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Abstract

A shadowable point for a flow is a point where the shadowing lemma holds for
pseudo-orbits passing through it. We prove that this concept satisfies the following
properties: the set of shadowable points is invariant and a G5 set. A flow has the
pseudo-orbit tracing property if and only if every point is shadowable. The chain
recurrent and nonwandering sets coincide when every chain recurrent point is shad-
owable. The chain recurrent points which are shadowable are exactly those that can
be are approximated by periodic points when the flow is expansive. These results ex-
tends those presented in [12]. We study the relations between shadowable points of a
homeomorphism and the shadowable points of its suspension flow. We characterize
the set of forward shadowable points for transitive flows and chain transitive flows.
We prove that the geometric Lorenz attractor does not have shadowable points. We
show that in the presence of shadowable points chain transitive flows are transitive
and that transitivity is a necessary condition for chain recurrent flows with shadow-
able points whenever the phase space is connected. Finally, as an application these
results we give concise proofs of some well known theorems establishing that flows
with POTP admitting some kind of recurrence are minimal.

We introduce the concept of topological stable point for flows. We see that this
set is invariant under the flow and under topological conjugacy. We prove that if
the chain recurrent set is contained in the set of topologically stable points, then it
coincides with the closure of the periodic orbits. Finally we show that if an orbit
of the suspension flow of a map is topologically stable then its base point is also
topologically stable. These results extends to the flow context some of those given
in [34].

We also study the variation of distality for flows ¢ obtained by making the proximal
cell in [10] to depend on a given subset F of the full set of reparametrizations C. We
consider first the case when F reduces to a single continuous map s : R — R fixing
the origin different from the identity. In such a case if the s-dependent proximal
cells are trivial, then the flow is uniformly closed (or trivial if s is bounded). Next
we show that the flow ¢ is closed if and only if the s-depending proximal cells
reduce to the corresponding orbit for every (or some) s bounded. Furthermore,
nonsingular flows admits points whose proximal cell (with s being the identity) does
not reduce to the orbit. Afterwards, we consider the case when F is either H (the
set of homeomorphisms s : R — R fixing 0) or the whole C. From this we obtain a
characterization of the classical pointwise almost periodicity.

Finally, we begin the study of the two-limit shadowable property for flows LmSP.
We show that the geometric Lorenz attractor does not have LmSP. We show that
if a map has the two-side limit shadowing property then the suspension has LmSP
and show an example where the reciprocal is not true.



Resumo

Um ponto sombreavel para um fluxo é um ponto em que o lema de sombremento é
valido para pseudo-érbitas que passam por ele. Provamos que este conceito satisfaz
as seguintes propriedades: o conjunto de pontos sombredveis ¢ invariante e um con-
junto G5. Um fluxo tem a propriedade de propriedade de tragado de pseudo-érbitas
se e somente se cada ponto for sombreavel. Os conjunto recurrente por cadeias e
n ao errantes coincidem quando cada ponto recorrente por cadeia é sombredvel. Os
pontos recorrentes por cadeia que s ao sombréaveis s ao exatamente aqueles que
podem ser aproximados por pontos peridédicos quando o fluxo é expansivo. Estes
resultados estendem os apresentados em [12]. Estudamos as relagoes entre pontos
sombréaveis de um homeomorfismo e os pontos sombréaveis do seu fluxo de sus-
pensao. Caracterizamos o conjunto de pontos sombréaveis para os fluxos transitivos
e os fluxos transitivos por cadeia. Provamos que o atractor geométrico de Lorenz
nao tem pontos sombréaveis. Mostramos que, na presenca de pontos sombréaveis,
os fluxos transitivos por cadeia sao transitivos e que a transitividade é uma condigao
necessaria para fluxos recorrentes por cadeia com pontos sombredveis sempre que o
espaco de fase é conexo. Finalmente, como uma aplicagao desses resultados damos
provas concisas de alguns teoremas bem conhecidos que estabelecem que fluxos com
POTP admitindo algum tipo de recorréncia sao minimais.

Apresentamos o conceito de ponto topologicamente estavel para fluxos. Vemos que
este conjunto é invariante sob o fluxo e sob conjugagao topoldgica. Provamos que,
se o conjunto recorrente da cadeia estiver contido no conjunto de pontos topologica-
mente estaveis, entao ele coincide com o fecho das orbitas periddicas. Finalmente,
mostramos que se uma Orbita do fluxo suspensao de um mapa é topologicamente
estavel, entao seu ponto base também é topologicamente estavel. Esses resultados
estendem ao contexto de fluxo alguns dos dados em [34].

Também estudamos a variacao de distalidade para fluxos ¢ obtidos fazendo células
proximais em [l0] depender de um subconjunto dado F de fungbes continuas.
Primeiro consideramos o caso quando F se reduz a uma unica funcao continua
s: R — R. Em tal caso se a células proximais dependentes de s sao triviais, entao
o fluxo é uniformemente fechado (ou trivial se s é limitada). Logo mostramos que
o fluxo ¢ é fechado se e somente se as células s proximais se reduzem a drbita cor-
respondente para cada (ou alguma) s limitada. Mais ainda, fluxos nao singulares
admitem pontos cuja célula proximal (com s sendo a identidade) nao se reduz a
érbita. Logo, consideramos o caso quando F ¢é ou H (o conjunto de homeomorphis-
mos s : R — R fixando 0) ou C tudo. Disto obtemos uma caracterizagao da cléssica
quase periodicidade pontual.

Finalmente, come¢amos o estudo da propriedade de sombreamento bilateral no lim-
ite para fluxos LmSP. Mostramos que o atractor geométrico de Lorenz nao tem
LmSP. Mostramos que, se um mapa tiver a propriedade de sombreamento bilat-
eral no limite, entao a suspensao tem LmSP e mostramos um exemplo em que o
reciproco nao é verdadeiro.
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CHAPTER
ONE

INTRODUCTION AND BASIC DEFINTIONS

In this work we study the general problem of redefining global dynamical prop-
erties in terms of local ones. When can we recover global properties in terms of
local ones? What are the advantages or disadvantages of studying dynamical sys-
tems from this viewpoint and it how help us to understand it better. Recently
this problem has attracted many researchers. Indeed, there are now several con-
cepts in topological dynamics admitting pointwise counterparts. That is the case
of equicontinuous, expansive, distal and persistence homeomorphisms that admit
concepts of equicontinuous, expansive [22,16], distal [0] and persitence [33] points as
counterparts, respectively, and its study constitute what is called today pointwise
dynamical systems. A more recent example are the entropy points [56]. There are
also pointwise concepts admitting global counterparts as its the case of transitive
points admitting the general context of transitive homeomorphisms [51]. In [12],
the concept of shadowable points which are points such every pseudo-orbits pass-
ing through them can be shadowed by a real orbit. Later, this was generalized

in [31] and several interesting questions were answered. On the other hands, similar
ideas involving the pointwise counterparts of dynamical properties, were used in [/1]
and [37] to define distal and expansive measures, respectively.

Our main object of study will be the so-called continuous dynamical systems,
which are actions of the additive group (R, +) over certain set X called the phase
space of the system. Our phase spaces will be compact topological metric spaces.
We make some contributions to the theory of pointwise dynamical systems in this
context.

1.1 Continuous flows and equivalence

We begin this section by reminding the definition of a continuous flow on a general
topological space.

Definition 1.1.1. Let X a compact topological space. A flow on X is a function
¢: X x R — X satisfying the following properties:

i) ¢(x, 0) =z for all x € X.



ii) Cb(x» L+ S) = ¢(¢(£E, t)’ S)'

Every flow considered in this work will be continuous with respect to the usual
product topology on X x R and we will always refer one simply as a flow. The
definition of a flow ¢ implies immediately that the family of maps {¢;: X — X }er
given by ¢(z) = ¢(z, t) is a family of homeomorphisms of X satisfying ¢y = idx,
the identity map of X, and ¢; o ¢s = ¢y, . From these two properties follows that
(¢r)~' = ¢p_y. A subset A C X is invariant under ¢, or simply is an invariant set of
¢ if pr(A) = A for all t € R. Given I C R we set ¢;(A) = {¢i(x) : (x,t) € Ax I}.
If A consists of a single point x, then we write ¢;(x) instead of ¢;({z}). If A is
an invariant subset of X then we defined the restriction flow of ¢ to A by the flow
¢la: A X R — A defined by ¢|a(z, t) = ¢(x, t).

There are mainly two ways in which two flows may be topologically similar. The
first of these is conjugacy.

Definition 1.1.2. We say that the flows ¢: X xR — X and ¢: ¥ X R = Y are
topologically conjugate if there exists a homeomorphism h: X — Y such that for
each real number ¢ the following diagram commutes:

X -, x

h h
y Y,y

That is, for all z € X and all t € R we have iy (h(x)) = h(¢(x)).

A weaker form of topological similarity is that of topological equivalence.

Definition 1.1.3. Let ¢: X xR — X and ¢: Y x R — Y be two flows. We say
that ¢ is equivalent to 1, denoted by ¢ ~x 1, if there exists a homeomorphism
h: X — Y and a function o: X x R — R with the following properties:

i) o is a reparametrizarion, i.e, o(z, -): R — R is strictly increasing and onto, for
all v € X;

11) h(gba(x,t)(‘r)) = ¢t(h(x))

Properties i) and ii) imply that and h transform orbits of ¢ onto orbits of
preserving their orientation. The pair (h, o) is called an equivalence from ¢ to .
Given an equivalence, the function ®(z, t) : X x R — X defined by ®(z, t) =
Po(z,1)(x) is a flow whose phase portrait is exactly that of ¢. So ® is a so-called time
change of ¢. In fact, a flow ¢ is equivalent to v if and only if there is a time change
of ¢ which is topologically conjugate to v . Note that given an equivalence (h, o)
from ¢ to 1) we can find a new one such that its reparametrization fixes the origin of
R. Indeed, it is enough to define the new reparametrization as o(x, ) — o(z, 0) for
all z € X. From this observation we can always suppose that our reparametrizations
fix 0. Note also that we do not require the function : X x R — R to be continuous
either. However, under certain condition, continuity can be guaranteed as is the
case of continuous flows without singularities [18]. In this case we say that the
flows are continuously equivalent and the corresponding equivalence (h, o) will be
called continuous. Clearly a conjugacy defines a continuous equivalence if we define
o(x, t) =t for all t € R.



We have that ~x is indeed an equivalence relation on the set on continuous flows
on a topological space X. In fact, by taking f = idy and o(z, t) =t we can show
that ¢ is equivalent to itself, and if ¢ is equivalent to ¢ under the equivalence (h, o),
the definition of a reparametrization implies that o(-, z) : R — R is invertible for
each x € X. Therefore, for each s € R and y € Y there exists a unique ¢t € R such
that s = p(t, h(y)). If we define 6: R x Y — R by (s, y) = t, then it is easy to
prove that (h™1, 7) is an equivalence from ¥ to ¢. Finally, if (h, o) is an equivalence
from ¢ to ¢ and (g, #) is equivalent to ¢ to p then the the pair (g o h, 7) where
v: R x X — R is defined by v(x, t) = o(x,0(x, h(x))) is an equivalence from ¢ to
p and the transitivity of ~x follows.

1.2 Recurrence

The simplest notion of recurrence of a flow is that of periodic behavior. We begin
by giving some standard notation. The orbit, forward orbit and backward orbit of a
point x under the flow ¢ are, respectively, the sets

Oy(x) = {u(2) hier, O (x) == {de(2)}iz0, O (x) := {¢(2) }i<o-

When the flow is implicit or obvious from the context, we usually omit the subscript
¢. A singularity of ¢ is a point © € X such that ¢;(x) = x for all £ € R. If z is not a
singularity, then x is a reqular point of ¢. The set of singular points will be denoted
by Sing(¢). An orbit of ¢ is any subset of X equal to Oy(x) for some x € X.

Definition 1.2.1. A point z is periodic, if there exists ¢ > 0 with ¢'(z) = .

If z is a periodic point, then number 7(z) := inf{t > 0: ¢;(z) = x} exists and is
greater or equal than zero. We say that 7(x) is the period of x. In compact metric
space the period zero periodic points are exactly the singularities of ¢. A periodic
orbit is any subset of the space equal to an orbit of a periodic point. The set of
periodic points of ¢ will be denoted by Per(¢) and it is clearly the union of all its
periodic orbits.

Next we introduce the notion of recurrence points. Given a flow on the topo-
logical space X, the omega limit set and alpha limit set of a point x € X are,
respectively, the sets

we(z) =w(x) :=={y € X: d(¢y(x), y) = 0, for some t; — 400},

and
ap(zr) = a(z) ={y € X: d(¢(z), y) — 0, for some t; — —o0}.

If X is compact, then wy(z) and ay(z) are nonempty compact invariant sets of ¢.
Definition 1.2.2. A point € X is recurrent if x € w(x) and ¢ is a recurrent flow

if every point is recurrent.

The set of recurrent points of ¢ is denoted by R(¢), so ¢ is recurrent if and only
if R(¢p) = X.

Definition 1.2.3. We say that a point z € X is non-wandering if for every neigh-
borhood U of 2 and every T € R there is t > T such that ¢,(U) N U # (), and we
say that ¢ is a non-wandering flow if every point point is non-wandering.

3



The set of non-wandering points of ¢ is denoted by €(¢). So a flow is non-
wandering if and only if Q(¢) = X. It can be also seen that is closed non-empty
subset of X.

The next notion of recurrence is chain recurrence.

Given 0, T > 0, a € ZU{—0o0}, b € ZU{+o0} with a < b, we say that a sequence
of pairs (z;, t;)b_, in X x R is a (0, T')-pseudo-orbit of ¢ if for all integer indexes i
such that a < i < b — 1 we have that ¢; > T and d(¢y,(x;), ;41) < 9. If a,b € Z
and ab < 0, we say that it is a finite (0, T')-pseudo-orbit. If a = 0 and b = oo we say
that it is a forward (6, T')-pseudo-orbit and if a = 0 and b < oo we say that it is a
(0, T)-chain. (see [32,47]).

Two points = and y are (J, T')-related if there are two (0, T')-chains (z;, t;)1,
and (y;, s;)I, such that p = 9 = y, and y = yo = x,,. We say that p and ¢ are
related (written p ~ q) if they are (0, T')-related for every d, T > 0.

Definition 1.2.4. A point © € X is chain recurrent if x ~ x, and ¢ is a chain
recurrent flow if every point is chain recurrent.

The set chain recurrent points is denoted by C'R(¢). So a flow a chain recurrent
if and only if CR(¢) = X. As in the case of nonwandering points it is a closed
non-empty subset of X. The relation ~ defines an equivalence relation on C'R(¢)
and so it can be divided in disjoint and invariant equivalence classes called chain
components. As a matter of fact, this classes are exacty the connected components

of CR(¢).

Clearly 2(¢) C CR(¢) and the inclusion may be proper [1]. In fact, we have the
following chain of inclusions:

Sing(¢) C Per(¢) € R(¢) € Q(¢) € CR(¢)

1.3 Suspension flows

An important source of flows comes from homeomorphisms on a compact metric
space through a construction known as the suspension of a map. Let (X, d) be a
compact metric space and f : X — X be a homeomorphism and 7: X — (0, +00)
be a continuous function. Consider the set

Xt = {(z,t): 0<t<7(x), vE€ X}/ ~,

where (z,7(z)) ~ (f(x),0) for all x € X and give it the usual quotient topology.
The suspension flow over f with height function T is the flow on Y™/ defined by

P, s) = (), s+t =),
whenever s+t € [n, 7(z)(n + 1)) for some n € Z.



(z, 0) (z, 1)

\ 4

(f(z), 1)

Every suspension of f is conjugate to the suspension of f under the constant function
1. A homeomorphism from Y/ to Y™/ that conjugates the flows is given by the map
(x,t) — (x,tr(x)). Since all the properties studied in this work are invariant under
conjugacy, we will concentrate only in suspensions flows over f = 1. In this case we
denote the flow ¢b/ simply by ¢!, We can replace d by the equivalent metric d: X x
X — [0, 00) defined by d(z, y) = d; , for all z, y € X, if necessary, and assume

m

that diam(X) < 1. We show that X Tf 1s metrizable by giving it a metric, known as
the Bowen- Walters metric [11], as follows: Consider the subset X x {t} of X and give
it the metric d; defined by d;((z, t), (y, t)) = (1 —t)d(z, y)+td(f(z), f(y)) for all z,
y € X. Note that do((, 0), (y, 0)) = d(z, y) and di((, 1), (y, 1)) = d(f(2), f(y))-
Let (7, t), (y, s) € X'/ and consider all the finite sequences (z;, t;), of elements
of X%/ such that (21, t,) = (z, t), (22, t2) = (y, s) and for each 1 <14 < n—1 either
(x;, t;) and (41, ti11) belongs to X x {t} (in which case we call [(z;, t;), (it1, tiz1)]
a horizontal segment) or (x;, t;) and (x;11, t;+1) belongs to the same orbit of the
suspension flow (and then we call [(x;, t;), (%11, tir1)] a vertical segment). The
length of a horizontal segment will be given by the distance d; and the length of a
vertical segment will be the shortest distance between (x;, t;) and (x;41, t;11) along
the orbit, using the usual distance of R. In case (z;, t;) # (z;11, ti+1) and they are in
the same horizontal and vertical segment, we take the length of [(x;, t;), (241, tit1)]
as the length given by d; since this is always less than 1. The length of a chain will
be the sum of the length of its horizontal and vertical segments. We now define a
metric d/ as follows

d’((z, t), (y, s)) = inf {length of all chains between (z, t) and (y, s)} .

If d is the metric on X defined by d'(z, y) = min{d(z, y), d(f(z), f(y))}, then d’
is equivalent to d and clearly d;((x, t), (y, t)) > d'(x, y). So d’((z, t), (y, s)) = 0 if
and only if (x, t) = (y, s). It can be seen easily that d’ is symmetric and satisfies the
triangle inequality. Therefore d defines a metric on X/ under which the suspension
flow is continuous. Even more, this metric generates the quotient topology [14].



CHAPTER
TWO

SHADOWABLE POINTS FOR FLOWS

The theory of shadowing in dynamical systems has been largely studied by many
researchers and is well documented (see for instance [11]). It refers to the general
problem of approximating orbits obtained in the presence of noise or round-off error
(for instance solutions obtained by numerical computations). There are several ways
of defining the shadowing property for flows, see for instance [15] and references
therein. In essence, the central idea among the majority of definitions of shadowing
for flows is the existence of time reparametrizations.

Recently, in [12] the definition of shadowing for homeomorphisms in a compact
metric space was generalized by introducing the notion of shadowable points, which
are points where the shadowing property holds for pseudo-orbits passing through
them.

Given these results, it is natural to consider a notion of shadowable points for
flows. We prove that this concept satisfies the following properties: the set of shad-
owable points is invariant and a G set. A flow has the pseudo-orbit tracing property
if and only if every point is shadowable. The chain recurrent and nonwandering sets
coincide when every chain recurrent point is shadowable. The chain recurrent points
which are shadowable are exactly those that can be are approximated by periodic
points when the flow is expansive. These results extends those presented in [12]. We
study the relations between shadowable points of a homeomorphism and the shad-
owable points of its suspension flow. We characterize the set of forward shadowable
points for transitive flows and chain transitive flows. We prove that the geometric
Lorenz attractor does not have shadowable points. We show that in the presence
of shadowable points chain transitive flows are transitive and that transitivity is a
necessary condition for chain recurrent flows with shadowable points whenever the
phase space is connected. Finally, as an application these results we give concise
proofs of some well known theorems establishing that flows with POTP admitting
some kind of recurrence are minimal.

2.1 Shadowable points

In this section we overview the work entitled Shadowable Points [12].



