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Introduction

In this work we introduce a topological method for the search of fixed points
and periodic points for continuous maps defined on generalized rectangles in fi-
nite dimensional Euclidean spaces. We name our technique “Stretching Along
the Paths” method, since we deal with maps that expand the arcs along one
direction. Such theory was developed in the planar case by Papini and Zano-
lin in [II7, II8] and it has been extended to the N-dimensional framework
by the author and Zanolin in [I124]. In the bidimensional setting, elemen-
tary theorems from plane topology suffice, while in the higher dimension some
results from degree theory are needed, leading to the study of the so-called
“Cutting Surfaces” [124]. In the past decade a big effort has been addressed
towards the search of fixed and periodic points. In this respect several authors
[111, 12}, (56, 108, 130, 148, 150}, 155, 167, 172, 176] have studied maps expansive
along some directions and compressive along other ones, obtaining results that
are also significant from a dynamical point of view, in particular in relation to
Markov partitions. These achievements usually require sophisticated algebraic
tools, like the Conley index or the Lefschetz number. Our approach, even if
confined to a special configuration, looks instead more elementary. The de-
scription of the Stretching Along the Paths method and suitable variants of it
can be found in Chapter [

In Chapter 2lwe discuss which are the chaotic features that can be obtained for
a given map when our technique applies. In particular, we are able to prove the
semi-conjugacy to the Bernoulli shift and thus the positivity of the topological
entropy, the presence of topological transitivity and sensitivity with respect
to initial conditions, the density of periodic points. Moreover we show the
mutual relationships among various classical notions of chaos (such as that by
Devaney, Li-Yorke, etc.). We also introduce an alternative geometrical frame-
work related to the so-called “Linked Twist Maps”, where it is possible to
employ our method in order to detect complex dynamics. Chapter 2 is as
self-contained as possible and hence accessible also to the reader who is not
familiar with the concept of chaos. Due to the large quantity of definitions
available in the literature, our exposition is thought as a brief survey, where a
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comparison with the notion of chaos in the sense of coin-tossing is presented,
too. Such characterization is indeed natural when considered in relation with
the approach in Chapter [II

The theoretical results obtained so far find an application to discrete- and
continuous-time systems in Chapters 8] and @l Namely, in Chapter [3 we deal
with some one-dimensional and planar discrete economic models, both of the
Overlapping Generations and of the Duopoly Games classes. The bidimen-
sional models are taken from [104, 135] and [2], respectively. On the other
hand, in Chapter [ we analyze some nonlinear ODEs with periodic coefficients.
In more details, we consider a modified version of the Volterra predator-prey
model, in which a periodic harvesting is included, as well as a simplification of
the Lazer-McKenna suspension bridges model [88], 89] from [120] 121]. When
dealing with ODEs with periodic coefficients, our method is applied to the
associated Poincaré map and thus we are led back to work with discrete dy-
namical systems.

The above summary is just meant to mention the main aspects of this work.
Each chapter is indeed equipped with a more detailed introduction, including
the corresponding bibliography.

The contents of the present thesis are based on the papers [105, 120, 124, 125,
126] and partially on [123], where maps expansive along several directions were
considered.



Notations

For the reader’s convenience, we introduce some basic notations that will be
used throughout this work.

We denote by N, Z, Q, R and C the sets of natural, integer, rational, real and
complex numbers, respectively. In particular N is the set of nonnegative inte-
gers, while Ny denotes the set of the positive integers. The sets of nonnegative
and positive real numbers will be indicated with RT and Ry . Accordingly, the
first quadrant and the open first quadrant will be denoted by (RT)? and (R{)?,
respectively.

For a subset M of the topological space W, we denote by M, Int(M) and OM
the closure, the interior and the boundary of M in W, respectively. The set
M C W is said to be dense in W if M = W. If M C W, we indicate with
W\ M the complement of M in W. In the case that A, B C W, we denote by
A\ B the relative complement of B in A. By |A| we mean the cardinality of
the set A.

We denote by Id the identity map and by Idy, the identity on the space W),
when we need to specify it. Given a function f, we sometimes indicate with
Dy its domain. By f [y we mean the restriction of f to a subset M of its
domain. For a function f : W O Dy — Z between the topological spaces W
and Z, we define the preimage of z € Z as f~'(z) :=={w € Dy : f(w) = z}.

A function f : W — W is called a self-map of the space W. The iterates of
f are defined recursively with the convention f° = Idy, f! = f and f* =
fo frl Vn > 2. We say that w € W is a fized point for f if f(w) = w. We
say that w € W is a periodic point for f if there exists an integer [ > 1 such
that f!(w) = w. The minimal [ such that f/(w) = w is called period of w.

The N-dimensional Euclidean space R" is endowed with the usual scalar prod-
uct (-, -), norm ||-|| and distance dist(-, -). In the case of R, the norm |- || will be
replaced with the absolute value |- |. If X is a metric space different from RY,
we denote by dx the distance defined on it. The distance between M, My C X
is indicated with dx(M;, Ms) := inf{dx(z,y) : x € My, y € Ms}.

Vil
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In a normed space (X, || - ||x), we denote by B(xq,r) and B|xg, r| the open and
closed balls centered in zy € X with radius r > 0, i.e. B(zg,7) = {x € X :
|z — xo||lx < r} and Blzg,r] :={z € X : ||z — x¢||x < r}. For M C X, we
set B(M,r) :=={z € X : Jw € M with ||x — w||x < r}. The set B[M,r]| is
defined accordingly. If we wish to specify the dimension m of the ball, when it
is contained in R™, we write B,,(xq,r) and B,,[xq,r| in place of B(xg,r) and
B[z, r]. We denote by S¥~! the N — 1-dimensional unit sphere embedded in
RY, that is, S¥~=! := dBy|0, 1].

Given an open bounded subset Q of RY, an element p of R and a continuous
function f : Q — RY we indicate with deg(f,,p) the topological degree of
the map f with respect to © and p. We say that deg(f,2,p) is defined if
f(z) # p, Yo € 082 [96].

We denote by C(D,R”) the set of the continuous maps f : D — RY on a
compact set D, endowed with the infinity norm |f| := max.cp || f(x)]|.

Given a compact interval [a,b] C R, we set L'([a,b]) :== {f : [a,0] — R :
f is Lebesgue measurable and fab |f(t)|dt < 400}, where the integral is the
Lebesgue integral. This space is endowed with the norm || f||; := fab |f(t)]dt.
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Chapter 1

Search of fixed points for maps
expansive along one direction

One of the main areas in general topology concerns the search of fixed points
for continuous maps defined on arbitrary topological spaces. Given a topolog-
ical space W D A # () and a continuous map f : A — W, a fized point for f
is simply a point = € A that is not moved by the map, i.e. f(z) = z. In spite
of the simplicity of the definition, the concept of fixed point turns out to be
central in the study of dynamical systems, since, for instance, fixed points of
suitable operators correspond to periodic solutions (cf. Chapter ). A concept
related to that of fixed point is the one of periodic point. Namely, the periodic
points of a continuous map f are the fixed points of the iterates of the map,
that is, ¥ is a periodic point for f if there exists an integer [ > 1 such that
fi(z) = 2.

As often happens, the more general are the spaces we consider, the more
sophisticated are the tools to be employed: the search of fixed points and
periodic points can indeed require the use of advanced theories, like that
of the Conley or fixed point index [108| 110} 138, 155, 167, [172], Lefschetz
number [86], 147, 148, 150] and many other geometric or algebraic methods
[15], 46, 151, [166]. In the past decades several efforts have been made in order
to find elementary tools to deal with such a problem. For example Poincaré-
Miranda Theorem or some other equivalent versions of Brouwer fixed point
Theorem have turned out to be very useful when dealing with N-dimensional
Euclidean spaces [10], 99].

It is among these not too sophisticated approaches that the theory of the Cut-
ting Surfaces for the search of fixed point and periodic points, introduced by
the author and Zanolin in [124], has to be placed. More precisely, it con-
cerns continuous maps defined on generalized N-dimensional rectangles and
having an expansive direction. Our main tools are a modified version of the
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4 Maps expansive along one direction

classical Hurewicz-Wallman Intersection Lemma [48, p.72], [66, D), p.40] and
the Fundamental Theorem of Leray-Schauder [90, Théoreme Fondamentall.
The former result (also referred to Eilenberg-Otto [47, Th.3], according to
[45, Theorem on partitions, p.100]) is one of the basic lemmas in dimension
theory and it is known to be one of the equivalent versions of Brouwer fixed
point Theorem. It may be interesting to observe that extensions of the In-
tersection Lemma led to generalizations of Brouwer fixed point Theorem to
some classes of possibly noncontinuous functions [161]. On the other hand, the
Leray-Schauder Continuation Theorem concerns topological degree theory and
has found important applications in nonlinear analysis and differential equa-
tions (see [100]). Actually, in Theorem [[L2.11] of Section [[L2, we will employ
a more general version of such result due to Fitzpatrick, Massab6 and Pejsa-
chowicz [51]. However, we point out that for our applications to the study
of periodic points and chaotic-like dynamics we rely on the classical Leray-
Schauder Fundamental Theorem. Another particular feature of our approach
consists in a combination of Poincaré-Miranda Theorem [81], [101], which is an
N-dimensional version of the intermediate value theorem, with the properties
of topological surfaces cutting the arcs between two given sets. The theory of
Cutting Surfaces is explained in Section [.2

When we confine ourselves to the bidimensional setting, suitable results from
plane topology can be applied [120], like the Crossing Lemma [LT.I7, and no
topological degree arguments are needed. In this case we enter the context of
the “Stretching Along the Paths” method developed by Papini and Zanolin
in [117, 118]. The name comes from the fact that one deals with maps that
expand the arcs, in a sense that will be clarified in Section [I.I, where the in-
terested reader can find all the related details. We stress that, with respect to
[117, T18], the terminology and notation are slightly different and some proofs
are new.

In any case, our approach based on the Cutting Surfaces represents a possible
extension of the planar theory in [117, [118] to the N-dimensional setting, for
any N > 2. By the similarity between the concepts employed and the results
obtained in the two frameworks, we will keep the “stretching” terminology
also for the higher dimensional case, without distinguishing between them. In-
deed, the main difference between the planar setting and the N-dimensional
one resides in the tools to be employed in order to get some results, like for
instance the fixed point Theorems and [L2.20, on which the two theories
are respectively based. Namely, as already mentioned, in the plane elementary
results from general topology suffices, while in the higher dimension, one needs
more sophisticated tools, such as topological degree.
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1.1 The planar case

1.1.1 Stretching along the paths and variants

Before introducing the main concepts of the “Stretching Along the Paths”
method, let us recall some facts about paths, arcs and continua.

Let W be a topological space. By a path v in W we mean a continuous map
v : R D [a,b] — W. Its range will be denoted by 7, that is, 7 := v([a,b]). A
subpath w of ~ is the restriction of v to a closed subinterval of its domain and
hence it is defined as w := 7 [[.,q), for some [c, d] C [a, b]. If W, Z are topological
spaces and ¢ : W O Dy, — Z is a map which is continuous on a set M C D, ,
then for any path v in W with 7 C M, it follows that ¢y o~ is a path in Z with
range 1 (7). Notice that there is no loss of generality in assuming the paths to
be defined on [0, 1]. Indeed, if 6, : [a1,b;] — W and 6, : [ag,be] — W, with
a; < b;, 1 = 1,2, are two paths in W, we define the equivalence relation “ ~ ”
between 6, and 6, by setting ¢, ~ 05 if there is a homeomorphism & of [ay, b ]
onto [ag, be] such that 6(h(t)) = 01(t), Vt € [a1, b;]. It is easy to check that if
01 ~ 05, then the ranges of #; and 6, coincide. Hence, for any path v there ex-
ists an equivalent path defined on [0, 1]. In view of this fact we will usually deal
with paths defined on [0, 1], but sometimes we will also consider paths defined
on an arbitrary interval [a, b], when this can help to simplify the exposition. A
concept similar to the one of path is that of arc. More precisely an arc is the
homeomorphic image of the compact interval [0, 1], while an open arc is an arc
without its end-points. A continuum of W is a compact connected subset of
W and a subcontinuum is a subset of a continuum which is itself a continuum.
Now we can start with our definitions. Given a metric space X, we call general-
ized rectangle any set R C X homeomorphic to the unit square Q := [0, 1]* of
R2 If R is a generalized rectangle and h : @ — h(Q) = R is a homeomorphism
defining it, we call contour ¥R of R the set

YR = h(0Q),

where 0Q is the usual boundary of the unit square. Notice that the contour
YR is well-defined as it does not depend on the choice of the homeomorphism
h. In fact, YR is also a homeomorphic image of S!, that is, a Jordan curve.
By an oriented rectangle we mean a pair

R:=(R,R),
where R C X is a generalized rectangle and

R =R, UR;
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is the union of two disjoint arcs R, , R, C YR, that we call the left and the
right sides of R~. Since YR is a Jordan curve it follows that YR\ (R, UR, )
consists of two open arcs. We denote by R™ the closure of such open arcs,
that we name R and R, (the down and up sides of R™). It is important to
notice that we can always label the arcs R, , R}, R, and R}, following the
cyclic order £ —d — r —u — ¢, and take a homeomorphism ¢g: Q — ¢(Q) =R

so that
g({0} x [0.1)) =Ry, g({1} x[0,1])) =R; , .

Both the term “generalized rectangle” for R and the decomposition of the
contour YR into R~ and R* are somehow inspired to the construction of
rectangular domains around hyperbolic sets arising in the theory of Markov
partitions [59, p.291], as well as by the Conley-Wazewski theory [36] [149].
Roughly speaking, in such frameworks, the sets labeled as [|7, or as [-]T,
are made by those points which are moved by the flow outward, respectively
inward, with respect to R. As we shall see in the next definition of stretching
along the paths property, also in our case the [-]”-set is loosely related to the
expansive direction. Indeed we have:

Definition 1.1.1. Let X be a metric space and let ¢ : X O Dy, — X be a

map defined on a set D,,. Assume that A := (A, A") and B := (B,B~) are
oriented rectangles of X and let K C AN D, be a compact set. We say that

(KC,v) stretches AtoB along the paths and write
(K1) : A=B, (1.1.2)
if the following conditions hold:
e 7 is continuous on K ;

e For every path 7 : [0,1] — A such that v(0) € A, and (1) € A, (or

r

7v(0) € A; and v(1) € A, ), there exists a subinterval [t/,¢"] C [0, 1] with
1) €K, v(y(t) eB, Vit t]

and, moreover, 1(v(t')) and ¥ (y(t")) belong to different sides of B~.

In the special case in which K = A, we simply write
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The role of the compact set K is crucial in the results which use Definition
[LTIl For instance, if (L1.2) is satisfied with B = A, that is,

(K, 0) : AeA, (1.1.3)

we are able to prove the existence of a fixed point for ¢ in I (see Theorem

C13).

Notice that when (ILI2) holds, the stretching condition
(K' %) : A=B

is fulfilled for any compact set K', with £ C K’ C AN Dy, on which 1 is
continuous. On the other hand, since K provides a localization of the fixed
point, it is convenient to choose it as small as possible.

We point out that in Definition [[LT.1] (as well as in its variant in Definition
below) we don’t require ¥(A) C B. In fact, we will refer to B as to a
“target set” and not as to a codomain.

The relation introduced in Definition [[L.T] is fundamental in our “stretching
along the paths” method. Indeed, such strategy consists in checking property
(CI3), so that, in view of Theorem [[LT.3] there exists at least a fixed point
for ¢ in K. If in particular (LI3) is satisfied with respect to two or more
pairwise disjoint compact sets IC;’'s we get a multiplicity of fixed points. On
the other hand, when (LI3]) holds for some iterate of ¢, the existence of
periodic points is ensured. Since the stretching property in (I.I.2) is preserved
under composition of mappings (cf. Lemma [[L.T7), combining such arguments,
also the presence of chaotic dynamics follows. A detailed treatment of such
topic can be found in Section 2]

Definition 1.1.2. Let X be a metric space and let ¢ : X O Dy, — X be a
map defined on a set Dy. Assume that A := (A, A”) and B := (B,B") are
oriented rectangles of X and let X € AN D, be a compact set. Let also

m > 2 be an integer. We say that (D, 1)) stretches AtoB along the paths with
crossing number m and write

(D,v) : A" B,
if there exist m pairwise disjoint compact sets
K:(),...,ICm_l cD

such that B B
(Ki, ) : A==B, i=0,...,m— 1.

When D = A, we simply write
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B/

Figure 1.1: A pictorial comment to Definitions [Tl and The rectangles A and B
have been oriented by selecting the sets A~ and B~ (drawn with thicker lines), respectively.
We represent a case in which the relation (IC;, 1) : ﬁ%g, i = 0,1, is satisfied for a map
¥ : R2 DO A — R? and for the two darker compact subsets Ko and K; of A, on which v
is continuous. For a generic path v : [0,1] — A with v(0) and (1) belonging to different
components of A, we have highlighted two subpaths wy and w; with range in Ky and Ky,
respectively, such that their composition with ¢ determines two new paths (drawn by bolder
vertical lines) with values in B and joining the two sides of B~. In this framework, according
to Definition [LT.2] we could also write 1 : A28,
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Definition is an extension of Definition [[LT.] as they are coincident when
m = 1. The concept of “crossing number” is borrowed from Kennedy and
Yorke [71] and adapted to our framework. Indeed in [7I] the authors deal
with a very general setting, that looks closely related to ours when restricted
to the planar case. More precisely, in |71, horseshoe hypotheses 2] a locally
connected and compact subset () of the separable metric space X is considered,
on which two disjoint and compact sets endy , end; C @ are selected, so that any
component of () intersects both of them. On @) a continuous map f:Q — X
is defined in such a way that every continuum I' C ) joining endy and end,;
(i.e. a connection according to [71]) admits at least m > 2 pairwise disjoint
compact and connected subsets, whose images under f are again connections.
Such subcontinua are named preconnections and m is the so-called crossing
number.

Clearly, the arcs R, and R, in our definition of oriented rectangle are a
particular case of the sets endy, and end; considered by Kennedy and Yorke.
Moreover, any path v with values in R and joining R, with R determines a
connection (according to [71]) via its image 7. Similarly, any subpath w of ~,
with w = 7 [z ¢ like in Definition [LT.T], makes @ a preconnection according
to Kennedy and Yorke. In fact, the idea of considering paths to detect a
sort of expansion was independently developed by such authors in [72] [73],
where a terminology analogous to ours was employed. A special request in our
approach, not explicitly assumed in [71], is the one concerning the compact
sets like C. Indeed, in [7I] there are no sets playing the role of the K;’s in
Definition [L.T.2

On the other hand, our stretching condition is strong enough to ensure the
existence of fixed points and periodic points for the map v inside the IC;’s, as
we shall see in Theorems [[LT.3 and [[L.T.§ below, while in [71, Example 10] a
fixed point free map defined on R? x S and satisfying the horseshoe hypotheses
Q2 is presented. Indeed, we point out that Theorem [.T.3] allows not only to
infer the existence of fixed points, but also to localize them. This turns out to
be of particular importance when multiple coverings in the sense of Definition
occur.

In the proof of Theorems [I.1.3] and [[.1.8] we employ a classical result from
plane topology (cf. Crossing Lemma [[.T.1T), that we recall in Subsection [[T.2)
for the reader’s convenience. See also [117, [118].

Theorem 1.1.3. Let X be a metric space and let ¢ : X O Dy, — X be a map

defined on a set Dy, Assume that R = (R, R™) is an oriented rectangle of X.
If K C RN Dy is a compact set for which it holds that

(K, ) : R==R, (1.1.4)
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then there ezists at least one point z € I with ¥(z) = z.

Proof. By the definition of oriented rectangle, there exists a homeomorphism
h:R?*D Q — h(Q) =R C X, mapping in a correct way (i.e. as in (LIII))
the sides of Q@ = [0, 1)? into the arcs that compose the sets R~ and RT. Then,
passing to the planar map ¢ := h™' ot o h defined on D, := h™*(Dy) C Q,
we can confine ourselves to the search of a fixed point for ¢ in the compact set
H :=h~}(K) C Q. The stretching assumption on 1 is now translated to

(H, ) : 0=-0.
On Q we consider the natural “left-right” orientation, choosing
Q" = ({0} x [0,1]) U ({1} x [0,1]).

A fixed point for ¢ in H corresponds to a fixed point for ¢ in IC.
For ¢ = (¢1, ¢2) and & = (a1, z5), we define the compact set

Vi={r e H:0< ¢o(z) <1, 1 — ¢1(x) = 0}.

The proof consists in showing that V' contains a continuum C which joins in Q
the lower side [0, 1] x {0} to the upper side [0, 1] x {1}. To this end, in view of
Lemma [LTIT, it is sufficient to prove that V' acts as a “cutting surface” (in
the sense of Definition [L2.1]) between the left and the right sides of Q, that
is, V intersects any path in Q joining the left side {0} x [0, 1] to the right
side {1} x [0,1]. Such cutting property can be checked via the intermediate
value theorem by observing that if v = (y1,72) : [0,1] — Q is a continuous
map with v(0) € {0} x [0,1] and (1) € {1} x [0,1] then, the stretching
hypothesis (H, ¢) : Q=—Q implies that there exists an interval [/, ¢”] C [0, 1]
such that v(t) € H, ¢(v(t)) € Q,Vt € [t',t"] and v (t') — ¢1(y(t')) > 0 >
1 (t) = 61(3 (") or 14 (F) — i (2(t) < 0 < (") — éx(1(¢")). Notice that,
by the definition of V' it follows that ¢o(2) € [0,1],V 2z € C. Hence, for every
point p = (p1,p2) € CN ([0,1] x {0}) we have ps — ¢2(p) < 0 and, similarly,
p2 — ¢a(p) > 0 for every p = (p1,p2) € CN([0,1] x {1}). Applying Bolzano
Theorem we obtain the existence of at least a point v = (vy,v2) € C CV CH
such that vy — ¢2(v) = 0. Hence v is a fixed point of ¢ in H and z := h(v) is a
fixed point for ¢ in L C R. m

Remark 1.1.4. Notice that, for the validity of Theorem [[LT.3] it is fundamental
that the orientation of the generalized rectangle R in (IL1.4]) remains the same
for R considered as “starting set” and “target set” of the map 1. Indeed, if
one chooses two different orientations for R, in general the above result does
not hold anymore and the existence of fixed points for 1) is no longer ensured,



1.1 The planar case 11

not only in /C, but even in R, as shown by the example depicted in Figure
1.2
<

Figure 1.2: The generalized rectangle R is transformed by a continuous planar map v onto
the generalized rectangle S = 9(R), so that, in particular, S, = (R, ) and S;” = ¢(R;").
The boundary sets R~ =R, UR, and S~ =S5, US, are drawn with thicker lines. As it
is immediate to verify, for R = (R,R~) and S = (S,87), it holds that 1 : R<-S. On the
other hand, calling R the generalized rectangle R oriented by choosing YR \ R~ as [-]-set,
it also holds that (IC', Y) ﬁ%ﬂ%, where K is the subset of R depicted with a darker color.
However, since R NS is mapped by ¢ outside R (both RNS and (R NS) are drawn with
the same light color), there cannot exist fixed points for ¢ in R and, a fortiori, neither in K.
Notice that Theorem [[.T.3] does not apply because we have taken two different orientations
for R. A similar geometrical framework was already considered in [69, Figure 8] and [123]
Figure 4].

As a comment to Theorem [[LI.3] we discuss here its main differences with
respect to the more classical Brouwer fixed point Theorem (recalled in the
two-dimensional case as Theorem [[L.T.I4l in Subsection [LT.2). It is a well-
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known fact that the fixed point property for continuous maps is preserved
by homeomorphisms. Therefore, it is straightforward to prove the existence
of a fixed point for a continuous map ¢ if (R) C R, with R a generalized
rectangle of a metric space X. The framework depicted in Theorem is
quite different. Indeed, first of all, the stretching assumption (IC,¢) : R<=>R
does not imply ¥(R) C R and, secondly, we need ¢ to be continuous only
on K and not on the whole set ‘R. Finally, as already noticed, we stress that
our result also localizes the presence of a fixed point in the subset K. From
the point of view of the applications, this means that we are able to obtain
a multiplicity of fixed points provided that the stretching property is fulfilled
with respect to pairwise disjoint compact subsets of R. Indeed, if the condition
(D, ) : R=>R is satisfied with a crossing number m > 2, in view of Theorem
LT3 the map ¥ has at least a fixed point in each of the compact sets K;’s,
i=0,...,m—1, from Definition and therefore there are at least m fixed
points for ¢ in R (see Theorem [[LT.]]).

A different case, related to the stretching relation from Definition [LT.T] in
which it is possible to find fixed points is when the special geometric configu-
ration in Definition [LT.5 gets realized, as stated in Theorem [I.1.6] below.

Definition 1.1.5. Let A := (A4, A7) and B := (B, B~) be two oriented rect-
angles of a metric space X. We say that A is a horizontal slab of B and write

Ac, B
if A C B and, either

A, C€B, and A CB.

r o

or

A, CB- and A CB,,

so that any path in A joining the two sides of A~ is also a path in B and joins
the two opposite sides of B~. B
We say that A is a vertical slab of B and write

AC, B

if A C B and every path in B joining the two sides of B~ admits a subpath in
A that joins the two opposite sides of A~. N N

Given three oriented rectangles A := (A, A7), B:= (B,B7) and £ := (£,&7)
of the metric space X, with &€ C AN B, we say that B crosses A in € and
write

£ e {AMh B},
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if B N B B

SQhA and SQUB

The above definitions, which are adapted from the concept of “slice” in [118|
1T9] and imitate the classical terminology in [162, Ch.2.3], are topological in
nature and therefore do not necessitate any metric assumption (like smooth-
ness, lipschitzeanity, or similar properties often required in the literature). We
also notice that the terms “horizontal” and “vertical” are employed in a purely
conventional manner, as it looks clear from Figure [L.3} the horizontal is the
expansive direction and the vertical is the contractive one (in a quite broad
sense). For instance, in [124] the terms “vertical” and “horizontal” were in-
terchanged in regard to the N-dimensional setting, but this did not make any
difference with respect to the meaning of the results obtained.

The next theorem depicts a situation where the “starting set” and the “target

set” of the mapping ¥ are two intersecting oriented rectangles. A graphical
illustration of it can be found in Figure [L.3]

Theorem 1.1.6. Let X be a metric space and let ¢ : X O Dy, — X be a map

defined on a set Dy,. Assume that A := (A, A~) and B := (B, B~) are oriented
rectangles of X and let K C AN Dy be a compact set such that

(K1) : A=-B. (1.1.5)

If there exists an oriented rectangle € := (€,€7) with € € { A B}, then
has at least a fived point in KN E.

Proof. In order to achieve the thesis, we show that
(KNE,p) : B=B. (1.1.6)

Indeed, let v be a path with ¥ C B and N B, # 0, N B, # 0. Then, since
£ C, B, there exists a subpath w of v such that w C € and WN &, # 0,
wnN & # . Recalling now that EC, A, it holds that @ C € C A and
wnNA, #0, wn A # 0. Finally, since (K, ) : A =B, there is a subpath
n of w such that 7 C KN E, ¥() C B, with (7)) N B, # 0, () N B, # 0.
In this way we have proved that any path v with 7 C B and 7N B, # 0,
¥ N B # () admits a subpath 7 such that 7 C X N & and ¥(77) C B with
(@) N B, #0, (1) N B, # 0. Therefore condition (LG has been checked
and the existence of at least a fixed point for ¢ in KL N & follows from Theorem
LT3l Notice that v is continuous on K N E as, by (LIH), it is continuous on
K. O
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A

Figure 1.3: The continuous planar map v transforms the generalized rectangle A onto
the snake-like generalized rectangle B 2 v(.A), so that B, 2 (A, ) and B 2 9 (A,"). The
boundary sets A~ = A, U A and B~ = B, UB,” have been drawn with thicker lines.
Clearly, for A = (A, A7) and B = (B,B7), it holds that v : A =-B. Notice that we do
not require that the end sets By and B, of B lie outside A, differently from the approaches
based on degree theory, as discussed in [125]. Among the three intersections between A and
B, only the central one, that we call £, corresponds to a crossing in the sense of Definition
[LTH since £ C;, A and € C, B. Therefore, Theorem [[.T.6] ensures the existence of at least
a fixed point for ¢ in £. Even if the intersection between A and B on the right is “not far”
from belonging to {.A rh B}, it is possible to define ¢ so that it has no fixed points therein.
This shows that our fixed point theorems are, in some sense, “sharp”. See [125] for more
details and corresponding examples.
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In regard to Theorem [LT.6, we stress that if (LLH) holds and there exist
m > 2 pairwise disjoint oriented rectangles

Eover o Emy € {AMNBY, (1.1.7)

then the map 1) has at least a fixed point in NE;, Vi=0,...,m — 1. Hence,
similarly to Definition [L1.2] also in this framework it is possible to find a

multiplicity of fixed points, obtaining conclusions analogous to the ones in
Theorem [LT.§ below.

If in place of fixed points we are concerned with the search of periodic points
of any period (as in the following Theorems [LT.8HL.T.10), then, in order to
apply our stretching along the paths method, we need to check the stretching
relation to be preserved under composition of maps. This fact can be easily
proved by induction: the basic step is the content of the next lemma.

Lemma 1.1.7. Let X be a metric space and let ¢ : X O D, — X and
Y X D Dy — X be maps defined on the sets D, and Dy, respectively. Assume
that A == (A, A7), B := (B,B~) and C := (C,C™) are oriented rectangles of
X. IfHCAND, and K C BN Dy are compact sets such that

(H, ) - A==B  and (K, ) : B=-C,

then it follows that o
(HNe '(K), o) : A==C.

Proof. Let v : [0,1] — A be a path such that (0) and ~(1) belong to the
different sides of A~. Then, since (H,y) : A=—B, there exists a subinterval
[t',t"] C [0, 1] such that

v(t) e H, () eB, Vteltt"

and, moreover, p(y(t')) and ¢(v(t")) belong to different components of B~. Let
us call w the restriction of v to [t/,t"] and define v : [t/,t"] — Bas v :=pow.
Notice that v(t') and v (") belong to the different sides of B~ and so, by the
stretching hypothesis (K, ) : B =—C, there is a subinterval [¢/, "] C [t, "]
such that

vit) e K, ¢v(t)ecC, Vtels, s

with ¥ (v(s")) and ¥ (v(s”)) belonging to different components of C~. Rewriting
all in terms of -, this means that we have found a subinterval [s', s"] C [0, 1]
such that

Yt eHNE H(K), dl(e(yt)) eC, Vtels, s
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and ¥ (¢(y(s))) and ¥(e(v(s”))) belong to the different sides of C~. By the
arbitrariness of the path ~, the stretching property

(Hne '(K), o) : A=-C

is thus fulfilled. We just point out that the continuity of the composite mapping
1 o ¢ on the compact set H N ¢~ 1(K) follows from the continuity of ¢ on H
and of ¥ on IC, respectively. O]

Theorem 1.1.8. Let X be a metric space and ¢ : X O Dy — X be a map

defined on a set Dy. Assume that R = (R,R™) is an oriented rectangle X. If
Ko, ..., Kn-1 are m > 2 pairwise disjoint compact subsets of R N Dy, and

(K, ) - R-<R, fori=0,...,m—1,
then the following conclusions hold:
e The map Y has at least a fixed point in IC;, 1 =0,...,m — 1;

e For each two-sided sequence (sp)nez € {0,...,m — 1}2, there exists a
sequence of points (xp)nez such that Y(xp_1) =z, € Ky, , Vh € Z;

e For each sequence 8 = (8,), € {0,...,m — 1}, there exists a compact
connected set Cs C K, satisfying

CsNRS#0, CsNRE#D
and such that V'(z) € Ky, , Vi > 1, Yz € Cs;

e Given an integer j > 2 and a j+ l-uple (so,...,s;), s; € {0,...,m—1},
fori=0,...,7, and sy = s;, then there exists a point w € Ky, such that

P (w) €Ky, Yi=1,...,7 and ¢ (w)=w.

As we shall see in Section 2.1l the previous result turns out to be our funda-
mental tool in the proof of Theorem 2.1.3] about chaotic dynamics. On the
other hand, Theorem [[L.I.8 can be viewed as a particular case of Theorem
below. The proof of the former result is thus postponed since it comes
as a corollary of the latter more general theorem.

Before stating Theorem [[L1.10, we just make an observation that will reveal
its significance in Section when dealing with symbolic dynamics.
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Remark 1.1.9. We observe that in the hypotheses of Theorem [LT.8 or equiv-
alently when we enter the framework of Definition with A = B, i.e.,
when there exist m > 2 pairwise disjoint compact subsets Ko, ..., K;,—1 of an
oriented rectangle A C X, for which (IC;, %) : A<—A holds, then it is possi-
ble to find m pairwise disjoint vertical slabs R; of A such that R; D K;, for
i =0,...,m — 1. Indeed, by Theorem [[LT.8], we know that any K; contains a
compact connected set C; (actually, infinitely many) joining A} and A. Thus,
the idea is to “fill” and “fatten” each C; up, in order to obtain a compact set
R; that still joins AT and A, but homeomorphic to the unit square of R?
and containing only XC; among all the KC;’s. Moreover we require A7 N'R; and
A;r N R; to be arcs. Notice that this is possible because the IC;’s are com-
pact and disjoint. To such generalized rectangles R;’s we give the orientation
“inherited” from A, that is, we set R} := AT NR; and R, := AF N'R;, for
i=0,...,m— 1, where we have denoted by R’ and R! the two sides of R; .
Indicating with R} and R the two parts of R; , we find that they coincide

7 )

with the two components of ¥R, \ (R}, U RE). In particular, we can name such
sets following the cyclic order £ —d —r —u—{. As usual we put R; = (Ri,R;)
and, by construction, these are the desired vertical slabs of A. See Figure [[.4]
for a graphical illustration.

