be shadowed
by a true orbit in the presence of hyperbolicity, albeit with slightly different
initial condition. It turns out chaotic systems are seldom uniformly hyperbolic
but still exhibit enough hyperbolicity that pseudo orbits can still be shadowed
for long times. To this end, we formulate a finite-time shadowing theorem in
this section. As in the Infinite-time Shadowing Lemma, our condition involves
a linear operator associated with the pseudo orbit but now the aim is to choose
a right inverse with small norm. First we recall a precise notion of shadowing
of a finite pseudo orbit by an associated nearby true orbit. Then we present the
Finite-time Shadowing Theorem.



Shadowing 9

DEFINITION 4. Definition of finite pseudo orbit. For a given positive
number 8, a sequence of points {yi}~_, is said to be a § pseudo orbit of Eq. (1)
if f(yx) # 0 and there is an associated sequence {hk},iv:_ol of positive times such
that

[yier — )l <6 for k=0,... N1

DEFINITION 5. Definition of finite-time shadowing. For a given pos-
itive number e, an orbit of Eq. (1) is said to e-shadow a § pseudo orbit {yx -,
with associated times {hy,}r o' if there are points {xy }1_, on the true orbit and
times {tx }p—o" with o' (x1,) = Xp41 such that

Ixx —yil| <e fork=0,....N and |ty —hg|<e fork=0,...,N—1.

To state our theorem we need to develop a bit of notation and introduce
certain relevant mathematical constructs. Let {yk}gzo be a ¢ pseudo orbit
of Eq. (1) with associated times {hy}n_;. With the subspaces Y; and the
projections Py defined as in Section 2, we define a linear operator

Ly: Yo x - xYy > Yy x - x Yy

in the following way: If v = {v;}2_, is in Yy x - -+ X Yy, then we take Lyv =
{[Lyv]k},lf:_ol to be

[LyV]k = Vit1 — Per1 D™ (yi)vi fork=0,...,N -1

The operator Ly has right inverses and we choose one such right inverse Ly 1
with

1251 < K.
Also we define constants as before Lemma 1 with the range of k& being appro-
priately adjusted. Now we can state our theorem.

THEOREM 2. Finite-time Shadowing Theorem. Let {y;}_, be a §
pseudo orbit of Eq. (1) with associated times {hk}iv:})l and let L;l be a right
inverse of the operator Ly with ||Ly'|| < K. Then if

406 < €9, M C6 < 1, C?(N16 + Noo? + N36®) < 1,
the pseudo orbit {yy}N_, is e-shadowed by a true orbit {xx}_, with
e < 209.

Notes on finite-time shadowing: The proof of the Finite-time Shadowing
Theorem above is quite similar to that of Lemma 1 except that here we use
Brouwer’s fixed point theorem rather than the contraction mapping principle.
It was first observed in [28], [29] that pseudo orbits of certain chaotic
maps could be shadowed for long times by true orbits, despite the lack of uniform
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hyperbolicity. Others, [9], [10], and [52] realised that these observations could be
generalized using shadowing techniques. Here the key idea is the construction
of a right inverse of small norm for a linear operator similar to the one used for
infinite-time shadowing. The choice of this right inverse is guided by the infinite-
time case—one takes the formula for the inverse in the infinite-time case and
truncates it appropriately (see [18]). However, the ordinary differential equation
case is somewhat more complicated. It is not simply a matter of looking at the
time-one map and applying the theory for the map case. One must somehow
“quotient-out” the direction of the vector field and allow for rescaling of time
as is done in Theorem 2; this needs to be done because of lack of hyperbolicity
in the direction of the vector field. That this leads to much better shadowing
results is shown in [17]. For other finite-time shadowing theorems in the context
of autonomous ordinary differential equations, see [11], [12], [32], [62].

4. Periodic Shadowing

In simulations of differential equations apparent periodic orbits, usually asymp-
totically stable, are often calculated. In this section we show how shadowing can
be used to verify that there do indeed exist true periodic orbits near the com-
puted orbits. Our method can be applied even to unstable periodic orbits which
are ubiqgitous in chaotic systems. We first recall the notions of pseudo periodic
orbit and periodic shadowing for autonomous ordinary differential equations.
Then, we state a Periodic Shadowing Theorem which guarantees the existence
of a true periodic orbit near a pseudo periodic orbit.

DEFINITION 6. Definition of pseudo periodic orbit. For a given
positive number §, a sequence of points {yx}_,, with f(yx) # O for all k, is
said to be a § pseudo periodic orbit of Eq. (1) if there is an associated sequence
{hi}2_ of positive times such that

HykJrl_whk(yk)HS(; fOTkZO,...,N—l,

and
lyo — ™ (yn)| < 6.

DEFINITION 7. Definition of periodic shadowing. For a given posi-
tive number €, a § pseudo periodic orbit {yx }_, with associated times {hx}_,
is said to be e-shadowed by a true periodic orbit if there are points {Xk};evzo and
positive times {tk}ffzo with @™ (x) = Xpy1 for k = 0,...,N — 1, and x¢ =
O~ (xn) such that

Ixr —yirll <e and |t —hp|<e for k=0,...,N.