Let X be a metric space. If f: X — X is a homeomorphism and ¢ > 0, we say
that a bi-infinite sequence & = (&, )nez of X is a d-pseudo-orbit if d(f(&,),&nr1) <0
for alln € Z. Given € > 0 we say that £ can be e-shadowed if there is x € X such that
d(f™(x),&,) < e for all n € Z. We say that f has the pseudo-orbit tracing property
(abbrev. POTP) if for every € > 0 there is § > 0 such that every é-pseudo-orbit can
be e-shadowed. Homeomorphisms with the POTP have been widely studied [3], [15].

Now we introduce the following concept closely related to that of absolutely
nonshadowable points [57]. It splits the POTP into individual shadowings.

Definition 2.1.1. A point z € X is shadowable if for every € > 0 there is § > 0 such
that every d-pseudo-orbit £ with § = x can be e-shadowed. We denote by Sh(f)
the set of shadowable points of f.

Let us present some related examples.

Example 1. Clearly if f has the POTP, then Sh(f) = X (i.e. every point is
shadowable). The converse is true on compact metric spaces by Theorem 2.1.2
below. As we shall see, the identity of the circle has no shadowable points. Examples
where Sh(f) is a proper nonempty set will be given later on.

We present some properties of Sh(f) through the following standard definitions.
We say that a point x € X is nonwandering if for every neighborhood U of x there is
k € N* such that f"(U)NU # 0. We say that = is chain recurrent if for every p > 0
there is a p-chain from x to itself, i.e., a finite sequence {z; : 0 < i < n} satisfying
ro =z, , = x and d(f(z;), x;11) < p for all i with 0 < i <n — 1. Denote by Q(f)
and CR(f) the set of nonwandering and chain recurrent points of f respectively.
Clearly Q(f) € CR(f) and the inclusion may be proper. We say that A C X is
invariant if f(A) = A.

With these definitions we can state our first result.

Theorem 2.1.2. If f : X — X is a homeomorphism of a compact metric space X,
then

(1) Sh(f) is an invariant set (empty or nonempty, possibly noncompact);
(2) f has the POTP if and only if Sh(f) = X;
(3) if CR(f) € Sh(J), then CR(f) = ().

Remark 1. A shorter elegant proof of item 2 of the previous theorem was presented
in [22].

The following example is related to Item (3) of the above theorem.

Example 2. It is easy to find examples where CR(f) is a proper subset of Sh(f):
just take a homeomorphism with the POTP (so Sh(f) = X) with CR(f) being a
proper subset of X.

Given a homeomorphism f: X — X and p € X we define the omega-limit set,

wp)={geX:q= lli}?o /™ (p) for some sequence n; — co}.



We say that p is recurrent if p € w(p). Denote by R(f) the set of recurrent points
of f. A homeomorphism [ : X — X is pointwise-recurrent if R(f) = X.

On the other hand, the space X is totally disconnected at p € X if the connected
component of X containing p is {p}. As in [3] we define

X% = {p € X : X is totally disconnected at p}.

With these notations we obtain the following result.

Theorem 2.1.3. If f : X — X s a pointwise-recurrent homeomorphism of a
compact metric space X, then Sh(f) C X9,

Let us state some consequences of Theorem 2.1.3. A continuum is a compact
connected metric space. We say that it is nondegenerated if it does not reduce to a
single point. Clearly a nondegenerated continuum X satisfies X%9 = () and so the
following result holds by Theorem 2.1.3.

Corollary 2.1.4. Pointwise-recurrent homeomorphisms on nondegenerated con-
tinua have no shadowable points.

In particular, a pointwise recurrent homeomorphism of a nondegenerated con-
tinuum does not have the POTP (see the remark after the Main Theorem in [35]).

Examples were the above results apply are as follows: A homeomorphism f :
X — X is minimal if the orbit {f"(z) : n € Z} of every point x € X is dense in
X. We say that f is semisimple if there is a collection {E, : o € I} of compact
invariant subsets of X such that X = U,crE, and f|g, is minimal, for all a € 1.
We say that f is distal if inf,cz d(f"(z), f"(y)) > 0 for distinct points z,y € X.
Every minimal homeomorphism is semisimple and the same property holds for distal
homeomorphism (see Theorem 11.5.9 in [3] or Corollary 4 in p. 68 of [10]). Every
semisimple homeomorphism is clearly pointwise-recurrent. Consequently, distal or
minimal homeomorphisms of nondegenerated continua have no the POTP (this fact
was proved earlier [2], [13]).

The second corollary deals with compact metric spaces exhibiting pointwise-
recurrent homeomorphisms with the POTP. Recall that X is totally disconnected if
it is totally disconnected at any point (i.e. X = X99),

Corollary 2.1.5. A compact metric space admits a pointwise-recurrent homeomor-
phism with the POTP if and only if it is totally disconnected.

Proof. Every totally disconnected compact metric space exhibits a pointwise-
recurrent homeomorphism with the POTP (e.g. the identity, see Theorem 2.3.2
p. 79 in [3]). On the other hand, if there is a pointwise-recurrent homeomorphism
with the POTP, then every point is shadowable and so the space is totally discon-
nected by Theorem 2.1.3. [

Remark 2. Theorem 2.1.3 motivates the question whether every pointwise-recurrent
homeomorphism f : X — X of a compact metric space X satisfies Sh(f) = X9,
However this was proved to be false [31].



The answer for the above question is clearly positive on nondegenerated continua
(by Corollary 2.1.4). Another partial positive answer can be obtained as follows.
We say that a homeomorphism f : X — X is equicontinuous if for every a > 0
there is > 0 such that z,y € X and d(x,y) < f imply d(f™(x), f"(y)) < « for
all n € Z. 1t is easy to see that every equicontinuous homeomorphism of a compact
metric space is distal (hence pointwise-recurrent). For such homeomorphisms we
have the following result.

Theorem 2.1.6. If f : X — X is an equicontinuous homeomorphism of a compact
metric space X, then Sh(f) = X9,

Since X9 is always a G5 subset of X (see p. 746 in [3]), we conclude from the
above theorem that the set of shadowable points of an equicontinuous homeomor-
phism is a G too.

Theorem 2.1.6 also implies the following corollary extending the conclusion of
Theorem 4 in [36] to distal homeomorphisms.

Corollary 2.1.7. Let X be a compact metric space and f : X — X be a distal
homeomorphism. Then, f has the POTP if and only iof X is totally disconnected.

Proof. As already said, every distal homeomorphism f is pointwise-recurrent. If f
has the POTP, then X is totally disconnected by Corollary 2.1.5. Conversely, if
X is totally disconnected, then f is equicontinuous (e.g. Corollary 1.9 in [7]) so
Sh(f) = X (by Theorem 2.1.6) thus f has the POTP (by Theorem 2.1.2). O

Recall that a homeomorphism f : X — X is transitive if the orbit {f"(x) : n €
Z} of some point x € X is dense in X.

Remark 3. One can ask if there is a transitive homeomorphism f for which Sh(f)
is a non-empty non-compact subset. This was answered to be negative in [31].

Example 3. There are a compact metric space X and a homeomorphism f : X — X
such that Sh(f) is a nonempty noncompact subset of X.

Proof. Define X = C' U [1,2] with the topology induced from R, where C be the
ternary Cantor set of [0,1]. Clearly X%9 = C'\ {1}. Now take f : X — X as the
identity of X. Since the identity is an equicontinuous homeomorphism, we obtain
Sh(f) = X by Theorem 2.1.6. Then Sh(f) = C'\ {1}. Since C'\ {1} is nonempty

and noncompact, we are done. O

2.2 Shadowable points for flows

For any sequence of real numbers (¢;) jez we write




and we will say that (s;);ez is the sequence of sums of (t;)icz-

Let (z;,t;) ez be a (§, T)-pseudo-orbit of ¢ and let ¢ € R, we denote by xgxt a
point in the (8, T')-pseudo-orbit ¢ units from o [32]. More precisely,

roxt = ¢y (x;) whenever s; <t < s;47.

We denote by Rep the set of strictly increasing surjective functions A: R — R
such that h(0) = 0.

Given €,0 > 0 and T' > 0, a (0, T')-pseudo-orbit (z;, t;);cz is e-shadowed by an
orbit (¢¢(y))ser if there exists h € Rep such that

d(xo *t, dny(y)) < e, for every t € R.

We recall the definition of pseudo orbit tracing property for flows [17].

Definition 2.2.1. A flow ¢ on X is said to have the pseudo orbit tracing property
with respect to the parameter 7" > 0, if for all € > 0 there exists > 0 such that
every (9, T')-pseudo-orbit is e-shadowed by an orbit of ¢. A flow has the pseudo-orbit
tracing property, POTP, if has it with respect to the parameter 7' = 1.

By following [12] we introduce the main definition of this chapter [1].

Definitions 2.2.2. Given positive numbers ¢, 7" and ¢, we say that a (9, T')-pseudo-
orbit (x;, t;)iez of ¢ passes through p if xg = p, and we say it is e-shadowed if there
are a point y € X and a function h € Rep such that

d(xo*t, dnw(y)) < e, for each t € R.

A point p € X is shadowable with respect to the parameter T > 0 if for every € > 0
there exists 6 > 0 such that every (d, T')-pseudo-orbit passing through p can be
e-shadowed. Finally, we say that p is shadowable if it is shadowable with respect to
the parameter T = 1.

We denote by Sh(¢) the set of shadowable points of ¢ in X.

Example 4. If a flow ¢ on X has the POTP then Sh(¢) = X. The converse is also
true for compact metric spaces as we shall see shortly.

Next, we are going to prove the basic properties of Sh(¢)

Theorem 2.2.3. The set Sh(¢) is an invariant set of ¢. So, if not empty, is union
of orbits of ¢.

Proof. Let x be a shadowable point of X. Let ¢ > 0 and s € R given. Since ¢,
is uniformly continuous, we can choose 0 < ¢’ < ¢ such that whenever d(z, y) < ¢’
we have d(¢s(x), ¢s(y)) < e. For &', let § > 0 such that any (9, 1)-pseudo-orbit
passing through x can be &’-shadowed. Similarly, ¢_, is uniformly continuous so we
can choose ¢’ > 0 with the property that d(¢_s(z), ¢—s(y)) < 0 whenever d(z, y) <
§'. Now let (x;, t;)icz be a (&', 1)-pseudo-orbit passing through ¢s(x). Because
d(¢,(x;), xi11) < ¢ we have by the choice of §’ that

d(p—s (b1, (i), P—s(Tiv1)) = (@, (D—s(7:)), d—s(Tit1)) <6
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and hence (¢_s(x;),t;)icz is a (9, 1)-pseudo-orbit passing through z. By definition,
there are h € Rep and y € X such that

d(xxt, gpp(y)) <€, for every t € R.

Then, if s; <t < 5341, it follows that d(¢i—s, (d—s(x:)), dne)(y)) < € for every t € R
which implies d(¢s—s, (%:), Pr) (¢s(y))) < €. Therefore, d(xo *t, pnu)(¢s(y))) < € for
each t € R. Thus, every (¢’, 1)-orbit passing through ¢,(z) can be e-shadowed by a
point in X. This completes the proof. n

Let X be a compact metric space. We say that a sequence (x,, t,)nez of X X R
is through some subset K C X if zy € K (see [12]). Now we introduce the following
auxiliary definition.

Definition 2.2.4. We say that a flow ¢: X x R — X has the POTP through a
subset K with respect to the parameter T > 0, if given € > 0, there exists 6 > 0
such that every (6, T')-pseudo-orbit passing through K is e-shadowed by an orbit of
¢. We say that ¢ has the POTP through a subset K if it has it with respect to the
parameter T'= 1.

When K = X this definition coincides with the classical POTP. Note that we
do not require the entire (4, 1)-pseudo-orbit to be contained in K, therefore the
definition 2.2.4 is stronger than the POTP on K [15].

A sequence of pairs (z;, t;)icz is a (0, Ty, Tz)-pseudo-orbit of ¢ if it is a (9, T7)-
pseudo-orbit of ¢ and satisfies t; < T5, for all ¢ € Z.

In [17], Thomas proved that a flow satisfies the POTP with respect to the pa-
rameter 1" if and only if for every € > 0 we can find § > 0 such that every (9, T, 2T)-
pseudo-orbit can be e-shadowed. He also showed that if 7' > 0 then a flow has the
POTP if and only has the POTP with respect to the parameter T. We present
pointwise versions of these results:

Lemma 2.2.5. Let a > 0, K C X and ¢ be a flow on a compact metric space X .
Then, the following statements are equivalent:

(1) For all € > 0 there exists 6 > 0 such that every (6, a,2a)-pseudo-orbit passing
through K is e-shadowed by an orbit of ¢.

(2) ¢ has the POTP through K with respect to the parameter a.

(3) ¢ has the POTP through K.

Proof. Clearly (2) = (1). To see that (1) = (2), suppose that for all ¢ > 0 there
exists § > 0 such that every (d, a, 2a)-pseudo-orbit passing through K is e-shadowed
by an orbit of ¢. Let (z;,t;);cz be any (, a)-pseudo-orbit of ¢ passing through K.
For each n € 7Z, there exists m,, € N such that ¢, = m,a + r, with a < r, < 2a.
Let (sM)nez the sequence of sums associated to m = (my,)nez. Denote A, = s +n
for all n € Z and define the sequence (y;);cz on X such that y; = ¢aq—a,)(z,) if
A, < i < A,y1. In addition, we define a sequence A = (\;);ez of real numbers in
the following way, for each i € Z, we set

e it A< A1,
e T'n if i:An+1—1.
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Given i € Z note that a < \; < 2a and let n € Z be such that A, <i < A,.1. We
have two cases:

Case 1:if i < A,.1 — 1, then
d<¢>\z (yz)v yi+1) = d(gba(qba(ifAn)(xn))a ¢a(i+17An)(xn)) =0.

Case 2: if i = A, 41 —1, bearing in mind that A, —A, = s, —s'+1 =m,+1
we obtain

d(¢>\z (yz)v yi-i—l) - d(¢rn (¢a(An+1*1*An)(xn))v $n+1) (

(

That is, (yi, \i)icz is a (0, a, 2a)-pseudo-orbit of ¢ passing through K. Then,
there are z € X and h € Rep such that d(¢,_ (yn), dn(2)) < € where s < r <
sp.1 and (s?) is the sequence of sums associated to A = (););ez. Let w € R and
n € Z such that s, < w < s, where (s) is associated to t = (¢;);ez. Since
st =s) ,then ) <w< sﬁnﬂ = 5% +m, 1. Hence, there is 0 < j <m,, such that

A A
Sh,+j Sw<sy .y and then

e 2 d(bysy  (Warss) 00w (2) = d(Gu s (6 (Uares))s Onan(2))
= d(gbwfs;((ﬁs =N 4 (¢aj($n)))>¢h(w)(z))
= d(¢w—s;(xn)v¢h (w) ( ))

It follows that ¢ has the POTP through K with respect to the parameter a. Now
we prove that (2) = (3). We can assume that a > 1. Fix m € N such that m > a.
Given € > 0 choose § > 0 satisfying the following conditions:

Tn (¢amn (xn))a xn—f—l)

d(¢
d(¢r, (Tn), Tny1) < 6.

(1) Every (9, a)-pseudo-orbit passing through K is 5-shadowable.
(2) For each 0 <t < 2m we have d(¢y(z), ¢:(y)) < 5, whenever d(z,y) < J.

Let 0 < ¢ < §/m and take 0 < f < ¢ so that d(xz,y) < [ implies that
d(gpe(x), di(y)) < & for 0 < t < 2m. Let (z,,tn)nez be a (B, 1)-pseudo-orbit for
¢ passing through K with 1 <t¢,, <2 for all n € Z. Consider the sequence of pairs
(Tim, \i )iez where \; = Z;n 01 j+im for every i € Z. We denote \;(k) = ZT:_,; titim
with 0 < k <m. Then

(¢)\ (xzm z+1 Z ¢tzm+r 1(xzm+r 1))7 (b)\i(r) (xierr)) S mé, < 57

because a < \; < 2m. S0, (Tim, \i)icz is a (J, a)-pseudo-orbit for ¢ passing through
K. Hence, there are z € X and h € Rep such that d(¢,_ o (2nm), dnw)(2)) < 5 where
sp <t <sh,i. Now, for 0 <k < m denote sk (r) = Zf;rl t; we have

k

d(¢s}5€ (xO)a in) < Zd(¢si(r)<¢tr—1 (fol))a ¢S§C(T)(x7“)) < ko' <.

r=1

Then for s}, <t < s} 4
d(gbt—sz (Ik), Qbh(t) (Z)) < d(ét—sz (‘rk)v (Zst—s’,; (gbs}i (Io))) + d(gbt(mo)? (rbh(t) (Z)) <e.
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For m < k < 2m, we follow in the same manner. So we will have that the orbit
(¢1(2))ier e-shadows the (f,1,2)-pseudo-orbit of ¢ passing through K. Applying
(1) <= (2) we obtain that (¢;(z))cr can be e-shadows by a (3, 1)-pseudo-orbit of
¢ passing through K. By using similar ideas we obtain (3) = (2). This completes
the proof. O

Hence a flow ¢ in a compact metric space X has POTP trough K if and only if
for all € > 0 there exists § > 0 such that every (0, 1, 2)-pseudo-orbit passing through
K is e-shadowed by an orbit of ¢.

Clearly, if a flow has the POTP through a set K then every point is K is shad-
owable respectively. The reciprocal is also true if K is compact as shown in the
following lemma.

Lemma 2.2.6. Let ¢ be a flow on a compact metric space X. If every point of a
compact subset K of X 1is shadowable, then ¢ has the POTP through the set K.

Proof. Assume by contradiction that there exists a nonempty compact subset K
such that every point in K is shadowable but does not have the POTP through
K. Then there is ¢ > 0 and a sequence (£*)ren = (£F, t5),ez of (1, 1, 2)-pseudo-
orbits passing through K which cannot be 2e-shadowed. Since K and [1, 2] are
compact, we can assume that £ — p for some p € K and t& — t, for some time
to € [1,2]. We have that p is shadowable, so for ¢ as above, we choose § > 0
from the shadowableness of p with § < £. Since X x [0, 2] is compact, ¢|x 1,2 is
uniformly continuous and so our ¢ can also be chosen so that if d((z, t), (y, s)) <4

with 0 <5, ¢ < 2 then d(¢:(7), ¢s(y)) < 5. We set a sequence EF = (&8, 17),ez as
follows,

ék_ (satﬁ)a 1fn7£0a
B (p, to), ifn=0.

Clearly all such sequences are passing through p. Moreover,

. . d(gbt’,i(gﬁ)? 5—}-1)7 if n 7é 0, -1,
d(qbf’;l (52)7 S—f—l) = d(¢t0(p)7 gf)? if n = 07
(¢, (&), p),  ifn=-1,

SO
%, if n#£0, —1,
d(p (E0): Ehir) < 4 d(no(p), Dy (ED) + 4, ifn =0,
d(&k, p) + 1, if n=—1.