If in addition the map % is continuous on A, we claim that

¢ Ri=>R;, Vi, je{0,...,m—1}.

At first we notice that ¢ is continuous on each R; because U?Z)l R; C A
Moreover, for any i = 0,...,m—1 and for every path v : [a,b] — R,;, with v(a)
and 7(b) belonging to different components of R, there exists a subinterval
[t',t"] C [a,b] such that v(t) € K; and ¢(v(t)) € A, Vt € [t',¢"], with ¢(y())
and 1 ((t")) belonging to different sides of A~. This follows from the fact that
v can be extended to a path * : [d/,b'] — A, with [¢/,V'] D [a,b], such that
Y )= v and v*(a’), v*(0') belong to different sides of A~, and by recalling
that (KC;,v) : A= A. Then, since U?i_ol R; C A, for any fixed j =0,...,m—1,
there exists a subinterval [¢', s”] C [t',t"] such that ¢(y(t)) € R;, Vt € [, 5"],
with 1 (y(s')) and ¥(v(s")) belonging to different sides of R;. But this means
that 1 : Ri %ﬁj. By the arbitrariness of i,j € {0,...,m — 1}, the proof of
our claim is complete.

<
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Figure 1.4: With reference to the situation described in Remark [LT.9] for m = 2, we have
depicted the generalized rectangle A, that we orientate by choosing as A~ the boundary
set drawn with thicker lines. The continua Cy and Cy, contained respectively in the disjoint
compact sets Ko and Ky (not represented in the picture, in order not to overburden it)
and joining the two sides of AT, are embedded (together with the K;’s) in the disjoint
generalized rectangles Ry and Ri, whose [-] -sets have been indicated with thicker lines.
With this choice, 7%0 and 7%1 are vertical slabs of A.

Theorem 1.1.10. Assume there is a double sequence of oriented rectangles
(Ri)iez (withR; = (Ri, R; ) ) of a metric space X and a sequence ((K;, 1;))iez
with IC; € R; compact sets, such that

(’Ci, wl) : ﬁi%ﬁpﬂ , VieZ.
Let us denote by Ry and RE the two components of R; and by R, and R, the

two components of R} . Then the following conclusions hold:

e There is a sequence (wy)gez such that wy, € Ky and g(wy) = wgiq, for
all k € Z;

o [or each j € Z there exists a compact connected set C; C K; satisfying
C;NRL#D, CNRL#D

and such that, for every w € C;, there is a sequence (y;);>; with y; = w
and

vi € Ki,  Vi(yi) = yiy1, Vi>7;

o [f there are integers h and I, with h < [, such that ﬁh = 7%1, then there
exists a finite sequence (z;)p<i<i—1, with z; € K; and ¥;(z;) = zi4q1 for
each i = h,...,l — 1, such that z; = z5,, that is, z, is a fived point of
Y100y in Ky
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Proof. We prove the conclusions of the theorem in the reverse order. So, let
us start with the verification of the last assertion. By the assumptions and by
Definition [LT] it is easy to check that

(H,’l/)l,1 0:--0 ’l/}h) : ﬁh%lfél, (118)
where
H={zey:io---oyp(z) € Kiya,Yi=h,...,[ -1}

With the positions ié = 7@} = ﬁl and ¢ = ;1 0--- 01y, we read condition
(CI) as (H,¢) : R ==R and therefore the thesis follows immediately by
Theorem LT3l

As regards the second conclusion, without loss of generality, we can assume
j = 0. Let us define the closed set

S::{ZEICoi%‘O"'OwO(Z)E’Cﬁrl’vjzo}

and fix a path 7 : [0, 1] — Ry such that v,(0) and o(1) belong to the different
components of Ry . Then, since (Ko, 1) : Ro=—R1, there exists a subinterval

[}, 1] C [to, to) := [0, 1]
such that
Yo(t) € Ko and 7 (t) == vo(0(t) € Ri, Vi€ [t), 1]

By the same assumption, we also have that ¥ (70(t})) and ¥y (70(t])) belong
to different components of R; . Similarly, there exists a subinterval

6.8 C 1,21
such that
m(t) € Ky and 7(t) :==i1(11(t)) € R, Vi € [th,15],

with 1 (71(t5)) and ¥ (y1(t5)) belonging to the different components of R .
Defining

Dy = {z € ([}, t]]) : Yo(z) € n([th, t5])} C {z € Ko : ¢ho(2) € K1}

and proceeding by induction, we can find a decreasing sequence of nonempty
compact sets

Lo == 0([to, to]) 2 T :=0([t, 1)) 2T9 2 - 2T, 2Ty 2.0
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such that 1/}]' ©--+0 wO(FjH) - Rj+1, with wj ©--+0 2/}0<Fj+1) N RZJFI % @ and
Yj o 0ty(Tp1) NRITE £, for j > 0. Moreover, for every ¢ > 1, we have
that

Livi C{ze€Ko:thja0---09(2) €Ky, Vi=1,... i}

As it is straightforward to see, N5 T'; # 0 and for any 2z € N5 T; it holds
that ¢, o -+ 0 1y(2) € Ky41, Yn € N. In this way we have shown that any
path v joining in Ry the two sides of R intersects S. The existence of the
connected compact set Cy C S C Ky joining the two components of Ry comes
from Lemma [[L1.I7. By the definition of S it is obvious that any point of
Co C S generates a sequence as required in the statement of the theorem.

The first conclusion follows now by a standard diagonal argument (see, e.g.,
[69, Proposition 5] and [I17, Theorem 2.2]), which allows to extend the result
to bi-infinite sequences once it has been proved for one-sided sequences. [l

Proof of Theorem [L.I.8. The first conclusion easily follows from Theorem
LT3 As regards the remaining ones, given a two-sided sequence (sp)nez €
{0,...,m — 1}%, they can be achieved by applying Theorem with the
positions R; =R, ¢; = ¢ and K; = K, , Vi € Z. The details are omitted since
they are of straightforward verification. O

We end this subsection with the presentation and discussion of some stretch-
ing relations alternative to the one in Definition [LT.Il In particular we will
ask ourselves if the results on the existence and localization of fixed points are
still valid with respect to these new concepts.

For all the next definitions, the basic setting concerns the following framework:
Let X be a metric space. Assume ) : X 2O Dy, — X is a map defined on a set

D, and let A= (A, A~) and B := (B,B™) be oriented rectangles of X. Let
also K C AN Dy be a compact set.

Definition 1.1.11. We say that (K,1) stretches A to B along the continua
and write

(K.0): A= B,
if the following conditions hold:

e 7 is continuous on K ;

e For every continuum I' C A4 with I'N A, # 0 and I'N A~ # (), there
exists a continuum IV C I" N K such that ¢(I") C B and

(M) NB; 0, () NB #0.
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While the above definition is based on the one given by Kennedy and Yorke in
[71], the following bears some resemblances to that of “family of expanders”
considered in [69].

Definition 1.1.12. We say that (IC, ) expands A across B and write
(K, 0): A = B,
if the following conditions hold:

e 1) is continuous on K;

e For every continuum I' C A with I'N A, # 0 and I' N A # (), there
exists a nonempty compact set P C I'NK such that ¢(P) is a continuum
contained in B and

V(P)NB, #0, »(P)NB #0.

When it is possible to take K = A, we simply write v : A — B and
¥+ A 2 Bin place of (A, ) - A= B and (A, ) - A 2 B, respectively.
In analogy to Definition [[LI.2, one can define the variants ——+" and 2=,
when multiple coverings occur.

As we shall see in a moment, the above relations behave in a different way with
respect to the possibility of detecting fixed points. Indeed, since the ranges of
paths are a particular kind of continua, one can follow the same steps as in the
proof of Theorem [[L.T.3] and show that an analogous result still holds when the
property of stretching along the paths is replaced with the one of stretching
along the continua (cf. [125, Theorem 2.10]). On the other hand, this is no
more true when the relation in Definition is fulfilled, since in general it
guarantees neither the existence of fixed points nor their localization (in case
that fixed points do exist).

Concerning the existence of fixed points, a possible counterexample is described
in Figure and is inspired to the bulging horseshoe in [69, Fig. 4]. For
sake of conciseness, we prefer to present it by means of a series of graphical
illustrations in Figures [LJHL.8 we point out, however, that it is based on a
concrete definition of a planar map (whose form, although complicated, can
be explicitly given in analytical terms).

With respect to the localization of fixed points, a counterexample can instead
be obtained by suitably adapting a one-dimensional map to the planar case.
Indeed, if f: R D [0,1] — R is any continuous function, we can set

Y(x1, 22) = (f(21), 22) (1.1.9)
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and have a continuous planar map defined on the unit square [0,1]? of R,
inheriting all the interesting properties of f. Notice that, in this special case,
any fixed point z* for f generates a vertical line (z*, s) (with s € [0, 1]) of fixed
points for ¥. The more general framework of a map ¢ defined as

Y(x1,2) = (f(21), 9(72)),

for g : [0,1] — [0, 1] a continuous function, could be considered as well.
In view of the above discussion, we define a continuous map f : [0,1] — [0, 1]

of the form
%s+c 0<s<a,

f(s):= S(s—b)  a<s<b, (1.1.10)

li_b(s —b) b<s<l,
where a, b, ¢, d are fixed constants such that 0 <a<b<landO<c<d<1.

For A the unit square oriented in the standard left-right manner and % as in
(CTO), it holds that ¢ : A == A. In particular, we can write both

(Ko, 00) : A 2 A, for Ko = [a, V]

and

(Ki,¥): A o A, for Ky =[0,a]Ub,1].

In the former case, we also have
(IC()u 77Z)) : ‘2(%‘2(

and therefore, consistently with Theorem [LT.3] there exists at least a fixed
point for ¥ in Ky. On the other hand, as it is clear from Figure [[L9, there
are no fixed points for ¢ in Ky . Thus, the localization of the fixed points is
not guaranteed when only the relation “= is satisfied. The same example
could be slightly modified in order to have that v : A =" Afor an arbitrary
m > 2, but just one fixed point does exist.

We finally observe that, playing with the coefficients a, b, ¢, d and choosing a
suitable compact set ICy C [0, 1], it is possible to have

(Ko, b))+ A 2 A,

for a case in which neither v nor /% possess fixed points in Ky . The set Ky will
consist of the union of some compact subintervals of Ky and ;. A graphical
representation of f and f? is given in Figure [L9
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Figure 1.5: A rectangle A, oriented by taking as [-]~-set the union of its left and right
vertical segments, is deformed by a continuous planar map 1 onto ¥ (A), a ribbon bent across
the rectangle itself. The left and right sides of the domain are homeomorphically transformed
onto the two endings of the ribbon. This is an example of the case ¥ : A == A.
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L C R

Figure 1.6: In regard to the example portrayed in the previous picture, we emphasize how
some sub-rectangles of A are transformed by the map . In particular, the main central part
C of the rectangle is pushed out of A (picture at the left), while the two narrow rectangles L
and R near the left and right sides of it, respectively, are stirred onto two overlapping bent
strips (picture at the right). This can happen in two different ways, as shown in Figures
[LTHT8l One can pass from a configuration to the other by considering, instead of the map
¥, the related map (x1,x2) — ¥(—x1,x2).

L R

Figure 1.7: In this case, we enter the setting of Theorem [LT.3 By applying our result to
the narrow rectangles L and R (provided they are suitably oriented in an obvious left-right
manner), we can prove the existence of at least two fixed points for the planar map ¢ in A
(one fixed point lies in L and the other in R).




1.1 The planar case 25

L R

Figure 1.8: In the framework depicted above, we do not have any fixed point. In fact, the
central main part C' of the rectangle A is mapped by 1 onto a hat-like figure outside the
domain (see the left of Figure [[LT) and, at the same time, each of the two narrow rectangles
L and R, which constitute the remaining part of the domain, is mapped onto a set which is
disjoint from itself.

Figure 1.9: Example of the graph of a function f (left) and of its iterate f2 (right), with
f defined as in (LITI0). We have drawn the line y = z in order to show the fixed points and
the points of period 2.



26 Maps expansive along one direction

1.1.2 The Crossing Lemma

The fundamental result from plane topology that we have employed in the
proof of the main theorems of Subsection [[.I.] is the Crossing Lemma (cf.
Lemma [LTI7 below), which establishes the existence of a continuum C join-
ing two opposite sides of a rectangle and contained in a given compact set S.
More precisely, the existence of C is guaranteed by the cutting property (CP)
for § in Lemma [[LT.I7, that is, a condition which asserts that S intersects any
path contained in the rectangle and joining the other two sides. In the higher
dimensional case the set S looks like a cutting surface (see Section [[2]).

In the next pages we furnish a verification of the Crossing Lemma, present-
ing a few topological facts that allow to achieve it. Even if, for the reader’s
convenience, we try to make the treatment as self-contained as possible, some
theorems are stated below without proof.

The first among such results is Whyburn Lemma (see Lemma [LT.I3)). It is a
central tool in bifurcation theory and in the application of continuation meth-
ods to nonlinear equations [3, 100, 133]. We quote here one of its most used
versions, as taken from [I133, Lemma 1.33]. The interested reader can find a
proof as well as further details in Chapter V of Kuratowski’s book [84]. We re-
fer also to [3] and [100] for interesting surveys about the role of connectedness
in the study of fixed point theory and operator equations.

Lemma 1.1.13 (Whyburn Lemma). If A and B are (nonempty) disjoint
closed subsets of a compact metric space K such that no connected compo-
nents of K intersect both A and B, then K = K, U Kg, where K4 and Kg

are disjoint compact sets containing A and B, respectively.

In the applications, Whyburn Lemma is often employed in the form of the
following alternative:

Fither there exists a continuum C C K withCNA# ) and CNB # 0, or A
and B are separated, in the sense that there exists K, and Kg as in Lemma
. 1. 13

The other result that we state without proof is a two-dimensional version of
the well-known Brouwer fixed point Theorem. In such a simplified form, it can
be proved by using the winding number [35].

Theorem 1.1.14. Let ¢ : D — D be a continuous self-mapping of a set
D C R2, where D is homeomorphic to a closed disc. Then ¢ has at least one
fixed point in D.

In the sequel, the set D will be the product of two nondegenerate compact
intervals [a, b] and [c, d].
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The next lemma is a particular case of the celebrated Leray-Schauder Con-
tinuation Principle [90, Théoréme Fondamental]. Although its intuitiveness,
the following result plays a useful role in various contexts: for a different
application, see for instance [82], while the interested reader can find more
corresponding details in [I00, I71] and in the bibliography therein. By its sig-
nificance in our approach, we furnish two proofs of Lemma [[.T.I5t the first one
is less direct, but elementary, while the second one is based on degree theory
and thus it is immediately extendable to an higher dimensional setting [124].

Introducing the projections of the plane onto the coordinate axes
Ty, T - R2_>]R7 7T1(£7y) =, 7T2<1],y) =Y, V(I,y) ER27
it can be stated as follows:

Lemma 1.1.15. Let f : [a,b] X [¢c,d] — R be a continuous map such that
flz,y) <0, V(z,y) € [a,0] x {c},

f(x,y) =20, V(z,y) € [a,b] x {d}.

Then there exists a compact connected set

S C{(z,y) € la,b] x [e,d] : f(z,y) =0},
such that
m(S) = [a, b].
Proof. Let
K = {(r,y) € [a,}] x [e,d] : f(z,) = 0}
be the zero-set for the map f and let

A:=Kn({a} x[c,d]), B:=Kn(({b} x|cd]).

By the intermediate value theorem, A and B are both nonempty. They are
also disjoint compact subsets of the compact set K.

Assume, by contradiction, that there are no compact connected subsets of K
intersecting both A and B. Then, according to Whyburn Lemma [[LT.13] there
exist compact sets K4 and Kg with

K=KsUKp, KaDA, KyDB, KinKp=0.
We can thus define the continuous function (see [114, Lemma on Interpolation])

dist(p, K4) — dist(p, K
9(z,y) = ukif) 2, %5)

= for p— b o
dist(p, K 4) + dist(p, Kp) or p=(x,y) € la,b] X [c,d],
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which has [—1, 1] as range and attains the value —1 on K4 and the value 1 on
Kp . Notice that the denominator never vanishes as the compact sets K4 and
Kp are disjoint.

We also introduce the projections of the real line onto the intervals [a, b] and
[c, d], respectively. For s € R they are defined as

Py (s) := max{a, min{s,b}}, Pcq(s):=max{c,min{s,d}}. (1.1.11)
Finally, we consider the continuous map

¢ = (¢1,09) : [a,b] X [c,d] — [a,b] X [c,d],
with components

qbl(:v,y) = P[a,b](x - g($ay))7 ¢2<x7y) = P[c,d](y - f(xvy))

Since D := [a,b] X [¢,d] is homeomorphic to the closed unit disc, Brouwer
Theorem [[L.T.14] ensures the existence of a fixed point z = (z1, 20) € D for the
map ¢, that is,

21 = Pay(z1 — g(21,22)), 22 = Pea(z2 — f(21, 22))- (1.1.12)

We claim that
29 — f(#1, 22) € [, d]. (1.1.13)

Indeed, if zo— f (21, 22) & [c, d], then either zo— f (21, 22) < cor zo— f(z1, 22) > d.
In the former case, Py q(22— f(21,22)) = c and thus, from the second relation in
(LII2), we find 2z = c. By the sign condition on f(z,y) for (x,y) € [a,b] x {c},
it follows that f(z) = f(z1, ¢) < 0 and therefore zo— f(z1, 22) = ¢— f(z1,¢) > c.
This contradicts the assumption zs — f(z1,22) < c¢. On the other hand, if
29— f(21, 22) > d, then P q(22 — f(21, 22)) = d and thus the second relation in
(CT12) implies zo = d. By the sign condition on f(z,y) for (z,y) € [a,b] x {d},
it follows that f(z) = f(21,d) > 0 and therefore zo— f (21, 22) = d—f(21,d) < d.
This contradicts the assumption zo — f(z1, 22) > d. Condition (LII3)) is thus
proved.

From (LII3) and the second relation in (LIIZ), we obtain 2y = P g(22 —
f(z1,292)) = 22 — f(z1,22). Hence f(z) = 0, that is, z € K = K4 U Kp and,
recalling the definition of the interpolation map ¢, we conclude that

g9(z) = +1. (1.1.14)
Arguing as in the proof of (LII3), we can also show that

21— g(21, 22) € [a, b].



1.1 The planar case 29

Then, the first relation in (LTI2) implies that z; = Poy(z1 — 9(21,22)) =
21 — g(z1, 22). Hence,
9(2) =0,

in contradiction with (LTI4]). Thus, by Whyburn Lemmal[[.T.T3] the existence
of a continuum S C K = {(x,y) € [a,b] x [¢,d] : f(x,y) =0}, with SNA#D
and SN B # 0, follows. This means that the set S contains points of the form
(a,u) and (b,v), with u,v € [¢,d], and consequently the image of S under m
covers the interval [a,b]. The verification of the lemma is complete.

We present also an alternative proof via degree theory.
Consider the auxiliary function f : [a,b] x R — R defined by

~

f(z,y) == f(z, Pea(y)) + min{y — ¢, max{0,y — d}}.

The map fis continuous and such that

~

flx.y) = fz,y), V(zy)€la,b] x[cd].
Moreover, it satisfies the following inequalities:

Fla,y) <0, Y(z,y) € [a,b] x (—o0, ¢,

-~

flx,y) >0, V(x,y) € [a,b]x]d,+0).

If we treat the variable x € [a,b] as a parameter and consider the open set
Q:=]c—1,d+ 1], we have that f(a:,y) # 0, for every x € [a,b] and y € 0.
The Brouwer degree deg(f(a, -),€2,0) is well-defined and nontrivial, since, by
the sign condition f(a, c—1)<0< f(a, d+ 1), it holds that

deg (f(a, -),Q,O> = 1.

The Leray-Schauder Continuation Theorem (see [90] [100L [I71]) ensures that
the set of solution pairs

~

K = {(a:,y) € [a,b] x Q : f(x,y) = 0}

contains a continuum along which x assumes all the values in [a,b]. By the
definition of f, it is clear that K = K and this gives another proof of the
existence of S. O

The next result shows that the continuum S found in Lemma [[.T.15] can be
e-approximated by paths.
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Lemma 1.1.16. Let [ : [a,b] X [¢,d] — R be a continuous map such that

flz,y) <=1, V(z,y) € [a,b] x {c},
flz,y) > 1, Y (z,y) € [a,b] x {d}.

Then, for each € > 0, there exists a continuous map
¥ =" :0,1] — [a,] x [c,d],

such that
7(0) € {a} x [e,d], ~(1) € {b} x [c, d]

and
f(v(1)| <e, Vtel0,1].

Proof. Without loss of generality, we can assume 0 < ¢ < 1.
First of all, we introduce the continuous function

FiR =R, fla,y) = f(Puy(@), Peay)),

which extends f to the whole plane by means of the projections in (LI.II]).
From the sign conditions on f, we easily see that

fla,y) < -1, V(r,y) eR?:y<c,

flr,y) > 1, V(ry) eR*:y>d.
We also define the set

= {(z.y) R : |fla,y)] <<,

which is an open subset of the strip Rx ]e, d].
By Lemma [LLT.15] there exists a compact connected set

S C{(z,y) € la,b] x [e,d] - f(z,y) = 0},
such that m(S) = [a, b]. Notice that
SCT..

For every p € S, there exists an open disc B(p, d,) with center in p and radius
d, > 0, such that B(p,d,) C T.. By compactness, we can find a finite number
of points p; ,...,p, € S such that

SCB:=JBp,d&)CT:,

=1
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where we have set 9; := 0,, . Without loss of generality (adding two further
discs, if necessary), we can suppose that

p € ({a} x [e,d))NT. and p, € ({b} x [¢,d])NT..

The open set B is connected. Indeed, it is union of connected sets (the open
discs B(p;, 0;)) and each of such connected sets has nonempty intersection with
the connected set S.

Since every open connected set in the plane is also arcwise connected, there
exists a continuous map w; : [sg, s1] — B with w.(sg) = p1 and w.(s1) = p, -
Then, we define

/

s' :=max{s € [sg, s1] : we(s) € {a} x [e,d]}

and
1/

s" :=min{s € [¢,s1] : w-(s) € {b} x [¢,d]}.
Hence, the path
Ve (t) = w (s +t- (8" —5)), forte|0,1],

is continuous and has the desired properties. Indeed, 7.(t) € ([a,b] x R) N T
C [a,b]x]c,d[ and therefore |f(1.(t))| = |f(1:(t))| < e, for all t € [0,1].
Moreover, v.(0) = w.(s") € {a} x [¢,d] and 7.(1) = w.(s") € {b} x [¢,d]. The
proof is complete. [l

We are now in position to prove the following:

Lemma 1.1.17 (Crossing Lemma). Let K C [0,1]> be a compact set which
satisfies the cutting propert:

K n~([0,1]) # 0,
(CP) for each continuous map v : [0,1] — [0,1]%,
with v(0) € {0} x [0,1] and y(1) € {1} x [0, 1].
Then there exists a continuum C C K with
CN([0,1] x{0})#0D and CN([0,1] x {1}) # 0.
Proof. By the assumptions, the sets

A=Kn(0,1]x{0}), B:=Kn(0,1]x{1})

In view of Definition [[Z1]in Section [, we could also say that K cuts the arcs between
{0} x [0,1] and {1} x [0, 1].
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are compact, nonempty and disjoint. The thesis is achieved if we prove that
there exists a continuum C € K with CNA # () and CN B # (. If, by
contradiction, there is no continuum of this kind, Whyburn Lemma
implies that the set K can be decomposed as

K=KsUKp, KaNnKg=0, Ky2A, Kg2B,
with K4 and Kp compact sets. Let us then define the compact sets
K=K U([0,1] x{0}), Kpy:=KpU([0,1] x{1}).

We claim that they are disjoint. Indeed, since Ky N Kg = (), if there ex-
ists z € Ky N K}, then & € Ko N ([0,1] x {1}) or & € KN ([0,1] x {0}).
In the former case, recalling that K4 C K, we find that z € B C Kp and
thus Z € K4 N Kp = (). The same contradiction can be achieved by assuming
T € Kpn([0,1] x {0}). The claim on the disjointness of K’y and K} is thus
checked.

Arguing like in the proof of Lemma [[LT.T5], we introduce the continuous inter-
polation function

dist(p, K';) — dist(p, K}
Flayy) = oUp Ka) — B, )
dist(p, Ky) + dist(p, K)

for p= (w,y) € [0,1]?

which has [—1, 1] as range and attains the value —1 on K, and the value 1 on
K/, . By Lemma there exists a continuous map v : [0,1] — [0,1]* with
7(0) € {0} x [0,1] and (1) € {1} x [0,1] such that

1
[fOW) <5, vielo 1. (1.1.15)
The cutting property (C'P) ensures the existence of t* € [0, 1] such that
v(t*) € K.

By the splitting of K = K4 U Kp and the definition of f we find that

in contradiction with (LTIH). This concludes the proof. O

The above Crossing Lemma may be used to give a simple proof of Poincaré-
Miranda Theorem in dimension two. We recall that Poincaré-Miranda Theo-
rem asserts the existence of a zero for a continuous vector field F' = (Fy, Fy)
defined on a rectangle [ay, by x [as, by] C R?, such that F(ay, xs)-Fy (b1, z2) < 0,
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for every xo € [ag, bo] and Fy(xy, as) - Fa(x1,be) <0, for every z; € [aq, by]. The
result holds also for the standard hypercube of RY and for N-dimensional
rectangles, as we shall see in Section [[.2] (cf. Theorem [[L.2.7)). Such theorem
is usually referred to Carlo Miranda, who in 1940 noticed its equivalence to
Brouwer fixed point Theorem [107]. On the other hand, as remarked in [101],
Henry Poincaré in [127, [128] had already announced this result with a sugges-
tion of a correct proof using the Kronecker’s index. In [128], with regard to
the two-dimensional case, Poincaré (assuming strict inequalities for the com-
ponents of the vector field on the boundary of the rectangle) described also an
heuristic proof as follows: the “curve” F, = 0 departs from a point of the side
r1 = by and ends at some point of z; = a;; in the same manner, the curve
F} = 0, departing from a point of x5 = by and ending at some point of o = as,
must necessarily meet the first “curve” in the interior of the rectangle. Further
information and historical remarks about Poincaré-Miranda Theorem can be
found in [811, 101].

Following Poincaré’s heuristic argument, one could adapt his proof in the fol-
lowing manner: if v(¢) is a path contained in the rectangle [ay, b1] X [az, by] and
joining the left and the right sides, by Bolzano Theorem there exists at least a
zero of Fy(~(t)) and this, in turns, means that any path as above meets the set
S := F;'(0). The Crossing Lemma then implies the existence of a compact
connected set C; C F; '(0) which intersects the lower and the upper sides of
the rectangle. At this point one can easily achieve the conclusion in various
different ways. For instance, one could just repeat the same argument on Fj
in order to obtain a compact connected set Cy C Fy, *(0) which intersects the
left and the right sides of the rectangle and thus prove the existence of a zero
of the vector field F' using the fact that C; N Cy # (). Alternatively, one could
apply Bolzano Theorem and find a zero for F, restricted to C; (see also [134]
for a similar use of a variant of the Crossing Lemma and [124] for extensions
to the N-dimensional setting). Conversely, it is possible to provide a proof of
the Crossing Lemma via Poincaré-Miranda Theorem [I18].

1.2 The N-dimensional setting

1.2.1 Cutting surfaces and topological results

In addition to the notions on paths introduced in Section [[.I, we need some
further concepts in order to present a generalization to higher dimensional
settings of the planar theory previously explained.

If 41, 79 : [0, 1] — W are paths in the topological space W with ~;(1) = v2(0),
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we define the gluing of 71 with 72 as the path v; * ¥ : [0,1] — W such that

2t for 0 <t
Y1 * Yo (t) 3:{%( ) e

<1
— 92
Y2t —1) for 3 <t<1

Moreover, given a path v : [0, 1] — W, we denote by v~ : [0,1] — W the path
having 7 as support, but run with reverse orientation with respect to -, i.e.
v~ (t) := (1 —t), for all t € [0,1]. We also recall that a topological space W
is said arcwise connected if, for any couple of distinct points p,q € W, there
is a path v : [0,1] — W such that v(0) = p and y(1) = ¢. In the case of
a Hausdorff topological space W, the range %7 of v turns out to be a locally
connected metric continuum (a Peano space according to [64]). Thus, if W is
a metric space, the above definition of arcwise connectedness is equivalent to
the fact that, given any two points p,q € W with p # ¢, there exists an arc
(i.e. the homeomorphic image of [0,1]) contained in W and having p and ¢ as
extreme points (see [64, pp.115-131]).

We start our explanation by presenting some topological lemmas concerning
the relationship between particular surfaces and zero sets of continuous real
valued functions. Analogous results can be found, often in a more implicit
form, in different contexts. However, since for our applications we need a
specific version of the statements, we give an independent proof with all the
details.

At first, let us introduce the central concept of “cutting set”.

Definition 1.2.1. Let X be an arcwise connected metric space and let A, B, C'
be closed nonempty subsets of X with AN B = (. We say that C' cuts the arcs
between A and B if for any path v : [0,1] — X, with 7N A # @ and yN B # 0,
it follows that 7 N C' # (). In the sequel, if X is a subspace of a larger metric
space Z and we wish to stress that we consider only paths contained in X, we
make more precise our definition by saying that C' cuts the arcs between A and
B in X.

Such definition is a modification of the classical one regarding the cutting of a
space between two points in [84]. See [18] for a more general concept concerning
a set C' that intersects every connected set meeting two nonempty sets A and
B. In the special case that A and B are the opposite faces of an N-dimensional
cube, J. Kampen [67, p.512] says that C separates A and B. We prefer to use
the “cutting” terminology in order to avoid any misunderstanding with other
notions of separation which are more common in topology. In particular we
remark that our definition agrees with the usual one of cut when A, B, C' are
pairwise disjoint [49)].
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In the sequel, even when not explicitly mentioned, we assume the basic space
X to be arcwise connected. In some of the next results the local arcwise
connectedness of X is required, too, i.e. for any p € X it holds that each
neighborhood of p contains an arcwise connected neighborhood of p. With this
respect, we recall that any connected and locally arcwise connected metric
space is arcwise connected (see [84, Th.2, p.253]).

Lemma 1.2.2. Let X be a connected and locally arcwise connected metric
space and let A,B,C C X be closed and nonempty sets with AN B = (.
Then C' cuts the arcs between A and B if and only if there exists a continuous
function f : X — R such that

f(z) <0,V e A, f(z) >0,Vxe B (1.2.1)

and
C={zreX: f(zx) =0} (1.2.2)

Proof. Assume there exists a continuous function f : X — R satisfying (L.2.1)
and (L22). Let v : [0, 1] — X be a path such that 4(0) € A and (1) € B. We
want to prove that 7 N C' # (. Indeed, for the composite continuous function
6 := fovy:[0,1] = R, we have that §(0) <0 < #(1) and so Bolzano Theorem
ensures the existence of t* € [0, 1] with 0(¢*) = 0. This means that (t*) € C
and therefore ¥ N C' # (). Hence, we have proved that C' cuts the arcs between
A and B.

Conversely, let us assume that C' cuts the arcs between A and B. We introduce
the auxiliary functions

p: X =R,
p(x) :=dist(z,C), Ve € X (1.2.3)
and
p: X —{-1,0,1},
0 if xeC,
o —1 if e ¢CandJapath~,:[0,1] - X\C
plz) = such that 7,(0) € A and 7,(1) = =, (1.2.4)
1 elsewhere.

Observe that p is a continuous function with p(z) = 0 if and only if x € C and
also pu(x) = 0 if and only if x € C. Moreover, i is bounded.

Let xg ¢ C. We claim that u is continuous in z( . Actually, u is locally constant
on X \ C. Indeed, since o € X \ C (an open set) and X is locally arcwise
connected, there is a neighborhood U,, of zy with U,, € X \ C, such that
for each x € U,, there exists a path w,,, joining z¢ to  in U,, . Clearly, if
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there is a path 7,4, in X \ C joining some point a € A with x,, then the path
Vawe * W connects a to z in X \ C. This proves that if p(zg) = —1, then
p(z) = —1 for every z € Uy, . On the other hand, if there is a path v,, in
X \ C which connects some point a € A to x € Uy, , then the path v, * Wao o
connects a to xo in X \ C. This shows that if u(zo) = 1 (that is, it is not
possible to connect g to any point of A in X \ C using a path), then p(x) =1
for every = € U,, (that is, it is not possible to connect any point = € U,, to
any point of A in X \ C using a path).

We can now define

f: X —-R, f(z) = p(z)u(z). (1.2.5)

Clearly, f(z) = 0if and only if z € C and, moreover, f is continuous. Indeed, if
xo € C, we have that f is continuous in xy because both p and u are continuous
in zg. If xg € C and x,, — x¢ (as n — 00), then p(x,) — 0 and |u(x,)| < 1,
so that f(z,) — 0 = f(x¢). Finally, by the definition of p in (T.24), it holds
that p(a) = —1, for every a € A\ C, and hence, for such an a, it holds that
f(a) < 0. On the contrary, if we suppose that b € B\ C, we must have u(b) = 1.
In fact, by the cutting condition, there is no path connecting in X \ C' the point
b to any point of A. Therefore, in this case we have f(b) > 0. The proof is
complete. [l

Considering the functions p and f as in ([L2.4)-(L2.5]), we notice that their
definition, although adequate from the point of view of the proof of Lemma
[L22] perhaps does not represent an optimal choice. For instance, we would
like the sign of f to coincide for all the points located “at the same side” of A
(respectively of B) with respect to C' (see Figure [[LI0)). Having such request in
mind, we will propose a different definition for the function p in (L2.8]) below.
With this respect, we introduce the following sets that we call the side of A in
X and the side of B in X, respectively:

S(A):={zeX:yNA#0D, Vpath v:[0,1] — X, with v(0) = z,~v(1) € B},

S(B) :={xe X:3NB#0, Vpath v:[0,1] — X, with v(0) = z,v(1) € A},

that is, a point = belongs to the side of A (to the side of B) if, whenever we
try to connect z to B (to A) by a path, we first meet A (we first meet B). By
definition, it follows that

AC S(A), BCS(B).