To decide if a pseudo periodic orbit is shadowed by a true periodic orbit
we need to compute certain other quantities. Let {yk}{f:o be a § pseudo periodic
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orbit of Eq. (1) with associated times {hj}1_,. With the subspaces Y} and the
projections Py defined as in Section 2, we define a linear operator

Ly:YoxYi X XYy =Y X+ XYy XY
as follows: if v = {vi}#_, then

(LyV)e = Vg1 — Poy1Do™ (ye)vi, fork=0,...,N—1
(LyV)N = Vo — PND(th (yN)VN.

We assume the operator Ly is invertible with || L || < K. Also we define
constants as before Lemma 1 with the range of k being appropriately adjusted.
Now, we can state our main theorem.

THEOREM 3. Periodic Shadowing Theorem. Let {yx}i_, be a §
pseudo periodic orbit of the autonomous system Eq. (1) such that the operator Ly
is invertible with | Ly'|| < K. Then if

406 < g9, 2M,06 < 1, C?(N16 4 Noo? + N36%) < 1,

the pseudo periodic orbit {yx}Y_, is e-shadowed by a true periodic orbit {xx}_,
of Eq. (1) with associated times {t;}_, and with

e < 206.
Moreover, this is the unique such orbit satisfying

Fyr) (xk —yx) =0 for0<k<N.

Notes on periodic shadowing: The proof of the Periodic Shadowing Theo-
rem above is in [15]. Computation of periodic orbits with long periods requires
special care; this situation is addressed in [19].

Normally one expects periodic orbits to be plentiful in chaotic invariant
sets. One would like to be able to prove that periodic orbits are dense in
attractors like those for the Lorenz Equations. This we have not been able to
do. However, in [15], [19] we were able to use shadowing techniques to prove
the existence of various periodic orbits of the Lorenz Equations, including orbits
with long periods. We will display some of these periodic orbits in Section 7.

The idea of using computer assistance for rigorously establishing the exis-
tence of periodic orbits occurred to other people before us. For instance, Franke
and Selgrade [27] gave a computer-assisted method to rigorously prove the ex-
istence of a periodic orbit of a two-dimensional autonomous system. Other
relevant studies are [1], [43], [44], [54], [58], and [61].

Using periodic shadowing techniques, one can also provide rigorous es-
timates for the Lyapunov exponents of periodic orbits. Details of such com-
putations, along with the Lyapunov exponents of several periodic orbits of the
Lorenz Equations, are given in [19].
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5. Homoclinic Shadowing

General theorems proving the existence of a transversal homoclinic orbit to
a hyperbolic periodic orbit, or a transversal heteroclinic orbit connecting one
periodic orbit to another periodic orbit, of a flow are few. In this section we
present two such theorems. In Section 7 we will show the effective use of these
theorems on specific systems.

We first introduce the definition of an infinite pseudo periodic orbit, which
is just the finite pseudo periodic orbit in Definiton 6 extended periodically. This
is more convenient for our purposes in this section.

DEFINITION 8. Definition of infinite pseudo periodic orbit. A se-
quence {yx}i2° . with associated times {{}>° __ is said to be a & pseudo
periodic orbit of period N > 1 of Eq. (1) if infrez € > 0, f(yx) # 0 for all k
and

lyker — 0™ (yi)| <6 and  yryn =yr, Llegn =L, for k€ Z.
Now we define shadowing of such a pseudo periodic orbit.

DEFINITION 9. Definition of periodic shadowing. For a given pos-
itive number €, an infinite § pseudo periodic orbit {yk}:‘:"ioo with associated

times {0 }2° . is said to be e-shadowed by a true periodic orbit if there are

— 00

points {Xk}krffoo and positive times {tk}kffoo such that Xp+ N = Xg and tpyn =
tr and o' (xy) = Xp11 for all k € Z and

%k —yill <e and |ty —hi|<e forkeZ.

We next formalize the definition of a pseudo connecting orbit, homoclinic
or heteroclinic, connecting one pseudo periodic orbit to another.

DEFINITION 10. Definition of pseudo connecting orbit. Consider

two & pseudo periodic orbits {§, 1> and {y,}[>° . with associated times
{032 and {6.}{2° . An infinite sequence {wy}{ >  with associated

times {hk} OO_OO 8 sazd to be a ¢ pseudo connecting orbit connecting {Yk}k_
to {yr 1> o if f(wy) #0 for all k and

(i) |Wrt1 — ¢ (wy)|| < 8 for k € Z,

— 00

(ii) Wi, = Vi, hy = by, for k < p and Wy, =y, hx = £, for k > q for some
integers p < q.

In particular, {wi}>° __ is said to be a pseudo homoclinic orbit if there exists
7,0 <7 <N, such that ¥, = Yisr and b, = by, for all k.

Shadowing of a pseudo connecting orbit is defined as in Definition 2 for
infinite-time shadowing.
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Let Ly : Y — Y be the linear operator defined by
(LwV)k = Vg1 — Pog1 D™ (Wi) vy,

where Py, Y and Y are defined as in Section 2 with w replacing y. We assume
the operator is invertible and that ||Ly!|| < K. Also we define constants as
before Lemma 1 with y replaced by w.

With the definitions and notations above, here we state our main shad-
owing theorems for connecting pseudo orbits. The first theorem guarantees the
existence of a true hyperbolic connecting orbit near a pseudo connecting orbit.
Note that an orbit is hyperbolic if and only if the invariant set defined by it is
hyperbolic as in Definition 3.