As ¢ is continuous and (¥, t5) — (&, p) we obtain that (€¥) is a (6, 1, 2)-pseudo-
orbit for k large. Then for such k it follows that there are x;, € X and h € Rep such
that d(p*t, ¢u(zr)) < e for all t € R. For the sequences (¥)yez and (tF)rez we
write

(-1
- .

t; 1> 0,
0

W>
S

Il

O .
o~

Il

=

1
=Y i i<,
\ J=t
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and

(i—1
k .
t; 1> 0,
=0
sF=1¢0 1= 0,
-1
k
—th 1< 0
\ J=t

We will consider the three possible cases: t& < ¢& |tk = t£ and t§ > 5. Note that in
every case we have |s¥ — §¥| = |t& — k| for all i € Z. We consider only the t§ < &
case being the other two cases analogous. Then s¥ < &% for all i € Z. Let t € R and
let i € Z such that s¥ < ¢ < sF,;. We have two cases:

Case 1: if sF <t < sF_,, then in particular s¥ <t < §¥ , so
(e (61, Dniny(xr)) < A6yt (€F), s (€)) + (D5t (€), Sy (1))

E%—5<25

w

Case 2: if s <t < §¥, again in particular, 87 ; <t < 8, so
d(9,- (€F), dny (2r)) < A (€1), Drgp (E50)) + Al (E1), dnn ()

o (€
(<z5t s(f-) )+ A&, o (E0) +d(dn (E51), ¢ (E50)) +e
L. +€—2€

3 3 3
thus d(d,_ . (€F), dny () < 2e for all s <t < s¥ ;. It follows that " can be
2e-shadowed, which is a contradiction. This proves the result. O

Theorem 2.2.7. Let (X, d) be a compact metric space and ¢ be a flow on X. Then
¢ has the POTP if and only if Sh(¢) = X

Proof. Simply take K = X in Lemma 2.2.6. O

Now we proof that that set of shadowable points is a dynamical invariant under
continuous equivalences.

Theorem 2.2.8. Let ¢ and 1) be two flows on the compact metric spaces (X, d,)
and (Y, d), respectively. If (h, o) is a continuous equivalence from 1 to ¢, then

h(Sh(¢)) = Sh(1)

Proof. Let (h™', &) the corresponding inverse equivalence from ¢ to ¢. Let
a = min{a(h(z), 1) : € X}. By compactness of Y such a exists and indeed
is positive. Now, given € > 0, choose ¢’ > 0 such that d,(yi,y2) < ¢ implies
de(h™ (y1), " (y2)) < € for every yi,y2 € Y. Suppose p € h™1(Sh(¢)). By Lemma
2.2.5, there exists ¢’ > 0 such that each (¢, a)-pseudo-orbit passing through h(p)
can be ¢’-shadowed by an orbit of 1. Also choose § > 0 so that d,(h(z1), h(x3)) < 0’
whenever d,(z1,z) < § for all 1,25 € X. Now let (x,, t,)nez be a (4, 1)-pseudo-
orbit for ¢ passing through p. Then d,(h(¢,(x,)), h(zn41)) < 0’. By definition of
equivalence we have

Ao (V5 (h(an), 1) (A(T0)), M(Tng1)) <6
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Consider the sequence (h(x,), 6(h(zy), tn))nez. Since t, > 1 it follows that
G(zp, t,) > a for all n € Z. So (h(x,), 6(h(z,), tn))nez is a (&', a)-pseudo-orbit
for ¢ passing through h(p). Then there are y = h(z) in Y and « € Rep such that

dy(h(p) *t, Yaw(y)) <€, forall t € R
It follows that

de (W (h(p) xt), B (Yawy(M(2)))) <&, forallteR. (2.1)

Fix t € R and n € Z such that s, < t < s,41 and let (5,),ez the sequence
of sums associated to (6(h(xy), tn))nez. Since G(h(z,), -) € Rep we have 0 <
g(h(xn), t — sp) < (h(zy), tn). So, 5, < d(h(x,), t — $u) + S < Spy1. Set
t=G(h(x,), t — 5n) 4+ 8n, 50 h(D) %t = Va(n(en).t—sn)(P(zn)). By (2.1) it follows that

di(Pt-s,,(Tn), Pz a(9)(2)) = dul(h™ (V75 (A(xn))), B (o 7) (R(2)))) < e

Let a(t) = o(z, a(t)) for all t € R. Since t — &(h(x,), t — 5,) + 8, is increasing,
then @ € Rep. It follows that

dy(Pi—s, (T2), Pa@ (2)) < e, for every s, <t < s,1q, and t € R.

This proves that (z;, t;)sez is e-shadowed by O(z). Therefore, h=1(Sh(z))) C Sh(¢).
The inclusion h(Sh(¢)) C Sh(w) is obtained analogously considering the equivalence
(h, o) from ¢ to . This completes the proof. m

Now we introduce another auxiliary definition.

Definition 2.2.9. Let € > 0 and K be a subset of X. We say that a flow ¢ has the
e-POTP through a subset K if there exists § > 0 such that every (J, 1)-pseudo-orbit
passing through K can be e-shadowed.

We denote by BJ[-, d] the close ball operation on X.

Lemma 2.2.10. Let ¢ be a flow on the compact metric space X and let € > 0. If
the flow ¢ has the e-POTP through a compact subset K, then there is § > 0 so that
¢ has the 2e-POTP through B[K, 0].

Proof. Suppose by contradiction that a flow ¢ has the e-POTP through a subset K
but for every § > 0, we can find a (0, 1)-pseudo-orbit passing through B[K, d] that
cannot be 2e-shadowed.

Take a 6 > 0 from the e-POTP through K with § < &, and let (£*)zen be

a sequence of (%, 1)-pseudo-orbits passing through B[K, %] which cannot be 2e-

shadowed. For every k € N we write &% = (€F, %), cz. Tt follows from the definition

that there is a sequence x;, € K such that d(&f, z) < % for all k € N. Since X is

compact, the flow ¢ is uniformly continuous in X x [—t}, t}], so we can choose k
with the property that

k 1 0

max{_max {d(6(€8). oz}, 1< 5.

—t5<t<t}
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Fix k and define a sequence & = (&, tn)nez by

{(’;,tﬁ) it n 0,

(zg, t§) otherwise.

<§m tn) =

Clearly, d(¢r, (&), &ns1) < 3 < 6 for n# —1, 0. Since

A6 (1), &) = A (€), 4) < dlgue (€4), &) +dlan, ) <} + 1 =7 <6
and
o 9

we see that £ is a (J, 1)-pseudo-orbit. Since {, = z € K by definition, we obtain
that & can be e-shadowed by a point y € X. Thus, there exists h € Rep such that

d(& *t, drwy(y)) <e, foreachteR.
Note that for i # 0 and t such that s; <t < s;,1, we have
50 *t = gbt—si (fz) - Qst—s,- (éf) = gg * 1.

Hence &+t = &Y« t for t & [sg, s1). Furthermore, for ¢ € [sg, s1),

d(& > t, Dy (y)) < d(E§ *t, Eoxt) + d(&o* 1), dnwy(y))
<

)
d
d(¢e(&5), (&) + d(&o * t, Py ()
)
2

IN

5 te
2¢.

IN

Thus, d(&) *t, ¢nw(y)) < 2¢ for all t € R. It follows that &* is 2e-shadowed, which
is a contradiction. This proves the result O

A subset of X is a Gy set if it is a countable intersection of open sets of X. In [12],
examples of homeomorphisms where the set of shadowable points is a G sets are
given. On the other hand, in [31] the author proved that the set of shadowable points
of a homeomorphism is a Borel set. The following theorem extends this result in
the flow case.

Theorem 2.2.11. The set of shadowable points of ¢ is a G5 set of X. In particular,
1t 15 a Borel set.

Proof. Given ¢ > 0 we denote by Sh(¢, ) the set of points p € X such that the
flow has the e-POTP through a subset {p} (see Definition 2.2.9). Note that

Sh(¢) = () Sh(s, ). (2.2)

e>0

Let g > 0. We can suppose Sh(¢) # (0. Given z € Sh(¢), since x € Sh(¢, L),
by Lemma 2.2.10 there is 6, o, > 0 such that every (d, ,, 1)-pseudo-orbit passing
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through B[z, 6, .,] can be eo-shadowed. It follows that B(z, 6, .,) C Sh(¢, o). So,
for every g9 > 0
Sh’(¢7 80) = A(EO) U B<€0)7

where A(gy) = U B(z, 6, ) and B(eg) = Sh(e, o) \ A(eg). Moreover, note

z€Sh(9)
that A(eg) is open and B(gg) C Sh(¢, go) \ Sh(¢). By (2.2) we have ﬂ B(eog) =0
and o
Sh(®) = () Sh(e, 1) =V AGUBG) =[] AR).
neN neN neN
That is, Sh(¢) is a G set of X. ]

Remark 4. The same ideas behind the proof of Theorem 2.2.11 implies that the set
of shadowable points of a homeomorphism is a Gy set too.

A flow ¢ on X said to be is minimal if all of its orbits are dense in X. It is said
to be an isometric flow if d(¢y(x), ¢(y)) = d(z, y) for every z, y € X and t € R.

Example 5. If ¢ and v are continuous flows on X and then is not always true that
Sh(¢p) x Sh(1)) C Sh(¢ x ). Indeed, if we consider ¢(z, t) = €™z, defined in the
unit circle S, this flow has the POTP. Then Sh(¢) = S* by Theorem 2.2.7. If the
inclusion holded then Sh(¢ x ¢) = S' x S'. Again, by Theorem 2.2.7, ¢ x ¢ would
have POTP. However this is not possible because this flow is isometric and is not
minimal [32].

2.3 Shadowable points of suspension flows

In this section we give the relation between the set of shadowable points of a home-
omorphism and the shadowable points of its suspension flows.

Theorem 2.3.1. If ¢/ is the suspension flow of a homeomorphism f on the com-
pact metric space (X, d) under a continuous map 7 : X — R, then

Sh(¢’) = (Sh(f) x [0,1])/ ~ .

Proof. We can assume without loss of generality that 7 = 1. Given (z,t) € Sh(¢/)
since Sh(¢') is invariant by ¢/, then (z,1) € Sh(¢f). Let € > 0 be given. Choose
¢ > 0 with & < min{e, 1} so that d(f(z), f(y)) < e for i = —1,0,1, whenever
d(z,y) < €. Choose 6 > 0 from the definition of shadowable point for ¢/ respect to
e’. Also take 0 < ¢’ < § so that d(x,y) < ¢ implies d(f(x), f(y)) < d. Let {z,}nez
be any ¢’-pseudo-orbit of f with zy = 2. Consider the pair of sequences (x,, %)nGZ
and (t,)nez such that ¢, = 1 for each n € Z. Then

df(¢{n (J?n, %)7 ('TTH-IJ %)) = df((f(xn)7 %)7 (xn+17 %))
5A(f (@) urn) + 3d(f2 (@), f(2as1) < 0.

That is (@, 3),tn)nez is a (6, 1)-pseudo-orbit of ¢/ with =g = z. So, there are
(z,s) € X5/ and a € Rep such that

df(qﬁi(t)(x, s), ¢ (xn, ) <é, forn<t<n+1 (neZ).
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Now as t = 0, we have
1
df<<l’,8), (Z7 l)) < 17

2

so |s — 3| < 3. Moreover, since df(gbi(t)(x, s), ¢! (2, 1)) <e <iforall0<t<1,it

follows that df((z, s + a(1)), (z,2)) < 1. Thus we obtain
S_s—a(l)] <1
Then 1 < s+ «a(l) < 2 and so qbi(l)(x,s) should be represented as (f(x),s™")

where 0 < s < 1. Also we have df(qbi(t)(x,s),qb{fl(xl,%)) < & < 1 for all
1 <t <2 Thus d((f(z), sV + a(2) — (1)), (z1,2)) < i, therefore ¢£(2)(:c,s)
should be represented as (f%(z), s®)) where 0 < s < 1. If we carry on in the same
manner we will have that gbfi () (@, s) should be represented as (f"(z), s(M) where

0 < s™ <1 for each n € Z. For t = n, we have
d (¢ (2, 5), (xn, 5)) = A7 ((f"(2), s"™), (wn, 3)) < €
If f*(x) = @, d(f"(x),2,) < € is trivial. If f*(z) # x,, it follows that
3d(f" (@) a0) + 3d(f"H (@), () < d((F7 (), 8™, (w, 3)) < €

Hence d(f"(z),z,) < € or d(f""*(z), f(x,)) < €. From the way we chose & this
implies that d(f"(x),x,) < € for every n € Z. Therefore z € Sh(f).

Conversely, let z € Sh(f) and r € [0,1]. Given ¢ > 0, take 0 < €’ < ¢ so that
d(z,y) < ¢ implies d(f*(z), f(y)) < 3¢ for i = 0,1,2. Take 0 with 0 < ¢ < &’ from
the shadowableness of z with respect to ¢’. Take 0 < ¢’ < min{3, 6} as in Lemma
2.5 in [17] and let ((xk, sk), tk)rez be a (0', 2, 4)-pseudo orbit of the suspension flow
¢ of f on X1/ passing through (z, 7). Let wy = | sy + t] denote the integer part
of s; +t,. We have

d' (% (1), sk + th — wi), (Tpy1, s641)) < 0 for all k € Z.

Since ¢ < ;11, by Lemma 2.4 in [17], we have that |s; + tx — wp — Sgp1]| < & or
|1+ sp + tp — wi — Spr1| < 0 or |1+ sppq + w — tp — sg| < &' Now, let ng be a
positive integer defined as follows

Wy, if |Sk +tp —wy — Sk+1’ < 5,,
ng = wy — 1 if|1+8k+tk—wk—8k+1|<6/,
wy + 1 if|1+8k+1+wk—tk—8k|<5/.

Then by Lemma 2.5 in [17] we obtain that d(f™ (zg), xx+1) < d for all k € Z. Define
a sequence (y;);ez in X as follows:

yi = fNe(zy)  for Ny < < Nip,

where (N )rez is the sequence of sums associated to (ng)kez. Obviously this sequence
is a 0-pseudo-orbit of f passing through z. Hence, there exists x € X such that
d(f'(z), y;) < & for every i € Z. In particular one has

d(fI™e(z), fi(xr)) <& for 0 <j<ny (k€. (2.3)
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Now, take the point (z, t) € X!/ and define a : R — R in the following way:

Sk+1 + N — Sk
ty

at) = (t —Tk) + sk + N —so for T, <t < Tgyy,

where (Tj)kez is the sequence of sums associated to (tx)rez. It is clear that « is
continuous with «(0) = 0. Moreover, since n; > 1 then o« € Rep. We claim that
O(x,r) is an orbit of ¢/ which e-traces ((z, si), tx)rez. Indeed, let ¢t € R and let
k € Z such that T, <t < Tpyq1. We get

Sk+1 Tt Mg — S — T

|Of(t)—8k—Nk+So—(t—Tk)| = tk (t—Tk)
t— 1Ty
= [Skg1 +np — S — i -
Ly
Since s + txy — ng — Sgr1| < 0" and 0 < ¢t — T, < ty, we have
\a(t) — S — Np+ s9 — (t — Tk)| <. (24)

Now if j is a positive integer which makes 0 < s+t — Ty — 7 < 1, then 0 < j <
sk 4+t < i+ 2. So by (2.3) and the choice of &' we get d(f7 Ve (z), fi(z))) < 3
for 0 < 7 < ng + 2. Finally,

df(¢£(t)(xv 50)7 QS,{_T,C ($k> Sk’)) = df ((ka ([E), S0+ Oé(t) - Nk)’ (xlm Sp+t— Tk))

= & (™ ( ,50+oz(t)—Nk—j), (f/(xk), sk +t =Ty — j))
< & (7% (@), so+ a(t) = Np — ), (f7 (2), sp +t — T — j))
+d ((f]+N’“( ), sp+t—Tr—7), (fj($1c)7 Sp+t—Ty —j))
< so+alt) = Ne—j— (sp+t = Tp = )| + (sk +t = T — H)d( 74 (@), f7H ()

(1= s =t + T+ (7 (2), f ()
< 05— (set+t=Ti—jet (e +t-Thi—jle < ze+3e=¢.

Hence (z, sq) € Sh(¢f). O
With this theorem we have the following example of a flow on a compact metric

space whose shadowable set is a nonclosed subset of X.

Example 6. Let f: X — X be the map of Example 3. Then, by Theorem 2.3.1,
Sh(¢') = (C'\ {1})*/ which is a nonclosed proper subset of X1/

This example motivates the question of whether there exists a flow with a non-
closed dense subset of shadowable points.

Definition 2.3.2. A flow ¢ on a compact metric space X has the almost POPT if
Sh(¢) is dense in X.

Obviously, a flow having the POTP has the almost POTP. The following theorem
shows that the converse may not be true.

Theorem 2.3.3. There exists a flow with the almost POPT but without the POPT.
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Proof. Take an almost totally disconnected compact metric space X (that is a space
X where X% is dense in X) which is not totally disconnected (e.g. [23] or a non-
totally disconnected cantoroid as in Definition 2 p. 740 of [3]). Then, take any
equicontinous map f : X — X, so that Sh(f) = X9, but it does no have the
POTP (by Corollary 2.1.7). Suspend this map to obtain a flow with the desired
properties. 0

Example 7. The above Theorem also provides an example of a flow ¢ for which
Sh(¢) is a proper subset of C'R(¢).

Another application of Theorem 2.3.1 is that the set of shadowable points of a
homeomorphism is a G set of its phase space. In order to see it we first state two
elementary lemmas.

Lemma 2.3.4. Let X be topological space and consider the space X x [0, 1] with
the usual product topology. If A C X and A x [0, 1] is Gs set of X x [0, 1] then A
1s a G set of X.

Proof. By considering X as a subset of X x [0, 1] under a canonical inclusion, we
note that if A x [0, 1] € U where U is open, then U N X is a nonempty open set
of X containing A. Indeed, A x {0} C U and if (z, 0) € U there exists open sets
V' C X containing x and W C [0, 1] containing 0 such that (z, 0) € V- x W C U.
In particular, we have V' C UN (X x {0}) showing that U N X is open in X. Hence,
if Ax[0,1] =2, A, for some sequence (A,)>2; of open sets of X x [0, 1], then
A x [0, 1] C A, for each n € N and so A C A, N X with each A4, N X an open set
of X. On the other hand,

o

(AN X) Xm(ﬂA) XN(ANo, 1)) = A.

n=1

Therefore A is a G set of X. O

Remind that for a given map p: X — Y, where X and Y are any sets, a subset
U of X is saturated with respect to p if U = p~(p(U)). It is easy to see that U is
saturated if and only if for every z € U and y € X the equality p(z) = p(y) implies
that y € U.

Lemma 2.3.5. Let f be a homeomorphism on a compact metric space X and let ¢’
the suspension flow of f on the space X»/. Let p: X x [0, 1] — X/ be the quotient
map of the topology of X1/, If A C X is invariant with respect to f, then A x [0, 1]
1s saturated with respect to p.

Proof. Let (z,t) € A x [0, 1] and (y, s) € X x [0, 1] such that p(z, t) = p(y, ).
Then (y, s) = (z, 1) if 0 <t <1, (y,s)=(f(x), 1)if t =0 and (y, s) = (f(x), 0)

if t =1. In any case y € A because A is invariant. This proves the lemma. O

Theorem 2.3.6. The set Sh(f) of shadowable points of a homeomorphism f: X —
X defined on compact metric space (X, d) is a Gs set of X.

Proof. By theorem 2.2.11, if ¢/ is the suspension of f under the constant function
1, then Sh(¢') is a Gs set of X%/, So, there exists a sequence (A4,)2, of open
set of X/ such that Sh(¢') = 72, A, On the other hand, by Theorem 2.3.1 we
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have Sh(¢’) = Sh(f) x [0, 1]/ ~. Let p: X x [0, 1] — X'/ be the quotient map
associated to the quotient topology. We have that p(Sh(f) x [0, 1]) = Sh(¢”). Since
Sh(f) is invariant with respect to f, then Sh(f) x [0, 1] is saturated with respect
to p by Lemma 2.3.5. So Sh(f) x [0, 1] = p~1(p(Sh(¢) x [0, 1])) = p~1(Sh(¢')). By
definition of quotient maps, p~'(A,) is an open set of X x [0, 1], hence

Sh(f) x [0, 1] =p~* (ﬂ An> — N r (A

and so Sh(f) x [0, 1] is a G set of. Finally, Sh(f) is a Gs set of X by Lemma 2.3.4.
This concludes the proof. O

Remark 5. In [31], the author proved that the set of shadowable points of a home-
omorphism is a Borel set. But what he proved indeed is that such a set is a Fs set
of phase space, i.e., a countable intersection of countable union of closed sets. So
Theorem 2.3.6 is improvement of Kawaguchi’s result.