In addition it is possible to check that S(A) and S(B) are closed and disjoint.
This is the content of the next lemma.
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Lemma 1.2.3. Let X be a connected and locally arcwise connected metric
space and let A, B C X be closed and nonempty sets with AN B = (). Then
S(A) and S(B) are closed and, moreover,

S(A)NS(B) = 0.

Proof. First of all, we show that S(A) is closed by proving that if w ¢ S(A)
then there exists a neighborhood U, of w with U, C X \ S(A). Indeed, if
w ¢ S(A), there is a path v : [0,1] — X with v(0) = w and (1) =b € B and
such that y(t) € A, for every t € [0, 1]. Since A is closed and X is locally arcwise
connected, there exists an arcwise connected set Vi, with w € V,, C X \ A.
Hence, for every x € V,,, there is a path w, connecting = to w in V,,. As a
consequence, we find that the path v, := w, x~v connects x € V,, to b € B with
¥z € X \ A. Clearly, the neighborhood U,, := V,, satisfies our requirement and
this proves that X \ S(A) is open. The same argument ensures that S(B) is
closed.

It remains to show that S(A) and S(B) are disjoint. Since AN B = 0, it
follows immediately from the definition of side that

ANS(B)=0, BNS(A) =0.
Assume by contradiction that there exists
r e S(A)NS(B),

with © ¢ AU B. Since X is arcwise connected, there is a path v : [0,1] — X
such that 4(0) = z and (1) = b € B. The fact that x € S(A) \ A implies
that there is ¢, €]0,1[ such that v(t;) = a; € A. On the other hand, since
xr € §(B)\ B, there exists s; €0, ;] such that vy(s;) = b; € B. Proceeding by
induction and using repeatedly the definition of S(A) and S(B), we obtain a
sequence

tl>51>t2>"'>tj>8j>tj+1>"'>0

with y(t;) = a; € A and v(s;) = b; € B. For t* = inft, = infs, € [0, 1], it
holds that +(t*) = lima, = limb,, € AN B, a contradiction. This concludes
the proof. O

Thanks to Lemma [.2.3] it is possible to consider the cutting property with
the sets S(A) and S(B) playing the role of A and B in Definition [L2.1l In
particular, in connection with Lemma [1.2.2] the following results hold:

Lemma 1.2.4. Let X be a connected and locally arcwise connected metric
space and let A, B,C C X be closed and nonempty sets with AN B = (). Then
C' cuts the arcs between A and B if and only if C' cuts the arcs between S(A)
and S(B).
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Proof. One direction of the inference is obvious. In fact, every path joining A
to B is also a path joining S(A) to S(B). Thus, if C' cuts the arcs between
S(A) and S(B), then it also cuts the arcs between A and B.

Conversely, let us assume that C' cuts the arcs between A and B. We want
to prove that C' cuts the arcs between S(A) and S(B). By the definition of
S(A) and §(B), it is straightforward to check that C' cuts the arcs between A
and S(B), as well as that it cuts the arcs between S(A) and B. Suppose by
contradiction that there exists a path

v:[3,1] - X\C

such that v(3) = a € S(A)\ A and v(1) = b € S(B) \ B. We choose a
point ag € A and connect it to a € S(A) by a path w : [0,3] — X with
w(0) = ap and w(3) = a. Introduce the new path 7o := w*~v : [0,1] — X,
with 79(0) = a9 € A and (1) = b € S(B). By the definition of S(B), there
exists s; €]0,1[ such that v(s;) = by € B. Since BN S(A) = 0, it follows
that by & S(A). Notice also that 0 < s; < 3 : indeed, if § < s; < 1, recalling
that 10(3) = 7(3) = a € S(A) and Y(s1) = 7(s1) = by € B, there must
be at € [, 5] such that 4(¢) € C, in contrast to the assumption on 7. The
restriction of the path -y to the interval [sq, %] defines a path joining b; € B
to a € S(A). Therefore there exists t; € sy, 3| such that yo(¢1) = a; € A. The
restriction of the path vy to the interval [t;, 1] defines a path joining a; € A to
b € S(B). Hence there exists sy € |t1, 1] with vo(s2) = by € B. As above, we
can also observe that by ¢ S(A) and ¢; < sy < . Proceeding by induction, we

obtain a sequence

1

81<t1<52<"'<5j<tj<5j+1<§
with v(t;) = a; € A and y(s;) = b; € B. For t* = supt, = sups, €0,3], we
have that vo(t*) = w(t*) = lim a,, = limb,, € AN B, a contradiction. The proof
is complete. [l

Lemma 1.2.5. Let X be a connected and locally arcwise connected metric
space and let A,B,C C X be closed and nonempty sets with AN B = (.
Then C' cuts the arcs between A and B if and only if there exists a continuous
function f : X — R such that

flz) <0,VzeSA), f(z)>0,VzeSB) (1.2.6)

and
C={zxeX: f(x)=0}. (1.2.7)
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Proof. Clearly, if there exists a continuous function f : X — R satisfying
(CZ0) and (CZ7), then (L21) and (IL22) hold, too. Hence Lemma
implies that C' cuts the arcs between A and B.

Conversely, if C' cuts the arcs between A and B, by Lemma[l.2.4]it follows that
C' cuts the arcs between S(A) and S(B). Thus we can apply Lemma [[.2:2] with
respect to the triple (S(A),S(B),C). In particular, the function f is defined
as in (LZH), with p like in (L2Z3)) and p: X — {—1,0,1} as follows:

0 ifxzeC,
o -1 if e ¢Cand Japath,:[0,1] - X\ C
plz) = such that 7,(0) € S(A) and 7,(1) = =, (1.2.8)
1 elsewhere.
[
B B
C C
A A
! el
D D

Figure 1.10: The picture on the left-hand side gives an illustration of the framework
described in Definition [[2.J1 The space X is the figure itself as a subset of the plane and
the set C' (darker region) cuts the arcs between A and B. We allow a nonempty intersection
between B and C' as well as between A and C' (the singleton {a}). Notice that the only
manner to connect with a path the points of A to the points of the “appendix” D is passing
through the point a € A N C. Therefore on the set D the map f in Lemma with u as
in (L24]) would be positive, while it is negative on A \ C. The picture on the right-hand
side provides an interpretation of Lemma In regard to a function f having its factor
u defined like in (L2.8]), we have painted with a light color (yellow, in the colored version)
the points where f < 0 and in grey (pink) the points where f > 0. Notice that the region D
has been painted in light color, because D C S(A).

So far we have considered only the case of paths connecting two disjoint
sets A and B. This choice is motivated by the foregoing examples for subsets
of N-dimensional spaces. For the sake of completeness we end this subsection
by discussing the framework in which A and B are joined by a continuum.
We confine ourselves to the following lemma which will find an application in
Theorem [[.2.201
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Lemma 1.2.6. Let X be a connected and locally arcwise connected metric
space and let A, B C X be closed and nonempty sets with AN B = (). Let
I' C X be a compact connected set such that

'NA#0, TNnB=#W.

Then, for every e > 0, there exists a path v = . : [0,1] — X with v(0) € A,
(1) € B and
5 C B(T,¢).

Moreover, if X 1is locally compact and C' C X s a closed set which cuts the
arcs between A and B, then

rnc #0.

Proof. Let ¢ > 0 be fixed and consider, for every p € T', a radius 0, €]0,¢|
such that any two points in B(p, d,) can be joined by a path in B(p, ). Since
I' is compact, we can find a finite number of points

pP1,P2,---,Pk EF?

such that

k
rcpB:= UB(pi,(SZ-) C B(I',e), where 0; :=6,,.

i
i=1

By the connectedness of T', for any partition of {1,...,k} into two nonempty
disjoint subsets J; and J,, there exist i € J; and j € Jy such that B(p;,d;) N
B(p;,0;) # (. This, in turns, implies that we can rearrange the p;’s (possibly
changing their order in the labelling) so that

B(pi,0:) N B(piy1,0i41) #0, Vi=1,... k—1.

Hence we can conclude that for any pair of points w,z € B, with w # z,
there is a path v = 7, joining w with z and such that ¥ C B(I',¢). In
particular, taking a € ANT and b € BN T, we have that there exists a path
v =" :10,1] = B(I',¢), with 7(0) = a and (1) = b and this proves the first
part of the statement.

Assume now that X is locally compact (i.e., for any p € X and n > 0, there
exists 0 < p1, < 1 such that B(p, u1,) is compact). By the compactness of I" we
can find a finite number of points ¢;,q¢2,...,q € I' and corresponding radii
i = [ig, such that

l
'CA:= UB(%M)

=1
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and A = Ui’:l B(g;, ;) is compact. Since A is an open neighborhood of the
compact set I', there exists g > 0 such that B(T',&9) C A. Hence, for each
0 < & < g9 we have that the set B(I',¢) is compact. Taking & = 1, we know
that for every n € Ny there exists a path ~, : [0,1] — X, with v,(0) € A,
Yn(1) € B and 7, € B(T', +). But, since C cuts the arcs between A and B, it
follows that for every n € Ny, there is a point ¢, € C' N B(T, %) For n > n
large enough (n > 1/¢), the sequence (¢, ),> is contained in the compact set
B(T', ) and therefore it admits a converging subsequence ¢,, — ¢* € B([', ).
Since dx(cp,,I') < t and the sets C, T" are closed, the limit point ¢* €e 'NC.
This concludes the proof. [l

1.2.2 The Intersection Lemma

We continue our exposition by presenting some applications of the topological
lemmas just proved to the intersection of generalized surfaces which separate
the opposite edges of an N-dimensional cube. Such generalized surfaces (cf.
Definition [L2:8) will be described as zero-sets of continuous scalar functions
and therefore a nonempty intersection will be obtained as a zero of a suitably
defined vector field. To this aim, we recall a classical result about the existence
of zeros for continuous maps in RY, the Poincaré-Miranda Theorem.

Theorem 1.2.7. Let IV := [0,1]Y be the N-dimensional unit cube of RY,
for which we denote by [z; = k] == {x = (v1,...,2n5) € IV : 2; = k}. Let
F = (F,....,Fy) : IN — RY be a continuous mapping such that, for each
ied{l,...,N},

Fi(z)<0,Vzelx;=0] and Fi(x) >0, Va € [z; =1]

or
Fi(x)>0,Vz €lx; =0] and Fi(zx) <0, Vz € [z; =1].

Then there exists & € IV such that F(z) = 0.

Let us introduce now the spaces we are going to consider.

Definition 1.2.8. Let Z be a metric space and
h:RVNDOIN X CZ

be a homeomorphism of IV := [0, 1]" onto its image X. We call the pair

A~

X = (X,h)
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a generalized N -dimensional rectangle of Z. We also set
X =nr; =0)), X7 :=h(z;=1])

and name them the left and the right i-faces of X.
Finally, we define
X :=h (OIV)

and call it the contour of X.

As it is immediate to see, the generalized N-dimensional rectangles are a nat-
ural extension to the higher dimension of the generalized rectangles in Section
[LT In a similar way also the concept of oriented rectangle will be transposed
to the N-dimensional framework (cf. Definition [L2.17).

Our main result on the intersection of generalized N-dimensional rectangles
is Theorem below, which can be considered as a variant of Hurewicz-
Wallman Lemma about dimension [66]. The statements of the two results are
in fact very similar, but the lemma in [66] concerns, instead of our concept
of cutting, the stronger notion of separation and requires the sets A, B,C in
Definition [[L2.T] to be pairwise disjoint (see [84]). Furthermore, with reference
to Definition [L2.8] in the statement of Hurewicz-Wallman Lemma only the
very special case in which Z = RY, X = I and h = Idg~ is considered. For
such reasons we have chosen to provide all the details.

Theorem 1.2.9 (Intersection Lemma). Let X := (X,h) be a generalized N-
dimensional rectangle of a metric space Z. Assume that, Vi € {1,..., N}, there
exists a compact set S; C X that cuts the arcs between X} and X! in X. Then

Si # 0.

N
=1

Proof. Through the inverse of the homeomorphism h : RY D IV — X C Z we
can define the compact sets

which cut the arcs between [r; = 0] and [z; = 1] in IV (for i = 1,...,N).
Clearly, it is sufficient to prove that

N
(Ci #0.
=1
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By Lemma [[.2.2] for every ¢ = 1,..., N, there exists a continuous function
fi : IN — R such that f; <0 on [z; = 0] and f; > 0 on [z; = 1]. Moreover,

Ci={zeI": fi(x)=0}.

The continuous vector field ]? = (f1,..., fn) : IN — RY satisfies the assump-
tions of Poincaré-Miranda Theorem [[.2.7] and therefore there exists z € IV
such that

fi() =0, Vi=1,...,N.

Hence = € ﬂf\i , Ci and the proof is complete. O

We recall that the previous result was applied in [124] in order to extend some
recent theorems about fixed points and periodic points for continuous map-
pings in Euclidean spaces. In particular, in [124, Corollary 3.5] we generalized,
via a simplified proof, a theorem by Kampen [67], while in [124] Theorem 3.8]
we obtained an extension of a result by Zgliczynski [I74] about periodic points
associated to Markov partitions.

1.2.3 Zero sets of maps depending on parameters

As a next step we deal with the intersection of generalized surfaces which sepa-
rate the opposite edges of an N-dimensional cube, in the case that the number
of cutting surfaces is smaller than the dimension of the space. Our main tool
is a result by Fitzpatrick, Massabé and Pejsachowicz (see [51, Theorem 1.1])
on the covering dimension of the zero set of an operator depending on parame-
ters. For the reader’s convenience, we recall the concept of covering dimension
[48] in Definition [L2.10] below, where by order of a family 2 of subsets of the
metric space Z we mean the largest integer n such that the family 2l contains
n + 1 sets with a non-empty intersection; if no such integer exists, the family
2 has order infinity.

Definition 1.2.10. [48, p.54, p.208] Let Z be a metric space. We say that
dim Z < n if every finite open cover of the space Z has a finite open [closed]
refinement of order < n. The object dim Z € N U {oo} is called the covering
dimension or the Cech-Lebesque dimension of the metric space Z. According
o [51], if zp € Z, we also say that dim Z > j at zj if each neighborhood of zy
has dimension at least j.

By a classical result from topology (cf. [48, The coincidence theorem]), in
separable metric spaces the covering dimension coincides with the inductive
dimension [48], p.3].
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In view of the following results we also recall that, given an open bounded
set O C RY and n € {1,...,N — 1}, a continuous map 7 : O — RN is
a complement for the continuous map F : O — R™ if the topological degree
deg((m, F'),0,0) is defined and nonzero [51]. According to [64], a mapping f
of a space X into a space Y is said to be inessential if f is homotopic to a
constant; otherwise f is essential.

At last we introduce a further notation. Given an N-dimensional rectangle
R := [V, [, bi], we denote its opposite i-faces by

Ri={reR:z,=a;} and R/ :={r€R: x;=Db}.

Theorem 1.2.11. Let R := [[,[a;, bi] be an N-dimensional rectangle and
let P = (p1,...,pn) be any interior point of R. Let n € {1,...,N — 1} be
fized. Suppose that F' = (Fy,..., F,) : R — R" is a continuous mapping such
that, for each i € {1,...,n},

Fi(z) <0, Vr € R, and Fy(z) >0, Vo € R}

or
Fi(z) >0,Vr € R, and Fy(r) <0, Yo € R}.

Define also the affine map
m:RY = RY™"™  mi(zy,...,on) =2 —p;j, j=n+1,...,N. (1.2.9)
Then there exists a connected subset Z of
F'0)={reR: F(x)=0,Vi=1,...,n}
whose dimension at each point is at least N — n. Moreover,
dim(ZNoOR) >N —-n—1

and

™: ZNOR — RY""\ {0}

18 essential.

Proof. We define the continuous mapping
H:=(F,7):R— R,
By the assumptions on F' and 7 we have

deg(H,Int(R),0) = (—1)% # 0,
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where d is the number of components i € {1,...,n} such that F;(z) > 0 for
x € Rf and Fi(z) < 0 for z € RY. Hence 7 turns out to be a complementing
map for F' (according to [51]). A direct application of [51, Theorem 1.1] gives
the thesis (observe that the dimension m in [51, Theorem 1.1] corresponds to
our N —n). O

Notice that if a; < 0 < b;, for e = 1,..., N, then we can take P = 0, so that

the complementing map is just the projection 7 : RN — RN

A more elementary version of Theorem [L2.T1] can be given for the zero set
of a vector field with range in RV~ In this case it is possible to achieve the
thesis by a direct use of the classical Leray-Schauder Continuation Theorem
[90], instead of the more sophisticated tools in [51]. Namely, we have:

Theorem 1.2.12. Let R := [, [a;,bi] be an N-dimensional rectangle and
let F = (Fy,...,Fy_1): R — RN"L be a continuous mapping such that, for
each i €{1,...,N — 1},

Fi(z) <0, Ve € RY and Fi(z) >0, Vo € R}

or

Fi(z) >0, Ve € RY and Fi(z) <0, Vo € R}.
Then there exists a closed connected subset Z of
FY0)={reR: F(x)=0,Vi=1,...,N -1}

such that
ZARN#A0, ZNRy #0.

Proof. We split z = (z1,...,2y_1,2y) € RCRY as z = (y, \) with

N-1

y=(r1,...,2n-1) EM = H[ai,bi], A=y € [an, by]

=1

and define
f = f(ya)\) :M X [aNabN] H]RN_17 f(y7)\) = F(xla"wafl))\)a

treating the variable zy = A as a parameter for the (N — 1)-dimensional vector
field

By the assumptions on F' we have

deg(fr,Int(M),0) = (=1)* £0, VA€ [an,by],
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where d is the number of components ¢ € {1,..., N—1} such that F;(x) > 0 for
r € R! and Fj(x) < 0 for z € R}. The Leray-Schauder Continuation Theorem
[90, Théoreme Fondamental] ensures the existence of a closed connected set

ZC{(y,\) € M x [an,by] : f(y,A) =0 RV},

whose projection onto the A-component covers the interval [ay,by]. By the
above positions the thesis immediately follows. O

For the interested reader, we mention that Theorem [[.2.12 can be found in
[83] and that it was then applied in [82].

In the next lemma we take the unit cube IV := [0,1]" as N-dimensional
rectangle and choose the interior point P = (%, %, ey %) , in order to apply

Theorem [LZI1l Obviously, any other point interior to IV could be chosen as
well.

Lemma 1.2.13. Letn € {1,..., N—1} be fized. Assume that, Vi € {1,...,n},
there is a compact set S; C IV that cuts the arcs between [x; = 0] and [x; = 1]

in IN. Then there exists a connected subset Z of ﬂ&; # (), whose dimension
i=1
at each point is at least N — n. Moreover,

dim (ZNoIV) > N —n—1

and
7 ZNnoIYN — RY™\ {0}

is essential, where w is the affine map defined in (L2.9]).

Proof. For any fixed index i* € {1,...,n} we introduce the tunnel set
-1 N
Ty =[] [0,1] x R x [0, 1].
i=1 i=i*+1

It is immediate to check that S;« cuts the arcs between [z = 0] and [z;» = 1]
in 7—;* .
By Lemma [I.2.5] there exists a continuous function f;+ : T;» — R such that

fz*(fb) S 0, Ve E* with Ti* S 0 and fz*([E) Z 0, Ve E* with T Z 1,

and moreover

S’i* = {33 S TZL'* . fz*(ﬂf) = O}
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By this latter property and the fact that S;« C IV it follows that
fir(z) <0, Vx € Tj» with z; <0 and fi«(x) >0, Vo € T« with x4 > 1.

Now we define, for z = (1, ..., Ti_1, Tix, Tis11, - - -, n) € RY, the continuous
function

Fz($) = fi*(ﬁ[o,l] ($1)7 e ,77[0,1](951‘*—1)7 $i*,77[0,1](9€i*+1), . ,77[0,1](901\/) )7

where
n:R —[0,1], noa(s) :== max{0, min{s, 1}} (1.2.10)

is the projection of R onto the interval [0, 1]. As a consequence of the above
positions we find that

Fio(x) <0, V2 € RY : 25 <0 and Fu(z) >0, Vo € RY : 25 > 1.

We can thus apply Theorem [L2.11] to the map F' = (Fy, ..., F,) restricted to
the N-dimensional rectangle

n N
Re=]][-1.2x ] [0,1.
i=1 i=n+1
Clearly,
(Flr) (0 =S IV
i=1
and the proof is complete. O

Remark 1.2.14. Both in Theorem [L2.11] and in Lemma [[L2.13] the fact that
we have privileged the first n components is purely conventional. It is evident
that the results are valid for any finite sequence of indexes i1 < iy < --- < i, in
{1,..., N}. The same observation applies systematically to all the other results
(preceding and subsequent) in which some directions are conventionally chosen.
Moreover, notice that Lemma [[L2.13] is invariant under homeomorphisms in a
sense that is described in Theorem below.

<

Theorem 1.2.15. Let X = (X, h) be a generalized N-dimensional rectangle
of a metric space Z. Let i1 < 19 < --- < 1, be a finite sequence of n > 1 indezes
in {1,...,N}. Assume that, for each j € {iy,...,i,}, there is a compact set
S; € X that cuts the arcs between Xf and X;-" i X. Then there exists a compact
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connected subset Z of m S, # 0, whose dimension at each point is at least

k=1
N —n. Moreover,

dim(ZNYX)>N—-n—1

and
7:h H(Z)noIY — RN\ {0}

is essential, where w is defined as in (L2.9) for P = (%, %, ce %) )

Proof. The result easily follows by moving to the setting of Lemma [[2.13

through the homeomorphism h~! and repeating the arguments used therein.
[

At last we present a result (Corollary [L2.16]) which plays a crucial role in the
subsequent proofs. It concerns the case n = N — 1 and could be obtained by
suitably adapting the arguments employed in Lemma [[L2Z.13l However, due to
its significance for our applications, we prefer to provide a detailed proof using
Theorem (which requires only the knowledge of the Leray-Schauder
principle and therefore, in some sense, is more elementary). Corollary
extends to an arbitrary dimension some results in [I134, Appendix] which were
there proved only for N = 2 using [142].

Corollary 1.2.16. Let X = (X, h) be a generalized N -dimensional rectangle
of a metric space Z. Let k € {1,...,N} be fized. Assume that, for each
g €A{Ll,...,N} with j # k, there exists a compact set S; C X that cuts the
arcs between Xf and X7 in X. Then there exists a compact connected subset C

N
of m&#@, such that
i
CNXp#0, CnXj 0.

Proof. Without loss of generality (if necessary, by a permutation of the co-
ordinates), we assume k = N. In this manner, using the homeomorphism
h=t:Z 2> X =h(IV) — IV, we can confine ourselves to the following frame-
work:

For each j € {1,..., N — 1}, there exists a compact set

S; = h_l(Sj) g ]N

that cuts the arcs between [z; = 0] and [z; = 1] in IV .
Proceeding as in the proof of Lemma [[L2.13] for any fixed i* € {1,..., N — 1},
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we introduce the tunnel set

*—1

T =] [0.1] xR x H [0,1]

=1 i=1*+1

and find that S. cuts the arcs between [z = 0] and [z;+ = 1] in T}« .
Hence, by Lemma [L.2.5] there exists a continuous function f;« : T;» — R such
that

fis(x) <0, Vo € Tj» with z; <0 and fi=(z) >0, Vo € Tj» with xp > 1,

as well as
S;* = {l’ c E* . fl*((L’) = 0}
More precisely it holds that
fir(x) <0, Vx € Tjx with z; <0 and fi«(x) >0, Vo € T« with x4 > 1.

We define, for x = (21,..., %4 1, T, Tey1,...,2n) € RV the continuous
function

Fz(l“) = fi*(n[o,l] (331), e ,77[0,1](1’1'*71% L=, 10,1 (%*H), -5 Mo, (OCN) )7

where 7 1] is the projection of R onto the interval [0, 1] defined as in (LZI0).
Then we have

Fi(2) <0, V2 €RY : 25 <0 and Fu(z) >0, Vo € RY : 25 > 1.

Now we consider the map F' = (Fy,..., Fx_1) restricted to the N-dimensional
rectangle
N-1
R = —e,14+¢] x [0,1],
=1

for any fixed ¢ > 0. Since

N—1
(Flr) ()= Sic”
i=1
we can set
C :=h(2),

where Z C (F [R) 71(0) comes from the statement of Theorem [[.2.12], and this
concludes the proof. O
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As we shall see, the latter result turns out to be our main ingredient in the
next subsection for the study of the dynamics of continuous maps defined on
topological N-dimensional rectangles which possess, in a very broad sense, a
one-dimensional expansive direction. Indeed, it allows to prove the crucial
fixed point Theorem (similar to Theorem [[L.T.3) and subsequent results
on the existence of multiple periodic points. Notice that the role of Corollary
in the proof of Theorem is analogous to the one of the Crossing
Lemma [LT.I7 in the verification of Theorem [[LT.3]

1.2.4 Stretching along the paths in the N-dimensional
case

Finally, we are in position to provide an extension to N-dimensional spaces of
the results obtained in Section [Tl for the planar maps which expand the paths
along a certain direction. To this aim, we reconsider Definition in order to
focus our attention on generalized N-dimensional rectangles in which we have
fixed once for all the left and right sides. In the applications, these opposite
sides give a sort of orientation to the generalized N-dimensional rectangles and
in fact they are usually related to the expansive direction.

Definition 1.2.17. Let Z be a metric space and let X = (X, h) be a gener-
alized N-dimensional rectangle of Z. We set

Xy :=h(lzy =0]), X, :=h(lzy =1])

and
X =X, UX,.

The pair

X =(X,X")
is called an oriented N -dimensional rectangle of Z.

Remark 1.2.18. A comparison between Definitions and [L2.17] shows that
an oriented N-dimensional rectangle is just a generalized N-dimensional rect-
angle in which we privilege the two subsets of its contour which correspond
to the opposite faces for some fixed component (namely, the xy-component).
In analogy with Remark [L2Z.14] we point out that the choice of the N-th
component is purely conventional. For example, in some other papers (see
[56], 123, 176]) and also in the planar examples from Section [[T] the first com-
ponent was selected. Clearly, there is no substantial difference as the home-
omorphism h : RY D IV — X C Z could be composed with a permutation
matrix, yielding to a new homeomorphism with the same image set. From
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this point of view, our definition fits to the one of h-set of (1, N — 1)-type,
given by Zgliczynski and Gidea in [I76] for a subset of RY which is obtained
as the inverse image of the unit cube through a homeomorphism of RY onto
itself. The similar concept of (1, N — 1)-window is then considered by Gidea
and Robinson in [56]: it is defined as a homeomorphic copy of the unit cube
IV of RN through a homeomorphism whose domain is an open neighborhood
of IV,

<

We now adapt to maps between oriented N-dimensional rectangles the concept
of stretching along the paths, already considered in Definition [LTIl in regard
to the planar case.

Definition 1.2.19. Let Z be a metric space and let ¢ : Z O Dy, — Z be a
map defined on a set Dy. Assume that X :=(X,X)and Y := (Y,Y") are
oriented rectangles of Z and let £ € X N Dy, be a compact set. We say that
(K, 1) stretches XtY along the paths and write

(K, ) X =Y,
if the following conditions hold:

e 1) is continuous on K ;

e For every path 7 : [0,1] — X such that v(0) € X, and v(1) € X~ (or
7v(0) € X, and (1) € X, ), there exists a subinterval [¢’,¢"] C [0, 1] such
that

W) e, vhyt)eY, Vielt ]
and, moreover, 1((t')) and ¥ (y(t")) belong to different sides of Y.

By the similarity between Definitions [LT.1] and [[L2.19, it is immediate to see
that the remarks in Section [T about the stretching along the path relation for
planar maps remain valid also in the higher dimensional setting. In particular
the comments on the relationship with the Brouwer fixed point Theorem or
with the theory of the topological horseshoes in [69, [71] hold true. Suitable
modifications of Definitions could be presented as well. For the
sake of conciseness we prefer to omit them. In view of its significance for the
following treatment, we present however the next fixed point theorem, which
shows that the set K still plays a crucial role.
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Theorem 1.2.20. Let Z be a metric space and let ) : Z 2 Dy — Z be a map

defined on a set Dy,. Assume that X = (X, X ™) is an oriented N -dimensional
rectangle of Z. If K C X N Dy, is a compact set for which it holds that

(K, 0) : X=X, (1.2.11)
then there exists at least one point z € I with ¥(z) = z.

Proof. Let h : I = [0,1]Y — h(IY) = X C Z be a homeomorphism such
that X, = h([zy = 0]), X, = h([zy = 1]) and consider the compact subset of
IN

W:=hH KNy (X))

as well as the continuous mapping ¢ = (¢y,...,on) : W — IV defined by
¢(x) :=h~' (Y(h(x))), YVzeW.

By Tietze-Urysohn Theorem [48] p.87] there exists a continuous map
p=(p1,on) IV = IV, o lw=¢.
Let us introduce, for every i = 1,..., N — 1, the closed sets
S; = {x = (x1,...,2ny_1,2y) €IY ;= <pl(a:)} c IV,

Since (1Y) C IV, by the continuity of the ¢;’s, it is straightforward to check
that S; cuts the arcs between [z; = 0] and [z; = 1] in I[N fori=1,..., N — 1.
Indeed, if 7y : [0,1] — IV is a path with 7;(0) = 0 and ~;(1) = 1, then, for the
auxiliary function ¢ : [0,1] 3 ¢ — (t) — wi(7(t)), we have g(0) < 0 < ¢(1)
and therefore Bolzano Theorem implies the existence of s € [0, 1] such that
7i(s) = pi(7(s)), that is, ¥ N S; # (. The cutting property is thus proved.
Now Corollary guarantees that there is a continuum

N-1
cc s (1.2.12)
=1

such that
CNlzy=0]#0, CnNnlzy=1]#0.

Lemma [[2.6] implies that for every e > 0 there exists a path v, : [0,1] — IV
such that

7.(0) € [txy = 0], 7.(1) € [ty =1] and ~.(t) € B(C,e) N IN, ¥Vt € [0,1].
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By the stretching assumption (LZIT]) and the definition of W and ¢, there is
a subpath w. of 7. such that

w: CW and ¢(@;) C IV, with ¢(@:)N[zy = 0] #0, ¢(@)Nlzy =1] #£0.

Bolzano Theorem applied to the continuous mapping x — xy — ¢ (x) on
ensures the existence of a point

7= (35,...,85) €@mCW

such that

Ty =en(@°).
Taking ¢ = }1 (for n € Ny) and letting n — oo, by a standard compactness
argument we find a point

F=(F,...,Fn) €CNAW

such that
i‘N = N (Zf‘)
By (L2.12), recalling also the definition of the S;’s, we get
T=p(T) eWw.
Then, since ¢ [yy= ¢, by the relation

h(é(x)) =d(h(z)), YzeW,
we have that h(Z) = 1(h(%)) € h(W) and therefore
2= h(z) e KNy (X)
is the desired fixed point for 1. 0

Having proved Theorems and [[2.20, we have available the tools for
extending to any finite dimension the results obtained in Section [L1] for the
planar case [I17, 118]. For brevity’s sake we focus our attention only on a
few of them, that we present below in the more general setting. Notice that
now we can complement the previous results adding some information on the
dimension of the cutting surfaces.
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Figure 1.11: The tubular sets X and Y represent two generalized 3-dimensional rectangles,
in which we have indicated the compact set I and the boundary sets X, and X,., as well
as Yy and Y,.. The function v is continuous on K and maps X onto ¥ = ¢(X), so that
Yy = (Xp) and Y, = ¢(X,.). However, in this particular case the map v stretches the paths
of X not only across Y, but also across X itself and therefore the existence of a fixed point
for 1 inside K is ensured by Theorem

Theorem 1.2.21. Let Z be a metric space and ¢ : Z 2 Dy — Z be a map

defined on a set Dy,. Assume that X = (X, X ™) is an oriented N -dimensional
rectangle of Z. If Ko, ..., Kn_1 are m > 2 pairwise disjoint compact subsets of
X NDy and

(K, ) - 5(’%)?, fori=0,....,m—1,

then the following conclusions hold:
e The map v has at least a fized point in IKC;, i =0,...,m —1;

e For each two-sided sequence (sp)nez € {0,...,m — 1}Z, there exists a
sequence of points (xp)nez such that Y(xp_1) =z, € K, , Vh € Z;

o For each sequence of m symbols s = (s,), € {0,1,...,m — 1}, there
exists a compact connected set Cs C Ky, which cuts the arcs between X,
and X, in X and such that, for every w € Cs, there is a sequence (Yn)n
with yo = w and

Yn € ’Csn ) w(?/n) = Yn+1, Vn > 0.

The dimension of Cs at any point is at least N—1. Moreover, dim(CsN9.X)
>N —2and 7 : h Y(Cs) NOIY — RN\ {0} is essential (where T is
defined as in (L29) for p; = %, Vi and h is the homeomorphism defining
X);
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o Given an integer j > 2 and a j+ 1-uple (so,...,s;), s; € {0,...,m—1},
fori=0,...,7, and so = s;, then there exists a point w € Ky, such that

Vi (w) €Ky, ,Vi=1,...,7, and ¥’ (w) = w.

Like in the two-dimensional framework, such result can be easily obtained as
a corollary of the more general:

Theorem 1.2.22. Let (X;)iez (with X; = (X;, X;)) be a double sequence of
oriented N -dimensional rectangles of a metric space Z and let (K;,1;)icz , with
K; € X;, be a sequence such that

(ICZ" 'QZ%) : Xi%ii-‘,—l , VieZ.