THEOREM 4. Connecting Orbit Shadowing Theorem. Suppose that
{72 and {yk};:‘:”ioo are two & pseudo periodic orbits with periods N and
N, respectively, of Fq. (1). Let {Wk}$gioo be a 0 pseudo connecting orbit of
Eq. (1) with associated times {hi};2° . connecting {Fx 122 . to {ys}>° -
Suppose that the operator Ly, is invertible with

L' < K.
Then if
4C6 < gg, 4MCS <min{2, A}, C?(N16+ Nad® + N36°) < 1,

k=—o0 k=—o0
periodic orbits {Xy}72 _ . of period N and {x}7> _

(i) the pseudo periodic orbits {§1}:2° _ and {yi}>° . are e-shadowed by true
V of period N where

e <208,

moreover, ¢*(Xo) and ¢*(xq) are hyperbolic (non-equilibrium) periodic or-
bits;

(ii) the pseudo connecting orbit {wy} /> _ above is also e-shadowed by a true
orbit {z1}32_ . Moreover, ¢*(zo) is hyperbolic and there are real numbers
a and « such that ||¢*(zo) — ¢"T*(Ro)|| — 0 as k — —oco and ||¢*(zo) —
O (x0)|| = 0 as t — 0.

In the special case of the theorem above when the two periodic orbits
coincide, we obtain a transversal homoclinic orbit as hyperbolicity of the con-
necting orbit implies its transversality. Now, an additional condition is required
to ensure that the connecting orbit does not coincide with the periodic orbit.
The condition given in the theorem below is that there be a point on the pseudo
homoclinic orbit sufficiently distant from the pseudo periodic orbit. With the
setting as in the previous theorem, we state the following theorem.

THEOREM 5. Homoclinic Orbit Shadowing Theorem. Suppose that
{yx}2° . is a § pseudo periodic orbit with period N of Eq. (1). Let {w},};=°

k=—oc0 k=—o0
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be a § pseudo homoclinic orbit of Eq. (1) with associated times {hj}>°

necting {yk};:i‘ioo = {yk+7}$§‘im to {yk};:‘:”ioo, where 0 < 7 < N. Suppose
that the operator Ly, is invertible with

con-

ILG < K.
Then if
4C6 < €0, 4M-C6 < min{2, A}, CQ (N15+ N252 + N3(53) <1,

(i) the pseudo periodic orbit {yk};io_oo above is e-shadowed by a true periodic
orbit {x}72 of period N where

— 00

e <206,
moreover, ¢'(xq) is a hyperbolic (non-equilibrium,) periodic orbit;

(ii) the pseudo homoclinic orbit {wy };2° __ above is also e-shadowed by a true
orbit {z}32 _ . Moreover, ¢'(zo) is hyperbolic and there are real numbers
a and « such that ||¢t(zg) — "% (x0)|| — 0 as k — —o0 and ||¢*(z0) —
¢ (x0)|| — 0 as t — oo. Furthermore, provided there exists v with
p <1 < q such that

M (hemaxteo)—1 ~
[wr =yl > (L (yr)ll + 2M1C5)T1 +4C0
for 0 < k < N —1, then z, does not lie on the orbit of xg and so we
may conclude that zg is a transversal homoclinic point associated with the
periodic orbit ¢t(xg).

Notes on homoclinic shadowing: We prove the theorems above partly using
earlier theorems. First we prove the existence of the periodic orbits using the
Periodic Shadowing Theorem. Then we use the Infinite-time Shadowing Lemma
to show the existence of a unique orbit shadowing the pseudo homoclinic orbit.
However, here we have to show this orbit is asymptotic to the periodic orbits.
It turns out that this can be proved by a compactness argument using the
uniqueness. Moreover, we need to show the transversality as well. This follows
from the hyperbolicity which is proved by a rather involved argument. Detailed
proofs of these theorems are available in our forthcoming paper [22].

Examples of flows with transversal connecting orbits are scarce. The
papers [36], [38], and [64] have examples of connecting orbits in celestial me-
chanics. Note that [36] also employs shadowing methods but applies a theorem
for a sequence of maps (see also [49] for such a theorem) rather than a theo-
rem specifically for differential equations. There are also studies using shooting
methods combined with interval arithmetic that attempt to establish the ex-
istence of connecting orbits; see, for example, [60] where such orbits in the
Lorenz Equations are computed. In Section 7 we will exhibit the existence of a
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transversal homoclinic orbit in the Lorenz Equations for the classical parameter
values.

There are a number of studies for effectively computing accurate approx-
imations to finite segments of orbits of flows connecting two periodic orbits.
For example, [25] and [48], inspired by [3], approximate a connecting orbit by
the solution of a certain boundary value problem and they derive estimates for
the error in the approximation. However, all existing work is carried out on the
assumption that a true connecting orbit exists. In contrast, our Connecting and
Homoclinic Shadowing Theorems provide a new computer-assisted method for
rigorously establishing the existence of such orbits.

According to Sil'nikov’s theorem [55], [56], and [46], the existence of a
transversal homoclinic orbit implies chaos. A single transversal heteroclinic
orbit does not imply chaos. However, a cycle of transversal heteroclinic orbits
does imply chaos. Our Connecting Orbit Shadowing Theorem can be used to
prove the existence of such cycles in, for example, the Lorenz Equations, as
demonstrated in [22].

6. Implementation Issues

There are two main computational issues in applying the shadowing theorems
we have presented in the previous sections:

(i) Small §: finding a suitable pseudo orbit with sufficently small rigorous local
error bound;

(ii) [|L7Y] £ K: verifying the invertibility of the operator L (or finding a
suitable right inverse) and calculating a rigorous upper bound K on the
norm of the inverse.