2.4 Shadowable points and recurrence

In this section we study the recurrence behavior of a flow under the presence of
shadowable points.

Lemma 2.4.1. If ¢ is a flow on a compact metric space X, then Sh(¢) NCR(¢) C
(o).

Proof. Let p € Sh(¢) N CR(¢) and € > 0 be given. Then there exists 6 > 0 from
the shadowableness of p. Since p is a chain recurrent point, there exists a (9, 1)-
chain (x;, ti)f:[) with p = 29 = z, and tg = t;. For every integer number n we
Put Tepii = Tiy tenss = t; for 0 < @ < k. So, (x;, t;)icz is a (J, 1)-pseudo-orbit
passing through p for ¢ and therefore there are y € X and g € Rep such that
d(p*t, ¢gu)(y)) < € for every t € R. It follows that y € Blp, €] because ¢(0) = 0 by

definition. For every j7 > 0 make m; = j fool t;. Then,

d(!L’, ¢g(m])(y)) = d(JT * My, gbg(m])(y))
<e Vj20

and m; > jk for all j > 0. So m; — oo (j — 00). Since g € Rep, g(m;) — oo.
Therefore z € Q(¢), and the lemma follows. O

Theorem 2.4.2. If CR(¢) C Sh(¢) then CR($) = Q(¢).

Proof. Since Q(¢) C CR(¢), if CR(¢) C Sh(¢) then Q(¢) = CR(¢) by Lemma
2.4.1. O

In some especial case, we can improve Theorem 2.4.2. We first remind the
definition of expansive flow [14]:

Definition 2.4.3. A flow ¢ on the metric space X is expansive if given € > 0 there
exists 6 > 0 with the property that if d(¢:(x), ¢nw)(y)) < 9 for every pair of points x
and y, for all £ € R and some h: R — R with ~(0) = 0, then y = ¢;(z) with [t| < e.
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This notion is invariant under flow equivalences and it can be seen that if a flow
is expansive, then every singularity is isolated. Even more, in the case where there
are not singularities, we can take the function h belonging to Rep. (see [11]).

The following Lemma can be found is Lemma 3.10 in [53].

Lemma 2.4.4. Let ¢ be a continuous flow without singularities on a compact metric
space X. For each A\ > 0 small enough, there exists € > 0 such that for every
z,y € X, for every interval [Ty, Ts] containing the origin and for every o € Rep,
the following holds: if d(¢+(x), Gaw(y)) < € for all t € [Th, Ty, then |a(t) —t] < A
for |t| < 2in [Th, T3] and |a(t) —t| < [t|A for |t| > 2 in [T, Ts).

Lemma 2.4.5. If ¢ is a expansive flow on a compact metric space X, then CR(¢)N
Sh(¢) C Per(¢).

Proof. Without loss of generality, by expansiveness, we can suppose that the flow
has no singularities. Let € CR(¢)NSh(¢) and € € (0,1). We can take € satisfying
Lemma 2.4.4 with respect to A = % Take § > 0 satisfying the definition of shadowing
with respect to e. Since x € CR(¢), there is a (2, 3)-chain (z;, t;)¥_, where zy =
xr = x and t; > 3. Assume also that ¢ satisfies the expansiveness of ¢ with respect
to e. Extend the (§, 3)-chain (z;, t;)¥_ to a (2, 3)-pseudo-orbit (z;, t;);ez by putting
for every integer number n, xy,.; = x;, and tg,.; = t; provided 0 < i < k. Thus,
there are z € X and o € Rep such that d(¢aw (2), ¢r—s, () < g for s; <t < s;41.
If L =ty+ ...+ tp1, for d(@ausr)(2), dr—s;(xi)) < § whenever s; < ¢ < s541.
Therefore

=%}

d(¢a(t+L)(Z’), ¢a(t)(2’)) < ¢ for every t € R.

Take u = «(t), then

(¢a (a=1(u) +L)( ) ¢u( )) - d(¢o¢ (= (u)+L)—af (¢a ( ))’ ¢u(z)) < )

for every u € R, where u — a(a ' (u) + L) — (L) € Rep. Hence, by expansiveness,
Pa(r)(2) € d(—ce)(2). Moreover since d(pa)(2), ¢(r)) < §5 for 0 < ¢ < 1y, then
35 < af(s) for some 2 < s < ty, by Lemma 2.4.4. Then ¢ < a(s) < «(L) since
s < L. Therefore z € Per(¢). O

So in the case that ¢ is an expansive flow, we obtain the following improvement
of Theorem 2.4.2:

Theorem 2.4.6. If ¢ is expansive and CR(¢) C Sh(¢), then CR(¢) = Per(¢).

Proof. Tt follows directly from the fact that Per(¢) C CR(¢). Then CR(¢) =
Per(¢) by Lemma 2.4.5. O

We denote by Sh™(¢) the set of points such that given € > 0 there exists § > 0
such that every forward (4, 1)-pseudo-orbit (x;, t;)5°, passing through p can be e-
shadowed. Each element of Sh*(¢) is said forward shadowable point. All theorems
proven until now about shadowable points are equally valid for forward shadowable
points. From now on, we will use this observation without explicit mention of it.

We recall that a chain transitive flow ¢ is one where X is a chain transitive set.
That is, for every p, ¢ € X we have p ~ ¢ [1].
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Theorem 2.4.7. If the flow ¢ is chain transitive, then Sh*(¢) = X or Sh*(¢) = 0.
Proof. Suppose that Sht(¢) # 0. Let p € Sh'(¢) and ¢ € X. Let € > 0 and take
d > 0 from the forward shadowableness of p. Let (z;, ;)2 a forward (d, 1)-pseudo-

orbit passing through ¢ and let (y;, s;)i", a (9, 1)-chain such that yo = p and y,,, = ¢.
We have that the sequence of pairs (z;, ;)32 given by

Iy fo<j<
(25, ;) = (5 s5) f0<j<m,
(Tj—ms tj—m) if j > m.

is a forward (6, 1)-pseudo-orbit passing through p. We set
and

Hence there are h € Rep and a point y € X such that d(p x t, ¢pe)(y)) < e, for
t €10, 00). Let g(t) = h(t + 7,,) — (7). Clearly g € Rep.

Note that
mtk—1 k-1 m+k—1
72m+k’_7ﬁm: E rj_E rj = E : tJ:tk
j=0 j=0 j=m

So, if t, <t < ka with k£ > 0, then 7,1 <t + 7, < Tgrms1 and therefore

d(q *t, Ogt)(Prinm) (V) = (D15, (Tk), Phitrim)—h(im)(Prin) (¥)))
A(Dtgt—i s (Zmak)s Phittinm)(Y))
19

IN

We have shown that the given forward (4, 1)-pseudo-orbit passing through ¢ can be
e-shadowed by the point ¢h(£m)(?/) and as this € was arbitrary we conclude that ¢
forward shadowable. That is ¢ € Sh*(¢). This completes the proof. ]

Recall that a transitive flow ¢ [9] is one for which there exists a point z € X
such that w(x) = X where

w)={ye X:y= lim ¢, () =1y for some sequence t, — +oo}.

tn—+00

A well known result in topological dynamics states that every transitive flow is
chain transitive [1]. The following corollary, which is an immediate consequence of
Theorem 2.4.7, gives a partial negative answer to this question in the flow case.

Corollary 2.4.8. If ¢ is a transitive flow Sh™(¢) = X or Sh*(¢) = 0.
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Remark 6. There is a weaker notion of transitivity, which is original Birkhoff’s
definition (see [13]), for which Corollary 2.4.8 is not valid. We say that a flow
is transitive in Birkhoff’s sense if it has a dense orbit. Clearly, transitivity as
described in this work, implies transitivity in Birkhoff’s sense. In [31], an example
of a transitive in Birkhoff’s sense homeomorphism f: X — X such that Sh(f) =0
but Sh*(f) is a proper nonempty subset of X is given. So, by suspending f we
obtain a flow ¢/ on X/ without shadowable points and such that Sh*(¢/) is a
nonempty proper subset of X/, This also says that in general Sh(¢) & Sh*(¢).

In [33], it is proved that if ¢ is a geometric Lorenz flow, then it does not have the
forward POTP provided that its return map f satisfies that f(0) # 0 or f(1) # 1.

In this case we have Sht(¢) # X. It follows that Sh™(¢) = (). We have proved the
following result.

Corollary 2.4.9. A geometric Lorenz flows whose return map is such that f(0) # 0
or f(1) # 1 does not have shadowable points.

We state a known theorem about transitive flows on compact metric spaces (and
more general on second countable Baire topological spaces) which will be useful.

Theorem 2.4.10. On a Baire, Second countable topological space X a flow is tran-
sitive if, and only if, for every pair of open nonempty sets U and V', there exists a
nonnegative time T such that ¢p(U) NV ().

We do not know if Theorem 2.4.7 remains valid if we substitute forward shad-
owable points for shadowable points. We have, however a related result:

Theorem 2.4.11. Let X compact metric space and ¢ be a chain transitive flow on
X. If ¢ admits shadowable points then ¢ is transitive.

Proof. As X is a Baire Space, it is enough to prove that for any pairs of open sets U
and V of X, there exists a non-negative T' with ¢7(U)NV # (). By hypothesis there
exists at least one shadowable point . Choose two points p € U and ¢ € V' and let
e > 0 such that B(p, €) C U and B(q, ) C V. Let § > 0 from the shadowableness
of x with respect to . By chain transitivity there exists a (d, 1)-chain (z;, s;)7,
from p to x and a (4, 1)-chain (y;, r;)}_, from z to g. Define a (4, 1)-pseudo-orbit
(zi, t;)icz passing through x as follows:

(Prrm(z0), 1) if k< —m
(Timaks Smak) f —m<k<0
(Yks k) if0<k<n-1
(Gh—n(yn), 1) ifk=>n

Then there is y € X and h € Rep such that

(21, ) =

d(.f *ta gbh(t)(y)) S €, Vit e Ra

in particular, d(p, ¢s_,, (v)) < € and d(p, ¢s,(y)) <e. Set T = —s_,, + s, which is
nonnegative. Then ¢, (y) € ¢r(U) N V. This concludes the proof. O

Corollary 2.4.12. On a compact metric space, a flow admitting shadowable points
15 chain transitive if, and only if, it 1s transitive.
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Proof. We have already observed that transitive flows are always chain transitive.
The converse follows from Theorem 2.4.11. O

So, nontransitive chain transitive flows on compact metric spaces does not have
shadowable points. For a concrete example take X = S' and ¢ the flow associated
to the differential equation

0 = sin® 0
in angular coordinates. In this case Sh(¢) = . A more interesting family of
examples are the so-called Venice Masks which are sectional-Anosov flows with dense
periodic orbits which are not transitive [39]. This flows are chain transitive when
the manifold is connected for Per(¢) = CR(¢) = M. Hence they cannot have
shadowable points. In light of this, we believe that the following statement may be
true:

Conjecture 2.4.13. A sectional Anosov flow with shadowable points is an Anosov

flow.

The following example shows that the conclusion of Theorem 2.4.11 cannot be
guaranteed if we drop the connectedness hypothesis.

Example 8. In [30], it is proved that an equicontinuous homeomorphism on a
compact metric space X f : X — X has the POTP if and only if X is totally
disconnected So if C' is the usual ternary Cantor set in the interval [0, 1], then
identity map id: C' — C has the POTP. The suspension flow of this map is then
an equicontinuous flow that has POTP [17]. But this flow is not transitive for its
phase space is not connected.

In what follows, we show some applications of shadowable points for flows. Re-
mind that ¢ is minimal if for every x € X the orbit O(z) is dense in X. Komuro
showed that isometric flows with the pseudo orbit tracing property are minimal
flows [32]. Meanwhile Kato proved that equicontinuous flows with the pseudo orbit
tracing property are also minimal flows [29]. Later, He and Wang proved that distal
flows with the pseudo-orbit tracing property are minimal too [27].

In light of these results, is natural to ask if we still can conclude minimality
if the pointwise recurrence hypothesis is weakened to suppose the flow to be chain
recurrent. The answer is negative as there are nonminimal chain recurrent flows with
the pseudo orbit tracing property, for instance the suspension of the usual linear
Anosov map on the torus. However, there are not known examples of nontransitive
chain recurrent flows with the pseudo-orbit tracing property on connected spaces.
The following corollary shows that transitivity is a necessary condition is the phase
space is assumed to be connected.

Corollary 2.4.14. If ¢ is a chain recurrent flow on a compact connected metric
space X then ¢ s transitive.

Proof. Since X is connected, the only chain component of C'R(¢) is X itself. So ¢
is chain transitive. The corollary then follows from theorem 2.4.11. O

A flow ¢ is distal if whenever inf;cg d(¢(z), ¢¢(y)) = 0 implies z = y. Ev-
ery distal flow is chain recurrent and every transitive distal flow is minimal. It is
equicontinuous if the family of ¢-time maps {¢;}icr is an equicontinuous family of
homeomorphisms in X. Equicontinuous and isometric flows are distal flows. The
following corollaries are then immediate consequences of Theorem 2.4.11.
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Corollary 2.4.15 (He, L., Wang, M., [27]). Every distal flow with POTP on a
connected compact metric is minimal.

Corollary 2.4.16 (Kato, K., [29]). Let M a Riemannian manifold and ¢ a equicon-
tinuous flow with respect to the Riemannian metric of M. If ¢ has the finite POTP
then ¢ is minimal.

Corollary 2.4.17 (Komuro, M., [32]). Let M a Riemannian manifold and ¢ a
isometric flow with respect to the Riemannian metric of M. If ¢ has the finite
POTP then ¢ is minimal.
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CHAPTER
THREE

F-SHADOWABLE POINTS

3.1 F-POTP and F-shadowable points

There several ways to define the shadowing property for flows, see for instance [15]
and references therein. In essence, the central idea among the majority of definitions
of shadowing for flows is the following: even if small errors occur at each iteration,
one can track the resulting pseudo-orbit by a true orbit with a time reparametriza-
tion.

Below we will give a brief idea about how this dependence originates with the
time reparametrizations. Bowen and Walters [11] introduced the definition of ex-
pansive flow by using reparametrizations. Afterward, Keynes and Sears [25, 20]
restricted the reparametrizations in the definition of expansive flow to subsets F
giving rise to the concept of F-expansive transformation group. Thomas [17] relates
expansiveness with the shadowing property and stability for flows in metric spaces.
Later, in [19], he proves that by adding canonical coordinates the expansive flow
verifies the shadowing property. Thus the expansivity and in particular the use of
reparameterizations is strongly related to the property of shadowing [17,419,51,52].

In [53] the restriction of the reparametrizations C allows us to generalize known
results about expansive measures for homeomorphism to flows. Moreover when C is
endowed with the co-metric [15], in the sense that it allows infinite distances between
certain points, important generalizations are obtained for the expansiviness [53].

Given these results, it is natural to consider a notion of shadowable points for
flows where we restrict the reparametrizations as in [25] or [53]. Hence, we obtain
the concepts of F-shadowable points and F-orbit shadowing property for flows in
which F is a given subset of the set of reparametrizations.

Denote by C the set of continuous maps h : R — R such that 4(0) = 0 which will
be called the set of reparameterizations. We endow C with the supremum metric

o~

d(f,9) = sup{[f(z) — g(x)| : © € R}.

Under this distance, we obtain that (C, d ) is a so-called co-metric space in the sense
that it allows infinite distances between certain points (see [15,53]).
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The following is a straightforward reformulation of the notion of shadowing for
flows [17]. Given g,6 > 0 and T' > 0, a (§, T')-pseudo-orbit (x;, t;);cz is e-shadowed
by an orbit (¢;(y))er if there exists h € Rep such that

d(xoxt, drwy(y)) < €, for every t € R.

To motivate our main definition we recall the following generalization of expan-
sive flow introduced by Keynes and Sears in [25]. Given a subset F C C we say that
a flow ¢ is F-expansive if for every € > 0 there exists § > 0 with the property that if
d(p¢(), dny(y)) < 0 for all £ € R for some pair of points z,y € X and some h € F,
then y = ¢s(z) for some s € (—¢, €).

Hence, by combining the definitions of shadowable points and F-expansiveness
we obtain the following objects that generalize the notion of shadowing for flows.

Definitions 3.1.1. Given F a subset of C and positive numbers 9, T and e, we say
that a (9, T')-pseudo-orbit (x;, t;)icz of ¢ passes through p if xy = p, and we say
that is (F, )-shadowed if there are a point y € X and a function h € F such that

d(zoxt, dry(y)) <€, for each t € R.

A flow ¢ has the F-POTP with respect to the parameter T" > 0 if for every ¢ > 0
there exists § > 0 such that every (d, T')-pseudo-orbit can be (F, €)-shadowed.
Finally, we say that a flow has the F-POTP if it has the F-POTP with respect to
the parameter 7' = 1.

Now we introduce the main objects of study.

Definition 3.1.2. A point p € X is F-shadowable with respect to the parameter
T > 0, if for every € > 0, there exists § > 0 such that every (9, T)-pseudo-orbit of ¢
passing through p can be (F, ¢)-shadowed. When p is F-shadowable with respect
to the parameter T' = 1 we say that p is F-shadowable.

We denote by Sh(¢, F) the set of F-shadowable points of ¢ in X. In what
follows we will give some examples of F-shadowable points.

Example 9. If a flow ¢ on X has the F-POTP then Sh(¢, F) = X. The converse
is also true as we shall see shortly.

We denote by By the subsets of C consisting of bounded functions, and by Sing(¢)
the set of singularities of the flow ¢, that is the set of points p € X where ¢;(p) = p
for all t € R.

Example 10. If a flow ¢ has no singularities on X and F C By then Sh(¢, F) = 0.

Proof. By Theorem 3 in [14] for A > 0 small enough, there are £, > 0 and 7, > 0
such that if (z;, t;);ez is a (d, 1)-pseudo-orbit for ¢, where 6 > 0 corresponds to €,
Tiv1 = ¢, (2;), and there are h € F and z € X with d(¢(x), dnw(2)) < € for each
t € R, then h(t + X) — h(t) > 7, for every t € R. Thus h ¢ B,. O

Hereafter, the closure operation will be denoted by U The following example
shows that the set of F-shadowable points can be finite.
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Example 11. If ¢ is a F-expansive flow on X where F C C such that F N By # 0,
then Sh(¢, F) = Sing(¢) whenever idg ¢ F.

Proof. Suppose idg ¢ F. By Lemma 2 in [14] for A > 0 small enough such that
A < d(idg, F) there exists v > 0 with the property that d(¢+x(z), y) > v provided
that z,y € X \ Sing(¢) and d(x, y) < . Also, there exists ¢ > 0 such that

if y € ¢(_c,o)(x), then d(¢(z), ¢:(y)) < % for all (x, t) € (X \ Sing(¢)) x R. (3.1)

Fix z € Sh(¢, F) \ Sing(¢) and take £y > 0 such that £ < min{2, o} where dy
is the F-expansivity constant of ¢ for € > 0. There exists 6 > 0 such that every
(6, 1)-pseudo-orbit passing through x can be (F, gg)-shadowable. Let (z;, t;);cz be
a (0, 1)-pseudo-orbit for ¢ where z;11 = ¢y, (x;) and o = x. Then, there are h € F
and z € X \ Sing(¢) such that

d(x*t, dpe(2)) = d(de(), daw)(2)) < €0, for every t € R.

So, there is s € (—¢, ¢) such that z = ¢s(x). Then from (3.1) for each t € R we
have

d(p:(2), ¢h(t)(2)) < d(¢i(2), ¢i()) + d(¢e(), ¢h(t)(2)) <7.
It follows that d(¢¢(2), dnw—t(Pe(2))) < v for all £ € R. Then |h(t) —t| < A for

~

every t € R. That is, d(idg,h) < A and we obtain a contradiction. Moreover, since
F N By #0D, then Sing(¢) C Sh(¢, F). Therefore Sing(¢) = Sh(¢, F). O

The following result can be proved as per the above example.