Let us denote by X} and X! the two components of X; . Then the following
conclusions hold:

o There is a sequence (wy)kez Such that wy € Ky and ¥y (wy) = wiyq, for
dlkeZ:

e For each j € Z there exists a compact connected set C; C K; which cuts
the arcs between X} and X in X; and such that, for every w € C; , there
is a sequence (Y;)i>; with y; = w and

vi €Kiy i(Yi) = Yis1, Vi > 5.

The dimension of C; at any point is at least N — 1. Moreover, dim(C; N
VX;) >N —-2and m: h;l(Cj) NOIN — RN1\ {0} is essential (where
7 is defined as in (L2Z9) for p; = %, Vi and h; is the homeomorphism
defining X;);

o [f there are integers h and [, with h < I, such that )N(h = )N(l, then there
exists a finite sequence (z;)p<i<i—1, with z; € K; and ¥;(z;) = zi41 for
each i = h,...,l — 1, such that z; = z;,, that is, z, is a fized point of

Y100y

Proof. The thesis follows by steps analogous to the ones in the proof of The-
orem [LLT.T0, using Theorem in place of Theorem and recalling
Definition [[L2Z.I] The estimates on the dimension of the continuum C; come
from Theorem [L.2.T5 m

As a final remark, we observe that, instead of maps expansive just along one
direction, it is possible to deal with the more general case of functions de-
fined on N-dimensional rectangles (or homeomorphic images of them) with u
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unstable directions (along which an expansion occurs) and s = N — u stable
directions (along which the system is compressive). With this respect, many
works are available in the literature, like, for instance, [11, 12, 56, [67], 130}, [L76].
In particular, we recall that a similar framework was analyzed in [123], where
the author and Zanolin introduced a “deformation relation” among generalized
N-dimensional rectangles with some similarities to the stretching property in
Definition 219 Indeed also that relation could be viewed (cf. [123, Remark
3.4]) as an higher-dimensional counterpart of the planar stretching property in
Definition [[LT.1] from [117, [I18] and moreover it was suitable for the detection
of fixed points, periodic points and chaotic dynamics, too. However, its defini-
tion required some assumptions on the topological degree of the map involved,
while the conditions in Definition do not need any sophisticated topo-
logical tool. Therefore, it is in this perspective of simplicity that the above
results from [124] have to be considered.



Chapter 2

Chaotic dynamics for
continuous maps

In the present chapter we show how to apply the method of “stretching along
the paths” from Chapter [l to prove the presence of chaotic dynamics in
discrete-time dynamical systems. In order to do that, we first set our frame-
work among more classical ones available in the literature, concerning the
concepts of “covering” and “crossing”. Indeed, this preliminary introductory
discussion is meant to give an outline of the reasons that led various authors
to deal with similar settings, as well as to quickly present the topics developed
along Sections 2.TH2.4l where the undefined terms will be rigorously explained.
Generally speaking, in the investigation of a dynamical system defined by a
map f on a metric space, it can be difficult or impossible to find a direct proof
of the presence of chaos, according to one or the other of the several, more or
less equivalent, existing definitions. Hence, a canonical strategy is to establish
a conjugacy or semi-conjugacy between f, perhaps restricted to a suitable (pos-
itively) invariant subset of its domain, and the shift map o : (s;)ier — (Sit1)icr
on {0,...,m — 1}, for I = Nor I = Z, i.e. on the space of unilateral or
bilateral sequences of m > 2 symbols, which displays many chaotic features,
like transitivity, sensitivity, positive entropy, etc. In such indirect manner,
one can conclude that f possesses all the properties of o that are preserved
by the conjugacy/semi-conjugacy relation. In particular, the known fact (cf.
Section 2.2) that hyop(f") = nhiop(f) for n > 1, where hiop(f) denotes the
topological entropy of f, guarantees that if a power of a map is conjugate or
semi-conjugate to o, then such map has positive entropy. Accordingly, to show
the existence of chaos (positive entropy) of a map f it is sufficient to look at
any of its iterates.

A crucial role in this strategy is played by the study of a topological property
for maps which is called “crossing” and, broadly speaking, refers to the way

o7
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in which the image of suitable sets under the iterates of the maps intersect
the original sets. In particular, the kind of crossing known as “horseshoe” has
turned out to be a fundamental tool of analysis to prove the existence of chaotic
dynamics in a well-defined manner. The name and the idea of horseshoe derive
from the celebrated article by Smale [144] that provided a mathematically rig-
orous and geometrically suggestive proof of the existence of chaos for a special
planar map.

More precisely (see [41, 112, 162] for the technical details), in the horseshoe
model a square S is first shrunk uniformly in one direction and expanded in
the other one. Subsequently, the elongated rectangle obtained in the previous
step is bent along the original square in order to cross it twice. The resulting
map F is a diffeomorphism with F' and F~! transforming the vertical and hor-
izontal lines of the square into similar lines crossing the domain. In Smale’s
construction, the set Zg := {q € S : F¥(q) € S, Vk € Z}, consisting of the
points which remain in the square under all the iterates of F' in both forward
and backward time, is a compact invariant set for F’ which contains as a dense
subset the periodic points of F' and such that F' is sensitive on initial condi-
tions and topologically transitive on Zg. Actually, F' acts on Zg like the shift
map o on two symbols since F' [z, and o are conjugate. As mentioned above,
the conjugacy, which is given by a homeomorphism 7 : Zg — {0,1}%, with
moF = oo, allows to transfer to F' [z, the well-known dynamical properties
of the Bernoulli shift.

In the applications to concrete dynamical systems, the presence of a complex
behaviour for a given map F' can be verified by proving the existence of a
horseshoe structure either for the map itself or for one of its iterates. This led
some authors (see [27]) to define a horseshoe like a set A that is invariant under
F™ for some ng > 1, with the property that F'™ [, is topologically conjugate
to o (or, more generally, to a nontrivial subshift of finite type). As pointed out
by Burns and Weiss in [27], the difficulty in finding a horseshoe lies in showing
that the map 7 : A — {0, 1} is injective. Such step, in turns, often requires
the verification of some assumptions on F’ like being a diffeomorphism satisfy-
ing suitable hyperbolicity conditions, which either are not fulfilled or are hard
to check for a given map. Hence, more general and less stringent definitions of
horseshoe have been suggested to reproduce some geometrical features typical
of the Smale horseshoe while discarding the hyperbolicity conditions associ-
ated with it, which are difficult or impossible to prove in practical cases. This
led to the study of the so-called “topological horseshoes” [27] [T1], [176].

The core of such field of research consists in providing an adequate notion of
crossing property for higher dimensional dynamical systems, so that a map F
(or one of its iterates) satisfying certain geometrical conditions is proved to be
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semi-conjugate to a full shift on m > 2 symbols. This is enough to conclude
that F' displays chaotic dynamics in the sense that F' has, for instance, positive
topological entropy. More generally, one could show that F'is semi-conjugate
to a nontrivial subshift of finite type, by employing some tools from symbolic
dynamics [75 94], as explained in Section 2.2

In regard to the one-dimensional case, a classical example of horseshoe-type
crossing property relies on the definition of “covering”. We recall that, accord-
ing to [23], given a continuous map f : R — R and two intervals I, J C R, we
say that I f-covers J if there exists a subinterval Iy C [ such that f(ly) = J.
We also say that I f-covers J m times if there exist m > 2 subintervals
In,..., I,y € I, with pairwise disjoint interiors, such that f(I;) = J, for
k =10,...,m — 1. Special significance from the point of view of complex dy-
namics is assigned to the case in which I f-covers I m times. Different authors
have investigated possible variants of the above definitions, dealing with the
framework in which there are m > 2 intervals I, ..., I,,_1 such that I; f-covers
I;, for each i,7 € {0,...,m — 1}, and some disjointness condition is imposed
on them. For instance, the case m = 2 with Iy, I} open disjoint intervals was
taken by Glendinning in [57] as a definition of “horseshoe” for f, while Block
and Coppel in [21) 22] define “turbulence” for f the similar framework when
Iy and I; are compact intervals with disjoint interiors and “strict turbulence”
when [y, [; are compact and disjoint. In such settings one obtains the typical
features associated to the concept of chaos (like, e.g., existence of periodic
points of each period, semi-conjugacy to the Bernoulli shift for the map f or
for some of its iterates and thus positive topological entropy, ergodicity with
respect to some invariant measure, sensitivity to initial conditions, transitiv-
ity). Besides the works already quoted, see [7], 24, 87, [T41].

An elementary introduction to these ideas is provided by the analysis of the
logistic map F': [0,1] — R, F(x) = px(l—=x), with u a positive real parameter.
It is easy to see that for p > 4 the interval [0, 1] F-covers [0, 1] twice, whereas
for p < 4 the existence of multiple coverings can be established for some iter-
ate of F, as shown in Section 2.2l The concepts of covering and horseshoe can
also be used to revisit some classical results in the theory of one-dimensional
unimodal maps, such as Li-Yorke celebrated Theorem [93]. For instance, [57,
Theorem 11.13] shows that, whenever a unimodal map f has a point of pe-
riod three, then its second iterate f2 has a horseshoe. However, it is in the
higher-dimensional frameworks that the approach described above shows its
full power.

The most natural way to extend the notion of multiple f-covering to the ab-
stract setting of a continuous self-map f of a metric space X may be that
of assuming the existence of m > 2 compact sets Ky,...,K,,-1 C X such
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that f(K;) 2 UT:_OI K;,Vi=0,...,m— 1. Moreover, in order to avoid trivial
conclusions, one usually requires some disjointness conditions on the sets K;’s,
such as K; N K; = (), Vi # j (or, more generally, N K = 0) . Blokh and
Teoh [24] describe such framework by saying that (f, Ko,..., K1) form a
m-horseshoe (or a weak m-horseshoe, respectively). Under these conditions it
is possible to show the existence of some chaotic behaviour for the discrete dy-
namical system generated by f (see [87, [141]). In particular, in [24] it is proved
that if a power of f admits a weak m-horseshoe, then the topological entropy
of f is positive and there exists a set B and a power ¢ of f such that B is g¢-
invariant and g |p is semi-conjugate to the Bernoulli shift on {0,...,m — 1}
In spite of the generality of the setting in which such results can be obtained
and their effectiveness for the one-dimensional framework, when one tries to
apply the theory to specific higher dimensional mathematical models arising
in applications, it may be expedient to follow Burns and Weiss’ suggestion [27]
and replace the previous covering relation with a weaker condition of the form
f(K;) “goes across” U;.n:_ol K;, Vi=0,...,m—1, which does not require the
map f to be surjective on the K;’s.

In our approach the expression “goes across” (called also “Markov property”
[59, p.291]) has to be understood in relation to the stretching along the paths
effect of a map f from Definition [LT.1] or Definition . More precisely,
we assume that each path « in our generalized (N-dimensional) rectangle R,
joining the two sides of R, intercepts every K; and is then expanded to a
path f o~ which crosses all the K;’s. Further details can be found in Section
2.2l

Different characterizations of the concept of “crossing” have been suggested
by various authors in order to establish the presence of complex dynamics for
continuous maps in higher dimensional spaces (see, for instance, [69, [7T], 108,
148, [172], 174, 176] and the references therein). In this respect, the already
discussed approach by Kennedy, Kogak and Yorke in [69] and Kennedy and
Yorke in [71] is perhaps the most general, both with regard to the spaces
considered and the restrictions on the maps involved. However, as we have
seen, the great generality of such setting comes with a price, in the sense that
the existence of periodic points is not ensured. Other authors (for example
in [108, 148, 150, 167, 172, 174, 176]) have developed theories of topological
horseshoes more focused on the search of fixed and periodic points for maps
defined on subsets of the N-dimensional Euclidean space. The tools employed
in these and related works range from the Conley index [108] to the Lefschetz

!By the similarity between the results obtained in Chapter [ for the planar and the
N-dimensional settings, for the sake of generality, we will generally work in the higher
dimensional framework, maybe not indicating the dimension, when no confusion may occur.
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fixed point theory [148] and the topological degree [176].

Our framework may be looked at as an intermediate point of view between
the theory of topological horseshoes developed by Kennedy and Yorke in [71]
and the above-mentioned works based on some more or less sophisticated fixed
point index theories. Indeed, compared to [71], the method of stretching along
the paths, thanks to its specialized framework, allows one to obtain sharper
results concerning the existence of periodic points. On the other hand, our
approach, although mathematically rigorous, avoids the use of more advanced
topological theories and it is relatively easy to apply to specific models arising
in applications.

In more details, in Section 2.1l we describe the chaotic features that we are able
to obtain with our method. Some tools from symbolic dynamics are introduced
in Section [2.2] in order to collate our achievements on chaotic dynamics with
other related results descending from classical approaches. Such discussion on
the various notions of chaos is pursued further in Section 2.3l An alterna-
tive geometrical context for the applicability of the stretching along the paths
method is presented in Section 2.4] where we deal with the so-called “Linked
Twist Maps”.

2.1 Definitions and main results

In the literature various different notions of complex dynamics can be found,
so that one could say “as many authors, as many definitions of chaos” [20].
However, some common features are shared by several of these definitions,
such as the unpredictability of the future behaviour of the system under con-
sideration. In particular, one of the most natural notions of chaos is related to
the possibility of realizing a generic coin-flipping experiment [145]. The defini-
tion of chaos that we choose is adapted from that considered by Kirchgraber
and Stoffer in [74] under the name of chaos in the coin-tossing sense. In fact,
exactly like in [74], our definition concerns the possibility of reproducing, via
the iterates of a given map v, any coin-flipping sequence of two symbols. On
the other hand, our definition, when compared to [74], is enhanced by the
possibility of realizing periodic sequences of two symbols by means of periodic
points of . More formally, we have:

Definition 2.1.1. Let X be a metric space, ¢ : X O Dy, — X be a map and
let D C D, . We say that 1 induces chaotic dynamics on two symbols on the
set D if there exist two nonempty disjoint compact sets

ICOa ’Cl g Da
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such that, for each two-sided sequence (s;)icz € {0,1}Z, there exists a corre-
sponding sequence (w;);cz € DZ such that

w; € Ks, and w1 = ¥(wy), Vi€ Z, (2.1.1)

and, whenever (s;);cz is a k-periodic sequence (that is, s;1x = s;,Vi € Z) for
some k > 1, there exists a corresponding k-periodic sequence (w;)icz € D%
satisfying (Z.1.1). When we want to emphasize the role of the sets K;’s, we
also say that ¢ induces chaotic dynamics on two symbols on the set D relatively
to Ko and IC;.

To get a feel of such definition, we can imagine to associate the name “ head 7 =
H to the set Iy and the name “ tail 7 = T to Ky . If we consider any sequence
of symbols

(si)iez € {0,1}" = {H, T}*

so that, for each 7, s; is either “ head ” or “ tail ”, then we have the same
itinerary of heads and tails realized through the map . Namely, there exists
a sequence (w;);ez of points of the metric space X which is a full orbit for 1,
ie.

wit1 = P(w;), Vi € Z,

and such that w; € Ky or w; € K1, according to the fact that the i-th term
of the sequence (s;); is “ head ” or “ tail 7. Moreover, as already remarked,
our definition extends that in [74] in the sense that any periodic sequence of
heads and tails can be realized by suitable points which are periodic points for
. For instance, there exists a fixed point of ¢ in the set X'y corresponding to
the constant sequence of symbols s; = “ tail 7, V¢ € Z. There is also a point
w € Ky of period three with ¥ (w) € Ky and *(w) € K, corresponding to
the periodic sequence ... HHT HHT HHT ..., and so on.

We stress that we have presented our definition of chaos with reference to just
two symbols in order to make the connection with the coin-flipping process
clearer. On the other hand, it is possible to define chaotic dynamics on m
symbols for an arbitrary integer m > 2 in a completely analogous manner,
when there are m pairwise disjoint compact sets Ko, ..., C,—1 acting as Iy
and /C; in Definition 2.1.11 More precisely we have:

Definition 2.1.2. Let X be a metric space, ¢ : X 2 Dy — X be a map and
let D C Dy . Let also m > 2 be an integer. We say that ¢ induces chaotic
dynamics onm symbols on the set D if there exist m nonempty pairwise disjoint
compact sets

Ko,....Km_1 €D,
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such that, for each two-sided sequence (s;)icz € {0,...,m — 1}%, there exists
a corresponding sequence (w;);ez € DZ such that
w; € Ky, and wip =¥(w;), YieZ (2.1.2)

and, whenever (s;);cz is a k-periodic sequence (that is, s;1 = s;,Vi € Z) for
some k > 1, there exists a corresponding k-periodic sequence (w;)icz € D%
satisfying (Z.1.2). When we want to emphasize the role of the sets KC;’s, we
also say that ¢ induces chaotic dynamics on m symbols on the set D relatively
to Ko, ..., Km_1.

Such variant of Definition ZT.] will be of particular importance when dealing
with Linked Twist Maps (see Section 2.4]). Moreover, the latter generalization
agrees with the kind of chaotic behaviour detected in various papers, where
the dynamical systems are investigated using some topological tools related to
fixed point theory [150, [167]. Hence, in order to collate our notion of chaos to
other ones available in the literature, from now on we will consider Definition
instead of Definition 2.T.T1

In regard to the results in [69, [71], we recall that the authors therein also deal
with chaotic dynamics meant as the possibility of realizing any sequence of
symbols. The difference, as it should be clear from the discussion in Section [I.1],
resides in the possibility of realizing periodic coin-flipping sequences through
periodic itineraries. Nonetheless, the kind of chaos detected in [69] [71] for a
map [ satisfying the “horseshoe hypotheses 27 in [71] with crossing number
m > 2 allows to prove the existence of a compact f-invariant set Q; (i.e.
f(Qr) = Qr), such that f [g, is semi-conjugate to the one-sided shift on m
symbols. Furthermore, in [69, Lemma 4] (Chaos Lemma), the existence of a
smaller compact invariant set (), C ()7 is obtained, on which the map f is
sensitive and such that each forward itinerary on m symbols is realized by the
f-itinerary generated by some point of Q),.

Before showing in Theorem 2.1.4] what we are able to prove in this direction,
let us see which is the link between the method of stretching along the paths
from Chapter [l and the notion of chaotic dynamics in the sense of Definition

2.1.2

Theorem 2.1.3. Let R := (R, R™) be an oriented (N-dimensional) rectangle
of a metric space X and let D C R N Dy, with Dy the domain of a map
Y: X DDy — X IfKy,...,Kpn—1 are m > 2 pairwise disjoint compact sets
contained in D and

(i, 1) :R=>R, fori=0,....,m—1,

then v induces chaotic dynamics on m symbols on the set D relatively to
IC(), ce ,’Cmfl.
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Proof. Recalling Definition 2.1.2] the thesis is just a reformulation of the sec-
ond and the forth conclusions in Theorem [LT.8 (or in Theorem [L22]] in the
case of an /N-dimensional setting). O

The same conclusions on chaotic dynamics could be obtained in the framework
of Theorem [[LT.6] when assuming condition (LI7). As discussed in [123],
such remark looks useful in view of possible applications of our method to the
detection of chaos via computer-assisted proofs.

When we enter the setting of Definition 2.1.2 many interesting properties
for the map v can be proved. They are gathered in Theorem 2.1.4] below.
The precise explanation of some concepts (like topological entropy, sensitivity,
transitivity, etc.) will be given in Sections 2Z2H2.3, where the reader can find
a more detailed discussion about various classical notions of chaos considered
in the literature.

Theorem 2.1.4. Let v be a map inducing chaotic dynamics on m > 2 symbols
on a set D C X and which is continuous on

m—1
K= U K:l - D,
i=0
where Ko, ..., Km_1,D and X are as in Definition[2Z.1.2. Setting
T =¥ "(K), (2.1.3)
n=0

then there exists a nonempty compact set
ICIsCK,

on which the following are fulfilled:

(1) T is invariant for 1 (that is, ¥(Z) =1);

2Recalling also the third conclusion in Theorem [T (or in Theorem [LZ2T]), we could
complement Theorem 213 with the further information about the existence, for any forward
sequence on m symbols, of a corresponding continuum joining the lower and the upper sides
of R and consisting of the points whose forward i-itinerary realizes the given sequence.
However, for the sake of simplicity and since in the applications we don’t use this fact, we
have decided to omit it. The same observation also applies to the results obtained in Section
24 in relation to the framework of the Linked Twist Maps.
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(17) ¥ |7 is semi-conjugate to the one-sided Bernoulli shift on m symbols,
i.e. there exists a continuous map 7 of T onto ¥t = {0,...,m — 1},
endowed with the distance

0 N ‘S;_S”
d(s, 8" =Y =1, (2.1.4)

mit+1
1€N

for 8 = (s})ien and 8" = (s})ien € X7, such that the diagram

7Y .7
. ” (2.1.5)
S+ S+

commutes, i.e T o) = g o, where o : X — 3t is the Bernoulli shift

defined by o((s;);) == (Sit1):, Vi € N;

(1ii) The set P of the periodic points of ¢ [z is dense in Z and the preimage
nY(s) C T of every k-periodic sequence s = (8;)ien € L. contains at
least one k-periodic point.

Furthermore, from conclusion (ii) it follows that:

(1)
htop(¢) > htop(¢ I7) > htOP(U) = log(m),

where hyop 15 the topological entropy;

(v) There exists a compact invariant set A C I such that |y is semi-
conjugate to the one-sided Bernoulli shift on m symbols, topologically
transitive and has sensitive dependence on initial conditions.

Proof. Let us begin by checking that the set Z., in (ZI13]) is compact and
nonempty. By the continuity of the map ¢ on K, it follows that Z., is closed
and, being contained in the compact set K, it is compact, too. The fact
that Z., is nonempty follows from Definition on chaotic dynamics, by
observing that z € Z, < ¥"(2) € K,Vn > 0. This remark also implies that
W(Zs) C Iy : indeed, it is straightforward to see that if z € Z,, then also
Y(2) € I

Calling P the subset of 7, consisting of the periodic points of ¢ [z, that is,

P :={weIy:IkeNy, v (w)=w}, (2.1.6)
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we claim that ¢(P) = P. Indeed, if z € P, then there exists | € Ny such that
Y!(2) = 2. Hence, on the one hand, ¥(2) = ¥(¢!(2)) = "1 (2) = (¢ (z)) and
thus ¢(z) € P, too. This shows that ¢(P) C P. Notice that, repeating the
same argument, it is possible to prove that if z € P, then ¥"(z) € P, for any
h > 1. On the other hand, if 1!(2) = z, for some | € Ny, then two possibilities
can occur for [, that is, [ = 1 or [ > 2. In the former case we get ¥(z) = z
and so z € ¥(P), while in the latter we obtain z = ¥!(2) = (' "(2)). Hence,
since ¥!'71(2) € P whenever z € P, we find again z € ¥(P). In any case we
have proved that, if z € P, then z € (P), i.e. P C ¢(P). The claim is thus
checked.

At this point we observe that, since P is contained in the compact set Z,, also

T:=PC1I,, (2.1.7)

and moreover 7 is compact, as it is closed in a compact set. From ¢ (P) = P,
it follows that

W(Z) =»(P) 2%(P) = P.
But again, by the compactness of ¢)(Z), it holds that

Y(I) 2P =T

Let us show that the reverse inclusion is also fulfilled for Z, that is ¢(Z) C Z.
Indeed, since v is continuous, we have

W(IT) = w(P) CUP) =P =T.

Hence, the invariance of 7 is verified, in agreement with conclusion (i).
Let us consider now the diagram

A
with (X} o) the Bernoulli system, and define the map = : Z,, — X! by
associating to any w € Z,, the sequence (s,)neny € %, such that s, = j if
YM(w) € K, for j = 0,...,m — 1. More formally, we notice that for any
w € T, there exists a forward itinerary (w;);en such that wy = w and ¥ (w;) =
w;y1 € K, for every i € N. Hence the function ¢, : Z,, — Z.\, which maps any
w € T, into the one-sided sequence of points from the set Z.,

Sw = (W;)ien, where w;:=¢'(w), VieN,
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with the usual convention 9° = Idz_ and ¢! = 1, is well-defined. Since the
sets Ko, ..., K,_1 are pairwise disjoint, for every term w; of s,, there exists a
unique index

s; = si(w;), with s; € {0,...,m — 1},

such that w; € K, . Therefore the map gy : Z — S
g2 1 Sw — (8i)ien € X,

is also well-defined. Thus, by Definition the map
T = (20 ¢ :_'Z'OO—>Z;“L

is a surjection that makes the diagram (2I1.5) commute and the preimage
through 7 of any k-periodic sequence in X contains at least one k-periodic
point of Z... To check that 7 is continuous, we prove the continuity in a generic
Z € T, by showing that for any € > 0, there exists § > 0 such that Vz € Z,
with dx(z,%) < 0, then d(n(z), 7(2)) < &, where dy is the distance on X and
d is the metric defined in ZIZ). Let us fix e > 0 and let n € N such that
0 < 1/m"™ < e. We notice that it is sufficient to prove that (7(2)); = (7(2));,
for any ¢ = 0,...,n. Indeed, if this is the case, by the definition of d, it follows
that d(r(z),7(2)) < 1/m" < e.

Since z € 7, there exists a sequence (so,...,s,) € {0,...,m — 1}*"! such
that

z €K, ¥(2) € Kypyo o, 0" (2) € K,

By the pairwise disjointness of the sets IC;’s, it holds that
n = min{dx(K;, ;) :4,j =0,....,m—1} > 0.

Hence, for any z € Z,, with dx(z, z2) < n/2, it follows that z € Iy, too. By the
continuity of ¢ in z, there exists d; > 0 such that Vz € Z, with dx(z, 2) < d1,
then dx(1(2),v(Z)) < n/2. But this means that ¥ (z) € K,,. Analogously,
by the continuity of 12 in Zz, there exists d; > 0 such that Vz € 7, with
dx(z,2) < b, then dx(v?(z),v*(z)) < n/2 and thus ?(z) € K,,, for any such
z. Proceeding in such way until the n-th iterate of ¢ and setting

. n
5= {—,5,.“,5n},
min § 5,01
we find that, for any z € Z, with dx(z, z) < 6, it holds that

KAS ICSO? ¢(Z) S ICSI? e ’¢n(z) € ’Csn’

exactly as for z. But this means that (7(2)); = (7(2));, for any i = 0,...,n,
and hence d(7(z),7(Z)) < 1/m™ < . The continuity of 7 is thus proved.
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Considering in diagram (ZI.5]) the restriction of ¢ to P C Z., we find the

commutative diagram
p_"

P

7)+

7)+

g

where P C ¥t is the set of the periodic sequences of m symbols. Notice that
7(P) = P;F thanks to Definition 2.2l Recalling the well-known fact that P}
is dense in Xt [68, Proposition 1.9.1], by the continuity of =, it follows that

(1) =7(P) € Ph =X,
On the other hand 7(Z) is a compact set containing 7(P) = P;}, and hence

m(Z) 2

Y

=%,

Therefore, we can conclude that 7(Z) = ¥ and the diagram

T ¥

A

S o o

still commutes. Moreover, the preimage through 7 of any k-periodic sequence
in ¥t contains at least one k-periodic point of Z, as P C Z. Conclusions (i)
and (7i7) are thus proved.

Assertion (iv), about the positive topological entropy, comes from property
(77) about the semi-conjugacy to the Bernoulli shift. For a proof, see [160],
Theorem 7.12].

Finally, conclusion (v), about the existence of the compact invariant set A C Z,
follows by applying Theorem with the positions (X, f) = (Z,% [z) and
(V.9) = (Sho0). 0

We point out that results similar to Theorem 2.1.4] are almost known in the
literature (see e.g. [I48, Theorem 3] for a related statement), maybe with
exception of conclusion (v). However, for the sake of completeness, we have
decided to prove it in full details. Notice that, in frameworks more general
than ours, the set Z,, in (2.1.3)), and a fortiori P in (2.1.6]), can be empty and
thus it is not possible to define Z as in (ZI.7) in order to have an invariant
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set. In our case we can do like that since, by Definition 2.1.2] the sequences
of symbols are realized by points in Z,, and the periodic sequences of symbols
are reproduced by points in P. We also remark that the density of the periodic
points of 1 in Z does not imply that the periodic points are dense in the smaller
set A, on which v is transitive and sensitive. Therefore, we cannot conclude
the presence of Devaney chaos (cf. Definition [23.2)) for ¢ on A.

Remark 2.1.5. If, in addition to the hypotheses of Theorem 2.1.4] the map
¥ is also injective on K, then one can deal with bi-infinite sequences of m
symbols instead of forward ones and prove the stronger property for ¢ of semi-
conjugacy to the two-sided Bernoulli shift o : ¥, :== {0,...,m — 1}2 - %,
defined as o((s;);) := (si41)i, Vi € Z . Indeed, it is sufficient to replace the set

T in (ZI3) with
T = ﬂ P (K)

n=—oo

and consider Z as in (ZI1.7), in order to obtain, via similar steps, the analogue
of the conclusions of Theorem 2.1.4] with respect to two-sided sequences, rather
than one-sided sequences. The precise statement reads as follows:

Theorem 2.1.6. Let 1) be a map inducing chaotic dynamics on m > 2 symbols
on a set D C X and which is continuous and injective on

m—1
K= U ICZ - D,
i=0
where Ky, ..., Km_1,D and X are as in Definition[2Z.1.2. Setting

To:= ) v (K,

n=—oo

then there exists a nonempty compact set
ICI.,CK,
on which the following are fulfilled:
(1) Z is invariant for ¢ (that is, V() =1);

(17) ¥ |7 is semi-conjugate to the two-sided Bernoulli shift on m symbols,
i.e. there exists a continuous map w of T onto ¥, := {0,...,m — 1}2,
endowed with the distance

/ "

00 N |Si_si|

d(s',8") =2 —t
i€Z
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for 8 = (s})icz, and 8" = (s)icz, € X, such that the diagram

7z

7

Em‘tf'zm

commutes, i.e T o = g omw, where o : ¥, — X, 1s the Bernoulli shift

defined by o((8;);) = (Si+1)s, Vi € Z;

(1ii) The set P of the periodic points of ¢ |7 is dense in Z and the preimage
771(s) C T of every k-periodic sequence s = (8;)ien € L contains at
least one k-periodic point.

Furthermore, from conclusion (ii) it follows that:

(iv)
htop(¢) Z htop(¢ fz) 2 htop(g) = log(m),

where hop s the topological entropy;

(v) There exists a compact invariant set A C I such that ¥|p is semi-
conjugate to the two-sided Bernoulli shift on m symbols, topologically
transitive and has sensitive dependence on initial conditions.

For further details see [126], where some alternative approaches are expounded,
such as that in [86].
The present observation applies, for instance, when dealing with the original
Smale horseshoe map, introduced at the beginning of Chapter 2. Another
field of applicability is that of the ODEs with periodic coefficients. Namely,
in such a case, if one looks for periodic solutions, the corresponding map
is the homeomorphism called Poincaré map associated to the system. Some
examples will be presented in Chapter @l

<

To conclude the discussion about the results in [69], we notice that, thanks
to the fact that the kind of chaos in Definition is stricter than the one
detected in [69, [71], we are able to obtain a result (Theorem [Z1.4]) that covers
the Chaos Lemma ([69, Lemma 4]), adding further information. In fact, the
set Z in Theorem 2.1.4] plays the role of Q; in [69] and the subsets A C 7 and
Q. C @ share some common features, like the invariance and the sensitivity of
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the maps defined on them, but we have in addition the density of the periodic
points on Z, while, as already observed, in [69, [71] the existence of periodic
points is not ensured at all. Also the transitivity is missing in the statement
of the Chaos Lemma ([69, Lemma 4]), even if, after a look at its proof, it is
evident that such property holds in that framework, too. Indeed the invariant
set (), is the w-limit set of a certain point z* of (J; and thus the orbit of z* is
dense in Q),. On the other hand, by the invariance of @), this is enough to infer
the transitivity on Q.. As we shall see in Section 23] the same argument is
employed in the proof of Theorem 2.3.3] where the reader can find the missing
definitions and details.

Finally, a natural question that can arise is whether our stretching condition
in Theorem is strong enough to imply a conjugacy to the Bernoulli shift,
rather than just a semi-conjugacy as stated in Theorem 2.1.4l The answer in
general is negative. However, it is possible to add further assumptions in order
to get it. A first step in this direction is represented by some recent works
by Zgliczyriski and collaborators [34, [I75], where they combine the theory
of covering relations from [I76] with certain cone conditions to establish the
properties implied by hyperbolicity, such as the existence of stable and unstable
manifolds. Moreover, in their framework, every periodic sequence of symbols
is realized by the itinerary generated by a unique point: in symbols, using the
notation introduced in the statement of Theorem [Z.1.4] this means that the
preimage 7 '(s) C Z of every k-periodic sequence s = (s;);eny € 2 contains
exactly one k-periodic point.

2.2 Symbolic dynamics

In this section we furnish some tools from symbolic dynamics that will be useful
to investigate more deeply the relationship between the notion of chaos in the
sense of Definition and other ones widely considered in the literature. In
order to accomplish such task, we need to recall a few basic definitions: some
of them have already been introduced in Section Il but we prefer to gather
them here for the sake of consistency.