In this section we highlight certain key ideas regarding these computational
considerations, at suitable points directing the reader to references where further
details can be found.

(i) Finding a suitable pseudo orbit: In the case of finite-time shadowing,
one could be tempted to use a sophisticated numerical integration method with
local error tolerance control to generate a good pseudo orbit. However, in order
to claim the existence of a true orbit near the computed approximate orbit,
we need a rigorous bound on the local discretization error §. We have found a
high-order Taylor Method to be the most effective numerical integration method
for this purpose. To get a rigorous ¢, one must also account for the floating
point errors in the calculation of ¢ (y},), which we handle using the techniques
of Wilkinson [65]. Details of the implementation of the Taylor Method with
floating error estimates for the Lorenz Equations are given in [17].

In the case of periodic or homoclinic shadowing, it is very difficult to
find a pseudo periodic orbit or pseudo homoclinic orbit with § small enough by
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a routine use of a numerical integrator using simple shooting, that is, various
initial conditions are tried until one is found with a small §. Usually the §
found in this way is not small enough to apply our theorems. To get a pseudo
orbit with a smaller §, we refine the “crude” pseudo orbit with a suitable global
Newton’s method. “Global” means we work with the whole pseudo orbit, not
just its initial point since it turns out that working with just the initial point is
not effective.

Now we describe what we do in the periodic case. Let {ys}i_, be a
0 pseudo periodic orbit of Eq. (1), found perhaps by simple shooting, or by
concatenating segments of several orbits. In general, the § associated with such
a crude pseudo orbit will not be sufficiently small to apply our Periodic Orbit
Shadowing Theorem. We want to replace this pseudo periodic orbit by a nearby
one with a smaller §. Ideally there would be a nearby sequence of points {x }2_,
and a sequence of times {t;}_, such that

Xpp1 = ¢ (xg) fork=0,...,N—1
xp = " (xn).

We write x; = yx + 2k, where zy, is orthogonal to f(yx), and tx = hy+ sg.
So we need to solve the equations

Zos1 = O TH(yp+z) —yrp fork=0,...,N—1
zo = ¢"TN(yn +2zn) o

As in Newton’s method, we linearize:

M (yp + 21) — Yierr R F(8" (yr)) sk + D" (yi)zn + 6" (Vi) = Vit

Next we write
zj, = Sy,

where uj, € R"™! and {Sk}2_, is a sequence of n x (n — 1) matrices chosen so
that [f(yx)/|lf(yx)| Sk] is orthogonal. So now we solve the linear equations

Sk+1uk+1 = f(Yk+1)3k =+ D¢hk (yk)Skuk + gk for k = 0, RN N -1

Soug = f(yn)sn + D" (yn)Snun +gn

for s and uy, where g = ¢"*(y) — yrs1. Multiplying each equation in the

first set by S;,; and f(yr4+1)* and multiplying the last equation by Sj and
f(y0), under the assumption of no floating point errors, we obtain

(2) uk+1—Akuk = SZ+1gk fOI‘kZ:O,...,N—l
u)— Anzy = Sign
and
sk = —IF a2 F (Yrar) {DS"™ (yr)Skur + g} for k=0,...,N -1

sy = —|f(yo)ll 7> f(yo)* {D¢" (yn)Snun + gn},
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where Ay = SZHquhk (yi)Sk for k=0,...,N—1and Ay = S;D¢"¥ (yn)Sn-
So the main problem is to solve Eq. (2). This is solved by exploiting the local
hyperbolicity along the pseudo orbit which implies the existence of contracting
and expanding directions. We use a triangularization procedure which enables
us to solve forward first along the contracting directions and then backwards
along the expanding directions. Note that it is numerically impossible to solve
the whole system forwards because of the expanding directions.

Once the new pseudo periodic orbit {yx + zx }1_, with associated times
{hi, + sk}, is found, we check if its delta is small enough. If it is not, we
repeat the procedure for further refinement. For complete details see [19]. A
similar method to refine a crude pseudo homoclinic orbit is given in [22].

(i1) Verifying the invertibility of the operator (or finding a suitable right
inverse) and calculating an upper bound on the norm of the inverse: Again we
just look at the periodic case. A similar procedure is used in the finite-time and
homoclinic cases but in the homoclinic case it is rather more complicated since
the sequence spaces are infinite-dimensional; however, we can handle it due to
the periodicity at both ends. First we outline the procedure which would be
used in the case of exact computations.

To construct Ly I we need to find the unique solution z; € Y}, of

Zey1 = Pk+1D¢hk(y;€)Zk—|—gk, fork=0,...,N—1
20 = PyD¢"(yx)zn +gn-

whenever gy, is in Y49 for K =0,...,N — 1 and in Yj for K = N. We use the
n X (n — 1) matrices Sy as defined in () and make the transformation

zj, = Skuy,
where uy, is in IR” 1. Making this transformation, our equations become

ugr — Agug, = SZ+1gk, fork=0,...,N—1

*
u — Ayuy = Sygn,

where Ay, is the (n — 1) x (n — 1) matrix Ay = S;, D" (yi)Sk for k =
0,...,N —1and Ay = S;D¢"¥ (yn)Sn. As in (i), these equations are solved
by exploiting the hyperbolicity which implies the existence of contracting and
expanding directions. We use a triangularization procedure which enables us to
solve forward first along the contracting directions and then backwards along
the expanding directions. Thus we are able to obtain a computable criterion for
invertibility and a formula for the inverse from which an upper bound for the
inverse can be obtained.