Example 12. Let ¢ be a flow without singularities on X. If 7; C C with ¢ = 1,2
are such that d (Fy, F2) > 0, then Sh(¢, F1) N Sh(p, Fo) = 0.

Given a subset F C C we write Repo FoRep C Fif go f o h € F whenever
g,h € Rep and f € F [53].

3.2 General Properties of F-shadowable points

The main result of this chapter are the basic properties of F-shadowable points.

Theorem 3.2.1. Given a subset F C C and a flow ¢ in a compact metric space
(X, d), the set of F-shadowable points satisfies the following properties:

(a) Sh(¢, F) is invariant.
(b) Sh(¢, F) = Sh(¢, F).
(¢c) The flow has the F-POTP if and only if Sh(¢, F) = X.

(d) If F = {idr} and the flow has the F-POTP, then ¢, has the POTP for every
t#0.

(¢) If F C Rep and CR(¢) C Sh(¢, F) then CR(¢) = Q(¢).

(f) If Repo FoRep C F and f is a conjugacy between ¢ and 1, then either both
have F-POTP or neither of them does.
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Proof. Ttem (a), is proved as Theorem 2.2.3. To prove Item (b), let x € Sh(¢, F)
and € > 0. There exists 6 > 0 such that every (J, 1)-pseudo-orbit of ¢ passing
through x can be (F,¢)-shadowable. Let (z;,%;)icz be a (8, 1)-pseudo-orbit of ¢
passing through z. Then there are h € F and z € X such that d(z x t, ¢p(2)) <
5, for every ¢ € R. By a compactness argument we can show that there exists g9 > 0

~

such that ¢(_, ) (z) C B(x, §) for every x € X. Take g € F such that d(h, g) <
and fix ¢ € R. Then,

d(x *t, g (2)) < g + d(Dn()(2), Pg(1)(2))-

~

Since ¢(—60,60)(¢h(t)(2)) - B(¢h(t)(z>7 %) and d(h7 g) < &p, We have
d(Pn(r) (2), Dg(1) (2)) = d(Dn(e)(2), Pgr)—nir) (Pr(r) (2))) <

So, d(x x t, dgu)(2)) < €. It follows that x € Sh(¢, F).

Item (c) is proved as Theorem 2.2.7

£
>

To prove Item (d), first we take ¢ > 0. By Theorem 1.1 in [12] is sufficient prove
that X C Sh(¢:). Let z € X and let € > 0 be given. Since X = Sh(¢, {idr}), by
Lemma 2.2.5 there exists 6 > 0 such that each (4, t)-pseudo-orbit can be ( {idr},¢)-
shadowable. Given (z,,)nez a 6-pseudo-orbit of ¢, passing through the point x € X,
that is 2o = x. Then, for every integer n we have that d(¢.(z,), T,+1) < 6. That
is (2, tn)nez, where t, = t, is a (d,t)-pseudo orbit of ¢. Therefore, there is z € X
such that d(¢,_s, (x), ¢(2)) < & where s, < r < $,41. Since s, = nt for every
n € Z, then for r = nt we have d((¢:)"(2),zn) = d(zp, dnt(2)) < € for each n € Z.
It follows that = € Sh(¢;). The proof for ¢t < 0 is analogous.

Item (e) and (f) are proved as Theorems 2.4.2 and 2.2.8 respectively.

Next, we give some examples related to Theorem 3.2.1.

We say that X is totally disconnected at p € X if the connected component
of X containing p is {p}. Denote by X% the set of totally disconnected points of
X [3,11].

Example 13. The result of Item (d) of Theorem 3.2.1 can not be extended to all
t-maps in the arbitrary compact space case. Indeed, if the flow has the {idg }-POTP,
then ¢; has the POTP for every t € R if and only if X = X4 [3].

As a consequence of the above theorem we obtain the following corollary.

Corollary 3.2.2. If g € F is such that for every x € X and for every 6 > 0
there exists f € F with d(¢gu)(x), druy(x)) < 0 for all t € R, then Sh(p, F) =

Sh(¢, F\{g})-

Theorem 3.2.3. Let F be a subset of C. Then the F-shadowable points is a G set
of X.

Proof. Same proof as Theorem 2.2.11. n

To state our next result we will need the following finite versions of the notions
of shadowing for flows.
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Definitions 3.2.4. Given F a subset of C, positive numbers §, T" and ¢, and integers
a and b such that ab < 0 we say that a finite (6, T')-pseudo-orbit (z;, t;)2_,, of ¢
passes through p if zy = p, and we say that is finitely (F, ¢)-shadowed if there are
a point y € X and a function A € F such that

d(zo*t, drwy(y)) <€, forall t € [sq, Spy1).

A flow ¢ has the finite F-POTP if for every € > 0 there exists 6 > 0 such that every
finite (0, 1)-pseudo-orbit can be (F, ¢)-shadowed.

Definition 3.2.5. A point p € X is finitely F-shadowable, if for every ¢ > 0, there
exists 0 > 0 such that every finite (¢, 1)-pseudo-orbit of ¢ passing through p can be
finitely (F, €)-shadowed.

Given f € C, we define B; = {h € C : d(f, h) < oo} and d; = djs,. It follows
that C can be written as a union of metric spaces (By, d). Note that in a co-metric
space a subset of C is compact if and only if is a union of a finite number of compact
subsets each one belonging to some (By, df) (p. 15 in [15]).

We denote by Sh(p, F) the set of finitely F-shadowable points of ¢ in X. In [17],
it is proved that if ¢ has no singularities we have Sh(¢, Rep) = Shy(¢, Rep). The
following theorem shows that for a compact family of funtions F we always have an
equality.

Theorem 3.2.6. If F is a compact subset of C, then the F-shadowable points of ¢
coincide with the finitely F-shadowable points of ¢.

Proof. 1t is enough to show that Shy(¢, F) C Sh(¢, F). Let p € Shy(¢, F) and
e > 0. Choose § > 0 from the finitely F-shadowableness of p and let (z;, t;) be
a (0, 1)-pseudo-orbit passing through p. For each n € N, the sequence of pairs
(x4, t;)_, is a (d, 1)-chain passing through p. So there are ¢, € X and h, € F
such that d(p x t, ¢n,)(q.)) < € for all t € [s_,, s,). By compactness we can
suppose that there exists some ¢ € X such that ¢, — ¢ when n — oo. Since for
each natural number n we have h, € F and F is compact, then there are h € F
and a subsequence (hy;)jen of (hy)nen in By, converging to h.

Fix any ¢, € R and choose N € N large enough so that t € [s_y, sy). Note
that for n > N we always have that d(p * to, ¢n,t)(¢n)) < € because [s_y, sy) C
[S_n, Sn). So, we have

d(p * to, Gnuo)(q)) = ].1350 d(p*to, Gh,,(to)(an,)) < €.

Because tg was arbitrary we conclude that p € Sh(¢, F). This completes the proof
of the theorem. O

Now, we consider an important class of family of functions of C.

Definition 3.2.7. Let F C C be any family of functions. We say that F is invariant
by translations if for every ¢ € R and f € F the function f. defined by f.(t) =
f(t+c)— f(c) for all t € R also belongs to F.

Example 14. The following families of functions in C are invariant by translations:
C, Rep, By, {idr}, the homogeneous dilations {h : h(t) = at, a € R} and the
polynomials fixing zero.
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Now we present some results related to this family of reparametrizations. To do
this, we need to introduce some definitions and notations.

We denote by Sht(¢, F) the set of points such that given ¢ > 0 there exists
d > 0 such that every forward (4, 1)-pseudo-orbit (x;, t;)°, passing through p can be
(F, e)-shadowed. Each element of Sh* (¢, F) is said forward F-shadowable point.

We recall that a chain transitive flow ¢ is one where X is a chain transitive set.
That is, for every p, ¢ € X we have p ~ ¢ [1].

The following result and its corollary characterize the set of forward F-
shadowable points for chain transitive flows and transitive flows and their proofs
are identical to those of Theorem 2.4.7 and Corollary 2.4.8

Theorem 3.2.8. If the flow ¢ is chain transitive and F is a family of functions
invariant by translations, then Sh* (¢, F) = X or Sh* (¢, F) = 0.

Corollary 3.2.9. If ¢ is a transitive flow and F is a family of functions invariant
by translations, then Sh™ (¢, F) = X or Sh* (¢, F) = 0.

Corollary 3.2.9 can be used to obtain information about the geometric Lorenz
attractor [33,55]. In [33], it is proved that if ¢ is the geometric Lorenz attractor,
then it does not have the finite forward Rep-POTP provided that its return map f
satisfies that f(0) # 0 or f(1) # 1. In this case we have Sh* (¢, F) # X whenever
F C Rep. Moreover, since Rep is invariant by translations, then by Corollary 2.4.8
it follows that Sh™* (¢, Rep) = (). So we obtain the following result.

Corollary 3.2.10. If F C Rep, then the geometric Lorenz attractor does not have
F-shadowable points.

Finally, using invariant by translations families we extend to flows the results for
homeomorphisms given in [30].

The following is a generalization of the limit shadowing property for flows.

Definition 3.2.11. A point p € X is limit F-shadowable for ¢ if for each asymptotic
1-pseudo-orbit (z;,t;);en of ¢ passing through p there are h € F and z € X such
that

tiiinoo d(¢i—s, (), onwy(2)) =0, where s; <t < sj41.

We says that ¢ has the limit F-shadowing property when every point of X is limit
F-shadowable.

Let M(X) be the space of Borel probability measures on X. We consider in

M (X)) the Prohorov metric d. Thus M (X) it turns into a compact space. From the
Riesz representation theorem we may regard M(X) as a subset of the unit sphere
in C(X)* (the dual space of C(X)) and write u(f) = [ fdu for f € C(X).

Each flow (X, ¢), induces a map ¢: M(X) x R — M(X) defined by

S, 0)(f) = n(fodr) where (u,t) € M(X) x R.

This map is a flow on M(X) (see [10]). Taking into account these notions we can
state the following result that extends to flows Theorem 2 of [30].
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Theorem 3.2.12. If F is invariant by translation, then the limit F-shadowable
points for ¢ are finitely F-shadowable points for ¢.

Proof of Theorem 3.2.12. Suppose the Theorem is false. Then there exists a point
p € M(X) limit F-shadowable but is not finite F-shadowable. Thus, there is € > 0
such that for every & > 1 there is a (%, 1)-pseudo-orbit (uf,tf)fv:’“ak of gz~5 passing
through g such that is not (F, e)-shadowed. Without loss of generality we can

assume that ap = 0 for each £ > 1. Since ¢ is chain transitive by Lemma 7?7, there

: 1 : E yk\Lk ; kE _ Kk Eo_  k+1 :
is a (3, 1)-pseudo-orbit (v, A7);%y with v = py, and vy, = pg" . Renewing the
indices of the sequences
11 111 1 2 2 2 2 2 2
{MO?/’LM"' s Ny s Vs Vay o s Vs Mos By 7 5 BNy Vi Vo o 7VL271?'”}7
and

1 41 1 1 1 1 2 42 2 2 2 2
{t07t17”' 7tN17)‘17)‘27"' 7)\L1717t07t17"' 7tN27/\17/\27'” 7)\L2717"'}

we obtain a sequence of pairs (f;,t;);en of (M(X), 5) with the following property:
Given i € N, if Y70 (N + L) <i < Npyy + 30 (Nj + L) for some r > 1, then

1) — r+1 r+1
(peis 1) = (“z‘—z;;le%j)’tz‘—z;-;l(NﬁLj)) 7
and if Npyy + 377 (N + Lj) <i < SN, + Lj) we consider

J=1

) r+1 r+1
(i ;) = (Vi—Nr+1—Z;:1(Nj+Lj)’ )\i—Nr+1—Z§:1(Nj+LJ)) ’

Moreover, the sequence (1;,t;);en satisfies ugrl ( = p for every r > 1 and
j=1

Nj+Lj)
zl}-ir—noo d(y, (1), piv1) = 0.

Since (M(X),¢) has the limit F-shadowing property, there are n € M(X) and
h € F such that

i Ay (1), Grn () = 0. where s, < w < .
Therefore for some Ty > 0 we have
(j(aw,sj (1), drwy(n)) < e, forevery s; <w < s;j41 where j > Tj.
Let ky € N such that Tj < Z?L(Nj + L;). For each [ € {1,---, Ny 41} we denote
5 = Zé;%t?”l and 5o = 0. Fixt € R and 0 < m < N, such that 5, <t <

Sm+1. We denote ¢(m) = Zfozl(Nj + L;) + m. Since tem) = tFo™, then for each
0 < w — Se(my < tR0T! we have

J(awfsc(m) (,uc(m)) 7¢h(w) (77)> <eéE.

Moreover from fic(,) = piot, it follows that
4 (Ge-s,, (™), 3p(1) < & for every 5 <t < B,

where h(t) = h(t + Se(m)) — M(Se(m)) € F and y = o(n, h(se(my)) € M(X). There-
fore the (ﬁ, 1)-pseudo-orbit (ufOH,thH)?{:"S“ of ¢ passing through i is (F, ¢)-

shadowed. This is a contradiction. OJ

From Theorem 3.2.6, the following corollary is immediate.

Corollary 3.2.13. If F is a compact invariant by translations family of functions
and ¢ has the limit F-shadowing property, then ¢ has the F-POTP.
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CHAPTER
FOUR

TOPOLOGICALLY STABLE POINTS

In this chapter we present a pointwise counterpart of topologically stability for
flows [28,417,19], by extending a recent work of Koo, Lee and Morales [31] to the flow
context. We show that set of topologically stable points is invariant and preserved
by continuous equivalences.

4.1 'Topologically stable points

Let (X, d) be a metric space and A C X Given two functions f, g: A C X — X.
The C° distance on A between f and g is defined by

deo(f, g) = supd(f(x), g(x)).

TEA

The following definition is a weaker version of the notion of equivalence.

Definition 4.1.1. Let ¢: X xR — X and ¥: Y X R — Y be two flows. We say
that v is semiconjugate to ¢ if there are a continuous function A: X — Y and a
surjective continuous function o: X x R — R with the following properties:

i) o is a reparametrizarion fixing 0, i.e, o(x, -): R — R is strictly increasing, onto
and o(z, 0) =0 for all x € X

ii) h(wo(m’t)(iﬂ)) = Cbt(h(x))

The pair (h, o) is called a semiconjugacy from 1 to ¢, and it is easy to see that
a semiconjugacy sends orbits or periodic orbits of ¢ to orbits or periodics orbits of
@, respectively.

Now we remind the definition of topological stability [28,17,19].
Definition 4.1.2. Let X be a metric space. A continuous flow ¢ is topologically
stable if given € > 0 there is 0 > 0 such that for every continuous flow 1 satisfying
deo(@t, Y') < ¢ for every t € [0, 1] there is a semiconjugacy (h, o) from ¢ to ¢ such
that dco(h, idx) < e.
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Our definition of topologically stable point will be based on the following ele-
mentary remark:

Remark 7. A necessary condition for a given flow ¢ being topologically stable is that
for every € > 0 and every x € X there is 0, > 0 such that for every continuous flow
Y satisfying deoo (¢, ¥') < g, for every ¢ € [0, 1] there is a semiconjugacy (k, 7) from
@/}|m to ¢ such that dco(k, ZW) < . Indeed, for € > 0 then we can take ¢, = 0,
h = klg; and 7 = O”WXR where 6 and k: X — X come from the topological

stability of ¢.
This remark motivates the content of the main definition of this chapter.

Definition 4.1.3. Let ¢ be a flow on a metric space X and let x € X. It is said
that x is topologically stable if given € > 0 there is d, > 0 such that for every flow 1
on X such that deo(¢, ¥;) <, for every t € [0, 1], there is a semiconjugacy (k, 7)

from | to ¢ such that deo(k, ig——) < e.

Oy (@) Oy ()

We denote by T'(¢) the subset of X of topologically stable points of the flow ¢.
In what follows we give some examples.

Example 15. If a flow ¢ is topologically stable then by the previous remark T'(¢) =
X. It is unknown, however, if the converse is also true.

Example 16. An isolated point of a flow ¢ is topological stable. Indeed, if x is
isolated then ¢;(z) = « for all t € R and we can choose 6, > 0 small enough so that
B(z, d,) = {z}. If ¥ is any flow satisfying dco (¢, ¢¢) < 0, for all t € [0, 1] then
Yy(z) = x. So if 7(x, t) = t, then (idg,y, 7) is a semiconjugacy from MW to ¢.

The following Lemma is from [18].

Lemma 4.1.4. Let ¢ and i be two flows on a compact metric space X and let a > 0.
Then given € > 0, there exists 6 > 0 such that dco(¢y, 1) < & for all t € [0, 1],
implies deo (¢, ) < € for allt € [0, a].

Proof. If a > 1 there take 6 = €. Assume a < 1 and fix k € N greater than % Let
us define a sequence (d,),en of real numbers as follows: §; = 6 and for n > 1 set 6,
inductively as having the following properties

1. 0<3, < 2t

2. d(z, y) < 6, = d(¢y(x), ¢ily)) < 252, Va, y € X and Vi € [0, al.

Now take 6 = d;, and assume deo(¢y, 1) < 8 for ¢ € [0, a]. Then

deo(dy o ¢y, dpoly) < 2=t V' €0, a] and Vit € [0, 1].

2

Therefore,

dey (G tts Vo) < doy (G 0 dry G 0 Yy) 4 dey (P © Gy by 0 ;).

That is de, (@1, ¥r) < 01 for all t € [0, 2a]. Continuous in this manner, we will
have that de,(¢¢, ¥¢) < 6 for all ¢ € [0, ka]. This completes the proof. O

35



The next lemma says that we do not need to restrict ourselves to perturbations
¢ which are C%closed to 1 in the interval [0, 1]. We can choose any interval [0, af
with a > 0.

Lemma 4.1.5. Let ¢ be a flow on the compact metric space X and a > 0. A point
xo € X s topologically stable if and only if given € > 0 there exists 0, such that
for every flow ¢ on X such that dco(¢y, 1) < 8y, for every t € [0, a] there exists a
semiconjugacy (k, T) from Mm to ¢

Proof. Suppose that z is topologically stable. Given € > 0 take J; from the
topological stability of x. If a > 1 simply take d,, = d,, . Assume that a < 1.
By Lemma 4.1.4 there is § > 0 such that if dco(¢y, ¥;) < 0 for all ¢t € [0, a] then
deo (@, ) < 0y, for all t € [0, 1]. Take 6, = 6. O

We are ready to show that under continuous equivalences, the set of topological
stable points is preserved. In fact we proof a stronger result.

Theorem 4.1.6. Let ¢ and v be two flows on the compact metric spaces X and Y,
respectively. Suppose that ¢ and Y are equivalent under a homeomorphism h: X —
Y with a continuous reparametrization o: X X R — R fizing zero. Then h(T(¢)) =

T ().

Proof. Let yo € T(¢), € > 0 and x the only point in X with h(xg) = yo. We'll see
that xy € T(¢). By compacity, we can choose 0 < &’ < ¢ so that d(yi, y2) < &’ im-
plies that d(h™(yy), h~'(y2)) < & for every yy, 2 in Y. Let d,, from the topological
stability of yo with respect to &’. Choose 0 < § < 4, such that d(h(z1), h(zs)) < 9,
whenever d(z1, x2) < ¢ for all x;, o € X. Let a = sup,.x o(x, 1) which exists
and is greater than zero in virtue of the compacity of X, the continuity of the

reparametrization o and its zero fixing property. Let ¢’ any other flow on Y with
deo(@y, ¢¢) < 6 for all t € [0, a]. Define a flow ¢/ on Y by

Yi(h(x)) = h(@os, 1) ().