Given an integer m > 2, we denote by X, := {0,...,m — 1}% the set of the
two-sided sequences of m symbols and by ¥t := {0,...,m — 1} the set of
one-sided sequences of m symbols. These compact spaces are usually endowed
with the distance

A |3’. — 5’.’|

d(s',s") = Z ——— for &' = (s)icr, 8" = (s!)ie1, (2.2.1)

i1
i€l
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where I = Z or I = N, respectively. The metric in (22.1) could be replaced
with
/ "
d(s',s") = Z %, for 8" = (s))ier, 8" = (8] )ier,
i€l
where d(-,-) is the discrete distance on {0,...,m — 1}, that is, d(s},s/) =0
for s, = s and d(s}, s!) = 1 for s, # s!. The significance of this second choice
reveals when one needs to look at the elements from {0,...,m —1} as symbols
instead of numbers.
On such spaces we define the one-sided Bernoulli shift o : 3 — Y+ and the
two-sided Bernoulli shift o : X, — X, on m symbols as o((s;);) := (Si+1)s)
Vi € I, for I = N or I = Z, respectively. Both maps are continuous and the
two-sided shift is a homeomorphism.
A precious tool for the detection of complex dynamics is the topological entropy
and indeed its positivity is generally considered as one of the trademarks of
chaos. Such object can be introduced for any continuous self-map f of a
compact topological space X and we indicate it with the symbol Ao, (f). Its
original definition due to Adler, Konheim and McAndrew [1] is based on the
open coverings. More precisely, for an open cover « of X, we define the entropy
of « as H(a) :=log N(«), where N(«) is the minimal number of elements in a
finite subcover of a. Given two open covers o and (3 of X, we define their join
a 'V [ as the open cover of X made by all sets of the form AN B, with A € «
and B € (3. Similarly one can define the join V] ,q; of any finite collection of
open covers of X. If « is an open cover of X and f : X — X a continuous map,
we denote by f~!a the open cover consisting of all sets f~1(A), with A € a.
By V=) f~'a we mean a V fla V-V f7""a. Finally, we have:

bl £) = s ( fim (11 (V23 0) ),

o n—oo N

where « ranges over all open covers of X.

Among the several properties of the topological entropy, we recall just the ones
that are useful in view of the subsequent discussion.

In regard to the (one-sided or two-sided) Bernoulli shift ¢ on m symbols, it

holds that
hiop(0) = log(m).
Given a continuous self-map f of a compact topological space X and a invari-

ant (resp. positively invariant) subset Z C X, i.e such that f(Z) = Z (resp.
#(Z) C ), then

htop(f) 2 htop(f rI) (222)
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Denoting by f™ the n-th iterate of the continuous self-map f of a compact
topological space X, we have

Biop(f™) = nhiop(f), ¥n > 1. (2.2.3)

Given two continuous self-maps f : X — X and g : Y — Y of the compact
topological spaces X and Y and a continuous onto map ¢ : X — Y that makes
the diagram

X 7, X
¢ ¢ (2.2.4)

YT’Y

commute, i.e. such that ¢ o f = g o ¢, then it holds that

htop(f) Z htop(g)’

If ¢ is also injective, the above inequality is indeed an equality.

When the diagram in (Z24]) commutes, we say that f and g are topologically
semi-conjugate and that ¢ is a semi-conjugacy between them. If ¢ is also
one-to-one, then f and g are called topologically conjugate and ¢ is named
conjugacy.

Thus, when for a continuous self-map f of a compact topological space X and
a (positively) invariant subset Z C X it holds that f [z is semi-conjugate to
the (one-sided or two-sided) Bernoulli shift ¢ on m symbols, then

hiop(f) 2 Prop(f 12) 2= hiop(@) = log(m). (2.2.5)

If f |7 is conjugate to o, then the second inequality is indeed an equality.

We notice that, although the topological entropy can be defined for continu-
ous self-maps of topological spaces, we confine ourselves to the case of metric
spaces. More precisely, when dealing with chaotic dynamics, we will consider
dynamical systems, i.e. couples (X, f), where X is a compact metric space
and f: X — X is continuous and surjective.

For further features of hy,, and additional details, see [II, 68, [160]. With ref-
erence to the case of compact metric spaces, alternative definitions of entropy
can be found in [25, [42].

Let us begin our excursus on complex dynamics by returning on the concepts
of “covering” and “crossing” introduced at the beginning of Chapter [2] and
fundamental in the theory of symbolic dynamics.

For the reader’s convenience, we recall that, given a continuous mapping
f R — R and two intervals I, J C R, we say that I f-covers J if f(I) D J, or
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equivalently, if there exists a subinterval Iy C I such that f(ly) = J. We also
say that I f-covers J m times if there are m > 2 subintervals Iy, ..., 1,1 C I,
with pairwise disjoint interiors, such that f(Ix) = J, for k =0,...,m — 1 (see
[23]). In particular, we will focus on the case in which I = J and there exist m
compact intervals Iy, ..., I,,_1 C I, with pairwise disjoint interiors, such that
I; f-covers I;, for some (maybe all) 4,5 € {0,...,m —1}.

The natural extension of the concept of f-covering to the setting of a con-
tinuous self-map f of a generic metric space X can be obtained by replacing
intervals with compact subsets of X in the previous definitions. Indeed, one can
assume the existence of m pairwise disjoint compact sets Cy,...,C,1 € X
such that f(C;) D C;, for some i,j € {0,...,m — 1}. On the other hand, as
suggested in [27], instead of the above covering relation, one could deal with a
weaker condition of the form f(C;) “goes across” C;, which does not require
the map f to be surjective on the C;’s. For example, in our approach, we in-
terpret the expression “goes across” in terms of the stretching along the paths
effect from Definition [Tl or Definition [L2.T9] that is, f(C;) “goes across”
C; means for us that f : C; #—>5j, where C; and éj are (N-dimensional)
oriented rectangles of X. In this respect, an interesting framework is the one
described in Definition for A= B =R, or in the statement of Theorem
with X = R2 [ In such situation, there exist m > 2 pairwise disjoint
compact subsets Ko, ..., -1 of a generalized planar rectangle R for which
(K, 1) : R=—R holds, where R = (R, R~). Then, in view of Remark [L.T.9]
it is possible to find m pairwise disjoint vertical slabs 7%1 of R (cf. Defini-
tion [LTH), with R; O K, for i = 0,...,m — 1, which satisfy the relation
¥ Ri=>R;, Vi, je{0,...,m—1}.

The pretext for considering the above covering and crossing relations comes
from the previously observed fact that, whenever a map ¢ induces chaotic dy-
namics in the sense of Definition 2.T.2] then its entropy is positive (cf. conclu-
sion (7v) in Theorem [2.1.4]) and this happens, for instance, when the stretching
condition in Theorem is fulfilled. Actually, we are going to show that a
positive entropy can be obtained even under weaker assumptions.

For clarity’s sake, we first explain the idea in the one-dimensional setting, in
order to simplify the comprehension of the generic N-dimensional case (for
N > 2). Hence, let us suppose that f : I — [ is a continuous self-mapping
of a compact interval I C R and assume there exists a € I such that, calling

3The case of sets homeomorphic to [0,1]? but contained in a generic metric space X
could be considered as well. However, since in the applications the space X is the Euclidean
plane and the generalized rectangles are compact regions bounded by graphs of continuous
functions, for simplicity we confine ourselves to the planar setting.
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b= f(a), c= f(b) = f*(a) and d = f(c) = f2(b) = f3(a), it holds that
d<a<b<c or d>a>b>c. (2.2.6)

In particular, if d = a then the map f has in I a point of period three. This
is in fact the case mentioned in the title of the well-known paper [93]. Notice
that, setting

Iy := [min{a, b}, max {a,b}] and I, := [min{b,c}, max{b,c}], (2.2.7)

it follows that Iy f-covers I and I f-covers Iy, as well as I; f-covers I;. Under
condition ([Z.2.6]), the authors in [93] can prove the presence in I of periodic
points of any period and also the existence of an uncountable scrambled set.
We will return on this concept in Definition[2.3.1l Before that, we want to show
the positivity of the topological entropy of f in the just described framework.
To such end, we need some tools from the theory of symbolic dynamics |75} 94].

Given a continuous map ¢ : J — J defined on a compact interval J C R and
n > 2 closed subintervals Jy, ..., J,_1 C J, with pairwise disjoint interiors, we
associate to the dynamical system (.J, g) the nxn transition matriz T = T'(i, k),
fori,k=0,...,n—1, defined as

. |1 it J; g-covers J,
T(i, k)= { 0 olse. (2.2.8)
Moreover, let
2; = {<5i)i€N c 2:{ : T(Sk, Sk+1) = 1, Vk € N} (229)

be the space of the admissible sequences for T and
or:3%5 =Xt ori=0o [E; (2.2.10)

be the subshift of finite type for the matriz T. In particular, according to [27],
we say that such subshift of finite type is nontrivial if T is an irreducible matrix
(that is, for every couple of integers i, k € {0,...,n—1} there exists a positive
integer [ such that T'(i, k) > 0), which is not a permutation on n symbol@. The
space X inherits the metric from ¥ and, with this choice, o7 is continuous.
Furthermore, it is possible to prove (cf. [75, Observation 1.4.2]) that, when T’
is irreducible, hip(or) = log()\), where A is the largest real eigenvalue of T in
absolute value, also called Perron eigenvalue of T. Therefore, if there exists a

“Notice that, when 7' is the matrix whose entries are all 1, then % = X} and or
coincides with the classical Bernoulli shift o, also known as full shift [75].
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positively) invariant se C J suc a 7+ 18 semi-conjugate to or, i
itively) invariant set Z* C J such that ¢ |z« i i-conjugate t it
holds that

heop(9) = hioplg [2) = hiop(or) = log(R). (2.2.11)

In the case under investigation, we can take
+o00 '
=g '(J) (2.2.12)
i=0

and define the semi-conjugacy 7 : Z* — X7 between ¢ |7+ and or as
(m(z)); =k iff g¢'(x) € Jy, for ieN. (2.2.13)

We recall that, according to [27, Lemma 1.2], for the Perron eigenvalue it holds
that X is strictly greater than 1 unless T is a permutation matrix (otherwise,
A = 1). Thus, the topological entropy of any nontrivial subshift of finite type
is positive.

We have now available all the ingredients to deal with a map f with the
properties expressed in (Z2.0]). The transition matrix for f associated to the
intervals Iy and [ in (2.2.7) is

@:(?1). (2.2.14)

Defining the (positively) invariant set Z* for f as in (Z2I2), it is possible to
obtain a semi-conjugacy as in (Z2.I3]) between f |7+ and the subshift of finite
type o7, for the matrix Ty. Thus, we can conclude that

1+\/5>

5 (2.2.15)

htop(f) Z htop(UTf) - log (
since the Perron eigenvalue of T} is A= %5 This quantity coincides with the
golden mean ratio and the map or, is also known under the name of golden
mean shift.

We stress that more general situations can be handled in a similar manner.
For instance, a further case that can be considered is when for a continuous
map g : J — J, some multiple coverings among the subintervals Jy, ..., J,_1
of J occur. In such a framework, the transition matrix 7" is replaced by the
n X n adjacency matric A = A(i, k), for i,k =0,...,n — 1, defined as

Ali, k) = { [ if J; g-covers Ji [ times, (2.2.16)

0 if J; does not g-cover Jy ,
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where [ is a positive integelﬁ. The entries of A are now nonnegative integers,
possibly different from 0,1. Also in this case, one can associate a suitable
subshift of finite type to A. To understand how to act, it is necessary to recall
some notions from graph theory [94], 137].

A graph G consists of a finite set V = V(G) of vertices and of a finite set
of edges €& = E(G) among them. Every edge e € £(G) starts at a vertex
denoted by i(e) (initial state) and ends at a vertex denoted by t(e) (terminal
state), which can possibly coincide with i(e). Of course, there may be several
edges between the same initial and terminal states. In the special case that
A = A(i, k) is an adjacency matrix, we call graph of A the graph G = G(A),
with vertex set V(G) = {0,...,n—1} and with A(i, k) edges with initial state
in ¢ and terminal state in k, for ¢,k = 0,...,n— 1. The cardinality of the set of
the edges is [E(G)| = 3., 10, n1y A(4, k). We name N this quantity, so that
E(G) ={eq,...,en} is the set of the edges.

The shift o7 in ([2:2.10) for the transition matrix 7" in (Z.2.8) is called a vertex
subshift. We want now to define an edge subshift for the adjacency matrix A in
(221d). In order to realize it, we construct the transition matrix 7" = T"(i, k)
on £(G), that is, the N x N matrix with entries

The desired edge subshift for A corresponds to the vertex subshift for 77,
or X5 =X o =0 [E;/ , where the definition of ¥7, is analogous to the
one of ©F in @Z3) [

The edge subshifts can thus be seen as a counterpart of the vertex subshifts in
relation to matrices with nonnegative integer entries, possibly different from
0,1. An example of matrices of such kind is represented by the powers of a
given transition matrix and it is particularly important to handle them when
dealing with the iterates of a given function.

Notice that, both in the case of edge subshifts and in the case of vertex sub-
shifts, we have confined ourselves to the one-sided sequences of symbols, since
we do not assume g to be one-to-one on its domain. Analogous results hold
true for bi-infinite sequences under the additional hypothesis of injectivity for

g (cf. Remark ZT.H).

5If [ = 1, condition “J; g-covers Jj, [ times” simply reads as “J; g-covers J;”.

5Observe that, when the entries of A are already from {0, 1}, it is still possible to construct
an associated transition matrix T” as described above, that will be possibly different from
A (also the dimensions n and N won’t coincide in general). On the other hand, it is not
difficult to show that the vertex subshift o4 and the corresponding edge subshift o/ are
conjugate. Indeed, the conjugacy h : F, — X7 can be defined as h((e;)jen) = (v))jens
where v; = i(e;), Vj € N, with v; € V and ¢; € €.
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If, in place of self-maps on intervals, one deals with functions f : X — X de-
fined on a generic metric space X, and considers, instead of the one-dimensional
covering relation for intervals, some covering or crossing relation among pair-
wise disjoint compact subsets (or at least compact subsets with pairwise dis-
joint interiors, in the case of Markov partitions [139]) of X, then, to such
framework, it is possible to associate a transition matrix or an adjacency ma-
trix exactly as in (Z2.8)) and ([22.16]), respectively, with intervals replaced by
compact sets.

In particular, when the hypotheses of Theorem 213 are fulfilled with X = R?
and m = 2, we have already observed that there exist two vertical slabs RO
and 721 of R with Rg 2 Ko and Ry O K;, which satisfy w 72 —>R for

t,7 = 0,1. Thus, the transition matrix for v associated to Rg and Rl is

T, = < i 1 ) . (2.2.17)

Analogous conclusions can be drawn when restricting our stretching along the
paths relation to the one-dimensional setting. In such a case, a pair [ = (I,17),
where [ = [a,b] is a compact interval and I~ = {a, b} is the set of its extreme
points, may be seen as a degenerate kind of oriented rectangle. Accordingly,
the stretching property (K,v) : I =1 is equivalent to the fact that I con-
tains a compact interval [y such that i¢(Iy) = I. This shows that, in the
one-dimensional case, our stretching property reduces to the classical cover-
ing relation discussed above. Moreover, noticing that, in the just described
framework, we have (Io,1)) : [ =1, then, if I contains two disjoint compact
subintervals Iy and I; such that ¢(;) = I, for i = 0,1, we enter the setting of
Theorem 213, with I playing the role of R and with K; := I, .

A look at the matrices Ty in (22.I4) and T}, in (2Z.2.I7) shows that the as-
sumptions of Theorem 2.1.3] when restricted to the one-dimensional setting,
are stronger than the conditions in (2.2.0) A Recalling (2.2.15]), this verifies
our claim that a positive topological entropy can be obtained under hypotheses
weaker than the ones in Theorem 2.1.3 On the other hand, with respect to
[93], the assumptions in Theorem [Z1.3] allow to obtain sharper consequences
from a dynamical point of view (cf. Section 2.3)).

TAt first sight, this conclusion may seem rather obvious, since a map 1 as in Theorem
213 has periodic points of all periods and thus, in particular, also a point of period three.
However, things are not so simple. Indeed, as a consequence of the Sarkowskii Theorem
[152], any continuous self-map f defined on a compact interval and possessing a point of
period three has periodic points of each period. Moreover, the conditions in ([Z.2.6]) do not
necessarily imply the existence of a point of period three, being in fact more general. This
is the reason that led us to introduce some elements from symbolic dynamics in order to
compare our framework to the one in [93].
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Before abandoning the one-dimensional setting, let us employ the just intro-
duced tools from symbolic dynamics to study the behaviour of the logistic
map

F:[0,1] - R, F(z) := px(l — z), (2.2.18)

when the parameter p ranges in [0, +o00].

It is easy to see that for ;> 4 the interval [0, 1] F-covers [0, 1] twice. Indeed,
the maximum of F is attained when z = 1/2 and F(1/2) = u/4, so that
F(1/2) > 1 for u > 4. Since F(0) = F(1) = 0, setting o := F~1({1})N([0, 1/2])
and 8 := F'({1}) n ([1/2,1]), we have (I;,F) : I =—I,i = 0,1, where
I := ([0,1],{0,1}), Iy := [0,a] and I, := [3,1]. B Unfortunately, in such a
case, F' does not map [0, 1] into itself and, for almost every initial point, the
iterates F™ of the map limit to —oo as n — oo. This generates problems
with numerical simulations: indeed, although Theorems and 2.1.4] ensure
the existence of a chaotic invariant set in [0, 1], such region is not visible on
the computer screen, because almost all points eventually leave the domain
through the iterates of F.

](] [1

Figure 2.1: The graph of the second iterate of the logistic map F in [22.18)) for u = 3.88.

When p < 4, the existence of multiple coverings can be established for some
iterate of F' through geometric arguments analogous to the ones employed for
the case u > 4, that allow to conclude that the conditions of Theorem 2.1.3] are
verified for sufficiently large values of the parameter y < 4. A corresponding
example is illustrated in Figure 2.1, which depicts the second iterate of I for

8 Actually, [0,1] F-covers [0, 1] twice also for the “watershed” value pu = 4. However, in
this case Iy and I; are not disjoint and thus Theorem 2.1.3] does not apply directly.
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p = 3.88. The interval I C [0, 1], drawn with a thicker line on the y-axis, is
oriented by choosing as [~ its extreme points. For I = (I,17) and calling
Iy and I; the two subintervals of I highlighted on the z-axis, it is immediate
to verify that F?(I;) = I, for i = 0,1, and hence (I;, F?) : [ =1,i = 0,1.
Therefore, the map F? induces chaotic dynamics on two symbols relatively
to Iy, I; and possesses all the chaotic properties listed in Theorem 2. 1.4l In
particular, from this something can still be deduced for F. Indeed, by the semi-
conjugacy between F? restricted to a suitable invariant set and the one-sided
shift o on two symbols (cf. Theorem 2.1.4] conclusions (ii) and (v)), it holds
that

hiop (F?) > log(2)
and, since by ([223) we have hiop (F?) = 2hyop(F), it follows

hiop(F) > log(v/2) > 0.

We conclude this section by reconsidering Definition and Theorem
in the light of the above results from symbolic dynamics.

Indeed, when a map satisfies the hypotheses of Theorem with X = R?
and for some m > 2, then the associated transition matrix has all elements
equal to 1 (see (2217 for the case m = 2). On the other hand, one could face
the more general situation in which the transition matrix 7" associated to the
system is irreducible, but possibly contains also some 0’s [86]. The topological
entropy can then be estimated as in (Z.2.11]) and one could say that the map
1 induces chaotic dynamics when the topological entropy of the corresponding
subshift of finite type op is positive. As already mentioned, this happens, for
example, when o7 is nontrivial [27].

According to [68, [75], if T is irreducible, the map or is Devaney chaotic (cf.
Definition 2.3.2)) on ¥F and thus it displays transitivity and sensitivity with
respect to initial conditions and the set of periodic points of o7 is dense in 7.
However, in order to proceed as in the proof of Theorem and transfer
the chaotic features of o to ¢ (via Theorem 2:3.3), we need the periodic
sequences of or to be realized by periodic points of 9. In view of Theorem
2.1.3] this happens, for instance, when our stretching relation is fulfilled with
respect to some oriented rectangles, but maybe not all the possible coverings
are realized, so that the conclusions of Theorem 2.1.4] hold with the full shift
o on &} replaced by o7 on 7.

At last we notice that a concrete framework in which it is possible to obtain
chaotic dynamics in the sense of Definition is when there exist m > 2
pairwise disjoint subsets C;, i = 0, ..., m—1, of a metric space X, each with the
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Fixed Point Property (FPP) [ and such that there exists a homeomorphism
¢ defined on U;i_ol Ci, with ¢(C;) 2 C;,Vi,j = 0,...,m — 1. Then, since
©(C;) D C; is equivalent to o1 (C;) C O, by the continuity of o' : C; — Cj,
it follows that there exists z* € C; with 7' (2*) = z*, i.e. p(z*) = x*. Thus,
the presence of at least a fixed point is ensured in each C;, i = 0,...,m — 1.
Working with the iterates of the map ¢, the existence of periodic points in
the C;’s can be shown in an analogous manner. To check that the periodic
sequences on m symbols are realized by periodic itineraries, it is then sufficient
to follow the same steps as in the proof of the second and the forth conclusions
in Theorem [[L.T.8 Due to the invertibility of ¢, we observe that it is possible
to deal with two-sided sequences (cf. Remark 2-T.H). In view of the previous
discussion, one could also consider the more general case in which ¢(C;) D Cj,
for some 7,57 = 0,...,m — 1, but the associated transition matrix 7T is still
irreducible. Obviously, in this setting, only the admissible (one-sided or two-
sided) sequences can be realized.

2.3 On various notions of chaos

Let us pursue further the discussion on chaotic dynamics started in Sections
2IH22l In particular, we will try to show the mutual relationships among
some of the most classical definitions of chaos (such as the ones by Li-Yorke,
Devaney, etc.), considering also the notion of chaotic dynamics in the sense of
Definition 2.T.2

Firstly, we would like to conclude the comparison between our results in Section
21 and the achievements in [93]. As we have seen, the presence of a point of
period three for a continuous self-map f defined on a compact interval, or
more generally the conditions (Z2.6]) from [93], ensure the positivity of the
topological entropy for f. Thanks to some tools from symbolic dynamics, we
have also realized that our assumptions in Theorem are stronger than the
ones in (Z.2.0). Now we are going to show that the consequences of Theorem
213 listed in Theorem 2.T.4] are strictly sharper than the conclusions in [93].
The main result obtained by Li and Yorke in [93] is often recalled as a particular
case of the Sarkowskii Theorem [I52] but, actually, the authors in [93] proved
much more than the presence of periodic points of any period for an interval
map possessing a point of period three. Indeed, the existence of an uncountable
scrambled set (cf. Definition Z3]) was obtained for such a map, which was
called “chaotic” in [93] for the first time in the literature, even if the precise
corresponding definition of chaos (now known as Li- Yorke chaos) was not given

9We say that a topological space W has FPP if every continuous self-map of W has a
fixed point in W.
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there.

Definition 2.3.1. Let (X, dx) be a metric space and f : X — X be a con-
tinuous map. We say that S C X is a scrambled set for f if for any z,y € 5,
with x # y, it holds that

liminfdx (f"(x), f"(y)) =0 and limsupdx(f"(z), ["(y)) > 0.

n—o0

If the set S is uncountable, we say that f is chaotic in the sense of Li-Yorke.

We remark that according to [93] the scrambled set S should satisfy an extra
assumption, i.e.

limsup dx (f"(z), /" (p)) > 0,

n—oo

for any x € S and for any periodic point p € X. However, in [7] this condition
has been proved to be redundant in any compact metric space and therefore
it is usually omitted.

We also point out that the original framework in [93] was one-dimensional.
The subsequent extension to generic metric spaces is due to different authors
(see e.g. [7, 20} 65, [77]) that have collated the concept of chaos from [93] to
other ones available in the literature. We will try to present some of these
connections in the next pages.

We warn the reader that, in what follows, the term chaotic will be referred
without distinction to a dynamical system, meant as a couple (X, f), where
X is a compact metric space and f : X — X is continuous and surjective,
as well as only to the map f defining it. In this respect, with a slight abuse
of terminology, some properties of the map f (such as transitivity, sensitivity,
etc.) will be transferred to the system (X, f). When we need to specify the
distance dxy on X, we will also write (X, f,dx) in place of (X, f). Since the
map [ has to be onto, if we are in the framework described in Theorem 2.1.4],
the dynamical system we usually consider is given by (Z,% |7), where Z is the

invariant set in (2.1.7).

In order to understand the relationship between the kind of chaos expressed in
Definition and the Li-Yorke chaos, a key role is played by the topological
entropy. Indeed, as we have seen in Theorem [ZT.4] conclusion (iv), thanks
to the semi-conjugacy with the Bernoulli shift, the topological entropy of
is positive in the setting described in Definition 2Z.1.21 On the other hand, in
[20, Theorem 2.3] it is established that any dynamical system with positive
topological entropy admits an uncountable scrambled set and therefore it is
chaotic in the sense of Li-Yorke. Hence, we can conclude that our notion of
chaos is stronger than the one in Definition 2.3.1] since any system chaotic
according to Definition is also Li-Yorke chaotic, while the vice versa does
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not hold in general. In fact, there exist maps Li-Yorke chaotic but with zero
topological entropy: for an example on the unit interval, see [146].

After the discussion on the concepts introduced in [93] and on the results
obtained therein, the next feature related to the presence of chaos we take
into consideration is the sensitivity with respect to initial data. This is one
of the three requirements in Devaney’s definition of chaos, together with the
topological transitivity and the density of periodic points, and it is maybe the
most intuitive among them. Indeed, it is pretty natural to associate the idea
of chaos to a certain unpredictability of the forward behaviour of the system
under consideration. The sensitivity with respect to initial data expresses
exactly such concept: no matter how close two points start, there exists an
instant in the future in which they are at a given positive distance. However,
although its intuitiveness, the sensitivity on initial conditions has been proved
to be redundant in Devaney’s definition of chaos in any infinite metric space
3] [,

In view of the subsequent treatment, we present the complete definition of
Devaney chaos for the reader’s convenience, even if at first we will focus only
on the third condition.

Definition 2.3.2. Given a metric space (X,dy) and a continuous function
f: X — X, we say that f is chaotic in the sense of Devaney if:

e fis topologically transitive, i.e. for any couple of nonempty open subsets
U, V C X there exists an integer n > 1 such that U N f*(V) # 0;

e The set of the periodic points for f is dense in X

o f is sensitive with respect to initial data (or f displays sensitive depen-
dence on initial conditions) on X, i.e. there exists § > 0 such that for
any x € X there is a sequence (x;);en of points in X such that x; — x
when ¢ — oo and for each 7 € N there exists a positive integer m; with

dx (f™i(z;), f™i(z)) > 6.

We stress that some authors call Devaney chaotic maps for which the three
above conditions hold true only with respect to a compact positively invariant
subset of the domain [7, [02]. We also remark that sometimes a map f on X is
named topologically transitive if there exists a dense orbit for f in X [7§]. In
the case of compact metric spaces without isolated points, the two definitions
turn out to be equivalent, but in general they are independent. The precise

10We recall that, in the special case of intervals, also the density of periodic points is
superfluous according to [158] and therefore Devaney chaos coincides with transitivity in
the one-dimensional framework.
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relationship between such notions can be found in [143] Proposition (1.1)]: in
any metric space without isolated points the existence of a dense orbit im-
plies the topological transitivity; vice versa, in separable and second category
metric spaces, the topological transitivity implies the existence of a dense or-
bit. According to [8, Lemma 3], another case in which the two definitions of
transitivity coincide is when f is onto and this happens, for instance, in any
dynamical system. Such fact will find an application in Theorem 2.3.3
About the sensitivity, we notice that it can be equivalently defined using neigh-
borhoods instead of sequences: given a metric space (X, dx), the continuous
map f: X — X is said to display sensitive dependence on initial conditions if
there exists § > 0 such that, for any z € X and for every open set X D O, > z,
there exist y € O, and a positive integer m with dx(f™(z), f™(y)) > § [143].
We also recall that it is possible to give a pointwise version of the defini-
tion of sensitivity, using neighborhoods or sequences. As regards this lat-
ter characterization, any x € X admitting a sequence (z;);en of points of X
with ; — x for i — oo and a sequence (m;);en of positive integers with
dx(f™i(x;), f™i(x)) > 6, Vi € N and for some 6 > 0, is sometimes called J-
unstable (or simply unstable) [§]. For an equivalent definition of unstable point
based on neighborhoods, see [20], where it is also observed that, in general,
the instability of f at every point of X does not imply f to be sensitive on X.
Indeed there could be no positive § such that all points of X are d-unstable.
However, the previous inference is true if the map is e.g. transitive [20], such as
in Theorem [2.3.3], where we use the concept of sensitivity in both its equivalent
versions and also the definition of unstable point based on sequences.

The positivity of the topological entropy and the sensitivity on initial condi-
tions are someway related, since both are signals of a certain instability of the
system. The topological entropy is however a “locally detectable” feature, in
the sense that, according to (2.2.2), it is sufficient to find a (positively) invari-
ant subset of the domain where it is positive in order to infer its positivity
on the whole domain. Therefore, in general, we cannot expect the system to
be sensitive at each point if the entropy is positive. Adding a global prop-
erty, such as transitivity, then this implication holds true. Indeed in [20] it
is argued that any transitive map with positive topological entropy displays
sensitivity with respect to initial data. On the other hand, if we are content
with the presence of sensitivity only on an invariant subset of the domain, then
some authors have obtained corresponding results by considering, instead of
the positivity of the entropy, the stronger property of chaos in the sense of
coin-tossing (cf. Section 2.7]), or at least the semi-conjugacy to the Bernoulli
shift o for the map f defining the dynamical system or one of its iterates. For
example, the already cited [69, Lemma 4] (Chaos Lemma), under hypotheses
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for a map f similar to the ones for ¥ in Theorem 2.1.3] establishes the existence
of a compact f-invariant set ()., on which f is sensitive and such that each
forward itinerary on m symbols is realized by the itinerary generated by some
point of @, (here m is the crossing number introduced in Subsection [LT.1]).
A similar result is mentioned, without proof, by Aulbach and Kieninger in [7]
and it asserts that if a continuous self-map f of a compact metric space X is
chaotic in the sense of Block and Coppel, that is, if there exist an iterate f*
(with k& > 1) of f and a compact subset Y C X positively f*-invariant, such
that f* |y is semi-conjugate to the one-sided Bernoulli shift on two symbols
, then f [z is Block-Coppel chaotic, transitive and sensitive on Z, where Z
is a suitable compact positively f-invariant subset of X. As suggested in [7],
such conclusions rely on [8, Theorem 3]. Since the proof of this latter result
is only sketched in []], we furnish the details in Theorem below for the
sake of completeness. Notice that the original requirement on the existence
of a dense orbit in the statement of [§, Theorem 3] has been here replaced
with the one of transitivity from Definition [2.3.2] since such notions coincide
in every dynamical system (cf. [8, Lemma 3]). Moreover, we have replaced
the pointwise instability in [8, Theorem 3] with the (generally) stronger prop-
erty of sensitivity: indeed, as mentioned before, such concepts turn out to be
equivalent in any transitive system [20] . Finally, we stress that the set X
in the statement of [§, Theorem 3] is claimed to be only positively invariant.
However, after a look at its proof, since by construction X is the w-limit set
of a certain point of X, it turns out to be invariant by the compactness of X
(cf. [160, Theorem 5.5]).

Theorem 2.3.3 (Auslander-Yorke). Let (X, f,dx) and (Y, g,dy) be dynamical
systems and let m : X — Y be a continuous and surjective map such that
mo f = gom. Assume that g is sensitive and transitive on Y. Then there exists
a closed f-invariant subset Xo C X such that m(Xo) =Y and such that f is
sensitive and transitive on X.

Proof. First of all we use Zorn Lemma to show the existence of a closed posi-
tively f-invariant subset Xy C X such that 7(X,) = Y and X is minimal with
respect to these properties. Indeed, let us consider a chain C = {X; };cx, whose
elements are closed positively f-invariant subsets of X and 7(X;) =Y, Vi € F.

1'We observe that, although the definition of Block-Coppel chaos is presented in [7] with
respect to the shift on two symbols, in all the related results stated below, one could deal
with the more general case in which m > 2 symbols are involved. Indeed, the situation is
exactly the same such as for Definitions 2.T.] and 2.1.2] where the difference is only a formal
matter.

12 Actually, the sensitivity on initial conditions is equivalent to the instability of a point
with dense orbit [8], as it will emerge from the proof of Theorem [Z3:3]
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Then we have to check that X, := (1),c» X; is still closed, positively f-invariant
and 7(X,) =Y. Notice that X, is nonempty by the strong Cantor property,
valid for compact spaces (in fact, equivalent to compactness in any topological
space). Since X is the intersection of closed sets, it is closed, too. The
positive f-invariance of X, follows easily by observing that

F(Xo) C ) F(X) S )Xo = Xoe.
i€F =
In order to verify that 7(X,) = Y, we have to check two inclusions. Since
m(X;) =Y, Vie F, then 1(X) C (ier 7(Xi) = Nicr Y =Y. For the reverse
inclusion, let us fix y € Y and consider the compact sets C; := 7 1(y) N X,
i € F. Notice that they are nonempty as 7(X;) = Y, Vi € F. Moreover the
family {C;};c# has the finite intersection property: indeed, recalling that C is
a chain, given C;,, ..., C;,, with 71,...,% € F, it holds that

k
ﬂCZ-j = Cy, for some i =iy,..., 1
j=1

and thus such intersection is nonempty. By the strong Cantor property, there
exists

re((C=="WnX)=7"@un (ﬂ Xi> =7 Y y) N Xo,

ieF i€F ;

that is, there exists © € X such that m(x) = y. Hence, Y C 7(X). The
existence of the minimal set X is then ensured by Zorn Lemma.

Notice that, since m(Xy) = Y and f(X,) C X, the relation 7 [y, of [x,=
gom [x, holds. Indeed, for any =g € Xo C X, we have 7(f [x, (z0)) =
7(f(xo)) = g(m(z0)) = g(7 [x, (20)). On the other hand, since f(zy) € Xo,
then W(f on (x(])) =m rXo (f on (‘%0))7 from which 7 on (f on (x(])) =
g(m Tx, (z0)). The validity of w [ x, of [x,= g o7 |, is thus checked.

By the transitivity of the onto map g on Y, there exists y* € Y with dense
g-orbit, that is, v(y*) =Y, for v(y*) := {g"(y*) : n € N}. Let % € X, be such
that 7(xf) = y*. We will show that

m(w(xg)) = wly”) =Y,
where, for a dynamical system (Z,1) with z € Z, we have

w(z) :={r € Z:3n; / oo with ["(2) — x}.