Of course, we have to take into account round-off and discretization error.
For example, we have to work with a computed approximation to D¢ (yy).
However, this only induces a small perturbation in the operator. Another prob-
lem is that the columns of Sy, as computed, are not exactly orthonormal. Next
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Figure 1.1: A pseudo orbit, with § < 1.978 x 10~ !2, of the Lorenz Equations for
the classical parameter values o = 10, 3 = 8/3, p = 28 and initial data (0, 1, 0)
projected onto the (z, y)-plane. There exists a true orbit within e < 2.562x107°
of this pseudo orbit. For clarity, we have plotted only the first 120 time units
of the pseudo orbit. Shadowing of this pseudo orbit for much longer time is
possible.

A cannot be computed precisely. Finally the difference equation cannot be
solved exactly but we are still able to obtain rigorous upper bounds, using stan-
dard perturbation theory of linear operators and the techniques in [65] to obtain
rigorous upper bounds on the error due to floating point operations. The nec-
essary interval arithmetic can be implemented by using IEEE-754 compliant
hardware with a compiler that supports rounding mode control. For more de-
tails of these and other issues see [19] and for the finite-time and homoclinic
cases see [17] and [22], respectively.

7. Examples

In this section, we offer representative applications of the shadowing theorems
from Sections 3, 4, and 5, using the Lorenz Equations [41]

i = o(y—ux)
Yy = pr—y—2aZ
Z = wzy-— Pz
with the classical parameter values ¢ = 10 28, B = 8/3. Using the

P =
Lyapunov function V(z,y,2) = pa? + oy? + o(z — 2p)?, it is not difficult to



Shadowing 19

Figure 1.2: Two short pseudo periodic orbits of the Lorenz Equations for the
classical parameter values projected onto the (z, y)-plane. The pseudo orbit in
(a) has approximate period 1.559 time units; it is shadowed by a true periodic
orbit within ¢ < 1.800 x 10~'2. It is interesting to observe that these periodic
orbits coexist with the nonperiodic orbit in Fig. 1.1.

establish that the set
U={(z,y,2): pr® +oy> + o(z — 2p)? < 0p*B%/(B - 1)}

is forward invariant under the flow of the Lorenz Equations for ¢ > 1, p > 0,
and 6 > 1. Each pseudo orbit {}’k}{y:o of the Lorenz Equations we calculate
below lies inside this forward invariant ellipsoid U.

First we give an example of finite-time shadowing for the initial data
(0,1,0) used by Lorenz. The pseudo orbit {yj}&_ of the Lorenz Equations in
Fig. 1.1 and the sequence of matrices approximating D¢"* (y},) are generated
by applying a Taylor series method of order 31 with initial value yg at ¢ = 0
and with constant time step hi. The Taylor method has the advantages that a
bound for the local discretization error is easily calculated and it also allows us
to use relatively large step sizes hi. This pseudo orbit is depicted in Fig.1.1. It
is a & pseudo orbit with § < 1.978 x 10713 and we are able to show that it is e-
shadowed by a true orbit with e < 2.562 x 1079 for at least 850,000 time units.
This example is taken from [17] where all the implementation details can be
found. A pseudo orbit from almost all initial data of the Lorenz Equations are
shadowable for reasonably long time intervals. In the same reference shadowing
times of many other pseudo orbits are tabulated.

Next, we present examples of periodic shadowing. Periodic orbits of the
Lorenz Equations exhibit a great deal of geometric variations and they have
been the subject of many publications; see, for example, [1], [5], [63]. Most of
these works are either of numerical nature or pertain to a model system which
is believed to capture the essential features of the actual equations. One of the
first rigorous demonstrations of a specific periodic orbit of the Lorenz Equations
was given in [15] using the Periodic Shadowing Theorem of Section 4.
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Figure 1.3: “X” and “Y” pieces of a crude pseudo periodic orbit of the Lorenz
Equations for the classical parameter values projected onto the (z,y)-plane.
Concatenated copies in the order XY and XYY are used as initial guesses for
the Global Newton’s method to generate the refined pseudo periodic orbits in

Fig. 1.2.

Figure 1.4: Two long pseudo periodic orbits of the Lorenz Equations for the
classical parameter values projected onto the (z, y)-plane. The pseudo periodic
orbit in (a) is of type XXYYXXXYYYXYXYXXXYY. The pseudo periodic
orbit in (b) has approximate period 1100.787 time units; it is shadowed by a
true periodic orbit within e < 5.239 x 10712,
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Figure 1.5: The pseudo periodic orbit of the Lorenz Equations from Fig. 1.2(a)
(plotted in small circles) and a pseudo homoclinic orbit (plotted in dots) doubly
asymptotic to this pseudo periodic orbit with § < 2.012 x 107!2. There exist
a true hyperbolic periodic orbit and a true transversal homoclinic orbit within
€ < 2.266 x 1079 of the pseudo ones.