Then, for every ¢ € [0, 1] and x € X we have

d(y(h(x)), Ve(h(@))) = d(h(Po(a,0) (%)), M(G(r,1(2))) < G,
Using the topological stability of yo, there exists a semiconjugacy (k, 7) from
V'[6gey to ¥ such that deo(k, de o)) < €. Define a function [ := h=toko

h: Og(x9) — X. Note that [ is well defined because h(Oy (o)) = Oy (yo). Since
dco(l{] o h’0¢/($0)’ h|0¢/(x0)) < 8,, then

this is deo(l, zd|O zy) < €. Also define a reparametrization p: Oy (z9) x R — R

by p(z, t) = o(x, 7‘( (x),6(h(z), t))) where & is the inverse reparametrization of o.
We have
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W (@) = h™ 0 ko b (@ iy 5 (ha). 0 (2))
=17 o k (Vi) 5 (ha), ) (P()))
= D (Ya(hia).v)) (K © h(x))
= ¢y (h_lokoh(x )
= ¢u(l(2)).

Then, (I, p) is a semiconjugacy from ¢

'O(xo) to ¢ and therefore o € T'(¢). We have

shown that A=Y (T(v))) € T(¢). The contrary inclusion can be seen analogously.
This completes the proof. O

Since every continuous change velocity of ¢ satisfy the previous theorem ¢, the
following corollary is immediate.

Corollary 4.1.7. Let ¢ be a flow on a metric space X. Then the set of topologically
stable points remains invariant under continuous velocity changes.

From topological equivalence we can obtain invariance.

Corollary 4.1.8. The set T'(¢) of topologically stable points of ¢ is invariant under
¢. In particular, T'(¢) is union of orbit of ¢.

Proof. Let s be any real number. The function ¢, is a conjugacy between ¢ and
itseld, because ¢; = ¢5 0 ¢y 0 p_,. As pointed before, every conjugacy between two
flows is an equivalence. Therefore ¢4(T(¢)) = T(¢), this is, T(¢) is invariant under

o. O

So, given x € T'(f) we have O(z) C T'(f). An orbit will be called a topologically
stable orbit if is the orbit of some topologically stable point.

Remind that a closed manifold is a compact one without boundary.

Theorem 4.1.9. Let ¢ be a C' flow on a closed smooth manifold M of dimension

different from 2. Then T(¢) N CR(¢) C Per(¢). In particular if CR(¢) C T(¢),
then CR(¢) = Per(¢).

Proof. Let x € T'(¢) N CR(¢) and let ¢ > 0. First suppose that dim M > 3. Then
there exists & > 0 such that for every (4, 1)-chain from z to z there is a C' flow
Y on M such that deo(¢y, ¥r) < € for all ¢t € [0, 1] and such that if (x;, t;)I, a
(0, 1)-chain from x to itself then Oy (z) is a periodic orbit for . (see [28]). By
decreasing 6 > 0 if necessary we can suppose it satisfies the topological stability
of . By assumption, there is some (0, 1)-chain (z;, ;) , from x to itself. Take
Y as above and let (k, 7) be a semiconjugacy from ¢|W to ¢. Since Oy(x) is a

closed orbit of a C' flow we have that O,(z) = Oy(z) and k(Oy(x)) is a closed
orbit of ¢ satisfying d(k(Oy(z)), v) < d(k(z), x) < d(k, ido,@)) < €. Since € is
arbitrary we conclude that x € Per(¢). If dim M =1 or dim M = 0 the conclusion
is immediate. In particular, if CR(¢) C T'(¢) then CR(¢) C Per(¢) and therefore

CR(¢) = Per(¢) and the claim follows. O
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Example 17. By Theorem 4.1.9 if ¢ is a minimal flow on a smooth manifold M

of dimension greater than 2, then T'(f) = (). Indeed CR(¢) = M and Per(¢) = 0.
In particular distal, equicontinuous or isometric flows admitting shadowable points
on a closed manifold of dimension greater than 3 do not have topologically stable
points.

Theorem 4.1.10. If a flow ¢ on a compact metric space X can be arbitrarily C°-
approximated by minimal flows then either int(Per(¢))NT(f) = 0 or X is a periodic
orbit.

Proof. Let x € Int(Per(¢)) and € > 0 be such that d(z, y) < € implies that y €
Per(¢). Suppose that x € T'(¢) and let § > 0 satisfying the topological stability of
¢. Let 1) be a minimal flow which is d-closed to ¢ and (k, 7) a semiconjugacy from
@/J|M to ¢ such that deo(k, idm) <. Then Oy(x) = X = k(Oy(z)). However,
d(k(z), ) < e and so Og(k(x)) is a periodic orbit of ¢. This is only possible if
Oy4(k(x)) = X and the theorem follows. O

4.2 'Topologically stable points and suspensions

In this section we study the relation between the topological stable points of a
homeomorphism and of its suspended flow.

We begin with a technical lemma whose proof can be found in [17].

Lemma 4.2.1. Let ¢ be a flow on a compact metric space X and suppose that
Sing(¢) = 0. Then there exists Ty > 0 such that if 0 < t < Ty, there is X\ > 0 such
that d(z, y) < X implies that d(¢:(x), y) > A for all z, y € X.

Next we proof that topological points can be “lowered” from the suspension flow.

Theorem 4.2.2. Let f: X — X be a homeomorphism on a compact metric space
X, 77 be the suspension flow of f on the suspended space X7 with height function
7: X = (0, 00) and (x, 7) € XTI If Oyr s (x, 7) CT(¢™7), then z € T(f).

Proof. Since the set of topological points of a flow is invariant under equivalences, we
only consider the case where 7 = 1. Moreover, since ¢/ does not have singularities,
by making a velocity change we can suppose ¢/ satisfies Lemma 4.2.1 with Ty > 1.
Fix A > 0 as in Lemma 4.2.1 for t = i. Now, let € > 0 and (z, r) be a topologically
stable point of ¢/. We can assume without loss of generality that ¢ < min{\, %‘}
Take 0 < g9 < € with the following properties:

1. Ifd((z, r), (y, s)) < &g then d(n(z, r), n(y, s)) < e, where m: X x [0, 1] - X
is the projection map on X,
2. d'((w, ), (y, 5)) < e implies d’ (6] (z, r), ] (y, 5)) <.
Next choose 0 < §y < g9 with dy satisfying the topological stability of (z, %) with

respect to g9 and let 0 < § < dg such that d(f(x), f(y)) < dy whenever d(zx, y) <
for every z, y € X. We claim that z is a topological stable point of f. Indeed, let
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g: X — X be another homeomorphism of X such that dco(f, g) < 0 and let ¢9 its
corresponding suspended flow. The for ¢ € [0, 1] and s € [0, 1) we have that

d (] (z, 5), ¢ (x, 5)) = d ((x, s+ 1), (v, s+1)) =0, if s+t €0, 1),
and
& (6] (x, 5), ¢z, ) = (2= 5 = )d(f(x), g(x)) + (s + t = Dd(f(f(x)), f(9(x)))
<(2-s—t)0g+(s+t—1)00<dif s+te]l,2).
So, déo (¢/, #9) < &p. Hence there is a semiconjugacy (k, o) from qﬁﬂm to ¢f
with deo(k, zd )) < &o. For (y, s) € Ogo(z, 3) we have

df(¢{_g (y,s,1) (¢O’ (y,s t)(k(ya S)))? gbf(y s t)(ya ))

<A (B2 00 9)s Diyan W )+ (D2, o 0 (Ws 9), 6L, o (U, 5)
<egp+0dp <9, fort eR.

By Lemma 2.4 in [17] and the continuity of o(y, s, -) we obtain that |o(y, s, t)—t| <

1 for all t € R and every point (y, s) in Ogo(x, 3). Let us define h: Oy(x) — X by
h(y) = 7(k(z, 3)) which is clearly continuous. Smce deo(k, 1d )) < go we have

d(h(y), y) = d(n(k(y, 3)), 7(y, 3))) <&, Yy € Oy(x)

and therefore dgo(h, 1 Og ) e. Finally to see the conjugacy ho g = f o h note
that if we write k(y, 3) = (y’ u)and 1 = o(y, 3, r) then jw—3| < 7 and [r—1| < ;
by Lemma 2.4 in [17] and so 1 < u+r < 2. Hence

as desired. This conclude the proof. O]
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CHAPTER
FIVE

F-DISTAL FLOWS

In this chapter we study a variation of distality for flows ¢ obtained by making the
proximal cell in [10] to depend on a given subset F of the full set of reparametriza-
tions C. We consider first the case when F reduces to a single continuous map
s : R — R fixing the origin different from the identity. In such a case if the s-
dependent proximal cells are trivial, then the flow is uniformly closed (or trivial if s
is bounded). Next we show that the flow ¢ is closed if and only if the s-depending
proximal cells reduce to the corresponding orbit for every (or some) s bounded.
Furthermore, nonsingular flows admits points whose proximal cell (with s being the
identity) does not reduce to the orbit. Afterwards, we consider the case when F is
either H (the set of homeomorphisms s : R — R fixing 0) or the whole C. From this
we obtain a characterization of the classical pointwise almost periodicity.

5.1 s-distal flows

In this section we make a first attempt to generalize the concept of distal flows.

Recall that a flow ¢ is distal if x = y whenever x,y € X satisfy
inf d(¢1(x), 6:(y)) = 0.

The distal flows have been widely study in topological dynamics [10], [21], [23]. By
imitating the approach made in [37], we can restate the definition of distal flow as
follows. A flow ¢ is distal if P(z) = {x} for every x € X where P(z) is the prozimal
cell defined by

P) = {u € X b dtonte) ) =0}

This definition suggests a similar one depending on a continuous map s : R — R
with s(0) = 0:

Definition 5.1.1. Given a flow ¢ of X and a continuous map s: R — R with
s(0) = 0, the s-dependent prozimal cell of x with respect to ¢ is the set

Puta) = {u e X sint (e, o) =0}
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Clearly, P(z) = Pia(x) where id: R — R is the identity. Therefore, ¢ is distal if
and only if

Pia(x) = {z}, Vo € X.

Recall that C denote the space of continuous maps s : R — R fixing 0. The definition
bellow is motivated by the previous observation:

Definition 5.1.2. Let ¢ be flow on the compact metric space X and s € C. It is
said that ¢ is s-distal if
Ps(z) = {z}, Vr e X. (5.1)

So a id-distal flow is a distal flow. The natural question is: for an arbitrary
s: R — R, which flows are s-distal flows? In this section we give an answer for this
question.

We will use the following notations. Given a flow ¢ of a metric space X, x € X
and s : R — R we define

ws(x) = {y € X : lim d(¢y, (), dst,)(y)) = 0 for some sequence ¢, — oo} :
n— oo

ag(x) = {y € X : lim d(¢y, (), dst,)(y)) = 0 for some sequence ¢, — —oo}
n—oo

and
Oy(x) = {dr—sr(x) : t € R}
If s = 0 is the zero map, then wy(z) = w(z), Op(x) = O(x) and ap(z) = a(z).

Remind that both the alpha and the omega-limit sets sets are closed, invariant
and satisfy the formula

O(z) = a(z) UO(z) Uw(x), Ve X. (5.2)
For general maps s € C we obtain a similar identity:
Lemma 5.1.3. For every flow ¢ of a metric space X one has
Ps(z) = as(z) U O4(x) Uws(z), Ve X, VseCl.

Proof. 1t follows easily from the definitions that as(z) Uws(z) C Ps(x). If t € R,
the constant sequence t, = t satisfies

nh_{rolo d(dr, (), Ps(ta) (Pe—siry (7)) = 7}1_{{30 d(¢e(x), du(z)) = 0.
Hence ¢y_y4)(x) € Ps(x) and so
as(2) U Oy(x) Uws () S Ps(x).
Now take y € Ps(z). Then, there is a sequence ¢, € R such that
Tim d(, (@), du (1)) = 0. (5.3)

If ¢,, is unbounded, we can assume by passing to a subsequence if necessary that
t, — oo or t, — —oo. Hence y € ag(z) Uws(x). Otherwise, t,, is bounded and so
we can assume that t,, — t for some ¢ € R by passing to a subsequence if necessary.
Then, (5.3) implies d(¢¢(), ds)(y)) = 0ie. y = dr_sy(x) € Oy(x). All together
imply

Ps(z) C as(z) U Os(x) U ws(z)

proving the result. O]
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For bounded functions s € By we have a stronger lemma:

Lemma 5.1.4. For every flow ¢ of a compact metric space X and every s € By one
has

O(x) C Ps(z) C O(x), VreX.

Proof. Fix x € X. Obviously Os(z) C O(x). Now take y € wg(z). Then, there is a
sequence t,, — oo such that d(¢y, (x), dsu,)(y)) — 0 as n — oco. Since s is bounded,
we can assume by passing to a subsequence if necessary that s(t,) — a for some
a € R. Since X is compact, we can also assume that ¢ (x) — z for some z € X.
Clearly z € w(x). Since

d(z, ¢a(y)) < d(z7 ¢tn (x)) + d(¢tn (x)a (bS(tn)(y)) + d((bs(tn)(y)? ¢a(y>>7
d(z, ¢, (x)) = 0, d(dr, (%), ds(r,) (y)) — 0 and

d<¢5(tn)(y)> (ba(y)) — d<¢a(y))> ¢a(y)) =0

as n — 0o, we obtain d(z, ¢,(y)) = 0, i.e., ¢a(y) = z € w(x). Therefore, y € w(z)
proving ws(z) C w(z). Similarly we prove as(z) C a(z). By Lemma 5.1.3 and (5.2)
we conclude that

Py(z) € O(x).

On the other hand, since s is bounded continuous, the map ¢t € R — ¢t — s(¢) is
onto. Take y € O(z). Then, y = ¢,(x) for some r € R. Taking ¢ € R such that
r=1t—s(t) we get y = ¢,(v) = dr—s1)(x) € Os(x). Then, Lemma 5.1.3 implies

O(z) C Ps(x)
and the proof follows. O

Remark 8. Lemma 5.1.4 is false if s : R — R were unbounded. Take for instance
a minimal distal flow ¢ of a compact metric space with more than one point and
s =1d.

Definition 5.1.5. We say that a flow ¢ is trivial (resp. closed) if ¢,(z) = x for
every © € X (resp. every orbit O(z) is closed). We say that ¢ is uniformly closed if
there is T' # 0 such that ¢p(x) = x for every z € X.

The following theorem answer our last question:

Theorem 5.1.6. Let ¢ be a flow of a metric space X. If ¢ is s-distal for some
s € C\ {id}, then ¢ is uniformly closed. If additionally s € By, then ¢ is trivial.

Proof. Let ¢ be a flow of a metric space X. Suppose that there is s € C \ {id}
satisfying (5.1). Then, Lemma 5.1.3 implies O4(z) C {x} and so ¢;_y4)(x) = @ for
every x € X and every t € R. Since s # id, T =t — s(t) # 0 for some t € R. For
this 7" we obtain ¢r(x) = z for every x € X and then ¢ is uniformly closed.

Finally, if s is bounded, then O(z) = {z} for every x € X by Lemma 5.1.4 and
S0 ¢ is trivial. O
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5.2 JF-distal flows

Theorem 5.1.6 says that, for general s € C, s-distal flows are quite trivial . We
can improve the definition by considering the equation (5.1) but replacing {x} by
another set depending on x. Of course, natural candidates for such a replacement

are the orbit O(z) or the orbit closure O(x). The first of these candidates yields to
flows satisfying:

Ps(x) = O(z), Vo e X. (5.4)
Related examples are as follows.

Example 18. Clearly Py(z) = O(z) for every x € X and every flow ¢ of a metric
space X, where 0 here is the zero map (¢t € R — 0). Then, the sole flows ¢ satisfying
(5.4) with s = 0 are the closed ones.

Example 19. For every uniformly closed flow ¢ there is s € By satisfying (5.4)
(take for instance s = 0).

Lemma 5.2.1. If ¢ is a flow of a metric space X and s : R — R is bounded, then

w(z) C U Ga(ws(x))  and a(z) C U ba(as(z))  for every ze X.

a€R a€R

Proof. Fix z € X. If y € w(x), there is a sequence t,, — oo such that d(¢y, (),y) —
0 as n — oo. Since s is bounded, we can assume up to passing to a subsequence if
necessary that s(¢,) — a for some a € R. Since

d(¢tn (:C)> (ﬁs(tn)((bfa(y))) < d(¢tn ((I?), y) + d(ya ¢s(tn)<¢fa(y>))a
d(¢s, (),y) — 0, and

A(Y, Ds(tn)(D-a(y))) = d(y, Pa(P-a(y))) = d(y,y) = 0

as n — 00, we obtain
r}g& d(¢r, (), ¢s(tn)(¢—a(y))) =0

and so
9—a(y) € ws().

Hence y € ¢,(ws(z)) proving the first inclusion. The proof of the second inclusion
is analogous. O

We have the following corollary.

Corollary 5.2.2. Let ¢ be a flow of a compact metric space X. If v € X satisfies
Ps(z) = O(z) for some s € By, then O(x) is closed.

Proof. By Lemma 5.1.3 one has wy(z) U as(z) € O(z). Then, Lemma 5.2.1 implies

w(r)Ua(z) C | ¢a(O(x)) = O(x)

aeR

and so O(x) is closed by (5.2). O

43



The theorem below is motivated by Examples 18 and 19.

Theorem 5.2.3. The following properties are equivalent for every flow ¢ of a com-
pact metric space X :

(1) ¢ is closed.
(2) ¢ satisfies (5.4) for every s € By.
(3) ¢ satisfies (5.4) for some s € By.

Proof. Let ¢ be a flow of a compact metric space X. If ¢ is closed, O(x) = O(x)
and then Ps(x) = O(x) for every x € X and every s € C bounded by Lemma 5.1.4.

Therefore, Item (1) implies Item (2). Obviously Item (2) implies Item (3) and Item
(3) implies Item (1) by Corollary 5.2.2. O

On the other hand, if the function is not bounded, then the flow is forced to have
singularities:

Theorem 5.2.4. If a flow ¢ of a compact metric space X satisfies (5.4) with s = id,
then Sing(¢p) # 0.

Proof. Suppose by contradiction that there is a flow without singularities ¢ on a
compact metric space X satisfying (5.4) with s = id. Since ¢ has no singularities,
and X is compact, there is r > 0 such that X, (z) # z for every z € X. Now,
take any z € X. It follows from (5.4) with s = id that there is a sequence ¢, € R
such that d(¢, (x), ¢t +r(x)) — 0 as n — co. By compactness we can assume that
¢, (x) — z for some z € X. Then, ¢,(z) = z which is impossible. O

The next step would be to consider flows ¢ satisfying (5.1) but with the orbit

closure O(x) instead of {z}, namely, satisfying the equation
Ps(z) = O(z), Vo e X. (5.5)

However, we have the following example.

Example 20. Since Py(z) = O(z) for z € X and every flow ¢ of X (e.g. Example
18), every flow ¢ satisfies (5.5) with s = 0.

This example suggests a different approach to obtain concrete results from the
equation (5.5).

We are going to consider proximal cells depending not on a single map s : R — R
but rather on a subset F C C as we did with F-shadowable points:

Definition 5.2.5. Given a flow ¢, x € X and F C C we define the F-proximal cell
of x as the set

Pr(z) = {y €X: %ng d(¢i(x), dsr)(y)) = 0, for some s € .7:} :
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Precisely Ps(x) = Prsy(x) when F consists of a single map s. Moreover,

= UPS(J:), Vo e X.

seF

Natural candidates for F are C itself or else H, the set of homeomorphisms of R
fixing 0. We have a first technical lemma.

Lemma 5.2.6. The following properties hold for every flow ¢ of a compact metric
space X and every x € X:

(1) If y € Py(x), then © € Py(y).
(2) Ox) C Pu(x).