13We recall that a topological space X has the strong Cantor property if, for any family
{C4q}aer of closed subsets of X with the finite intersection property (i.e. such that, for every
finite subset J C Z, it holds that (¢ ; Co # 0), we have (7 Co # 0.
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According to [160, Theorem 5.5], it holds that w(z), called w-limit set of =z,
is closed nonempty and invariant by the compactness of Z. Let us start with
the verification of w(y*) = Y. By the surjectivity of g on Y, there exists g € Y’
such that g(g) = y*. Since the g-orbit of y* is dense in Y and recalling that
v(y*) = v(y*) Uw(y*), there are two possibilities for g, that is, § € ~(y*) or
7 € w(y*). In the former case, we find § = ¢*(y*), for some k& > 0. Since
g(g) = y*, this means that ¢**'(y*) = y* and thus y* is a periodic point,
from which Y = v(y*) = v(y*) = w(y*) is a finite set. On the other hand,
if 7 € w(y*), it follows that g(§) = y* € w(y*), by the invariance of w(y*).
Recalling that it is also closed, then Y = 7v(y*) C w(y*). Therefore we find
w(y*) =Y also in the latter case.

As regards the equality m(w(z§)) = w(y*), at first we observe that, since 7 [,
of Ixo=g0oT [x,, then it follows that 7 [x, o(f [x,)™ =¢™ o7 [x,, Ym > 2.
Let us start with the inclusion w(w(z§)) C w(y*). If 2* € w(z}), then there ex-
ists a sequence n; /" oo such that f™ (z§) — «*. By the continuity of the map
7, it holds that 7(f™ (zf)) — m(z*) for 7 — oo, but w(f™ (xf)) = g™ (w(z)) =
g™ (y*), i.e. limj_ g™ (y*) = m(z*) and thus m(z*) € w(y*). For the reverse
inclusion, we have to check that any y € w(y*) can be written as y = (), with
T € w(xy). Indeed, if § € w(y*), then there exists a sequence my, 0o such that
g™ (y) — §. Thorefore (™ (z3)) = g™ (x(z8)) = g™(y") — § 2 k — 0.
Since (f™*(x}))ken is a sequence contained in the compact set Xy, there exist
a subsequence my, /" 00 of (my)ren and T € Xo such that f™(zf) — 2
for j — oo. This means that € w(zf). Notice that also for the subsequence
(p )y it holds that ©(f™s (z5)) = o™ (w(z5)) = g™ (3°) — 7 as j — oo.
Hence, passing to the limit, we find 7(z) = lim;_ ¢"" (7(2f)) = 7, from
which one obtains § = 7(Z), with Z € w(zf). The equality 7(w(z})) = w(y*) is
thus established.

Then, since 7(w(zf)) = Y and recalling that w(xj) is a closed f-invariant
subset of Xj, by the minimality of X it follows that w(zj) = X,. By the
invariance of w(x), then f(w(z§)) = w(zg) and so X is invariant, too.
Moreover, from y(z§) = v(xj) Uw(zy), we find that the f-orbit of xf is dense
in Xj. In fact, by the minimality of X, the f-orbit of any point of X is dense
in X() .

Let us check now that f is sensitive on Xy. By the sensitivity of g on Y, there
exists € > 0 such that for every y € Y with dense g-orbit (actually, for any
point of Y), there exist a sequence (y;);en of points of Y and a sequence (n;)en
of positive integers such that y; — y, but dy(¢" (y), g™ (y;)) > €, Vj € N. Let

14A subset M of the dynamical system (Z,1) is called minimal if it is closed nonempty
positively l-invariant and contains no proper closed nonempty positively [-invariant subsets.
An equivalent definition is that M is minimal if each of its points has dense [-orbit in M.
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(z;)jen be a sequence in X such that n(z;) = y;, Vj € N, and let (z;, )ren be
a converging subsequence of (z;);en, with z;, — T, for some Ty € Xy. By the
continuity of 7 it follows that 7(Zy) = y. We want to show that Ty is unsta-
ble, i.e that there exists § > 0 such that dx(f"(Zy), f*(x;,)) > 9, Vk € N,
where (n;, )ren is the subsequence of (n;);en corresponding to (y;, Jken. Indeed,
if by contradiction there exists a subsequence of (n;, ), that by notational con-
venience we still denote by (n;,), such that dx(f™x(Z), f"*(z;,)) — 0 for
k — oo, by the continuity of 7, we would find 0 < e < dy (¢"*(y), ¢"* (y;,)) =
dy (g7 (x(75)), g™ (n(23,))) = dy (x(f"(T5)), 7 (z5,))) — 0. Therefore
dx (f"%(Zo), fM*(x;,)) > 6, Vk € N, for some 6 > 0, and 7y € X is an un-
stable point. Moreover, since X is minimal, the f-orbit of Zj is dense in Xj,.
Let us prove that these two facts about Ty are sufficient to conclude that there
exists a & > 0 such that any point of Xj is d-unstable.

By the continuity of f, since T is d-unstable, then also f(Zp) is and hence the
whole f-orbit v(Zp) is d-unstable. Calling Us C X, the set of 5-unstable points
of Xy, we show that U; C Us /5. If this is true, since X, = Us, the thesis is

achieved for & := §/2. So let € Us. Then there exists a sequence (z;);en in Us
with x; — x. For any such x; and for every open set Xg 2 O; 3 x;, there exist
T; € O; and a positive integer m; with dx (f™(x;), f™(%;)) > d. In particular
we can choose O; := B(x;,1/1) N Xy, so that dx(z;,z;) < 1/i — 0, as i — 0.
Now there are two alternatives: if dy (f™ (z;), f™(z)) > 6/2, then x is §/2-
unstable and we are done. Otherwise it holds that dx (f™ (z), f™(7;)) > /2.
Indeed, if this would fail, then dx (f™ (z;), ™ (x;)) < dx(f™(x;), f™(z)) +
dx (f™i(z), fm(z;)) < 9, a contradiction. Since ; — z, it follows also in this
latter case that = € Us,,. The proof is complete. [

By the similarity between our point of view and the frameworks in [7, 69], it
is not difficult to show that both the above quoted results on chaotic invariant
sets obtained therein still hold in the setting of Definition 2.1.21 Therefore
the sensitivity is for us ensured at least on some subset of the domain. More
precisely, as discussed in Section 2.1 since our notion of chaos in Definition
is stricter than the one considered in [69, [71], we can prove the existence
of the chaotic invariant set (), mentioned above, exactly as in [69, Lemma 4].
On the other hand, with reference to [7] and [8], we notice that any map chaotic
according to Definition 2. 1.T]is also chaotic in the sense of Block-Coppel, thanks
to Theorem T4l conclusion (ii). Thus, following the suggestion in [7], we
have used Theorem [Z3.3] to get the existence of the set A in Theorem 2.1.4]
conclusion (v). More precisely, we point out that in Theorem [Z1.4], conclusion
(i), a property stronger than the notion of chaos in the sense of Block-Coppel
is obtained. Indeed, the semi-conjugacy with the Bernoulli shift is established
for the map 1 itself and not for one of its iterates. The same remark applies to
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Theorem 2.T.4] conclusion (v), where again a sharper feature than the Block-
Coppel chaos is deduced.

Pursuing further this discussion on the Block-Coppel chaos, we notice that
every system (X, f) Block-Coppel chaotic has positive topological entropy.
Indeed, by the postulated semi-conjugacy between an iterate f* (with k > 1)
of the map f, restricted to a suitable positively invariant subset of the domain,
and the one-sided Bernoulli shift on two symbols, by [223) and 223 it
follows that khiep(f) = hiop(f*) > log(2), from which hyop(f) > log(2)/k > 0.
Thus, by the previously quoted [20, Theorem 2.3], any such system is also
Li-Yorke chaotic. However, we observe that the Block-Coppel chaos is strictly
weaker than chaos in the sense of coin-tossing and, a fortiori, also than the
concept in Definition ZT.I} indeed, according to [7, Remark 3.2], there exist
systems (X, f) such that f? restricted to some f-invariant subset of X is semi-
conjugate to the one-sided Bernoulli shift on two symbols, while such property
does not hold for f.

Returning back to the analysis on the relationship between the topological
entropy and the sensitivity on initial conditions, we recall that, except for the
special case of continuous self-mappings of compact intervals, in general the
sensitivity does not imply a positive entropy [77]. Actually, even more can be
said. Indeed, if instead of the sensitivity alone, we take into account the defini-
tion of Devaney chaos in its completeness, then it is possible to prove that the
Devaney chaoticity and the positivity of topological entropy are independent,
as none of the two implies the other [0, 85]. In particular this means that,
in generic metric spaces, Devaney chaos does not imply chaos in the sense of
Definition (because, otherwise, the topological entropy would be positive
in any Devaney chaotic system). Vice versa it is not clear if our notion of chaos
implies the one by Devaney. Indeed, on the one hand, in [7] it is presented a
dynamical system Block-Coppel chaotic, but not chaotic according to Devaney,
since it has no periodic points. On the other hand, we have already noticed
that our notion of chaos is strictly stronger than the one in the Block-Coppel
sense.

When confining ourselves to the one-dimensional case, most of the definitions
of chaos are known to be equivalent, while it is in the higher dimensional
setting that the relationship among them becomes more involved. Indeed, in
[92] it was proved that for a continuous self-mapping f of a compact interval
to have positive topological entropy is equivalent to be chaotic in the sense
of Devaney on some closed (positively) invariant subset of the domain. The
positivity of the topological entropy is also equivalent to the fact that some
iterate of f is turbulent (or even strictly turbulent, cf. Section for the
corresponding definitions) or to the chaoticity in the Block-Coppel sense [7].
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Such equivalence, however, does not extend to chaos in the sense of Li-Yorke:
indeed, as already pointed out, there exist interval maps Li-Yorke chaotic, but
with zero topological entropy [146].

When moving to more general frameworks, the previous discussion should sug-
gest that several links among the various notions of chaos get lost. Nonetheless
something can still be said. In addition to the facts already expounded (e.g.,
chaos according to Definition 2. I1.T] = chaos in the sense of coin-tossing =
Block-Coppel chaos = hyp, > 0 = Li-Yorke chaos), we mention that Devaney
chaos implies Li-Yorke chaos in any compact metric space: actually, in order
to prove this implication, the hypothesis on the density of periodic points in
Definition could be replaced with the weaker condition that at least one
periodic point does exist [65]. On the other hand this weaker requirement is
necessary, because transitivity and sensitivity alone are not sufficient to imply
Li-Yorke chaos and vice versa, as shown in [20]. We recall that a dynamical sys-
tem that is both sensitive and transitive is sometimes named Auslander-Yorke
chaotic [8,20]. Therefore we can rephrase the previous sentence by saying that
the concepts of Li-Yorke chaos and Auslander-Yorke chaos are independent.

Of course, the above treatment is just meant to give an idea of the intri-
cate network of connections among some of the most well-known definitions of

chaos. A useful and almost complete survey on the existing relationships can
be found in [I11].

2.4 Linked Twist Maps

In this last section we present a different geometrical context where it is pos-
sible to apply our method of “stretching along the paths” from Section L]
and the corresponding results on chaotic dynamics from Section 2.1 More
precisely we will be concerned with the study of the so-called Linked Twist
Maps (for short, LTMs). In such framework, instead of considering a single
map that expands the arcs along a domain homeomorphic to a rectangle, one
deals with a geometric configuration characterized by the alternation of two
planar homeomorphisms (or diffeomorphisms) which twist two circular annuli
(or two families of them [132]) intersecting in two disjoint generalized rectan-
gles A and B. Each annulus is turned onto itself by a homeomorphism which
leaves the boundaries of the annulus invariant. Both the maps act in their
domain so that a twist effect is produced. This happens, for instance, when
the angular speed is monotone with respect to the radius. Considering the
composition of the two movements in the common regions, we obtain a result-
ing function which is what we call a “linked twist map” (see [163], [164] for a
detailed description of the geometry of the domain of a LTM). Such kind of
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maps furnish a geometrical setting for the existence of Smale horseshoes: in
fact, under certain conditions, it is possible to prove the presence of a Smale
horseshoe inside .4 and B [40]. Usual assumptions on the twist mappings re-
quire, among others, their smoothness, monotonicity of the angular speed with
respect to the radial coordinate and preservation of the Lebesgue measure. On
the other hand, since our approach is purely topological, we just need a twist
condition on the boundary (cf. Example 2.4.2)).

In the past decades a growing interest has concerned LTMs. In the 80s they
were studied from a theoretical point of view by Devaney [40], Burton and
Easton [28] and Przytycki [I31], 132] (just to cite a few contributions in this
direction), proving some mathematical properties like ergodicity, hyperbolicity
and conjugacy to the Bernoulli shift. However, as observed in [40], such maps
naturally appear in various different applicative contexts, like for instance in
mathematical models for particle motions in a magnetic field, as well as in
differential geometry, in the study of diffeomorphisms of surfaces. Special con-
figurations related to LTMs can also be found in the restricted three-body
problem [112, pp.90-94]. In more recent years, thanks to the work of Ottino,
Sturman and Wiggins, significant applications of LTMs have been performed
in the area of fluid mixing [153}, (154! [163], [164].

Our purpose is to adapt the general results from Sections [LTH2.1] to a geomet-
rical framework which is connected to and generalizes (in a direction explained
in Example 2.43)) the case of the LTMs. The corresponding Theorems 2.4.]
and 2.4.4] below will be applied to some nonlinear ODEs with periodic coeffi-
cients in Chapter @l

Theorem 2.4.1. Let X be a metric space and assume that ¢ : X 2 D, — X
and ¢ : X D Dy — X are continuous maps defined on the sets D, and Dy,
respectively. Let also A= (A, A7) and B:= (B,B~) be oriented rectangles of
X. Suppose that the following conditions are satisfied:

(Hy,) There are m > 2 pairwise disjoint compact sets Ho ..., Hm—1 € AND,
such that (H;, ) : A== B, fori=0,...,m—1;

(Hy) BC Dy and) : B=A.

Then the map ¢ = 1 o ¢ induces chaotic dynamics on m symbols in the set
H N (B), where H = |/, Hi, and thus satisfies properties (i)-(v) from
Theorem (or the stronger properties (i)-(v) from Theorem [2Z1.0, if ¢ is
also injective on H N o~ (B) ).

5 This is for instance the case in Chapter @ since there we deal with the Poincaré map,
that is a homeomorphism.
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Proof. We show that
(H;N o '(B), ) :.Z%.Z, Vi=0,...,m—1, (2.4.1)

from which the thesis about the chaotic dynamics is an immediate consequence
of Theorem 2.1.3

To check condition (2Z.4.1]), let us consider a path v : [0,1] — A such that
7(0) € A, and v(1) € A; (or with v(0) € A~ and (1) € A,) and let us
fix i € {0,...,m —1}. By (H,), there exists a compact interval [t',¢"] C [0, 1]
such that v(t) € H; and ¢(y(t)) € B, for every t € [t',t"], with ¢(v(t')) and
©(7(t")) belonging to different components of B~. Define now

W [t/7t//] — B, w(t) = (y(?).

By (Hy) there is a compact interval [¢', s"] C [t/,¢"] such that ¥ (w(t)) € A, for
every t € [¢, "], with ¢¥(w(s’)) and ¥ (w(s"”)) belonging to different components
of A™.

Rewriting all in terms of v, we have thus proved that
v(t) e H;Ne Y(B) and ¢(v(t) € A, Vtels,s"],

with ¢(y(s")) and ¢(y(s”)) belonging to different components of A~. The con-
tinuity of the composite mapping ¢ = ¢ o ¢ on H; N ¢~ (B) follows from the
continuity of ¢ on D, D H; and from the continuity of 1) on Dy, O B. By the
arbitrariness of the path v and of i € {0,...,m — 1}, the verification of (ZZ4.1))
is complete. O]

We remark that in condition (H,) we could consider the case in which there
exists a set D C AN D, with H = UZZBI H; C D, in analogy with Theorem
213l From the proof of Theorem 2.4.1] it is also clear that the continuity of
¢ on D, and of 1 on Dy, could be weakened requiring that ¢ is continuous
only on ‘H and ¥ on B. For simplicity’s sake and in view of the applications in
Section [£.2], we have preferred to present the easier framework.

Moreover, as regards condition (Hy), we could assume that the stretching
condition therein holds with respect to a compact set £ C B C D, that is,

(K,) - B=A.T hen, the chaotic dynamics would be localized in the set

m—1

H* = U (H;ne H(K)).

1=0

Such case is analyzed in the more general Theorem 2.4.4
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We present now two simple examples for the application of Theorem [2.4.7],
which are meant to show how this result is well-fit for studying LTMs. Ex-
ample is fairly classical as it concerns two overlapping annuli subject
to twist rotations, while Example 2.4.3] describes the composition of a map
which twists an annulus with a longitudinal motion along a strip. A similar
geometric setting was already considered by Kennedy and Yorke in [70] in the
framework of the theory of fluid mixing, studying planar functions obtained
as composition of a squeezing map and a stirring rotation.

We stress that such examples are only of “pedagogical” nature and, in fact,
the chaotic-like dynamics that we obtain could be also proved using different
approaches already developed in various papers (like, for instance, [108, 148
172, 176]).

Example 2.4.2. A classical kind of LTM is represented by the composition
of two planar maps ¢ and @ which act as twist rotations around two given
points. For instance, a possible choice is that of considering two continuous
functions expressed by means of complex variables as

o(z):==r+(z+7) gilertdilztrl) (2.4.2)

and
U(2) =1+ (2 — 1) etleatdzlz=rD) (2.4.3)

where ¢ is the imaginary unit, while r > 0, ¢; (j = 1,2) and d; # 0 are real
coefficients. Such maps twist around the centers (—r,0) and (r, 0), respectively.
We denote by p; and ps the inner and the outer radii for the annulus around
(—r,0) and by ¢; and ¢y the inner and the outer radii for the annulus around
(r,0).

For a suitable choice of r, of the radii p; < py and ¢; < @2, as well as of the
parameters determining ¢ and 1), it is possible to apply Theorem 2.4.T]in order
to obtain chaotic dynamics (see Figures 2.2H2.7]).
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Figure 2.2: A pictorial comment to condition (H,) of Theorem 241 with reference to
Example In order to determine the two annuli, we have set » = 3, p1 = ¢1 = 3.3
and py = g = 6 (this choice is just to simplify the explanation, since no special symmetry
is needed). For the map ¢ in ([Z42) we have taken ¢; = —1.5 and d; = 3.3. We choose
as generalized rectangle A in Theorem 2.4.] the upper intersection of the two annuli and
select as components of A~ the intersections of A with the inner and outer boundaries of
the annulus at the left-hand side. The set B is defined as the the lower intersection of the
two annuli and the two components of B~ are the intersections of B with the inner and
outer boundaries of the annulus at the right-hand side. The sets A~ and B~ are drawn with
thicker lines. The narrow strip spiralling inside the left annulus is the image of A under ¢.
Clearly, any path in A joining the two components of A~ is transformed by ¢ onto a path
crossing B twice in the correct manner (that is, from a side of B~ to the other side).

— —

Figure 2.3: A pictorial comment to condition (H,) of Theorem Z4T] with reference to
Example For r,p1,p2,q1,q2 as in Figure 2221 we have also fixed the parameters of 1)
in (Z43) by taking co = 0 and d2 = 0.9. It is evident that the image of B under ¢ crosses
A once in the correct way.
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Figure 2.4: For r,p1,p2,q1,q, ¢ as in Figure and 1 as in Figure 2.3, we show the
image of A under the composite map 1 o ¢ . It is clear that ¥(p(A)) crosses A twice in the
correct way.
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Example 2.4.3. A nonstandard LTM is represented by the composition of
two planar maps ¢ and 1, where ¢ is a twist rotation around a given point
and v produces a longitudinal motion along a strip with different velocities on
the upper and lower components of the boundary of the strip.

First we introduce, for any pair of real numbers a < b, the real valued function

1
Prigy(t) == . min{b — a, max{0,t — a}},

and then we set
f(t) =1+ diPry, p,(t), g(t) == ca+ daPrig, 4,)(1),
where ¢; (7 =1,2) and d; # 0 are real coefficients, while
O0<p1<pz and —p1 <q1 <@ <p

are real parameters which determine the inner and the outer radii of the circular
annulus

Clpr,pa) = {(x,9) : pI <2® +y* < p3}
and the position of the strip

Slan, @) = A{(z,9) : o1 <y < o}

Finally we define two continuous maps expressed by means of complex variables

as
o(2) == zef(FD (2.4.4)

(which twists around the origin) and, for $(z) the imaginary part of z,
$(2) = 2+ 6(3(2)) (2.4.5)

(which shifts the points along the horizontal lines).
For a suitable choice of the parameters determining ¢ and ¢, it is possible to
apply Theorem 2.4.T]in order to obtain chaotic dynamics (see Figures 2.BH2.T]).
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Figure 2.5: A pictorial comment to condition (H,) of Theorem Z41] with reference to
Example 2431 We have set p; = 3, p» = 5, ¢1 = —1 and g2 = 2 in order to determine the
circular annulus C|p1, p2] centered at the origin and the strip S[q1, g2] which goes across it.
For the map ¢ in ([2.44) we have taken ¢; = 0.47 and d; = 37. We choose as set A in
Theorem 2-4.7] the right-hand side intersection of the annulus with the strip and select as
components of A~ the intersections of A with the inner and outer boundaries of the annulus.
The set B is defined as the left-hand side intersection of the annulus with the strip and the
two components of B~ are the intersections of B with the lower and upper sides of the strip.
The sets A~ and B~ are drawn with thicker lines. The narrow band spiralling inside the
annulus is the image of A under ¢. Clearly, any path in A joining the two components of
A~ is transformed by ¢ onto a path crossing B twice in the correct manner.

Figure 2.6: A pictorial comment to condition (Hy) of Theorem 2Z.T] with reference to
Example The sets C[p1,p2] and S[q1,qz2] and the oriented rectangles A and B are
as in Figure For the map v in (ZZ43]), we have chosen ¢ = 1 and ds = 8.6. The
parallelogram-shaped narrow figure inside the strip S|q1, ¢2] is the image of B under ¢ . Any
path in B joining the two components of B~ is transformed by % onto a path crossing A
once in the right way.
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|
i

Figure 2.7: For p1,p2,q1,q2 and ¢ as in Figure and v as in Figure [Z6] we show the
image of A under the composite map 1 o . It is evident that 1 (¢(A)) crosses A twice in
the correct manner.

P2

Ho Hi

Figure 2.8: In the simple case of Example[2Z.3] for ¢ and ¢ with the coefficients chosen for
drawing Figure[27 we can determine the sets Hg and H; from Theorem 24Tl Indeed, inside
the set A, transformed in the rectangle [p1,p2] X [¢1, g2] by a suitable change of coordinates,
we have found two subsets (drawn with a darker color) whose image under ¢ is contained
in B. Inside these subsets, we have localized two smaller darker domains such that their
images under 1 o o are contained again in 4. Clearly, any path contained in the rectangle
[p1,p2] X [q1,42] and joining the left and the right sides contains two subpaths (inside the
smaller darker subsets) which are stretched by the composite mapping onto paths connecting
again the left and the right sides of the rectangle. Such smaller subsets can thus be taken
as Ho and H;. Up to a homeomorphism between A and [p1, p2] X [g1, 2], this is precisely
what happens in (A, A7) for ¢ o p.
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With a straightforward modification in the proof of Theorem 2.4.1], one could
check that (H,) and (H,) imply the existence of chaotic dynamics also for
@ o 1. Actually, both Theorem 2.4.1] and such variant of it can be obtained as
corollaries of the following more general result, whose proof is only sketched,
by the similarity with the verification of Theorem 2.4.11

Theorem 2.4.4. Let X be a metric space and assume that ¢ : X 2 D, — X
and ¢ : X D Dy — X are continuous maps defined on the sets D, and Dy,

respectively. Let also A := (A, A”) and B := (B, B™) be oriented rectangles of
X. Suppose that the following conditions are satisfied:

(H,) There are m > 1 pairwise disjoint compact sets Ho , ..., Hm—1 € AND,
such that (H;, ) : A== B, fori=0,...,m —1;

(Hy) There exist | > 1 pairwise disjoint compact sets Ko, ..., K-y C BN Dy
such that (IC;,¢) : B==— A, fori=0,...,1—1.

If at least one between m and [ is greater or equal than 2, then the composite
map ¢ = 1 o p induces chaotic dynamics on m x | symbols in the set

7/7‘7 ’

W= ) M. with Hi o =H007(K),

and thus satisfies properties (i)-(v) from Theorem [2.1.)
Proof. In order to get the thesis, it suffices to show that
(H.;,¢): AesA, Vi=0,...om—1and j=0,...,1—1.

Such condition can be checked by steps analogous to the ones in Theorem
24Tl The details are omitted since they are straightforward. [

As we shall see, this latter result will find an application in Section .1l when
dealing with a periodic version of the Volterra predator-prey model.
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Chapter 3

Applications to difference
equations

In order to present possible applications of the “stretching along the paths”
method introduced in Part [l we start with some discrete-time economic mod-
els, for which we show the presence of a chaotic behaviour in a rigorous manner,
without the need of computer simulations. In fact, when studying problems
arising in different areas of research, there is plenty of numerical evidence of
complex dynamics [2], 37, 50} 54} 62] [80), 911, ©5], 157, 168, [173], but, if we except
the simpler one-dimensional case, few rigorous proofs of the existence of chaos
in one or the other of its main characterizations can be found in the literature.
In more details, in Section B.I] we deal with some models of the “Overlapping
Generations” class (henceforth OLG). This name comes from the fact that one
considers an economy with a population divided into “young” and “old”. In
order to make the comprehension of our techniques easier, we start with the
analysis of some one-dimensional cases in Subsection B.I.1l and we move to
planar systems in Subsection B.1.2]

On the other hand, in Section we consider a bidimensional model of a
“Duopoly Game” (from now on DG) where the players have heterogeneous ex-
pectations. By “duopoly”, economists denote a market form characterized by
the presence of two firms. The term “game” refers to the fact that the players -
in our case the firms - make their decisions, or “moves”, reacting to each other
actual or expected moves, following a more or less sophisticated strategy. In
the present framework, we deal with a dynamic game where moves are repeated
in time, at discrete, uniform intervals. Finally, the expression “heterogeneous
expectations” simply means that, in the absence of precise information about
its competitor’s future decisions, each firm is assumed to employ a different
strategy.

In the next sections we will mainly focus on the mathematical aspects of the
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treatment, limiting the explanation of the economic interpretation to what is
barely necessary to the understanding of our main argument.

3.1 OLG Models

3.1.1 Unidimensional examples

Just to fix ideas, we start by presenting a one-dimensional application of the
Stretching Along the Paths method to a basic pure exchange overlapping gen-
erations (OLG) model. In this simple case, we do not expect to establish any
new result but the exercise is intended to introduce the reader to our tech-
niques in a clear and intuitive manner.

The model deals with an economy with a constant population living two pe-
riods of unit time length and, at each moment in time, being divided into two
equally numerous classes of persons, labeled respectively “young” and “old”.
Because individuals in each class are assumed to be otherwise identical, we
shall describe the situation in terms of “the young (old) representative agent”.
There is no production but constant, nonnegative endowments of the unique,
perishable consumption good are distributed at the beginning of each period
to young and old.

For each generation, the young representative agent maximizes a concave util-
ity function over a two-period life, subject to a budget constraint. We assume
that the market for the consumption good is always in equilibrium (demand
= supply) and that agents’ expectations are fulfilled (perfect foresight).

Let the notation be as follows:

¢ > 0: young agent’s consumption at time ¢
g: > 0:old agent’s consumption at time ¢
wp > 0 : young agent’s endowment
wy > 0 : old agent’s endowment
pr > 0 :interest factor at time ¢
= exchange rate between present and future consumption
Ulct, gro1) = ur(c) + ua(geyr) : utility functions (the same for all agents).

A mathematical formulation of such problem can be written as

max {u1(c;) + ua(gig1) }

Ct,gt+1
st g1 < wy 4 pr(wo — &), (P1)
Cty Giv1 > 0, VE>0

and the market-clearing condition is

C + g = wo + wy, VtzO (311)
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From the first order conditions of (P1) and from (BI.1]), we deduce that the
optimal choice for the young agent’s current saving (dis-saving), (wo — ¢),
equal to the old agent’s current dis-saving (saving), (g; — wy), must satisfy the
equation

H(cip1,¢) =U(cer1) + V() =0, (3.1.2)

where U(c) = uy(c)(wy — g) and V(c) = u)(c)(c — wy).

Whether or not from (8.I.2)) we can derive a difference equation moving forward
in time depends on whether the function U is invertible. To visualize the
situation, let us adopt a quasilinear-quadratic pair of utility functions following
[T7], namely

ur(c) = ac = (b/2)c*,  ua(g) = g.
If, for simplicity’s sake, we put a = b = p and, rescaling endowments, wg = 0,
we obtain the difference equation

crr1 = Fler) = pe(1 — ), (3.1.3)

i.e. the much-studied “logistic map”. Starting from an arbitrary initial con-
dition ¢y, equation (B.1.3]) determines sequences of young agents’ consumption
forward in time. Through the equilibrium condition (B.1.1]), it will determine
old agents’ consumption as well. According to [52], this is the “classical case”,
where the young agents dis-save and borrow and the old ones save and lend.
Alternatively, using the pair of functions

[

ui(c) = —pe ™, ua(g) =g,
we get the difference equation
i1 = Fley) = pere . (3.1.4)

The logistic map has already been analyzed in Section and thus we deal
with it only briefly here. As we have seen, if we consider the second iterate of
the function F' in ([B.1.3]), by a simple geometric argument it can be established
that the conditions of Theorem 2.1.3] are verified for sufficiently large values of
the parameter u < 4. For instance, in Figure 2.1 we visualized F? for p = 3.88 :
with reference to that picture, using the terminology from Theorem 2.1.3] we
showed that 2 induces chaotic dynamics on two symbols and consequently
possesses all the chaotic properties listed in Theorem 2.1.41

We recall that the proof that F': [0,1] — R satisfies the hypotheses of Theorem
2.1.3] and generates chaotic dynamics on two symbols is trivial for pu > 4.
Unfortunately, in this case almost all points of [0, 1] limit to —oo through the
iterates of F.

'Notice that, whereas wg is unimportant here, w; must be chosen in such a way that,
whenever ¢; > 0, so is g¢, i.e. wi > cmax = Fu(1/2).
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o~ 1oy 14

Figure 3.1: Partial representation of the graph of the second iterate of the map F in

BI4), with p = 20.

An entirely analogous line of reasoning can be followed for the map F from
(BI4), for which we draw the graph of the second iterate in Figure B.1] with
= 20. We enter the framework of Theorem 2.1.3] with the positions

R:]:<I,I_), IC():]O and K:lzll,

where I, Iy and [, are the intervals highlighted on the coordinate axes in Figure
3.1l so that we can promptly verify that

(I;, F?) : T=>1, i=0,1.

Hence, the map F? in (B.14) induces chaotic dynamics on two symbols rel-

atively to Iy and I; and, consequently, has the chaotic features described in
Theorem 2.1.41

3.1.2 A planar model

We continue our treatment with a bidimensional OLG model with production,
such as that discussed in [104] and [135].

Economically, there are two basic differences between this framework and the
one discussed in the previous subsection. The first one is that there are no
endowments. Instead, in each period ¢, a certain amount of the single homo-
geneous output x (call it “harvest corn”) is produced by means of inputs of
current labor [ and capital (“seed corn”) k is saved and invested in the previous
period. The stock of capital depreciates entirely during one period of time.
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The second difference concerns the fact that only young people work, earning
a unit wage w, and save, while only old people consume. The supply of labor
at each time ¢ is determined as a solution of a problem of intertemporal con-
strained maximization of the young agent’s utility function, whose arguments
are labor (at time ¢) and consumption (at time ¢ + 1) [

To simplify the analysis, we assume a linear, fixed coefficient technology, i.e.,
formally, we adopt the production function

r; =min{al;, bk 1}, (3.1.5)

where the constants a and b denote the output/labor and the output/capital
coefficients, respectively, and

kt =Tt — Ct . (316)

In order to ensure that the economy is “viable”, we shall suppose that b > 1,
i.e. that the fixed requirement of “seed corn” per unit of “harvest corn” is less
than one. Moreover, to economize in the use of parameters and without loss
of generality, we shall choose the unit of measure of labor so that a = 1.

Under these hypotheses, the young agent’s problem can be formalized as fol-

lows:

max {u(ci) — v(l)}
Ct41,bt

st e < pr(wely — ¢),
Ct, lta kt Z 07 Vi Z 07

(P2)

where u and —v are the two separable components of the utility function with
u'(c) >0, u"(¢) <0 and o'(I) >0, v"(1) > 0.
From the first order conditions of problem (P2), we get
U(crs1) = V(1), (3.1.7)
where U(c) = u/(¢) c and V(1) = v'(l) l. Moreover, from (B1.0)—(B1.6]), we have
liv1 =b(l; — ). (3.1.8)

Considering that, under the postulated assumptions, V(1) is always invertible,
whether conditions ([B.I7)—(B.I8) can actually define forward discrete-time

dynamics of the state variables (¢,1) or not depends entirely on the properties

2To give the problem a beginning, an exception must be made for the first generation,
which is assumed to be born old at ¢ = 1 and to be endowed with a given amount of “harvest
corn”, entirely consumed in that period.
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of U(c) and therefore on those of u(c).
If U(c) is invertible, then simple calculations lead to the difference equation

(crats livt) = Flen 1) = [U V(1)) bl — )] (3.1.9)

Although for this case there is a rigorous proof of the existence of periodic
solution in [I35], the most interesting dynamics are found when U(c) is not
invertible. We thus concentrate on the latter situation and, in particular, we
assume the “constant absolute risk aversion (CARA)” utility function

u(c) = —pe e,
where p is a positive parameter, whence

[

U(c) = (c)e=pce .