In Fig. 1.2 two short pseudo periodic orbits of the Lorenz Equations are
plotted. The pseudo periodic orbit in Fig. 1.2(a) has approximate period 1.559
and is readily visible on the computer screen by following the solution from the
initial data

(—12.78619065852397642, —19.36418793711800464, 24.0)

with a decent integrator. We found the periodic orbit in Fig. 1.2(a) as follows:
first we computed the two orbit segments X and Y in Fig. 1.3 whose endpoints
were fairly close and concatenated them together to form a pseudo periodic
orbit XY with a quite large 6. Then we used the global Newton’s method
as outlined in Section 6 to find a refined pseudo periodic orbit with sufficiently
small d to apply the Periodic Shadowing Theorem. With a similar concatenation
method, it is possible to generate pseudo periodic orbits with various geometries.
Additional pseudo periodic orbits are depicted in Figs. 1.2 and 1.4. Further
computational and mathematical details of the analysis of these pseudo periodic
orbits are available in [15], [19], [22].

Lastly, we give an example of homoclinic shadowing. First we took the
pseudo periodic orbit in Fig. 1.2(a). Using our concatenation technique fol-
lowed by a global Newton’s method, we next found a pseudo homoclinic orbit
connecting the pseudo periodic orbit to itself. This pseudo connecting orbit,
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which is pictured in Fig. 1.5, has § < 2.012 x 1072, The values of the signif-
icant constants associated with this pseudo connecting orbit and the requisite
inequalities for the Homoclinic Orbit Shadowing Theorem in Section 5 are tab-
ulated in Fig. 1.6. It is evident from these numbers that the hypotheses of our
Homoclinic Orbit Shadowing Theorem are fulfilled. Thus we conclude: there
exists a true transversal homoclinic orbit within e < 2.266 x 107 of this pseudo
one. As outlined in the Introduction, the existence of such an orbit implies
chaotic behavior in the vicinity.

Parameters:
o =100, [=28.0/3.0, p=28.0
Convex set:
U=A{(z,y, 2): pa® + 0y + (2 = 2p)* < 0p* /(B ~ 1)}

Significant quantities:

My < 5546.1807694948548 K = 567.89771838622869
M, < 87.040362193445489 A > 37.640569857537358
My < 1.4142135623730951 Mo < 243.91779884309116

hmax = 0.011826110602228697 M, < 28.802758744306345
hmin = 0.0019715050733614117  C < 567.89771838622869
g0 = 1.0000000000000001 x 10~ C < 567.89777438966746

N =168 N; < 57496.233185753386
p =167 Ny < 2.8839060646841870 x 10
g = 3940 N3 < 1.5646336856150979 x 1017
=16 £ = 2.2659685392584887 x 10~
§ = 2.0118772701071166 x 10~'2 7 = 3277
Inequalities:
4C5 < 4.5701620454677841 x 1077 < ¢
4MCS < 3.9778855972025359 x 1077 < min(2,A) = 2
C?((N36 + N2)6 + N1)d < 3.7306585982472891 x 1072 < 1

Figure 1.6: Significant constants and the requisite inequalities for the pseudo
homoclinic orbit in Fig. 1.5. From the Homoclinic Shadowing Theorem, there
exist a true hyperbolic periodic orbit and a true transversal homoclinic orbit
within £ < 2.266 x 1079 of the pseudo ones.
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8. Closing Remarks

In the preceding pages, we have tried to demonstrate the utility and the promise
of shadowing as a new development in the rigorous computer-assisted analysis of
ordinary differential equations. Shadowing can be used to show that computer
simulations of chaotic systems do indeed represent true states of the system.
Moreover, shadowing is able to establish the existence of orbits with various
dynamical properties. In contrast to classical numerical analysis which tries
to compute known orbits as accurately as possible, shadowing can show their
existence rigorously.

One limitation of the shadowing methods presented here is that they
will only work with systems which display some hyperbolicity, even if not uni-
form. Limits to shadowing due to fluctuating Lyapunov exponents or unstable
dimension variability have been investigated in [24], [53].

In this review article we tried to give the highlights of our work in shad-
owing during the past decade. Due to the inevitable time and space constraints,
we could not include many other developments in shadowing; we apologize to
the authors of many excellent publications to which we could not refer. We
hope we have convinced you of the utility of shadowing and that you will be
interested enough to look at the details of our work and the works of the others
listed in the references.

References

[1] Apams E., The reliability question for discretization of evolution equa-
tions, in Scientific computing with automatic result verification, edited by
E. Adams and U. Kulisch, Academic Press, San Diego (1993), 423-526.

[2] ANosov D.V., Geodesic flows on closed Riemann manifolds with negative
curvature, Proc. Steklov Inst. Math. 90 (1967).

[3] BEYN W.-J., On well-posed problems for connecting orbits in dynamical
systems, in Chaotic Dynamics, Contemporary Mathematics 172 (1994),
131-168, Eds. Kloeden, P. and Palmer, K., Amer. Math. Soc.: Providence,
Rhode Island.

[4] BIRKHOFF G., Nouvelles recherches sur les systémes dynamiques, Mem.
Pont. Acad. Sci. Novi. Lyncaei 1 (1935) 85-216.

[5] BIRMAN J. AND WiLLIAMS R.F., Knotted periodic orbits in dynamical
systems - I: Lorenz’s equations, Topology 22 (1983), 47-82.

[6] BLock L. AND CoPPEL W.A., Dynamics in One Dimension, Lec. Notes
in Math. 1513 (1992).

[7] BOWEN R., w-limit sets for Aziom A diffeomorphisms, J. Diff. Equations
18 (1975), 333-339.