Proof. To prove Item (1), take z € X and y € Py(x). Then, there are a
homeomorphism s : R — R with s(0) = 0 and a sequence t, € R such that
d(¢, (), b5 (y)) — 0 as n — oo. The homeomorphism s™' : R — R and the
sequence t], = s(t,) satisfy s7'(0) = 0 and d(¢y (y), Ps-1¢1)(x)) — 0 as n — oo so
x € Py(y). This proves Item (1).

To prove Item (2), we first observe that © € Py(z) (just take s(t) = ¢ in the
definition of Py(z)). Now, take y € O(z) thus y = ¢,.(z) for some r € R. By the
previous observation we can assume that r £ 0. First suppose r > 0 and define

t if t<r,
s(t)y=4¢ s(t+r) if r<t<3r
t—r if 3r<t.

Clearly s: R — R is a homeomorphism and s(0) = 0. Since

d(de(x), G5ty (y)) = d(@e(), dr—r (90 (2))) = d(@r(2), or(x)) = 0, Vi = 3r,

d(

we get infcr d(¢(2), dsy(y)) = 0 proving y € Py(x). Similarly, y € Py (x) when
r < 0 hence O(z) C Py(x). Now take y € w(x). Since X is compact, we can
choose ¢ € w(y). Hence ¢ € w(x) and so there is a sequence t, — oo such that

d(¢s,(x),q) — 0 as n — 0o. But ¢ € w(y) so there is another sequence s,, — oo
such that d(¢s, (y),q) — 0 as n — oo. Then, d(¢y, (), ¢s,(y)) — 0 as n — oo
by the triangle inequality. Clearly, we can assume that both s, and ¢, converge
monotonically to infinity as n — oo. Hence, by defining s(¢,) = s, and extending
linearly to all R we obtain a homeomorphism s: R — R with s(0) = 0. This
homeomorphism satisfies d(¢r, (%), dst,)(y)) — 00 as n — oo and so y € Py(x).
Therefore, w(x) C Py(x). Similarly, a(xz) C Py(x) and then Item (2) holds by
(5.2). O

Theorem 5.2.7. A flow ¢ of a compact metric space X is trivial if and only if
Py(x) = {x} for every xz € X.

Proof. Clearly Py(x) = {z} for every z € X whenever ¢ is trivial. Conversely, if
Pyu(z) = {z} for every x € X, then O(z) = {z} for every x € X by Lemma 5.2.6
and so ¢ is trivial. O

Finally we will consider Equation (5.5) but for general subsets of reparametriza-
tions F (instead of s):
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Definition 5.2.8. Let ¢ be a flow on a compact metric space X and F C C. It is
said that ¢ is a F-distal if

Pr(z) = O(zx), VzelX. (5.6)

To state a concrete result we introduce the following basic concepts:

Definitions 5.2.9. A subset A C R is syndetic if there is K C R compact such
that R={a+k: (a,k) € A x K}. We say that x € X is an almost periodic point
of ¢ if {t € R : ¢4(x) € U} is syndetic for every neighborhood U of z. A flow ¢
is pointwise almost periodic (also called semisimple flow [50]) if every z € X is an
almost periodic point of ¢.

Every distal flow is pointwise almost periodic but not conversely (c.f. Remark
2.24 in [54]). A subset A C X is a minimal subset of X with respect to ¢ if it
is nonempty closed and invariant, with property that if B C A is also nonempty,
closed and invariant, then A = B.

Lemma 5.2.10 (Theorem 3.2(c) in [51]). A flow ¢ is almost pointwise periodic if
and only if O(zx) is compact minimal subset of X for all z € X.

With this result, we can state the main theorem of this chapter:

Theorem 5.2.11. The following properties are equivalent for every flow ¢ of a
compact metric space X :

(1) ¢ is pointwise almost periodic.
(2) ¢ is C-distal.
(3) ¢ is H-distal.

Proof. First we prove that Item (1) implies Item (2). Take z € X and y € Pe(z).
Then, there are s : R — R continuous with s(0) = 0 and a sequence t,, € R such that
d(pr, (%), Pse,)(y)) — 0 as n — oo. Since X is compact, we can assume by taking
a subsequence if necessary that ¢, () — z as n — oo for some z € X. It follows

that ¢y, (y) = z as n — oo thus z € O(z) N O(y). Then, O(z) N O(y) # 0 and so

O(x) = O(y) since both O(z) and O(y) are minimal sets. In particular, y € O(z)
o

and so Pe(x) € O(x). Since O(x) C Py(x) (by Lemma 5.2.6) and Py (z) C Pe(z)
(by definition because H C C), we obtain O(x) C Pe(x). Then, O(x) = Pe(x) f
every x € X proving Item (2).

By Lemma 5.2.6 we have that Item (2) implies Item (3).

T

Finally we prove that Item (3) implies Item (1). Take y € O(x) for some x € X.
Then, y € Py(z) and so z € Py(y) = O(x) by Lemma 5.2.6. It follows that
O(x) € O(y) hence O(x) is minimal thus x is almost periodic. Since z is arbitrary,
Item (1) holds. O

Finally, we can see what happens with F-distal flows under the presence of
shadowable points. The following result resembles Corollary 2.4.15:

Corollary 5.2.12. Let ¢ be a flow satisfying one (and hence any) of the properties
stated in items 1, 2 or 8 in Theorem 5.2.11, and X be a connected compact metric
space. If ¢ has shadowable points, then ¢ is minimal.

46



Proof. By Lemma 5.2.10, O(z) is a minimal compact subset of X for every z € X.
Since Sh(¢) # () and X is connected, by Corollary 2.4.14 ¢ is transitive. So, there
exists at least one z € X such that O(z) = X. Therefore X is itself a minimal
subset of X and we can see easily that this is equivalent to say the ¢ is minimal. []
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CHAPTER
SIX

THE LIMIT SHADOWING PROPERTY FOR FLOWS

In this final chapter we study flows with limit shadowing properties and explain
why pointwise counterparts of them are helpless. The theory of limit shadowing for
flows is largely unexplored and here we only scratch the surface. A deep study of
this property for flows is expected for future work.

We begin reminding the notion of limit shadowing for homeomorphism [20]. Let
f: R — R, a homeomorphism on a compact metric space (X, d). A sequence (z,,),>0
of points of X is said to be a limit pseudo-orbit of f if

lim d(f(mn)> xn-i—l) = 07

n—+400

and we say it is limit-shadowed if there exists a point y € X such that

lim d(f"(y), z,) = 0.
n—-+o0o
As explained in [20], from the numerical viewpoint this property means the following:
if we apply a numerical method that approximates f with ‘improving accuracy’ so
that one step errors tend to zero as time goes to infinity, then the numerically
obtained orbits tend to real ones.

Similarly, a negative sequence (x,,)n<o (resp. two-sided(z,)nez) of points of X is
said to be a negative limit pseudo-orbit (resp. two-sided limit pseudo-orbit) of f if

lim d(f(zn), Tny1) =0 (resp. lim d(f(zn), Tny1) = 0),

n——oo |n]—o00

and we say it is negatively limit-shadowed (resp. two-sided limit-shadowed) if there
exists a point y € X such that

lim d(f"(y), x,) =0, (vesp. lim d(f"(y), x,) =0).

n——o00 |n]—o0

The two-side limit shadowing property for homeomorphisms has been studied
recently in [16—19]. This is among the strongest notions of shadowing in existence,
and an important class of maps, including transitive Anosov diffeomorphisms and
shift maps, has it.
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A definition of limit shadowable point was also given [22]. A limit-shadowable
point is one such that every limit pseudo-orbit passing through it is limit shadowed
by a true orbit. As noted in [22], this definition is somewhat trivial because the
important behavior of a limit pseudo-orbit only happens in the limit. Even more,
if a point is limit-shadowable, then any other point would be because redefining
the initial point of a limit pseudo-orbit does not affect its asymptotic behavior. So
pointwise counterparts of limit shadowing properties does not help us to understand
them better.

6.1 The limit shadowing property

We begin by giving flow counterparts of limit shadowing properties for flows [55]
which are stronger to those given in [24].

Definition 6.1.1. Let ¢ be a flow on a metric space X. Given T' > 0, a sequence
of pairs (z;, t;)icz is a limit T-pseudo-orbit of ¢ if t; > T for all ¢ € Z and

lim d(¢y; (i), Tit1) = 0.
|i]—o0

Definition 6.1.2. Let ¢ be a flow on compact metric space X. It is said that ¢
has the limit shadowing property with respect the parameter T' > 0 if for every limit
T-pseudo-orbit (x;, t;)iez of ¢ there are h € Rep and y € X such that

lim d(xo *t, ¢ne)(y)) = 0.

[t| =00
In this case we say that y limit-shadows the limit pseudo-orbit or that it s limit-
shadowed by the orbit O(y). We say that ¢ has the limit shadowing property LmS P
if has the limit shadowing property with respect to T' = 1.

Definitions of positive and negative limit pseudo-orbits, and of positive and neg-
ative limit shadowing property, LmSP, and LmSP_, are analogous.

Our first lemma deals with the fact that we can control the time length of limits
pseudo-orbits. A sequence of pairs (x;, t;)icz is an limit (T, Ty)-pseudo-orbit of ¢
if it is a limit T}-pseudo-orbit of ¢ and t; < T, for all ¢ € Z. Again analogous
definitions for positive and negative limit (77, T3)-pseudo-orbit are possible.

Lemma 6.1.3. Let ¢ be a flow on X and T > 0. Then ¢ has the limit shadowing
property with respect to the parameter T if and only if every limit (T, 2T)-pseudo-
orbit (z;, t;)icz of ¢ is limit shadowed by an orbit of ¢.

Proof. If ¢ has the limit shadowing property with respect the parameter T', then
obviously every limit (7', 2T")-pseudo-orbit passing can be limit shadowable by an
orbit of ¢. To prove the converse, suppose T > 1 and that every limit (T, 27)-
pseudo-orbit is limit shadowed by an orbit of ¢. Let (x;, t;)icz be any limit a-
pseudo-orbit of¢. For each n € Z, there exists m,, € N such that ¢t,, = m, T + r,
with T < r,, < 2T. Let (s")nez the sequence of sums associated to m = (my,)nez.
Denote A,, = sI" + n for all n € Z and define the sequence (y;);cz on X such that
Yi = Or(i—a,)(z,) if A, < i < Apyi. In addition, we define a sequence A = (\;)iez
of real numbers in the following way, for each i € Z, we set

LT A< A1,
e Tn if i:An+1—1.
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Given i € Z note that T'< \; < 2T and let n € Z be such that A, <i < A,,1. We
have two cases.

Case 1:if 1 < A,.1 — 1, then
d(¢,\¢ (yz), yz‘+1) = d(¢T(¢T(z’—An)($n))7 ¢T(z’+1—An)(9€n)) =0.

Case 2: if i = A, ;1 —1, bearing in mind that A, —A, = s, —s;'+1 =m,+1
we obtain

d(¢/\i(yi)vyi+1) :d(‘brn(¢T(An+1—1—An)<xn));anrl) = d(¢rn(¢Tmn($n))7$n+1)
= d(¢tn(ajn)7$n+l)

Let ¢ > 0, and N € N such that |n| > N implies d(¢;, (z,,), Tne1) <e. Ifi > Ay
ori < A _y, then A, <1 < A, for some n > N or for some for some n with n <
— N respectively. In either case, if i < A, 11 — 1, then by Case 1 d(¢y, (v:), yis1) = 0.
If i = A1 — 1, then by Case 2 d(¢y,(vi), yiv1) < €. So if |i| > max{Ay,—A_n}
then d(éy, (vi), viv1) < €. That is (yi, Ai)iez is a limit (T, 2T)-pseudo-orbit of ¢.
Then, there are z € X and h € Rep such that limj; o0 d(¢,_o (4i), dnir(2)) = 0,

A

where (s}') is the sequence of sums associated to A = (\;)iez, and s} < r < s},

for i € Z. Let r € R and n € Z such that s!, <r < sl ,, where (s!) is associated

n
_ - t_ A A A oA -
to t = (ti)iez. Since s, = sj , then s3 <71 <s3 . =8} i, 41 Hence, there is

0 <5 <m, such that sﬁnﬂ <r< sﬁnﬂ-ﬂ, and then

A0y Wai)s00n(2) = d(Drat (B sy (Wa,40): By ()
= d(bu-st (b, (Sas(@a)): I (2)
= d(¢rfs%(xn)a¢h(r)(z))

PN
SAn+j

Let € > 0 and K € R such that |r| > K implies that d(¢,_(vi), ¢ner)(2)) < €
with s} <7 < s2,. Then, by the previous identity if |r| > K and s, < r < s,
then d(¢r—s (1), onr)(2)) < €. It follows that (z;, ¢;) is limit-shadowed by O(z).
This proves the lemma. O]

As an application of this lemma we see that limit shadowing property with
respect to the parameter 7" > 0 does not depend on the choice of T

Theorem 6.1.4. Let ¢ be a flow on X, p € X and T > 0. Then ¢ has LmSP if
and only if, it the limit shadowing property with respect to the parameter T

Proof. Suppose that ¢ has the limit shadowing property with respect to the param-
eter T' > 0, with T" > 1. By Lemma 6.1.3, to conclude that ¢ has LmSP, it is
enough to show that every limit (1, 2)-pseudo-orbit is limit shadowed by an orbit
of ¢. Let (x;, t;) be a limit (1, 2)-pseudo-orbit of ¢. Fix m € N such that m > T.
Given € > 0, choose N € N and ¢ < = satisfying the following conditions:

1. If |i| > N then d(¢y, (z;), zi41) <

£
2

2. For each 0 <t < 2m we have d(¢:(x), ¢:(y)) < 0, whenever d(z,y) < e.
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Consider the sequence of pairs (Z;m,, A;)iez Where \; = Z;" 01 tjtim for every i € Z.

We denote \;(k) = Z;n:_kl tivim With 0 <k < m. If |i{] > N, then

(¢A (xzm z+1)m Z (b)\ (r) ¢tlm+r 1<x2m+r 1))7 Qb)\i(r) (xim+r)> S mo < g,

because T < N(k) < 2m.  So, (Tim, A\i)iez is a limit T-pseudo-orbit of
¢ passing through p. Hence, there are z € X and h € Rep such that
im0 d(G—sr (Tnm), drwy(2)) = 0 where s) < ¢ < s,,. Take K > 0 such that
d(G1—2 (Tnm), dr@y(2)) < € whenever [t| > K. For 0 < k < m and [t| > K denote

st(r)= Zf;} t; we have

k

(¢ (20), 1) <Y d(bst () (D1, (1r21)), byt () (20)) < kS < e

r=1

Then for s}, <t < s,

d(Pr—st (), Onr)(2)) < At (Th), Prst (Dt (20))) + d(B(20), Pnry (2)) < e

For m < k < 2m, we follow in the same manner. So we have that the orbit
O(z) limit-shadows the (1,2)-pseudo-orbit of ¢. This conclude the proof of the
theorem. []

Now we prove that the limit shadowing property is invariance under continuous
equivalences.

Theorem 6.1.5. Let ¢ and 1 be two flows on the compact metric spaces (X, d,)
and (Y, dy), respectively. If ¢ is continuously equivalent to i then either both have
LmSP or neither of them has.

Proof. Let (h, o) a continuous equivalence from ¢ to 1 and let (h™', &) be the
corresponding inverse equivalence from v to ¢. Suppose first that 1) has LmSP.
For each € X, we have a function o(z, -) € Rep such that

(s, n(h(x))) = ¢e(x), for each t € R.

Let a = min{a(h(z), 1) : = € X}. By compactness of Y, such a exists and is
positive. Now, given ¢ > 0, choose 0 < ¢’ < ¢ such that d,(y1,y2) < &' implies
de(h™Y(y1), " H(y2)) < e for every yi,y» € Y. By Theorem 6.1.4, every limit a-
pseudo-orbit of 1) can be limit-shadowed by an orbit of ). Suppose ¢’ is small
enough so that d,(h(z1),h(z2)) < e whenever d,(z1,22) < ¢ for all z1,2, € X.
Now let (z,, t,)nez be a limit pseudo-orbit of ¢ and let N € N be such that
|n| > N implies d.(¢y, (), Tni1) < €. By definition of equivalence, we have
do(W (Vs (h(zn), t) (A(T0))), Tps1) < €' Then d(¥s(hwn), tn) (M), R(Tnt1)) < €
whenever |n| > N. Since t,, > 1 and & is strictly increasing, then &(h(z,), t,) > a
for all n € Z, so (h(xy), 5 (h(xy), tn))nez is a limit a-pseudo-orbit of ¢». Then there
are y = h(z) in Y and a € Rep such that Lm0 dy(V4—5, (h(2n)), Yaw(y)) = 0,
with 5; < t < §;41, where s, = Z;.:Ol g(h(x;), t;) f n > 0, 50 = 0 and
Sn == 250, 0(h(xy), t;) if n <0
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Let K > 0 such that, [t| > K and 5; <t < 5,44, imply dy(¢r—s,(h(2)), Yo (¥)) <
g’. Tt follows that

do(h™ (5, (h(xn))), ™ (G (R(2)))) < €, (6.1)

for all |t| > withs; <t < §41. Fixt € R and n € Z such that s, < t <
Sp+1. Since 6( ( n), ) € Rep we have 0 < 6(h(z,), t — s,) < d(h(z,), t,). So,
Sn < 0(h(zn), t — Sn) + S < Spy1. Set t = a(h(z,), t — Sn) + Sn,y 80 h(p) xt =

Vs (h(zn), t—sn) (M) 1t follows that
o (Dt (T0)s Doz, () (2)) = da(DH (Vs (W(wn))), W (Vo7 (R(2)))) for t € R

Let a(t) = o(z, a(t)) for all t € R. Since t — &(h(x,), t — 5,) + 8, is increasing,
then @ € Rep. Choose K’ > 0 such that [t| > K’ implies that |f| > K. It follows
from (6.1) that

du(Pr—s, (Tn), Gaw)(2)) < e, forevery s, <t < s,41, and [t| > K.

This proves that (z;, t;)icz is limit-shadowed by O(z). Hence ¢ has LmSP if ¢
has. Conversely, if ¢ has LmSP we can conclude that i) also has analogously by
considering the corresponding equivalence (h, o) from ¢ to ¥. This completes the
proof. O]

We introduce a finite version of the POPT and of shadowable points.

Definitions 6.1.6 ( [32]). Given positive numbers 0, 7" and ¢, and the nonnegative
integer a, we say that a finite (0, T')-chain (z;, t;)¢_, of ¢ passes through p if zy = p,
and we say that is finitely e-shadowed if there are a point y € X and a function
h € Rep such that

d(xo *t, dnwy(y)) < e, forall t € [0, sp).

A flow ¢ has the finite POTP if for every € > 0 there exists § > 0 such that every
finite (0, 1)-chain can be e-shadowed.

Definition 6.1.7. A point p € X is finitely shadowable, if for every € > 0, there
exists 0 > 0 such that every finite (¢, 1)-pseudo-orbit of ¢ passing through p can be
finitely e-shadowed.

We denote by Shy(¢) the set of finitely shadowable points. It is clear that
Sh(¢) € Sh*(¢) € Shy(9).

The proofs of the following theorems are analogous to the proofs of the corre-
sponding theorem for shadowable and forward shadowable points and we omit their
proofs.

Theorem 6.1.8. A flow ¢ has the finite POPT if and only every point is finitely
shadowable.

Theorem 6.1.9. If the flow ¢ is chain transitive, then Shy(¢) = X or Sh¢(¢p) = 0.

For chain transitive flows, the forward limit shadowing property implies that the
flow has the finite POTP.
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Theorem 6.1.10. Let ¢ a chain transitive flow on the metric space X. If ¢ has
LmSP,, then every point is finitely shadowable. In particular, ¢ has the finite
POTP.