We also adopt the labor (dis)utility function

v(l) = %zﬁ,

with # > 1. Now U(c) has a “one-hump” form and consequently it does not
admit a global inverse ! (c). Hence, we cannot define forward dynamics as we

did with (B.I9). Since V(I) is invertible, however, we could write the system
of equations

(Ct, lt) = F(Ct+1, lt+1> = { zggg::&_ Eltﬂ (3-1-10)
where
go(c) ==V U(c)]. (3.1.11)

Given the initial conditions for [ and ¢, system (B.1.10) determines the dynam-
ics of the variables (¢,l) “in the past”.

In what follows, we apply the stretching along the paths method to prove that,
for certain parameter configurations, the dynamical system ([B.II0) (actually,
a generalization of it) exhibits chaos. We will then suggest how to use Inverse
Limit Theory [106] to show that chaotic dynamics backward in time imply
chaotic dynamics forward in time.

In order to make reference to the treatment of Section [LT] easier and to deal
with a more general case, we rewrite system (B.1.10), defining the continuous
planar map F : (RT)? — R? of the first quadrant as

Fla,y) = (F(,9), Fa(.y) = (90@) = L. 9()), (3.1.12)
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where b > 1 is a constant and g(x) is a continuous real-valued function as-
suming nonnegative values for = € [0, +00) and vanishing in 0. Moreover, we
suppose that g has a positive maximum value M which is achieved at a unique
z € (0,400). Notice that the required properties for g are satisfied by any
unimodal map with ¢g(0) = 0 and therefore they do not necessarily restrict the
choice to the map go in (BIII).

In Theorem BTl below, we prove that the stretching along the paths property
for the map F in (B.1.12)) is satisfied when taking as generalized rectangle a
member of the family of trapezoidal regions described analytically by

R=R(K,M):={(z,y) eR*:0<2 <K, 2 <y< M}, (3.1.13)

with M = ¢(Z) the maximum of the map ¢ as discussed above and K a suit-
able parameter. The stretching property will be checked under the technical

hypothesis that there exists K > & such that

1
bg(K) < K < M<1 - 5). (3.1.14)
Notice that, in order for ([B.II4) to hold for some value of K > Z, we must
have bi
T
M =g(z) > —.
9(7) > v
Y
I//: br/(b—1)
M
//
= glx) / ’
/
/ /
‘/‘ /
/ /
' e y=a/b —
S ///; o
S
T e
7 T M- 1)/b T

Figure 3.2: A visual representation of conditions ([B.II4]).
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Figure B.2] provides a graphical illustration of conditions (B.1.14]). Let & be the
maximal solution of the equation x = bg(z). If the maximum M of the map g
lies on the thicker vertical half-line, that is, if M = ¢g(z) > bz/(b — 1), and so
& > Z > 0, then any point in the segment [Z, M (b— 1)/b) on the x-axis can be
taken as the right edge K for the trapezoid R.

In the special case of system (B.I.10) with the choice (3.I.I1), the function g
has the form

g(x) = go(z) := (ux exp(~))"/", (3.1.15)

with y > 0and 0 > 1. Thus z =1 and M = (%)1/6. It follows that, for any
given value of b > 1, the condition M = ¢(z) > bz/(b — 1) is satisfied for
sufficiently large values of p, i.e. when the unimodal curve of g is sufficiently
steep. Also (B.I.I4) holds true for every u large enough. For example, if we
fix b = 2, § = 1.3, the conditions of Theorem [B.1.1] are fulfilled for u = 80,
b = 2,3 = 1.3 (to which there corresponds M = g¢(1) ~ 13.48474370) and
K = 6. These are indeed the parameters used in Figures B.3H3.5l

The generalized rectangle in (B.I.I3]) can be oriented by setting
R, ={0} x[0,M] and R, :={K} x[K,M], (3.1.16)

and, according to our notation, their union will be denoted by R~.

Our main result for system (BII0) (and, more generally, for the map in

(BI12) is the following:
Theorem 3.1.1. For the map F defined in (BI1I2) and for any generalized
rectangle R = R(K, M) belonging to the family described in BI1.I3)), with

M = g(z), bg(K) §K<M<1—%), K> 7, (3.1.17)

and oriented as in [B110), there are two disjoint compact subsets Ko = Ko(R)
and K1 = K1(R) of R such that

(Ki, F) : R=>R, fori=0,1. (3.1.18)

Hence, the map F induces chaotic dynamics on two symbols on R relatively
to Ko and Ky and has all the properties listed in Theorem [2.1.4)

Proof. We are going to show that the conditions on the parameters K and M
in (B.II7) are sufficient to guarantee that the image under the map F' of any
path 7 = (71,72) : [0,1] — R, joining in R the sides R, and R, defined in
(B.1.16), satisfies the following:

(C1) Fi(v(0)) <0;
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(C2) Fi(y(1)) <0;
(C3) 3t (0,1): Fi(v(1) > K;
(C4) F(y(1)) € [Fi((t), M], vt € [0,1].

The first three requirements together imply an expansion along the z-axis
which is accompanied by a folding. Indeed, the image F' o~ of any path
joining R, and R, crosses a first time the trapezoid R, for ¢t € (0,t), and
then crosses R back again, for ¢t € (¢,1). Condition (C4) implies a contraction
along the y-axis.

In order to simplify the exposition, we will replace (C3) with the stronger
condition

(C3) Fi(z,y) > K, Vy € [z, M],

i.e. we ask that the inequality in (C3) holds for any ¢ € (0,1) such that
() = Z. Notice that, since K > z, the vertical segment {Z} x [z, M] is
contained in R.

Let us now define

RO::{(:B,y)E]RQ:OSQJSf,xSySM},
Ri={(z,y) eR*:2<z <K, z<y<M}

and
IC()Z:R()QF(R), KlilemF(R).

Then, we claim that conditions (C1), (C2), (C3') and (C4) imply the stretching
property in (B.1I8]).

First of all consider that, by condition (C3'), the sets Ky and K; are disjoint
because {z} x [z, M] is mapped by F' outside R. Furthermore (C1), (C2)
and (C3') ensure that, for every path v : [0,1] — R with 7(0) € R, and
v(1) € R, (or v(0) € R, and (1) € R, ), there exist two disjoint subintervals
[to, tol, [t1,t]] € [0,1] such that

v(t) € Ko, Vt € [ty,tg], ~(t) € Ky, Vit € [t], 1],

with F(y(t)) and F(v(t5)), as well as F(v(t])) and F(y(t])), belonging to
different components of R~. Finally, from (C4) it follows that F'(v(t)) € R,
Vit e [ty tg] U [t],t]]. Recalling Definition [LT1] we can conclude that, under
the postulated conditions, (B.II8) is verified and thus the last part of the
statement is a straightforward consequence of Theorem 2Z1.3] Observe that F’
is continuous on Ky U K; because it is continuous on (R™)2.

Next, we want to prove that (3.1.17) implies conditions (C'1)-(C3') and (C4).
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For this purpose, let us consider any path v = (71,72) : [0,1] — R such that
v(0) € R; and (1) € R, (the case in which v(0) € R, and v(1) € R, can
be treated analogously).

Since, in the present situation,

(C1) is automatically satisfied.
For the validity of (C2), we need to establish that

1
RG0) = o) - 20 <
1 K
but, since y(1) € R, , it follows that %T() =5 and therefore (C2) holds if
K
RG0) = oK) - X <o,
that is, if
bg(K) < K. (3.1.19)
To prove (C3'), we must show that
t
(—) 72(_> K,

Vt € (0,1) with 71(¢) = Z. Recalling that M = ¢(Z) is the maximum value for
the map ¢ and noticing that

M—72£D>M<1—1>,

b

(C3) is fulfilled if

M (1 - %) > K. (3.1.20)

Finally, for (C4) we have to consider two inequalities. First, since both b and
72(t), t € [0, 1], are nonnegative, the inequality Fy(~y(t)) > Fi(y(t)), Vt € [0,1],
or equivalently

gn(t)) = gn(t)) —

is satisfied. Second, the inequality Fy(y(t)) < M, Vt € [0, 1], or equivalently

Wét), Vvt € [0, 1],

g(m(t)) < M, vt € [0,1],
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is always fulfilled by the choice of M.

Summing up, in view of [BII9) and (BI20), the assumptions sufficient to
imply (C1), (C2), (C3') and (C4) are

g(K)— %<0
M(1-3)>K,

which are fulfilled for any positive K such that
bg(K) < K < M(l - %)

as postulated in (B.II7). The proof is complete. O

Figures[3.3H3.5 provide a visual representation of the stretching along the paths
property for system (B.1I0).

Y

M

/////////5////////////////////////////, 77

//////

F(R)

y
///A
/

////////////////// o

i
W i i it

5 ]Xr 10 T

Figure 3.3: The trapezoid R, oriented in the usual left-right manner, and its image under
the map F in BII2)), with ¢ as in (B1I5). An arbitrary path ~ joining in R the two

components of the boundary set R~ is transformed by F so that its image intersects R
twice.
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Figure 3.4: A zoom (with a magnification in the z-direction) of the generalized rectangle
R from Figure B3] showing the intersections between the path v and the two compact sets
Ko and Ky, which are drawn here with a darker color.

Figure 3.5: An illustration of the components F(¥ N Kg) and F(3 N K1) of the image of
the path v under the map F.
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As we have already observed while introducing Theorem B.I.T], for the partic-
ular choice of g = gy adopted in (B.IIH), condition [B.II7) is always satisfied
when p is sufficiently large.

The inequalities in (B.II7) define geometrical conditions depending on the
choice of the generalized rectangle R (i.e. the trapezoid in (B.1.13)).

The question naturally arises how a different R would affect the correspond-
ing conditions on the system parameters. A systematic investigation of this
question would lead us afar. Hence, we limit ourselves to the analysis of an
interesting alternative choice for R, specifically related to the crucial function
9= go in B.LIH).

The new R, depicted in Figure B.6] is a subset of the region below the graph
of the map x — bg(x), whose definition is

R=R(vd) ={(z,y) eR*:0<y<bg(z), s <y<vz+d}, (3.1.21)

with v and d suitably fixed parameters. Such domain can be oriented by taking
as R, and R, the left and the right components of the intersection between
the graph of y = bg(x) and R, respectively. An illustration of this choice for R
with the parameters = 14.5, b = 2, = 1/0.95, v = 0.6 and d ~ 3.662313254
is furnished by Figure Moreover, Figure [3.7] shows that the image under F’
of an arbitrary path 7 joining R, and R, in R intersects twice R and suggests
a strong similarity between this case and the one discussed in Theorem B.I.1l
In order to avoid tedious repetitions, however, we will not provide here a proof
that the stretching property and all its implications indeed obtain for R in

B.1.21).

y = by(x)

y=vr+d

Ry

Figure 3.6: A different choice of the oriented rectangle R for system (FLI0) with the two
components of R~ indicated with thicker lines.
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Y

Figure 3.7: The generalized rectangle R represented in Figure .6 together with an arbi-
trary path « joining the two components of the boundary set R~ and their images under
F.

To conclude, we have thus shown that, for a suitable choice of the generalized
rectangle R, the dynamics of the map F’ controlling our OLG model are therein
chaotic in the sense of Theorems and 2.T.4l The economic interpretation
of this result, however, is complicated by the fact that the iterations of F' move
backward in time, while economic agents care about the future not the past.
Moreover, in the case under investigation, F' is non-invertible and therefore
the study of the forward in time dynamics implicitly defined by F' is not
trivial. Inverse Limit Theory provides the ideal mathematical tool to solve such
problem, as it allows, under certain hypotheses, to transfer the chaotic features
of the map F' to a forward-moving map o 3. The asymptotic behaviour of the
iterations o™ of o, in the limit for n — oo, can be taken as a representation of
the long-run dynamics of the system. The details of this process are described
in [105]. We also mention that Inverse Limit Theory allows to deal with another
question related to the chaotic dynamics of the model above. Indeed, so far
we have only discussed the existence of chaotic sets, not their attractiveness.
Here, we would like to add the following brief observation. We have proved the
existence of backward moving chaos for values of parameters of the map F' for
which the numerical simulations “explode” and the chaotic set A from Theorem
214 is therefore not observable on the computer screen. This fact suggests

3We have chosen to name this map as the classical Bernoulli shift (cf. Section 22), as it
acts as a (one-sided) shift on a suitable space of sequences. The application-oriented reader
can find a brief introduction to the subject and basic bibliography in [106].
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that A is a repeller for the map F. Hence, the corresponding inverse limit
set is a natural candidate for an attractor, in one or the other of the various
existing definitions, of the forward moving map o. The cautious formulation
of such statement is motivated by the fact that, in general, F' may have many
(even infinitely many) repellers, while only one, or some of the corresponding
subsets of the inverse limit space are attractors for o. This question is discussed
at great length in [106], where general results are found for the case in which
the bonding maps are unimodal functions of the interval.

3.2 Duopoly Games

We now apply our stretching along the paths method to detect chaotic dynam-
ics for a planar economic model belonging to the class of “duopoly games”,
drawn from Agiza and Elsadany’s paper [2].

The economy consists of two firms producing an identical commodity at a con-
stant unit cost, not necessarily equal for the two firms. The commodity is sold
in a single market at a price which depends on total output through a given
“inverse demand function”, known to both firms. The goal of each firm is the
maximization of profits, i.e. the difference between revenue and cost. The
problem of any firm is to decide at each time ¢ how much to produce at time
(t+ 1) on the basis of the limited information available and, in particular, the
expectations about its competitor’s future decision.

Different hypotheses about demand and cost functions and firms’ expectations
lead to different formulations of the problem. For the model discussed here
the following notation and assumptions are postulated:

1. Notation

xy » output of Firm 1 at time ¢;
y, : output of Firm 2 at time ¢;
p : unit price of the single commodity .

2. Inverse demand function

p=a — b(x +y), where a and b are positive constants.

3. Technology

The unit cost of production for firm 7 is equal to ¢;, i = 1,2, where ¢, ¢y
are positive constants, not necessarily equal.
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4. Expectations

In the presence of incomplete information concerning its competitor’s future
decisions (and therefore about future prices), each firm is assumed to use a
different strategy, namely:

Firm 1: bounded rationality. At each time ¢, Firm 1 changes its output by
an amount proportional to the marginal profit (= derivative of profit calculated
at the known values of output and price at time t).

Firm 2: adaptive expectations. At each time ¢, Firm 2 changes its output
by an amount proportional to the difference between the previous output y;
and the “naive expectations value” (calculated by maximizing profits on the
assumption that both firms will keep output unchanged).

The result of these assumptions is a system of two difference equations in the
variables x and y, as follows:

{ i1 = 2¢(1 + aa — aby, — acy — 2abzy) (DG)

Yer1 = (1 =)y + 55(a — c2 — bay),

where « is a positive parameter denoting the speed of Firm 1’s adjustment to
changes in profit, v € [0,1] is Firm 2’s rate of adaptation and a, b, ¢1, ¢y are
positive constants.
In [2], Agiza and Elsadany discuss the equilibrium solutions of system (DG)
and their stability and provide numerical evidence of the existence of chaotic
dynamics. Here we integrate those authors’ analysis, rigorously proving that,
for certain parameter configurations, system (DG) exhibits chaotic behaviour
in the precise sense discussed in Section 2.1l Notice, however, that we only
prove existence of invariant, chaotic sets, not their attractiveness.
In order to apply our method to the analysis of system (DG), it is expedient to
represent it in the form of a continuous planar map F = (Fy, F3) : (R")? — R2,
with components

Fi(z,y) = z(1 + aa — aby — ac; — 2abz),
Fy(z,y) == (1 = v)y + 5(a — co — bx).
In Theorem B.2.1] below we show that the stretching property for the map F

is satisfied when taking a generalized rectangle R = R(P, () from the family
of rectangular trapezia of the first quadrant described analytically by

(3.2.1)

— 1
er{(a:,y)eRQ:PSySQ,OSxSW—g}, (3.2.2)

with a, b, ¢; and « as in (DG) and P, ) satisfying the restrictions

a+c —2c—1/a
< =
3b @

G—CQ<CL—01+1/OC‘

0< P :=
- 2b b

(3.2.3)
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Notice that, for this choice, the set R is nonempty.

A visual illustration of the above conditions is furnished by Figure B.8, where
unexplained notation is as in the proof of Theorem B.2.Il In analogy to [2],
in Figures B.843.10 we have fixed the parameters as a = 10, b = 0.5, ¢; = 3,
o =5, a=26/27 and v = 0.5.

T
,
0=y — - A
P=y B _ B—— o

Figure 3.8: Geometric representation of some conditions in Theorem 3211 The triangular
region T is delimited by the coordinate axes and by the straight line r. The “watershed”
line w separates T into the two regions A (yellow, in the colored version) and B (pink). The
values of P and @) are defined by the intersections of w with r and the y-axis, respectively.

A trapezoid R as in (B.2.2)) can be oriented by setting
_ _ a—c+1/a y
Ré = {0} X [P7Q]7 Rr = {(12—6/ - §7y> VRS [PvQ]} . (324)
The choice of R~ =R, UR; is depicted in Figure 3.9
Our result on system (DG) can be stated as follows:
Theorem 3.2.1. If the parameters of the map F defined in (B2.1]) satisfy the
conditions
26 1
a—2Cl+C2>—, (I+Cl—262——20, (325)
3 o)

then, for any generalized rectangle R = R(P,Q) belonging to the family de-
scribed in (3.2.2)), with

a+c—2c—1/a a— cy
d =
30 and Q= 5=

P = (3.2.6)
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<

Figure 3.9: A suitable generalized rectangle R for system (DG), according to conditions
BZ2) and BZ3)). It is oriented in the usual left-right manner, by taking as [-]”-set the
two “vertical” segments R, and R, defined in ([3.2.4)).

and oriented as in ([B.2.4), there exist two disjoint compact subsets Ko = ICo(R)
and K1 = K1(R) of R such that

(Ki, F) : R=>R, fori=0,1. (3.2.7)

Hence, the map F' induces chaotic dynamics on two symbols in R relatively to
Ko and Iy and has all the properties listed in Theorem [2.1.).

Proof. We are going to show that, when choosing P and @ as in (320,
conditions (B2Z7]) are sufficient to guarantee that the image under the map
F of any path v = (71,72) : [0,1] — R, joining in R the sides R, and R,
defined in (B.2.4)), satisfies the following:

(7(0)) < 0;
(v(1)) < 0;

C3) 3t € (0,1): Fy(y(t*)) > xp := max{z : (z,y) € R };

(C1)
(C2) F,
(C3)

(C4) Fx(y(t)) € [PQ], vt € [0,1].

Broadly speaking, conditions (C'1)—-(C3) describe an expansion with folding
along the z-coordinate. In fact, the image under F' of any path « joining R,
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and R, in R crosses a first time the trapezoid R, for ¢t € (0,t*), and then
crosses R back again, for ¢t € (¢*,1). Condition (C4) implies a contraction
along the y-coordinate.

In order to simplify the exposition, we replace (C3) with the stronger condition

/ a—c+1/«a
(C3) Fl (Z—b/_%ay> > Ty, VyE[P,Q],

i.e. we require that the inequality in (C3) holds for any t* € (0,1) such that

,Y(t*) — (# — %7y)7 fOI' some y € [Pa Q]

Recalling that R, := {(% — %,y) cy € [P, Q]} , taking P, @ as in (3.2.3))

and considering that 0 < % -4 < % — 4, Vy € [P,Q], we can con-
clude that the segment
a—c+1l/a vy
S = {(Z—b/—z,y) Ly € [P,Q]} (3.2.8)

is contained in R. A graphical illustration of this fact is provided by Figure
310
Defining

— 1
Ro=dwyper 0cac =tV v po ol
4b 4
s, a—c+1/a vy a—c+1/a vy
R {(x’y)ER b 1S T g Psysd

and
IC() Z:ROHF(R), ICl Z:RlﬂF(R),

we claim that (C1), (C2),(C3) and (C4) together imply 27).

Firstly, notice that Ky and Ky are disjoint because, by condition (03/), the
segment S in (B.2.8)) is mapped by F outside R. Furthermore, (C1), (C2)
and (C3") imply that, for any path v : [0,1] — R with (0) € R, and
v(1) € R, (orv(0) € R, and 7(1) € R, ), there exist two disjoint subintervals
[to, tol, [t1,t]] € [0,1] such that

Y(t) € Ko, YVt € [ty,to], ~(t) € K1, Vit € [t),t]],

with F(v(t)) and F(v(tg)), as well as F(y(t})) and F(y(t])), belonging to
different components of R~. Finally from (C4) it follows that F(v(t)) € R,
Vt e [ty tolU[th, t1]. Recalling Definition [LT.T], the stretching condition (3.2.7))
is achieved and our claim is thus checked. The last part of the statement is now
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D

T o T

Figure 3.10: With reference to the trapezoid R in Figure B9, reproduced here at a
different scale, we show that the image under F' of an arbitrary path v joining in R the
two components of the boundary set R~ intersects twice R. This is due to the fact that
the vertical sides R, and R,  are mapped by I’ into the y-axis and the segment S, joining
the middle points of the bases of the trapezoid, is mapped by F' beyond the vertical line
y = x5, in conformity with condition (C3").

an immediate consequence of Theorem 2Z.1.3] Observe that F is continuous on
Ko UKy, as it is continuous on (RT)2.

The next step is to verify that a choice of the parameters as in (B.23]) implies
conditions (C1),(C2),(C3’) and (C4). In so doing, we will prove that the
inequalities in (C'1) and (C2) are indeed equalities.

First of all, we have to check that the set R(P, Q) defined in (3.2.2]) and (3. 2.3))
is contained in the region {(z,y) € (R*)?*: F(z,y) € (R")?*} f.

For this purpose, let us first consider F}. Setting

M:=14aa—aby —ac; and N :=22ab,

for any given value of y it is possible to rewrite F; as the continuous, one-
dimensional map

¢ Ry =R, ¢(x):=2(M — Nx),

which can be looked at as a parabola intersecting the z-axis in 0 and M/N
and lying in the first quadrant in between. Notice that, under the postulated

4Such condition guarantees that the invariant chaotic set discussed in Theorem [ZI1.4]
lies entirely in the first quadrant and therefore makes economic sense for the application in
question.
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assumptions on the model parameters, N is positive, while M = M(y) > 0 if
y < (a—c1+1/a)/b. This inequality and the requirement that y is nonnegative
define the restriction

a—c+1/a
5 :

If such condition is satisfied, M /N is positive and we can restrict our map ¢
to the interval [0, M/N], a geometric configuration analogous to that of the
logistic map discussed in Section 2.2l In terms of the planar coordinates (z,y),
restricting ¢ to [0, M /N] means that we consider only the values of x such that

0<y <y, =

0<x<M: 14 aa — aby — acy _ a—cl—i-l/oz_g.
- T N 2ah 2b 2

The conditions on the variables x and y determine a triangular region 7' in

the first quadrant, lying between the coordinate axes and the straight line

_a—ci+l/a Yy .
r = —%5 = — g, or equivalently

y— a—c+1/a o,
b

a straight line that we will denote by r (cf. Figure B.8). In view of the above
discussion, the point (0,%,) does not belong to 7. Observe that the trapezoid
R in ([B:22) lies is this region for any 0 < P < @ < y, A and thus Fi(x,y)
is nonnegative on R. Furthermore, since ¢(0) = ¢(M/N) = 0, for any path
v = (71,72) : [0,1] — R? with 7,(0) = 0 and (1) belonging to the straight
line r it follows that Fi(y(0)) = 0 = Fi(v(1)). Since R, is contained in the
y-axis and R, in the line r, this implies that (C1) and (C2) are fulfilled for
every choice of P and @ in [0,y,) (with P < Q).

In order to understand when Fy(x,y) > 0, let us consider the stronger condition
Fy(z,y) = (1-v)y+%(a—cy—bx) > y, which is satisfied if the point (z,y) lies
below the straight line denoted by w in Figure B.8 and defined by the equation

= - —. 2.
2b 2 (329)

Recalling that we are confined to the triangular region 7', in order to have an
intersection between w and the two segments

a—c+1l/a vy

O o) ad {(THEE L) e} G20

5The case P = @ has to be excluded, because otherwise the generalized rectangle R
would reduce to a segment and it could not be homeomorphic to the unit square of R2.
For the same reason we will impose strict inequalities for the y-coordinates also in (B2.1T]).
Similar considerations led us to require M/N > 0, instead of M/N > 0.
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we have to impose the following conditions on the y-coordinate

_ 1 _
yr:w>yw ::%Nmzo, (3.2.11)

where

a—2c1+c+2/a a+cl—202—1/0z) (3.2.12)

(s Yin) = < 30 ’ 3b

is the point of intersection of r and w and (0, y,,) is the point of intersection
between w and the y-axis. Conditions (B.2.11)) yield

2
a—2ci+co+—>0
(6%

and

1
a—+cp — 262 - a Z 0. (3213)

As we will see below, the intersection between w and the segments in (3210
is fundamental for the validity of condition (C4). Calling

v [ya—a+l/a P p
R, = _0’—26 | x {P}

and -
a—a+l/a @
20 2 |

the lower and upper sides of the trapezoid R, respectively, we notice that, for
P, Q in [0,y,), the arcs R} and R} are horizontal segments contained in 7.
Moreover, denoting by OR the boundary of R (that in our case coincides with
the contour YR), it holds that

R =10,

u

x {Q}

OR=RIUR URSUR,.

Choosing R} and R} as particular paths v = (71,72) : [0,1] — R, joining in
R the sides R, and R, in order to have condition (C4) fulfilled, we need

[ a—c+1/a P
Fy(z,P)> P, Vre &W—g],

as well as )
FQ(:L‘7Q) S Qa \V/IE € 07

a—a+l/a @
2b 2|
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But it is possible only if R} lies below the “watershed” line w in (3:2.9) and
for R} above it: more precisely, in view also of (B2ZTIT]),

Yr>Q ZYuw > yYm = P 20. (3.2.14)

We will prove that such conditions are sufficient for the validity of (C4).
Before that, however, we return for a while to the problem of the nonnegativity
of F, in R. For this purpose, let us denote by A the subset of T" above the line
w and by B its complement in T (see Figure B.8)). Since Fy(x,y) >y > 0in B,
here there are no further conditions to impose in order to have F, nonnegative.
On the other hand, as regards the region A, recalling the notation from (3.2.12),
we require that

in F — (1 =)y, + L(a—cy — bryy) =
Jnin 5 (@, y) (1 = )Ym + 55(a — co — bar)

_ (1 N V) <a+01*§§2*1/a> + V<a+01*§£2*1/0‘> — (3.2.15)

_ atci—2c—1/a
— skl s
which follows from ([B.213) and therefore it does not add any new restriction
on the parameters.

Having settled the question of the sign of Fy on R, we return to (C4) and
notice that it is equivalent to

F. < d in F >P.
Jnax H(z,y) < Q an i p(w,y) >

Since Fy(z,y) <y on A and Fy(z,y) > y on B, it suffices to ask that

max Fh(z,y) < and min Fy(x,y) > P.
(z,y)eBNR 2( y) o Q (z,y)EANR 2( y) o
From the previous discussion, it follows that R, must lie in A and R} in B,
respectively, and thus both ANR and BNR are nonempty. Actually, instead
of the above inequalities, we will investigate the stricter conditions
max Fy(z,y) <@ and min Fy(z,y) > P,

(zy)eB (z,y)EA
which, as we shall see, do not introduce any new restriction on the model
parameters.
As concerns max, yyep Fo(z,y) < @, recalling the expression of £ from (3.2,
we have
a—cy U a — Co

+—<(l—62): 2b s

max Fy(z,y) = (1—V)yw+i(a—02) =(1-v) 2% 2

(zy)eB 2b
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from which it follows that

a — Cy
= <
yw( 5 )_Q,

as in (B2I4). As concerns min ea Fo(x,y) > P, from B.2I0) we obtain

) a+c—2c—1/a
F — Y = > P,
Juin b(7,y) =y 3 >

again as in (3.2.14).
Combining all the restrictions on the construction of R found so far, we can
write

a—c+1/a y
<r<— = P
0<z< 55 5 Ve lPd]
where

O0<P<Yn<yYu < Q<yr.

Such conditions are satisfied under the following restrictions on the model
parameters:

2 1
a—2c;+ca+—>0 and a-+c —2c—— >0. (3.2.16)
Q o

At this point, we focus on the remaining problem, that is, the validity of (03/),
and we start by checking that the choice

a+c—2c—1/a
3b

a — Cy

2b

and @Q =y, =

P:ym;:

is in some sense optimal among those allowed by [B.2I4). To such aim, we
will leave for the moment P, @ € [0, y,) unspecified, as in (B.2.14]). Recalling

that |
Ro= (G -y el

— 1 P
xM::max{x:(x,y)ERr}ZW—E.

we can write

Clearly, the smaller z,;, the more likely is (C'3") to hold. Since 0 < P <y,
the optimal choice for P is P = y,,, as claimed. As concerns @, let us consider
it as a parameter y varying in [y,,¥y,). An easy calculation shows that the
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maximum of the function Fj on the horizontal segment |0, “7612;;1/ - x{y}

is attained in correspondence of its middle point z, that is for

a—ci+1/a g
4b .

W

Evaluating the function F} in (Z,y), we find

ala—by—c +1/a)?
8b '

Fi(z,y) =

To fulfill condition (C3"), we must have F\(Z,7) > zu, for any 4 € [P, Q).
Hence, (Q should be chosen as small as possible, i.e. QQ = v,,.

At this point, having fixed P and @), from the above considerations we gather
that (C3') is satisfied if, for any 4 € [P, Q),

a—ci+1/a g

maX{Fl(x,ﬂ) X € [O’T — 5}} = F(z,9)>xy =

_a—a+tl/a  y,
=% 2 — Tm-

This requirement yields

8b 320 3b
and, in view of (3.2.10)),

ala—by, —c+1/a)®>  ala—2c +c+2/a) - a—2c;+co+2/a

26
-2 > — 3.2.17
a c1+ ¢y 0 ( )

which corresponds to the first condition in (B:2.5). Notice that (3ZI7) implies
the first inequality in ([B2ZI0). Thus we conclude that, from B2I7) and
the second condition in (B.2.16) (which are precisely ([B.2.3))), the validity of
(C1),(C2),(C3') and (C4) follows.

The proof is complete. O
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Chapter 4

Examples from the ODEs

In the present chapter we apply the results from Part [l to some nonlinear ODE
models with periodic coefficients. In particular we deal with planar systems of
the first order or with second order scalar equations: since any second order
equation can be written as a system of two equations of the first order, in this
introductory discussion we will generally refer to planar systems.
The systems we consider are studied through a combination of a careful but
elementary phase-plane analysis with the results on chaotic dynamics for LTMs
from Section 2.4l We recall that similar strategy has already been employed in
[122, 170] with respect to second order equations. More precisely, we prove in
a rigorous way (i.e. without the need of computer assistance, differently from
several works on related topics [12] 14}, (53], [55], 98], [109), 129 [165] 169, 173]) the
presence of infinitely many periodic solutions for our systems, as well as of a
chaotic behaviour in the sense of Definition for the associated Poincaré
map V. In fact, a classical approach (see [79]) to show the existence of periodic
solutions (harmonics or subharmonics) of non-autonomous differential systems
like

¢ = f(t,0), (4.0.1)

where f : R x RV — R¥ is a continuous vector field which is T-periodic in
the time-variable, that is, f(t + T,z) = f(t,2), V(t,2) € R x RY, under the
assumption of uniqueness of the solutions for the Cauchy problems, is based on
the search of the fixed points for the Poincaré map W = W4 or for its iterates,
where

Uz ((tg+ T to, 2)

and ((-;to, 2) is the solution of (L0.]) satisfying the initial condition ((ty) =
z € RY. As a consequence of the fundamental theory of ODEs, it turns out
that ¥ is a homeomorphism of its domain (which is an open subset of RY)
onto its image. Applying our Stretching Along the Paths method to ¥, we are

129
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led back to work with discrete dynamical systems. The difference with the ex-
amples from Chapter B is that, since the Poincaré map is a homeomorphism,
it is possible to prove a semi-conjugacy to the two-sided Bernoulli shift (cf.
Remark 2.T.5]), while we recall that the controlling functions of the models in
Chapter [3 are not injective.

We notice that the kind of chaos in Definition 2.1.2], when considered in rela-
tion to the case of the Poincaré map, looks similar to other ones detected in
the literature on complex dynamics for ODEs with periodic coefficients (see,
for instance, [33] [150]).

In more details, in Section Il we furnish an application of the results on
LTMs from Section 2.4l to a modified version of Volterra predator-prey model,
in which a periodic harvesting is included [126]. Indeed, when the seasons
with fishing alternate with the ones without harvesting in a periodic fashion,
it is possible to prove the presence of chaotic features for the system, pro-
vided that we have the freedom to tune the switching times between the two
regimes. Analogous conclusions could be drawn for those time-periodic planar
Kolmogorov systems [70]

=Xt xy), v=Y(uzry),

which possess dynamical features similar to the ones of Volterra model.
On the other hand, in Section we employ the tools from Section [2.4] to
show a complex behaviour for a nonlinear second order scalar equation of the
form

"+ f(t,x) =0,

with f : R x R — R a map T-periodic in the t-variable and satisfying the
Carathéodory assumptions. In particular, we will deal with a simplified version
of the Lazer-McKenna suspension bridges model [120], [121], belonging to the
class of the periodically perturbed Duffing equations

"+ g(x) = p(t), (4.0.2)

where g : R — R is locally Lipschitz and p(-) : R — R is a locally integrable
function such that p(t + T') = p(t), for almost every ¢ € R. However, we stress
that our approach is in principle applicable also to more general equations,
including examples in which a term depending on 2’ is present in (£.0.2).
As a final remark, we recall that the detection of chaotic dynamics for ODEs is
the “natural” field of applicability for the stretching along the paths method.
Indeed its development has been motivated by the analysis in [I16] of the
Poincaré map associated to the nonlinear scalar Hill’s type second order equa-
tion

2" +a(t)g(z) =0, (4.0.3)
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in the case that a(t) is a sign-changing continuous weight and g : R — R is
a function with superlinear growth at infinity. Looking in the phase-plane at
the solutions (z(t),2'(t)) of ([A0.3]), a stretching property along the paths was
detected. Namely, two topological planar rectangles were found such that ev-
ery path joining two opposite sides of any one of the two rectangles contained
a subpath which was expanded by the flow across the same rectangle or the
other one. This was the key lemma in [I16] in order to prove the presence of
a complicated oscillatory behaviour for the solutions of (£.0.3)).