24

8]

[9]

[10]

[16]

[17]

[18]

[19]

[20]

H. Kogak - K. Palmer - B. Coomes

BOWEN R., Fquilibrium States and the Ergodic Theory of Anosov Diffeo-
morphisms, Lec. Notes in Math. 470 (1975).

CHOW S.N. AND PALMER K.J., On the numerical computation of orbits
of dynamical systems: the one dimensional case, J. Dynamics Diff. Eqns.
3 (1991), 361-380.

CHow S.N. AND PALMER K.J., On the numerical computation of orbits of
dynamical systems: the higher-dimensional case, J. Complexity 8 (1992),
398-423.

CHOW S.N. AND VAN VLECK E.S.; A shadowing lemma approach to global
error analysis for initial value ODEs, STAM J. Sci. Comp. 15 (1994), 959—
976.

CoLris J. AND VAN VLECK E.S.; Efficient numerical shadowing global

error estimation for high dimensional dissipative systems, Advanced Non-
linear Studies 4 (2004), 165-188.

CooMES B.A., Shadowing orbits of ordinary differential equations on in-
variant submanifolds, Trans. Amer. Math. Soc. 349 (1997), 203-216.

CooMEs B.A., Kogak H., AND PALMER K.J., Shadowing orbits of ordi-
nary differential equations, J. Comp. Appl. Math. 52 (1992), 35-43.

CooMEs B.A., Kogak H., aAND PALMER K.J., Periodic shadowing, in
Chaotic Dynamics, Contemporary Mathematics 172 (1994), 115-130, Eds.
Kloeden, P. and Palmer, K., Amer. Math. Soc.: Providence, Rhode Island.

CooMEs B.A., Ko¢ak H., AND PALMER K.J., A shadowing theorem for
ordinary differential equations, Z. Agnew Math. Phys. (ZAMP) 46 (1995),
85-106.

CooMESs B.A., Ko¢gak H., AND PALMER K.J., Rigorous computational

shadowing of orbits of ordinary differential equations, Numer. Math. 69
(1995), 401-421.

CooMEs B.A., Kogak H., aNnD PaLMER K.J., Shadowing in discrete
dynamical systems, in Six Lectures on Dynamical Systems, World Scientific,
Singapore (1996), 163-211.

CooMESs B.A., Ko¢ak H., AND PALMER K.J., Long periodic shadowing,
Numerical Algorithms 14 (1997), 55-78.

CooMEs B.A., Kogak H., AND PaLMER K.J., Computation of long pe-

riodic orbits in chaotic dynamical systems. Gazette Austral. Math. Soc. 24
(1997), 183-190.

CooMES B.A., Kogak H., AND PALMER K.J., Homoclinic shadowing, J.
Dynamics Diff. Eqns. 17 (2005), 175-215.



Shadowing 25

[22]

[23]

[24]

[30]

[31]

[32]

CooMEs B.A., Kogak H., AND PALMER K.J., Transversal Connecting
orbits from shadowing, submitted (2006).

CoppPEL W.A., Stability and Asymptotic Behavior of Differential Equa-
tions, Heath Mathematical Monographs, 1965.

DawsoN S., GREBOGI C., SAUER T. AND YORKE J.A., Obstructions

to shadowing when a Lyapunov exponent fluctuates about zero, Phys. Rev.
Letters 73 (1994), 1927-1930.

Diect L. AND REBAzZA J., Point-to-periodic and periodic-to-periodic con-
nections, Bit Numerical Mathematics 44 (2004), 41-62. Erratum: 45, 617—
618.

FRANKE J. AND SELGRADE J., Hyperbolicity and chain recurrence, J. Diff.
Equations 26 (1977), 27-36.

FRANKE J. AND SELGRADE J., A computer method for wverification of
asymptotically stable periodic orbits, STAM J. Math. Anal. 10 (1979), 614
628.

HaMMEL S., YORKE J.A., AND GREBOCGI C., Do numerical orbits of

chaotic dynamical processes represent true orbits?, J. Complexity 3 (1987),
136-145.

HaMMEL S., YORKE J.A., AND GREBOGI C., Numerical orbits of chaotic
processes represent true orbits, Bull. Am. Math. Soc. 19 (1988), 465-470.

HAIRER E., NORSETT S.P., AND WANNER G, Solving Ordinary Differen-
tial Equations I, Springer-Verlag, New York 1993.

HastiNnGgs S.P. AND TrROY W.C., A proof that the Lorenz equations have
a homoclinic orbit, J. Diff. Equations 113 (1994), 166-188.

Haves W.B. anD K.R. JacksoN K.R., Rigorous shadowing of numer-

ical solutions of ordinary differential equations by containment, STAM J.
Numer. Anal. 41 (2003), 1948-1973.

KanTOROVICH L.V. AND AKILOV G.P., Functional Analysis in Normed
Spaces, FIZMATGIZ, Moscow 1959. Functional Analysis, 2nd Edition,
Pergamon Press 1982.

Kato K., Hyperbolicity and pseudo-orbits for flows, Mem. Fac. Sci. Kochi
Univ. Ser. A 12 (1991), 43-45.

KaTtok A. AND HASSELBLATT B., Introduction to the Modern Theory of
Dynamical Systems, Cambridge University Press, Cambridge 1995.

KIRCHGRABER U. AND STOFFER D., Possible chaotic motion of comets in
the Sun-Jupiter system — a computer-assisted approached based on shadow-
ing, Nonlinearity 17 (2004), 281-300.