Proof. Suppose by the contrary that this is not the case. Then for some p € X there
is € > 0 such that for each n € N there is a finite forward (%, 1)-pseudo-orbit a,
passing through p that is not e-shadowed by any orbit of ¢. By chain transitivity,
for each n there is a (7—11, 1)-chain f3,, such that the concatenated sequence a5, 0,11
forms a finite forward (%, 1)-pseudo-orbit of ¢. Then the sequence

041510425204353 T

is a forward asymptotic pseudo-orbit passing through p. Denote this pseudo-orbit
by (zi, t;)ien. There are h € Rep and ¢ € X such that

lim d(p*t, ¢ne(q)) =0.

t——+o0

Let N € N big enough so that s, <t < 5,4 implies that d(¢;—s, (zn), dnw)(q)) < e
whenever n > N. For n € N let g € Rep be the function ¢, () = h(t + s,,) — h(sy).
Then the (£, 1)-pseudo-orbit (z;, t;)32, can be e-shadowed by ¢y(s,)(¢). Indeed,

d(zn xt, Gg, (1) (Pn(sn) (@) = d(To * (t + 8n), Ph(r+s,)(q)) < e

But this would imply that some «,, can be finitely e-shadowed by some orbit of ¢.
This is a contradiction and therefore the proof is completed.

[
As a Corollary we obtain a result already established in [5] (although with a

weaker notion of limit shadowing).

Corollary 6.1.11. The Geometric Lorenz flows whose return map satisfies f(0) # 0
or f(1) # 1 do not have LmSP.

Proof. 1f it had LmS P, it would have finite POT P which is a contradiction. O

6.2 The limit shadowing property and suspension

The following theorem establish the connection between the two-sided limit shad-
owing property for homeomorphisms and the limit shadowing property for flows.

Theorem 6.2.1. Let ¢/ be the suspension flow of a homeomorphism f on (X,d)
under the continuous map 7 : X — Ry. If f has the two-sided limit shadowing
property, then ¢/'™ has LmSP.

Proof. By Theorem 6.1.5, it is enough to prove the result for the suspension of f
under the map 7 = 1. Suppose that f has the two-sided limit shadowing property
and let ((xy, si), tx)rez a limit 2-pseudo orbit of ¢/. Take 0 < ¢’ < ;. Let wy =
| s + tx] denote the integer part of sy + ¢;. Hence ¢, > 2 and

lim df((f*(xr), sk + tr — W), (Tt1, Sk41)) = 0.

|k|—o00
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Set 6, = d/((f“ (), sk + tp — wi), (Tpy1,5k41)) for k € Z, so that 6, — 0 as
|k| — oo. Let € > 0. Take 0 < & < ¢ and let § > 0 satisfying Lemma 2.5 in [17]
with respect to &’. Also make &’ satisfies

d(z, y) < & then d(f(z), f'(y)) < iefori=1,2, 3.
Let & < min{e’, %, 6}. Take M € N such that |k| > M implies 6 < ¢'. Since &' < 1,
then by Lemma 2.4 in [17] we have that, for |k| > M, |sy + tx — w — sg+1| < 0’ or
|1+ sp + tp — wg — Spr1| < 0 or |14 sppq + wy — tp — sg| < &' Now, let ng be a
positive integer defined, for |k| > M, as follows

Wy if |Sk +tp —wg — 8k+1’ < 5,,
ng = w, — 1 if|1+8k+tk—wk—8k+1|<6/,
wy + 1 if|1+8k+1+wk—tk—8k|<(5l.

and for |k| < M we can define n as any arbitrary integer. Then, by Lemma 2.5
in [17], if |k| > M then d(f™ (xx), xx4+1) < €. Take an arbitrary point p € X and
define a sequence (y;);ez in X as follows:

o fi_Nk(l’k) for N, <i< Nk+1 and ’k’ > M
A if k| < M,

where (Ng)rez is the sequence of sums associated to (ng)rez. If |i| >

max{ Ny, N_p}, then d(f(y;), yir1) < €, s0 (yi)iez is a two-sided limit pseudo-

orbit of f. Then there exists € X such that limy; . d(f*(z), y;) = 0. Therefore

there is N € N such that if [i| > N then d(f*(z), y;) < €. In particular if |k| > M
is such that | V| > N, then

d(fINVe (), fi(zp)) < €, for 0 <5 < my. (6.2)

Take (z, so) € X1/, We claim that (z, so) limit shadows ((wg, si), tx)rez. Indeed,
define ar: R — R as follows:

t—sp—Nay—so if T_M S t S TM7
alt) =

S—mM+N_np—sm—Tm

mﬁ#(t—Tw—FSk—l—Nk—So ika§t<Tk+1 andk%[—M,M—i—l],

where (Tj)kez is the sequence of sums associated to (tx)rez. It is clear that « is
continuous with a(0) = 0. Moreover, since ng > 1 then o € Rep. Let ¢ € R and let
k € Z be such that T}, <t < Tjy1 and |k| > M we get

Sk+1 +7’Lk — Sk —tk

|Oé<t)—8k—Nk+S()—(t—Tk)| = : (t—Tk>
k
t—1Ty
= |sk+1+nk—sk—tk| .
Since s + tgy — ng — Sgr1| < 0" and 0 <t — T, < ty, we have
|a(t) — S — N+ s9 — (t — Tk)| <. (63)

Now if j is a positive integer which makes 0 < sp +t —Tp —j < 1, then 0 < j <
s+t < ny+ 2 for |k| > M. So, by (6.2) and the choice of &', if |Ny| > N we
have d(f7 ™V (z), fi(z))) < 3¢ for 0 < j < ny, + 2. Finally, for |k| > M such that
N > N, it T), <t < Tpyq one has
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& (0] (@, 50), L, (o s0)) = @ ((FM(2), 50 + alt) = Np), (@, s+t = T))

d" (7N (), s0 + a(t) = N — §), (f7(xn), e+t — Ti — 7))

< d (% (@), so+ alt) — N —5), (f7V(2y), s+t — Th, — 7))
+d? ((f”N‘“( ). sk +t =T, —3), (f/(xn), s+t —Tp —j))
< sot+at) = Ny —j — (s +t =T — §)| + (su +t — Te — (7 (@), 7 (an)

(1= s = t+ T + J)d(f7 (@), f (1)
< O+l —(sp+t—Tpi—j))e+3(sk+t—Tp—jle < je+3e=c¢,

that is to say
lim df(gbf (x, 80),¢{_Tk (g, s1)) = 0.

[t| =00

Hence Oy (x, so) limit shadows ((zg, si), tk)rez O

Theorem 6.2.1 can be used to give examples of flows with LmSP.

Example 21. It is clear that the identity map defined on an space consisting of
sole point has the two-sided limit shadowing property. So, by Theorem 6.2.1, the
suspension of this map, which is conjugate to the so-called rotation flow ¢;(z) =
e?™ 7 defined in S', has LmSP.

It would be tempting to believe that the the converse of Theorem 6.2.1 is also
true. Sadly this is not the case as the following example shows.

Example 22. Let X = {a, b} be a set with two different points and give it the

discrete metric d, this is
1 ifz#y,
d(z, y) = { .

0 otherwise.

Let f: X — X define by f(a) = b and f(b) = a. In [I6] it is shown that this
map does not have the two-sided limit shadowing property. The suspension space
of X is the space X%/ = ({a} x [0, 1] U {b} x [0, 1])/ ~ with (b, 1) ~ (a, 0) and
(a, 1) ~ (b, 0). It can be seen easily that X'/ is homeomorphic to S* and that ¢/
is the rotation flow with a velocity change of factor 2. So this flow is conjugate to
Pi(2) = €™z and equivalent to ¢;(z) = >z under the equivalence (idg1, ) where
o(z, t) = 2t and therefore has LmSP by Example 21 and Theorem 6.1.5.

b o a
0 1
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Remark 9. If consider positive shadowing only then it can be establish that a home-

omorphism has the limit shadowing property if and on if its suspension flows have
LmSP, [58].

There is also a notion a expansiveness for homeomorphisms: a homeomorphism
f: X — X is expansive if there is § > 0, called expansiveness constant, such that if
d(f™(x), f™(y)) <0 then z = y. In [14], it was proved that a homeomorphism f is
expansive if and only if its suspension flow ¢/ on X/ is expansive.

Corollary 6.2.2. There exists a non-expansive flow having LmSP.

Proof. Let X = [0, 1]Z and 0: X — X the usual shift map. Then ¢ has the two-
sided limit shadowing property and is not expansive [18]. Then the suspension flow
@7 has the two-sided limit shadowing property and is not expansive. O]

In [18], it was shown that transitive Anosov diffeomosphisms are exactly those
which satisfy the two-side limit shadowing property. The following corollary is a
consequence of the fact that transitive suspension flows are exactly those whose
base homeomorphisms are also transitive.

Corollary 6.2.3. A Anosov flow which is the suspension of a Anosov diffeomor-
phism is transitive if, and only if, has LmSP.

Remark 10. An interesiting question is if the above Corollary is true for every tran-
sitive Anosov flow.

o6



[1]

[10]

[11]

REFERENCES

Alongi, J., Nelson, G., Recurrence and topology. Graduate Studies in Mathe-
matics, 85. American Mathematical Society, Providence, RI, 2007. 4, 22, 23,
32

Aoki, N., Homeomorphisms without the pseudo-orbit tracing property, Nagoya
Math. J. 88 (1982), 155-160. 8

Aoki, N., Hiraide, K., Topological theory of dynamical systems. Recent advances.
North-Holland Mathematical Library, 52. North-Holland Publishing Co., Am-
sterdam, 1994. 7, 8, 30

Aponte, J., Villavicencio, H. Shadowable points for flows, arXiv:1706.07335
[math.DS]. 10

Arbieto, A., Reis, J.E., and Ribeiro, R., On various types of shadowing for
geometric Lorenz flows, Rocky Mountain J. Math., 45, no. 4 (2015), 1067-1090.
53

Auslander, J., Minimal flows and their extensions. North-Holland Publishing
Co., Amsterdam, 1988. 1

Auslander, J., Glasner, E., Weiss, B., On recurrence in zero dimensional flows,
Forum Math. 19 (2007), no. 1, 107-114. 9

Balibrea, F., Downarowicz, T., Hric, R., Snoha, L., Spitalsky, V., Almost to-
tally disconnected minimal systems, Ergodic Theory Dynam. Systems 29 (2009),
no. 3, 737-766. 8, 9, 20

Araujo, V., Pacifico, M., Three-dimensional flows. Ergebnisse der Mathematik
und ihrer Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics
[Results in Mathematics and Related Areas. 3rd Series. A Series of Modern
Surveys in Mathematics|, 53. Springer, Heidelberg, 2010. 23

Auslander, J., Minimal flows and their extensions. North-Holland Mathematics
Studies, 153. Notas de Matemdtica [Mathematical Notes|, 122. North-Holland
Publishing Co., Amsterdam, 1988. v, vi, 8, 32, 40

Balibrea, F., Downarowicz, T., Hric, R., Snoha, L., Spitalsky, V., Almost to-
tally disconnected minimal systems. Ergodic Theory Dynam. Systems 29 (2009),
no. 3, 737-766. 30

o7


https://arxiv.org/abs/1706.07335

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Lectures on Sectional Anosov Flows, Monograph, http://preprint.impa.br/
FullText/Bautista__Thu_Feb__3_14 47 33_BRDT_2011/book-casamento.
pdf

Birkhoff, G.D., Surface transformations and their dynamical applications, Acta
Math. 43 (1922), 1-119. 24

Bowen, R., Walters, P., Expansive one-parameter flows. J. Differential Fqua-
tions 12 (1972), 180-193. 5, 21, 22, 27, 28, 29, 56

Burago, D., Burago, Y., Ivanov, S., A course in metric geometry. Graduate
Studies in Mathematics, 33. American Mathematical Society, Providence, RI,
2001. 27, 31

Carvalho, B. M., Kwietniak. On homeomorphisms with the two-sided limit
shadowing property. Journal of Mathematical Analysis and Applications 420
(2014), 801-813. 48, 55

Carvalho, B. M., Hyperbolicity, transitivity and the two-sided limit shadowing
property. Proceedings of the American Mathematical Society 143 (2015), no 2,
657-666. 48

Carvalho, B. M., The two-sided limit shadowing property, Thesis Universidade
Federal do Rio de Janeiro, 2015. http://objdig.ufrj.br/11/teses/830762.
pdf 48, 56

Carvalho, B. M., Product Anosov diffeomorphisms and the two-sided limit shad-
owing property. DOI 10.1090 /proc/13790. 48

Eirola, T., Nevanlinna O., and Pilyugin, S.Y., Limit shadowing prop-
erty, Numer. Funct. Anal. Optim. 18 (1997), no. 1-2, 75-92, DOI
10.1080/01630569708816748. 48

Ellis, R., Distal transformation groups, Pacific J. Math. 8 (1958), 401-405. 40

Uniform Limits and Pointwise Dynamics, Msc Dissertation Universidade Fed-
eral do Rio de Janeiro. 1, 7, 49

Furstenberg, H. The structure of distal flows, Amer. J. Math. 85 (1963), 477—
515. 20, 40

Gu, R., The asymptotic average-shadowing property and transitivity for flows,
Chaos, Solitons €& Fractals 41 (2009) 2234-2240. 49

Keynes, H., B., Sears, M., F-expansive transformation groups. General Topol-
ogy Appl. 10 (1979), no. 1, 67-85. 27, 28

Keynes, H., B., Sears, M., Modelling expansion in real flows. Pacific J. Math.
85 (1979), no. 1, 111-124. 27

He, L., Wang, Z., Distal flows with pseudo orbit tracing property. Chinese Sci.
Bull. 40 (1995), no. 19, 1585-1588. 25, 26

Hurley, M., Consequences of topological stability, J. Differential Equations 53
(1984), 60-72. 34, 37

28


http://preprint.impa.br/FullText/Bautista__Thu_Feb__3_14_47_33_BRDT_2011/book-casamento.pdf
http://preprint.impa.br/FullText/Bautista__Thu_Feb__3_14_47_33_BRDT_2011/book-casamento.pdf
http://preprint.impa.br/FullText/Bautista__Thu_Feb__3_14_47_33_BRDT_2011/book-casamento.pdf
http://objdig.ufrj.br/11/teses/830762.pdf
http://objdig.ufrj.br/11/teses/830762.pdf
https://doi.org/10.1090/proc/13790
https://doi.org/10.1080/01630569708816748.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]

Kato, K., Pseudo-orbits and stabilities of floes, Mem. Foc. Sci. Kochi Univ.
(Math). (1984), no. 5, 5-45. 25, 26

Komuro, M., The pseudo-orbit tracing properties on the space of probability
measures. Tokyo J. Math. 7 (1984), no. 2, 461-468. 32

Kawaguchi, N., Quantitative shadowable points. To appear. DOI
10.1080/14689367.2017.1280664 1, 8, 9, 16, 21, 24

Komuro, M., One-parameter flows with the pseudo-orbit tracing property.
Monatsh. Math. 98 (1984), no. 3, 219-253. 4, 10, 17, 25, 26, 52

Komuro, M., Lorenz attractors do not have the pseudo-orbit tracing property.
J. Math. Soc. Japan 37 (1985), no. 3, 489-514. 24, 32

Koo, N., Lee, K., Morales C., A., Topologically stable points, To appear. v, vi,
34

Mai, J., Ye, X., The structure of pointwise recurrent maps having the pseudo
orbit tracing property, Nagoya Math. J. 166 (2002), 83-92. 8

Moothathu, T.K.S., Implications of pseudo-orbit tracing property for contin-
uous maps on compacta, Topology Appl. 158 (2011), no. 16, 2232-2239. 9,
25

Morales, C., Lee, K., Distal points for Borel Measures, Topology Appl. 221
(2017), 524-533. 1, 40

Lewowicz, J., Dindmica de los homeomorfismos expansivos (spanish), Mono-
grafias del Instituto de Mateméatica y Ciencias Afines, 36. Instituto de
Matematica y Ciencias Afines. IMCA. Lima; Pontificia Universidad Catolica
del Pert, Lima, 2003. 1

Morales, C., Pacifico, M., J., Sufficient conditions for robustness of attractors,
Pacific J. Math., 216 (2004), 327-342. 25

Morales, C.A., Sectional-Anosov flows. Monatsh Math., ;159, no. 3 (2010),
253-260.

Morales, C., Measure-expansive systems (2010) preprint. 1

Morales, C., A., Shadowable points. Dyn. Syst. 31 (2016), no. 3, 347-356. v,
vi, 1, 6, 10, 11, 16, 30

Morimoto, A., Stochastically stable diffeomorphisms and Takens conjecture,
Surikaisekikenkyisho Kokyiroku No. 303 (1977), 8-24 8

Palmer, K., Shadowing in Dynamical Systems. Theory and Applications,
Kluwer, 2000. 6

Pilyugin, S., Y., Shadowing in dynamical systems. Lecture Notes in Mathemat-
ics, 1706. Springer-Verlag, Berlin, 1999. 6, 7, 11, 27

Reddy, W.L., Pointwise expansion homeomorphisms, Proc. Amer. Math. Soc.
1 (1950), 769-774. 1

29


http://dx.doi.org/10.1080/14689367.2017.1280664

[47]

48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Thomas, R., F., Stability properties of one-parameter flows. Proc. London Math.
Soc. (3) 45 (1982), no. 3, 479-505. 4, 10, 11, 18, 25, 27, 28, 31, 34, 38, 39, 54

Thomas, R., F., Topological Stability: Some Fundamental Properties. J. Dif-
ferential Equations 90 (1985), no. 52, 103-122.

Thomas, R., F., Canonical coordinates and the pseudo-orbit tracing property.
J. Differential Equations 90 (1991), no. 2, 316-343. 2, 35

Ombach, J., Distality versus shadowing and expansiveness, Univ. lagel. Acta
Math. 31 (1994), 75-78. 27, 34

46

Ombach, J., Saddles for expansive flows with the pseudo orbits tracing property.
Ann. Polon. Math. 56 (1991), no. 1, 37-48. 27

Ombach, J., Sinks, sources and saddles for expansive flows with the pseudo-
orbits tracing property. Ann. Polon. Math. 53 (1991), no. 3, 237-252. 27

Villavicencio, H., F-expansivity for Borel measures. J. Differential Equations
261 (2016), no. 10, 5350-5370. 22, 27, 29

de Vries, J., Elements of topological dynamics. Mathematics and its Applica-
tions, 257. Kluwer Academic Publishers Group, Dordrecht, 1993. 1, 46

Williams, R., The structure of Lorenz attractors. Inst. Hautes Etudes Sci. Publ.
Math. No. 50 (1979), 73-99. 32

Ye, X., Zhang, G., Entropy points and applications, Trans. Amer. Math. Soc.
359 (2007), no. 12, 6167-6186. 1

Yuan, G-C., Yorke, J.A., An open set of maps for which every point is absolutely
nonshadowable, Proc. Amer. Math. Soc. 128 (2000), no. 3, 909-918. 7

Zhu, Y., Zhang, J., Guo, Yanping Invariant properties of limit shadowing. Appl.
Math. J. Chinese Univ. Ser. B 19 (2004), no. 3, 279-287. 49, 56

60



	Introduction and basic defintions
	Continuous flows and equivalence
	Recurrence
	Suspension flows

	Shadowable Points for Flows
	Shadowable points
	Shadowable points for flows
	Shadowable points of suspension flows
	Shadowable points and recurrence

	F-shadowable points
	F-POTP and F-shadowable points
	General Properties of F-shadowable points

	Topologically Stable Points
	Topologically stable points
	Topologically stable points and suspensions

	F-distal Flows
	s-distal flows
	F-distal flows

	The limit shadowing property for flows
	The limit shadowing property
	The limit shadowing property and suspension

	References