4.1 Predator-Prey Model

4.1.1 The effects of a periodic harvesting

The classical Volterra predator-prey model concerns the first order planar dif-
ferential system
' = z(a — by)

{ y = y(—c+dx), o)
where a, b, ¢, d > 0 are constant coefficients. The study of system (Ej)
is confined to the open first quadrant (RJ)? of the plane, since z(t) > 0
and y(t) > 0 represent the size (number of individuals or density) of the
prey and the predator populations, respectively. Such model was proposed by
Vito Volterra in 1926 answering D’Ancona’s question about the percentage of
selachians and food fish caught in the northern Adriatic Sea during a range of
years covering the period of the World War I (see |26, [102] for a more detailed
historical account).

System (FEj) is conservative and its phase-portrait is that of a global center at

the point
c a
P = (_7 _) 9
0 d’ b

surrounded by periodic orbits (run in the counterclockwise sense), which are
the level lines of the first integral

Eo(z,y) :=dx — clogz + by — alogy,

that we call “energy” in analogy to mechanical systems. The choice of the
sign in the definition of the first integral implies that & (x,y) achieves a strict
absolute minimum at the point F, .

According to Volterra’s analysis of (Ep), the average of a periodic solution
(z(t),y(t)), evaluated over a time-interval corresponding to its natural period,
coincides with the coordinates of the point Fj .
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In order to include the effects of fishing in the model, one can suppose that,
during the harvesting time, both the prey and the predator populations are
reduced at a rate proportional to the size of the population itself. This as-
sumption leads to the new system

r' = z(a, — by)
{ Y = y(=cu+da), ()

where
a,=a—p and c,:=c+p

are the modified growth coefficients which take into account the fishing rates
—px(t) and —py(t), respectively. The parameter p is assumed to be positive
but small enough (¢ < a) in order to prevent the extinction of the populations.
System (£),) has the same form like (£j) and hence its phase-portrait is that
of a global center at

c+p a—p
Pu::( 7 )

The periodic orbits surrounding P, are the level lines of the first integral

Eu(x,y) :=dx —c,logz + by — a,logy.

The coordinates of P, coincide with the average values of the prey and the
predator populations under the effect of fishing (see Figure T]). A compari-
son between the coordinates of P and P, motivates the conclusion ( Volterra’s
principle) that a moderate harvesting has a favorable effect for the prey pop-
ulation [20].

If we are interested in incorporating the consequences of a cyclic environment
in the Volterra original model (Ej), we can assume a seasonal effect on the
coefficients, which leads us to consider a system of the form

o' = x(alt) — b(t)y)
{ Y = y(—c(t) + d(t)z), (B)

where a(-),b(+),c(+),d(-) : R — R are periodic functions with a common period
T > 0. In such a framework, it is natural to look for harmonic (i.e. T-periodic)
or m-th order subharmonic (i.e. mT-periodic, for some integer m > 2, with
mT the minimal period in the set {j7: j = 1,2,...}) solutions with range in
the open first quadrant (positive solutions).

The past forty years have witnessed a growing attention towards such kind of
models and several results have been obtained about the existence, multiplic-
ity and stability of periodic solutions for Lotka-Volterra type predator-prey
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Figure 4.1: In this picture we show some periodic orbits of the Volterra system (Ej) with
center at P = Py, as well as of the perturbed system (FE,) with center at Q = P, (for a
certain p €]0,al).

systems with periodic coefficients [6], 29| 31, 38, 43|, 44], 60, 61}, 97, 156]. Fur-
ther references are available in [120], where the reader can also find historical
details about the fortune of this model as well as some related results from

43, 44].

Let us come back for a moment to the original Volterra system with constant
coefficients and suppose that the interaction between the two populations is
governed by system (FEj) for a certain period of the season (corresponding to a
time-interval of length ry) and by system (£),) for the rest of the season (cor-
responding to a time-interval of length r,). Assume also that such alternation
between (E;) and (E,) occurs in a periodic fashion, so that

T:=rqg+r,

is the period of the season. In other terms, first we consider system (Fjy) for
t € [0,70[. Next we switch to system (£,) at time ry and assume that (E,)
rules the dynamics for ¢ € [ro, T'[. Finally, we suppose that we switch back to
system (FEjp) at time ¢ = T" and repeat the cycle with T-periodicity.

Such two-state alternating behaviour can be equivalently described in terms
of system (E), by assuming

. _Joa for 0 <t <rg,
a(t) = a,(t) '_{ a— i for ro <t <T,
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. ] for 0 <t <y,
oft) = u(t) '_{ c+p for ro <t<T,

as well as
b(t) =b, d(t)=d,

with a, b, ¢, d positive constants and p a parameter with 0 < p < a. Hence we
can consider the system

v’ = w(a,(t) — by) *
{ Yy = y(—cu(t) —1—%1:), (£7)

where the piecewise constant functions @, and ¢, are supposed to be extended
to the whole real line by T-periodicity.

It is our aim now to prove that (E*) generates chaotic dynamics in the sense
of Definition 2.1.2] To this end, as explained at the beginning of Chapter [4],
we apply the results on LTMs from Section 2.4 to the Poincaré map

U (Ry)* — (Ry)% W(z) = (T ),

where ((-,2) = (z(-,2),y(-,2)) is the solution of system (E*) starting from
z = (z0,90) € (RF)?* at the time ¢ = 0. As a consequence, we will have
ensured all the chaotic features listed in Theorem (like, for instance, a
semi-conjugacy to the two-sided Bernoulli shift and thus positive topological
entropy, sensitivity with respect to initial conditions, topological transitivity,
a compact invariant set containing a dense subset of periodic points).

With the aid of Figure we try to explain how to enter the setting of The-
orem 2.4.4) for the switching system (£*).

As a first step, we take two closed overlapping annuli consisting of level lines
of the first integrals associated to system (Ey) and (E,), respectively. In par-
ticular, the inner and outer boundaries of each annulus are closed trajectories
surrounding the equilibrium point (P = F, for system (Ep) and @ = P, for
system (E,)). Such annuli, that we call from now on Ap and A, intersect in
two compact disjoint sets Ry and Ro, which are generalized rectangles. The
way in which we label the two regions (as Ri/R2) is completely arbitrary.
However, the choice of an order will effect some details in the argument that
we describe below. Whenever we enter a framework like that visualized in
Figure 4.2, we say that the annuli Ap and A are linked together. Technical
conditions on the energy level lines defining Ap and Ag , sufficient to guaran-
tee the linking between them, are presented in Subsection .12l

As a second step, we give an “orientation” to R; (for i = 1,2) by selecting the
boundary sets R; = R; ,UR; .. In the specific example of Figure[4.2] we take
as R the intersection of Ry with the inner and outer boundaries of Ap and
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R4

Figure 4.2: The two annular regions Ap and Ag (centered at P and Q, respectively) are
linked together. We have drawn with a darker color the two rectangular sets R; and Ro
where they meet. The boundary sets Ry =R, ,UR; , and Ry =R, ,UR, , have been
indicated with a thicker line. , 7

as R, the intersection of R, with the inner and outer boundaries of Ag . The
way in which we name (as left/right) the two components of R; is inessential
for the rest of the discussion. Just to fix ideas, let us say that we choose as
R , the component of Ry which is closer to P and as R, , the component of
R, which is closer to Q (of course, the “right” components R; , and R, , are
the remaining ones).

As a third step, we observe that the Poincaré map associated to (E*) can be

decomposed as
U =y,0V,,

where ¥ is the Poincaré map of system (Ep) on the time-interval [0, o] and ¥,
is the Poincaré map for (E,) on the time-interval [0,7,] = [0,7 — r(]. Consider
a path v : [0,1] — R, with v(0) € Ry, and (1) € R, . As we will see in
Subsection 1.2} the points of R , move faster than those belonging to Ry,
under the action of system (Ej). Hence, for a choice of the first switching time
ro large enough, it is possible to make the path

[0,1] 5 5 = Wy (y(s))

turn in a spiral-like fashion inside the annulus Ap and cross at least twice the
rectangular region R, from R, , to R, .. Thus, we can select two subintervals
of [0,1] such that Wy o v restricted to each of them is a path contained in
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R, and connecting the two components of R, . We observe that the points of
R, , move faster than those belonging to R, , under the action of system (£),).
Therefore, we can repeat the same argument as above and conclude that, for
a suitable choice of r, = T — r( sufficiently large, we can transform, via ¥, ,
any path in Ry joining the two components of R, onto a path which crosses
at least once Ry from Ry , to Ry,

As a final step, we complete the proof about the existence of chaotic-like dy-
namics by applying Theorem 2.4.1l Actually, in order to obtain a more complex
behaviour, in place of Theorem [2.4.1] it is possible to employ the more general
Theorem 2.4.41

In fact, our main result can be stated as follows.

Theorem 4.1.1. For any choice of positive constants a,b,c,d,u with p < a
and for every pair (Ap, Ag) of linked together annuli, the following conclusion
holds:
For every integer m > 2, there exist two positive constants o and 3 such that,
for each

ro>a and 1, >3,

the Poincaré map associated to system (E*) induces chaotic dynamics on m
symbols in Ry and Ry .

As remarked in [120], if we consider Definition and its consequences in
the context of concrete examples of ODEs (for instance when ¢ turns out
to be the Poincaré map), condition (2.1.2) may sometimes be interpreted in
terms of the oscillatory behaviour of the solutions. Such situation occurred in
[117, [121] and takes place also for system (E*). Indeed, as it will be clear from
the proof of Theorem [A.1.1] it is possible to draw more precise conclusions in
the statement of our main result. Namely, the following additional properties
can be obtained:

For every decomposition of the integer m > 2 as
m=mimso, with my,my € N,

there exist integers k1 ,ky > 1 (with k1 = K1(rg,m1) and ke = Ko(r,,M2))
such that, for each two-sided sequence of symbols

S = (Si)iEZ = (pi,qi)iez € {O,...,ml — 1}Z X {0,...,m2 — 1}2,

there exists a solution

Cs() = (J:s(')vys('))
of (E*) with (s(0) € Ry such that (s(t) crosses Ry exactly ki +p; + 1 times for
t € iT, ro+iT[ and crosses Ry exactly ko+q;+1 times fort € |ro+iT, (i+1)T7.
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Moreover, if (8;)icz = (Pi, Gi)icz 1S a periodic sequence, that is, S;vx = S;, for
some k > 1, then ((t + kT) = (s(t), Vt € R.

In particular, taking m = my > 2 and my = 1, we obtain the dynamics on the
set of m symbols {0,...,m—1} ={0,...,m —1} x {0} as in the statement of
Theorem [{.1.1]

The solutions (z(t), y(t)) are meant in the Carathéodory sense, i.e. (z(t),y(t))
is absolutely continuous and satisfies system (E*) for almost every ¢ € R. Of
course, such solutions are of class C' if the coefficients are continuous.

The constants « and § in Theorem E.T.T], representing the lower bounds for r
and r,, can be estimated in terms of m; and my and other geometric parame-
ters, such as the fundamental periods of the orbits bounding the linked annuli

(see (A11)) and (4I.4)).

We end this introductory discussion with a few observations about our main
result.

First of all we notice that, according to Theorem [A.1.1], there is an abundance of
chaotic regimes for system (E*), provided that the time-interval lengths r and
r, (and, consequently, the period T") are sufficiently large. More precisely, we
are able to prove the existence of chaotic invariant sets inside each intersection
of two annular regions linked together. Omne could conjecture the presence
of Smale horseshoes contained in such intersections, like in the classical case
of linked twist maps with circular domains [40], even if we recall that our
purely topological approach just requires to check a twist hypothesis on the
boundary, without the need of verifying any hyperbolicity condition. This does
not prevent the possibility of a further deeper analysis using more complex
computations.

We also stress that our result is stable with respect to small perturbations of
the coefficients. In fact, as it will emerge from the proof, whenever rq > o and
r, > (3 are chosen so as to achieve the conclusion of Theorem .11} it follows
that there exists a constant ¢ > 0 such that Theorem [4.1.1] applies to equation
(E) too, provided that

/Ola(t)—&u(t)\dt<5, /O\C(t)—éu(t)\dt<5,

T T
/ b(t) — b|dt < <. / d() — d| dt < .
0 0

Here the T-periodic coefficients may be in L*([0,7]) or even continuous or
smooth functions, possibly of class C'*°.

A final remark concerns the fact that, in our model, we have assumed that the
harvesting period starts and ends for both the species at the same moment.
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With this respect, one could face a more general situation in which some
phase-shift between the two harvesting intervals occurs. Such cases have been
already explored in some biological models, mostly from a numerical point of
view: see [I13] for an example on competing species and [136] for a predator-
prey system. If we assume a phase-shift in the periodic coefficients, that is, if
we consider

a(t) :=a,(t—01) and c(t) :=¢,(t —6a),

for some 0 < 0,05 < T, and we also suppose that the length ry of the time-
intervals without harvesting may differ for the two species (say ro = r, €1]0,T]
in the definition of a, and 1o = . €]0,T7[ in the definition of ¢,), then the
geometry of our problem turns out to be a combination of linked twist maps on
two, three or four annuli, which are mutually linked together. In this manner,
we increase the possibility of chaotic configurations, provided that the system
is subject to the different regimes for sufficiently long time. For a pictorial
comment, see Figure [£3] where all the possible links among four annuli are
realized.

Figure 4.3: We have depicted four linked annular regions bounded by energy level lines
corresponding to Volterra systems with centers at P = Py, P’ = (¢/d,a,/b), Q@ = P, and
Q' = (cu/d,a/b), by putting in evidence the regions of mutual intersection, where it is
possible to locate the chaotic invariant sets.
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4.1.2 Technical details and proofs

Let us consider system (Fy) and let
> xo = &E(Py) = min{&(z,y) : x >0,y > 0}.

The level line
Lo(€) == {(z.y) € (R)* : Eo(,y) =}
is a closed orbit (surrounding Fy) which is run counterclockwise, completing

one turn in a fundamental period that we denote by 75(¢). According to classical
results on the period of the Lotka-Volterra system [140), [159], the map

To :]X07 +OO[_> R

is strictly increasing with 7(+00) = +00 and satisfies

2
lim 75(0) =Ty = il

t—xt Vvac

Similarly, considering system (E,) with 0 < p < a, we denote by 7,(h) the
minimal period associated to the orbit

Lu(h) = {(z,y) € (R)* : Eulz,y) = h},

for
h > x, =&,P,) =min{&,(z,y) : x>0,y > 0}.

Also in this case the map h — 7,(h) is strictly increasing with 7,(4+00) = 400

and
21

N

Before giving the details for the proof of our main result, we describe conditions
on the energy level lines of two annuli Ap and Ag, centered at P = Py = (g, %)
and Q = P, = (CZ“, %), respectively, sufficient to ensure that they are
linked together. With this respect, we have to consider the intersections among
the closed orbits around the two equilibria and the straight line r passing
through the points P and (), whose equation is by + dz —a — ¢ = 0. We
introduce an orientation on such line by defining an order “=<" among its
points. More precisely, we set A < B (resp. A < B) if and only if x4 < xp
(resp. x4 < xp), where A = (x4,y4), B = (xp,yp). In this manner, the order
on r is that inherited from the oriented z-axis, by projecting the points of r
onto the abscissa. Assume now we have two closed orbits I'g(¢1) and ['y(¢2)
for system (Ey), with xo < ¢1 < l5. Let us call the intersection points among

lim 7,(h) =1, =

h—»xl‘f
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r and such level lines P, _, P, ;, with reference to ¢y, and P»_, P>, with
reference to /5, where

P, <P_<P<Pi <P,

Analogously, when we consider two orbits I',(h;) and I',(hy) for system (E,),
with x, < hi < hg, we name the intersection points among r and these level
lines Q1 , Q1+, with reference to hy, and Q2 _, Q2+, with reference to ha,
where

Qa- <= Q1- < Q< Q11 =< Qo
Then the two annuli Ap and Ag turn out to be linked together if

P <P =2 Qs <@ 2Py < Py 2 Qg < Qo

Proof of Theorem [{.1.1. Consistently with the notation introduced above, we
denote by ['g(¢), with ¢ € [¢1, £5], for some xo < {1 < ls, the level lines filling
Ap, so that
Ap= |J To(0).
£ <<ty
Analogously, we indicate the level lines filling Ag by I',(h), with h € [hq, ho],
for some x,, < hi < hsy, so that we can write

Ag= |J Tun).

h1<h<hs

By construction, such annular regions turn out to be invariant for the dynam-
ical systems generated by (Ep) and (E,), respectively. We consider now the
two regions in which each annulus is cut by the line r (passing through P and
@) and we call such sets Ay, A}, A% and A, in order to have Ap = ALUAL
and Ag = EQUAZ?, where the sets with superscript ¢ are the “upper” ones and
the sets with superscript b are the “lower” ones, with respect to the line r. We
name R’ the rectangular region in which A% and A’é meet and analogously
we denote by R the rectangular region belonging to the intersection between
P and Ap (see Figure [2.4).
Let
mp>2 and mp>1

be two fixed integers. The case m; = 1 and my > 2 can be treated in a similar
manner and therefore is omitted.
As a first step, we are interested in the solutions of system (Ejy) starting from
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Figure 4.4: For the two linked annuli in the picture (one around P and the other around
@), we have drawn in different colors the upper and lower parts (with respect to the dashed
line r), as well as the intersection regions R* and R’ between them. As a guideline for the
proof, we recall that Ap is the annulus around P, having as inner and outer boundaries the
energy level lines T'y(¢1) and T'g(¢2). Similarly, Ag is the annulus around @, having as inner
and outer boundaries the energy level lines I',(h1) and T, (h2).

A5, and crossing A% at least m; times. After having performed the rototrans-
lation of the plane R? that brings the origin to the point P and makes the
x-axis coincide with the line r, whose equations are

where ¥ = arctan(%), it is possible to use the Priifer transformation and
introduce generalized polar coordinates, so that we can express the solution
C(-,2) = (x(-,2),y(-, 2)) of system (Ey) with initial point in z = (29, y0) € A%
through the radial coordinate p(t, z) and the angular coordinate 6(t, z). Thus
we can assume that 6(0,2) € [—m,0]. For any ¢t € [0,70] and z € A%, let us
introduce also the rotation number, that is the quantity

0(t,z) —0(0,2)

roto(t, z) == 5 :
T

that indicates the normalized angular displacement along the orbit of system
(Ep) starting at z, during the time-interval [0, ¢]. The continuous dependence of
the solutions from the initial data implies that the function (¢, z) — (¢, z) and
consequently the map (¢, z) — rotg(t, z) are continuous. From the definition of
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rotation number and the star-shapedness of the level lines of & with respect
to the point P, we have that for every z € T'y(¢) the following properties hold:

Vji€eZ : roty(t,z)

=7 — t=j1(0),
Vi€eZ: j<roty(t,z) <j+1 <= jr(l) <t

< (j+1)10(f)

(if the annuli were not star-shaped, the inference “ <= 7 would still be true).
Although we have implicitly assumed that ¢; < ¢ < /5, such properties hold
for every ¢ > yq.

Observe that, thanks to the fact that the time-map 7y is strictly increasing,
we know that 7(¢1) < 79(¢2). We shall use this condition to show that a twist
property for the rotation number holds for sufficiently large time-intervals.
Indeed we claim that, if we choose a switching time ry > «, where

3+ 14
oo M3+ ) oll) 7olbe). (4.1.1)
TO(EQ) — T0(€1>
then, for any path v : [0,1] — Ap, with v(0) € T'o(¢1) and (1) € ['y(¢3), the
interval inclusion

[0(r0,7(1)),0(r0,7(0))] 2 [27n*, 27 (n* + my) — 7] (4.1.2)

is fulfilled for some n* = n*(rg) € N. To check our claim, at first we notice
that, for a path v(s) as above, it holds that roto(¢,v(0)) > [t/70(¢1)] and
roto(t, (1)) < [t/7o(ls)], for every t > 0, and so

T()(gg) — T0<€1) .
To(gl) 7'0(62) 2’

Hence, for ¢t > «, with « defined as in (A1), we obtain

vVt > 0.

roto(t,v(0)) — roto(¢,v(1)) >t

roto(t,7(0)) > m1 + 1+ 5 +1oto(t, ¥(1)) ,
which, in turns, implies
0(t,~(0)) = 0(t, (1)) > 2m(m1 + 1), Vi=a.

Therefore, recalling the bound 27 ([¢/70(f2)] — 2) < 0(¢, (1)) < 2w [t/70(f2)],
the interval inclusion (4.1.2)) is achieved for

]
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This proves our claim.
By the continuity of the composite mapping [0,1] 2 s — rotg(rg,v(s)), it
follows that

{0(r0,7(s)), s € [0,1]} D [2an", 2x(n* + my — 1) + 7.

As a consequence, by the Bolzano Theorem, there exist m; pairwise disjoint
maximal intervals [t;/,¢;"] C [0, 1], for i =0,...,m; — 1, such that

0(ro,v(s)) € [2mn* + 2mi, 2mn* + 7 + 27i), Vs € [t;/,¢"], i = 0,...,m; — 1,
with 0(rg,v(t/")) = 2mn* + 2mi and 0(ro, v(t;")) = 2an* 4+ 7 + 2mi. Setting
Ry =R’ and R, :=TR
we orientate such rectangular regions by choosing
Ry, =RiNTo(ly) and Ry, :=RiNTy(ls),

as well as

2_7£ = RQ N F#(hl) and RQ_,T = RQ N Fu<h2>

See the caption of Figure [£.4] as a reminder for the corresponding sets.
Introducing at last the m; nonempty and pairwise disjoint compact sets

H; = {2z € A% : 0(ro, 2) € [2mn* + 27, 270" + 7 + 2mi] }
fort=0,...,m; — 1, we are ready to prove that
(Hi, Wo) : Ri=>Ry, Vi=0,...,my —1, (4.1.3)

where we recall that W is the Poincaré map associated to system (Ej). Indeed,
let us take a path v : [0, 1] — Ry, with v(0) € Ry ,and y(1) € Ry ,.. Forrg > o
and fixing ¢ € {0,...,my — 1}, there is a subinterval [¢t;/,¢;”] C [0, 1], such that
v(t) € H; and Uo(y(t)) € AL, Vt € [t/ t;"]. Noting that T, (¥o(y(t))) < Iy
and T',(Wo(v(£"))) > ho, then there is a subinterval [tf,¢*] C [t//,t,”], such

1771

that Wo(y(t)) € R, Vt € [t], 1], with Wo(v(¢)) € R, , and Wo(v(£*)) € R, .-

1771

Hence, condition (LI1.3)) is verified.

Let us turn to system (£,). This time we focus our attention on the solutions of
such system starting from .Af, and crossing A‘g;) at least moy times. Similarly as
before, we assume to have performed a rototranslation of the plane that makes
the z-axis coincide with the line r and that brings the origin to the point
@, so that we can express the solution ((-,w) of system (E,) with starting
point in w € Ag through polar coordinates (p, é) In particular, it holds that
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6(0,w) € [0,7]. For any t € [0,r,] = [0,T — 1] and w € A, the rotation
number is now defined as

O(t,w) — (0, w)

rot, (t, w) := 5
7r

Since the time-map 7, is strictly increasing, it follows that 7,(hi) < 7,(ho).

We claim that, choosing a switching time 7, > 3, with
o (mg +3+ %) Tu<h1) Tﬂ(h2>

Tu(h2) — 7u(ha) 7

then, for any path w : [0, 1] — Ag, with w(0) € I',,(h1) and w(1) € T',(hy), the
interval inclusion

(4.1.4)

(7., w(1)),0(r,,w(0))| D [w(2n* + 1), 27w (n** + my)] (4.1.5)

is satisfied for some n** = n**(r,) € N. The claim can be proved with ar-
guments analogous to the ones employed above and thus its verification is
omitted. The nonnegative integer n** has to be chosen as

*% T,U«

T mﬂ |

By (E13) and the continuity of the composite map [0, 1] 3 s+ rot,(r,, w(s)),
it follows that

{é(rww(s)), s €0, 1]} D 2an™ + 2w (n™ + ma)] .

As a consequence, Bolzano Theorem ensures the existence of mo pairwise dis-
joint maximal intervals [s;/,s;”] C [0,1], for i = 0,...,my — 1, such that

O(r,,w(s)) € 2nn™ +m+2mi, 2en™ +27+2mi], Vs € [s;,s"], 1 =0,...,ma—1,

with 0(r,, w(s/)) = 2mn*™* + 7 + 2mi and O(r,, w(s")) = 2mn** + 27 + 2mi.
For Ry and R,y as above and introducing the ms nonempty, compact and
pairwise disjoint sets

Ki:= {w e Ay : O(r,, w) € 2™ + 7 4 2mi, 2™ + 271 + 27ri]} :
with 2 = 0,...,mo — 1, we are in position to check that

(Ki, ¥,) : Ro=-Ry,Vi=0,...,my —1, (4.1.6)
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where U, is the Poincaré map associated to system (E,,). Indeed, taking a path
w1 [0,1] — Ry, with w(0) € R, , and w(1) € R, ,, for r, > 3 and for any
i €{0,...,mg — 1} fixed, there exists a subinterval [s;, s;”] C [0, 1], such that
w(t) € K; and W, (w(t)) € A%, Vit € [s/,s"]. Since [o(V,(w(s/))) < ¢; and
Lo(V,(w(si"))) > £y, there exists a subinterval [s,s*] C [s;/,s;”] such that
U, (w(t) € Ry, Yt € [sf,s7"], with W, (w(s})) € Ry, and ¥, (w(s]*)) € Ry,
Hence, condition (ELI.6]) is proved.

The stretching properties in (A.I1.3]) and ([A.I1.6) allow to apply Theorem [2.4.4]
and the thesis follows immediately. O]

We observe that in the proof we have chosen as R, the “lower” set R’ and
as Ry the “upper” set R'. However, since the orbits of both systems (Ep)
and (£),) are closed, the same argument works (by slightly modifying some
constants, if needed) for Ry = R' and Ry = RP.

4.2 Suspension Bridges Model

In this section we illustrate a possible application of the results from Section
2.4 to a periodically perturbed Duffing equation of the form

" 4 kat = p, (1), (4.2.1)

where k,q,s,7,,7s are positive real numbers and p,, : R — R is a periodic
function of period
T'=1T,s i=r4+7s,

defined on [0, T by

L q for 0 <t<r,,
Pas(t) = {—s for r, <t <r, +rs,

and then extended to the real line by T-periodicity.

Equation (A21]) can be regarded as a simplified version of the Lazer-McKenna
suspension bridges model [88, [89] and it is also meaningful from the point of
view of the study of ODEs with “jumping nonlinearities” and the periodic
Dancer-Fuéik spectrum. See [I03] for an interesting survey concerning recent
developments in such area.

The results that we are going to quote have been obtained in [121] and are
recalled in [120], where only the main arguments employed in the proofs are
presented, while the technical details are omitted. This is the scheme that we
follow in the treatment below.

The main achievement in [I121] concerns the existence of infinitely many peri-
odic solutions as well as the presence of complex dynamics for equation (A21]).
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Here we provide a simplified version of the original [I121, Theorem 1.2], where
precise information about the oscillatory behaviour of the solutions was given,
too.

Theorem 4.2.1. For any choice of k,q,s > 0 and for every positive integer
m > 2, it is possible to find two intervals a7, b7'[ and |al',b7'[ such that, for

every forcing term pqs with v, €]al, 07'[ and s €]al", b7, the Poincaré map

associated to ([L2.1]) induces chaotic dynamics on m symbols in the plane.

We stress that, according to [121l Theorem 1.3], the above result is stable
with respect to small perturbations in the sense that, once we have proved the

existence of chaotic-like dynamics in a certain range of parameters for equation
(#.2.10), then the same conclusions still hold for

2" + e’ + kat = p(t),

provided that |c¢| and fOT Ip(t) — pg.s(t)| dt (with T = r, + ry) are sufficiently
small. See [121] for more details.

We describe now the geometry associated to the phase-portrait of (£.2.1]), in
order to understand how to apply Theorem 2.4.1] from Section 2.4l Similar
arguments could be also employed for equation

"+ g(x) = p(t),

with g a monotone nondecreasing function bounded from below and such that
g (+0) =k > 0.

With reference to (AL.21), first of all, we observe that the Poincaré map ¥
associated to the equivalent planar system

{ =y (4.2.2)

y - —kl‘+ +pq73(t)

can be decomposed as
UV="V,oU,,

where ¥, and W, are the Poincaré maps
\Ilq N s Cq(rq ) ZO)) \Ijs LR Cs(rs ) ZO)

along the time intervals [0,7,] and [0, 7] associated to the dynamical systems
defined by

=y
() S
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y=—kaxt —s.

(F,) {52

Here (4(-,29) denotes the solution (z(-),y(-)) of (E,) with (2(0),y(0)) = 2.
Clearly, (s(-, 20) has the same meaning with respect to system (Ej).

+*

Y Y

=

Nl 2

Y

Figure 4.5: Trajectories of system (E,) (left) and system (E,) (right). In this picture we
have chosen k = 10, ¢ =4 and s = 0.5.

The orbits of system (E,) correspond to the level lines of the energy

1 k
Eg(,y) == sy + 5 (27)? — qa.
2 2
Except for the equilibrium point z := (£,0), they are closed curves which

are run in the clockwise sense. Moreover, their fundamental period 7,(-) is a
monotonically nondecreasing function with respect to the energy (in particular,
strictly increasing on [0, +00)) and it limits to 400 as the energy tends to +oc.
On the other hand, the orbits of system (E;) correspond to the level lines of
the energy

1 k
Es(x,y) = §y2 + §(CL’+)2 + sz

and they are run with ¢’ < 0.

Since our trajectories will switch from system (E,) to system (E;) and vice
versa, in order to study the effect of the forcing term p,(t), we are led to
overlap the energy level lines of the two systems. Intersecting two level lines
of (E,) with two level lines of (E;), we can determine two rectangular regions,
like in Figure

To get periodic and chaotic solutions for system (£.2.2) and thus for equation
(#21)), we employ the following elementary procedure. We construct a set R4
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Figure 4.6: Level lines of system (F,) overlapped with the level lines of system (E;) in the
left half plane < 0. The sets R; and Ro are those bounded by the four different level lines
and contained in the lower half plane y < 0 and in the upper half plane y > 0, respectively.
Orienting them by choosing as Ry =Ry ,UR; , and R; =R, ,UR, , the boundary sets
drawn with a thicker line, we enter the settmg of Theorem ZZ.1] and thus the presence of
chaotic dynamics follows.

in the third quadrant bounded by two level lines of (£,) and two level lines
of (E;). Since the period 7,(-) of the closed orbits of system (E,) is a strictly
monotone increasing function on [0, +00), we define the two components Rf ’
and Ry, of Ry as the intersections of Ry with the level lines of &, so that
points on the inner boundary move faster than points on the outer boundary.
Just to fix ideas, we choose as R}, the inner boundary and as Ry, the outer
boundary. Hence, if we take a path + contained in the third quadrant and
joining Ry, to Ry, , we find that, after a sufficiently long time ry, its image
under ¥, turns out to be a spiral-like line crossing the second quadrant at least
twice. In particular, we can select two subpaths wg and wy of v, whose images
under W, cross the second quadrant. Now we define a rectangular subset R
in the second quadrant, which is just the reflection of Ry with respect to the
x-axis, having as components of R, the intersections of Ry with two level lines
of &. Selecting as R, , the intersection with the inner level line and as R, ,.
the intersection with the outer one, it follows that W q¢(wo) and ¥, (w) admit
subpaths contained in R and joining R, , to R, , . Switching to system (E,),
it is possible to prove that the image of such subpaths under ¥, crosses the
set Ry from Ry, to Ry .. Then we can conclude by applying Theorem 2.4.1]
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provided we are free to choose the switching times ¢, and ¢, .
The technical details for this argument can be found in [121].

Similar conclusions can be drawn for the second order ODE

7"+ q(t)g(x) = 0,

with g a nonlinear term and ¢(-) a periodic step function (or a suitable small
perturbation of a step function).

The examples of ODEs we have presented suggest the possibility of proving
in an elementary but rigorous manner the presence of chaotic dynamics for a
broad class of second order nonlinear ODEs with periodic coefficients, which
are piecewise constant or at least not far from the piecewise constant case, as
long as we have the freedom to tune some switching time parameters within a
certain range depending on the coefficients governing the equations. With this
respect, our approach shows some resemblances with different techniques based
on more sophisticated tools, like for instance on modifications of the methods
by Shilnikov or Melnikov, in which one looks for a transverse homoclinic point
[16, 58] [IT5]. Indeed, also in such cases, it is possible to prove the presence
of complex dynamics for differential equations, provided that the period of
the time-dependent coefficients tends to infinity. See [4, Bl 19, B9], where
alternative techniques are employed. In [63] the differentiability hypothesis on
the Melnikov function is replaced with sign-changing conditions and the proofs
make use of the Poincaré-Miranda Theorem.

We conclude by observing that the same arguments employed above seem to
work also for more general time-dependent coefficients. However, a rigorous
proof in such cases would require a more delicate analysis or possibly the aid of
computer assistance (as in [12} 53, 109, 129, 165, 169, 173]) and this is beyond
the aims of the present thesis.
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oriented N-dim.,
rotation number, [[4]]

scrambled set,

sensitive dependence,

side of a set S(-),
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solution, harmonic,

solution, subharmonic,
stretching along the continua — |
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stretching along the paths—=<">,[I]
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