26

[37]

[38]

[48]

[49]

[50]

H. Kogak - K. Palmer - B. Coomes

KIRCHGRABER U. AND STOFFER D.; Transversal homoclinic points of the
Hénon map, Ann. Mat. Pur. Appl. 185 (2006), S187-S204.

KoonN W.S., Lo, M.W., MARSDEN J.E., AND Ross S.D., Heteroclinic
connections between periodic orbits and resonance transitions in celestial
mechanics, Chaos 10 (2000), 427-469.

LANFORD III O.E., Introduction to hyperbolic sets, in Regular and Chaotic
Motion in Dynamic Systems, NATO ASI Series, Series B, Physics, Vol. 118,
73-102, Plenum Press, New York 1985.

L1 Y., Chaos and shadowing lemma for autonomous systems of infinite

dimensions, J. Dynamics Diff. Eqns. 15 (2003), 699-730.

LoreNz E.N., Deterministic nonperiodic flow, J. Atmos. Sci. 20 (1963),
130-141.

NADzIEJA T., Shadowing lemma for family of e-trajectories, Arch. Math.
27A (1991), 65-77.

OCKEN S., Recognizing convergent orbits of discrete dynamical systems,
SIAM J. Appl. Math. 55 (1995), 1134-1160.

OSIPENKO G. AND KOMARCHEV 1., Applied symbolic dynamics: construc-

tion of periodic trajectories, in Dynamical Systems and Applications, World
Sci. Ser. Appl. Anal. 4, World Scientific, River Edge N.J., 1995, 573-587.

Paris J. AND TAKENS F., Hyperbolicity & sensitive chaotic dynamics at
homoclinic bifurcations, Cambridge University Press 1993.

PaLMER K.J., Shadowing and Silnikov chaos, Nonlin. Anal. TMA 27
(1996), 1075-1093.

PALMER K.J., Shadowing in Dynamical Systems, Kluwer Academic Pub-
lishers, Dordrecht 2000.

PAMPEL T., Numerical approxzimation of connecting orbits with asymptotic
rate, Numer. Math. 90 (2001), 309-348.

PILYUGIN S.Y., Shadowing in Dynamical Systems, Lecture Notes in Math-
ematics 1706, Springer-Verlag, Berlin 1999.

Priss V.A., The existence of a true solution of a differential equation in the
neighbourhood of an approximate solution, J. Diff. Equations 208 (2005),
64-85.

POINCARE H., Sur le probléme des trois corps et les équations de la dy-
namique, Acta Math. 13 (1890), 1-270.

SAUER T. AND YORKE J.A., Rigorous verification of trajectories for com-
puter simulations of dynamical systems, Nonlinearity 4 (1991), 961-979.



Shadowing 27

[53]

[54]

[55]

[56]

SAUER T., GREBOGI C., AND YORKE J.A., How long do numerical chaotic
solutions remain valid?, Phys. Rev. Letters 79 (1997), 59-62.

SCHWARTZ 1.B., Estimating regions of unstable periodic orbits using
computer-based techniques, SIAM J. Numer. Anal. 20 (1983), 106-120.

Siw'Nikov L.P., On a Poincaré-Birkhoff problem, Math.USSR-Sb. 3
(1967), 353-371.

S1'NIKOV L.P., Homoclinic orbits: since Poincaré till today, preprint ISSN
0946-8633, Weierstrass-Institut fur Angewandte Analysis und Stochastik
2000.

SINAI YA.G., Gibbs measure in ergodic theory, Russian Math. Surveys 27
(1972), 21-64.

SINATI YA.G. AND VUL E.B., Discovery of closed orbits of dynamical sys-
tems with the use of computers, J. Stat. Phys. 23 (1980), 27-47.

SMALE S., Diffeomorphisms with many periodic points, in Differential and
Combinatorial Topology, Princeton University Press, 1965.

SPREUER H. AND ADAMS E., On the strange attractor and transverse
homoclinic orbits for the Lorenz equations, J. Math. Anal. Appl. 190, 329—
360.

VAN VLECK E.S., Numerical shadowing near hyperbolic trajectories, STAM
J. Sci. Comp. 16 (1995), 1177-1189.

VAN VLECK E.S., Numerical shadowing using componentwise bounds and
a sharper fixed point result, STAM J. Sci. Comp. 22 (2001), 787-801.

VISWANATH D.;, Symbolic dynamics and periodic orbits of the Lorenz at-
tractor, Nonlinearity 16 (2003), 1035-1056.

WiLczak D. AND ZGLICZYNSKI P., Heteroclinic connections between pe-
riodic orbits in planar restricted circular three body problem—a computer
assisted proof, Commun. Math. Phys. 234 (2003), 37-75.

WILKINSON J.H., Rounding Errors in Algebraic Processes, Prentice-Hall,
Englewood Cliffs, New Jersey 1963.



28 H. Kogak - K. Palmer - B. Coomes

AMS Subject Classification: 58F22, 58F13, 65H10.

Hiiseyin KOCAK

Departments of Computer Science and Mathematics
University of Miami

Coral Gables, FL, 33124, U.S.A.

e-mail: hk@cs.miami.edu

Kenneth PALMER

Department of Mathematics
National Taiwan University
Taipei, TATWAN

e-mail: palmer@math.ntu.edu.tw

Brian COOMES

Department of Mathematics
University of Miami

Coral Gables, FL, 33124, U.S.A.
e-mail: coomes@math.miami.edu



