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ABSTRACT. We analyze the characteristics of the global attractor of a type
of dissipative nonautonomous dynamical systems in terms of the Sacker and
Sell spectrum of its linear part. The model gives rise to a pattern of nonau-
tonomous Hopf bifurcation which can be understood as a generalization of the
classical autonomous one. We pay special attention to the dynamics at the
bifurcation point, showing the possibility of occurrence of Li-Yorke chaos in
the corresponding attractor and hence of a high degree of unpredictability.

1. INTRODUCTION

The nonautonomous bifurcation theory for ordinary or partial differential equa-
tions is a relatively new, complex, and challenging subject of study for which many
fundamental problems remain open. One of the initial questions is to determine
what kind of objects are those whose structural variation determines the occur-
rence of bifurcation, as it happens with the constant and periodic solutions in
the autonomous case. The use of the skew-product formalism in the analysis of
the solutions of nonautonomous differential equations, highly developed during the
last decades, has given several possible answers to this question: those objects we
referred to can be bounded solutions, recurrent solutions, minimal sets, local at-
tractors, or global attractors. The choice of each one of these categories defines a
different research line, and all of them have shown their relevance. The works of
Braaksma et al. [9], Alonso and Obaya [2], Johnson and Mantellini [24], Fabbri et
al. [14], Langa et al. [29, 30], Rasmussen [43, 44], Nunez and Obaya [37], P6tzsche
[41, 42], Anagnostopoulou and Jéger [3], Fuhrmann [16], and Caraballo et al. [12],
develop some of these lines, providing nonautonomous transcritical, saddle-node
and pitchfork bifurcation patterns. In some cases these nonautonomous phenom-
ena admit a dynamical description analogous to that of the autonomous case. But
in other cases they present some extremely complex dynamical phenomena, which
cannot occur in the autonomous scenery or even in the periodic one.

The question of determining what a Hopf bifurcation means in the nonau-
tonomous case is even more complex. Among the works devoted to this problem
we can mention those of Braaksma and Broer [8] and Braaksma et al. [9] (who
focus on the quasiperidic case and talk about bifurcation when there is a change of
dimension of invariant tori), Johnson and Yi [27] (where special attention is paid
to the case in which an invariant two-torus looses stability), Johnson et al. [23]
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(who study a two-step bifurcation pattern of Arnold type, in terms of the global
change of the local and pullback attractor) Anagnostopoulou et al. [4] (where a
Hopf bifurcation pattern for a discrete skew-product flow is analyzed, and where
the bifurcation corresponds to a global change in the global attractor), and Franca
et al. [15] (where conditions are established for nonautonomous perturbations of
a classical autonomous pattern of Andronov-Hopf bifurcation ensuring the persis-
tence of the perturbation), as well as some of the references therein.

The present work is the first of two papers devoted to the analysis of Hopf
bifurcation phenomena occurring for a one-parametric family of families of nonau-
tonomous two-dimensional systems of ODEs of the form

y =A(o(t,w)y —ko(ly)y, we: (1.1)

each one of the systems is defined along one of the orbits of a continuous flow
(Q,0,R) on a compact metric space 2, which is minimal and uniquely ergodic.
Here, A%: Q — Msyy2(R) is a family of continuous maps for ¢ in a given interval;
ly| represents the Euclidean norm of y € R?; and the map k, is given by

0 ifo<r<p
. R+ + =T =F
ky: RT — R, r»—>{ (r—p)? ifr>p,
for a fixed value of p € (0,1]. That is, k is C' on RT, convex, increasing and
unbounded, and it vanishes on [0, p].
Frequently, this setting comes from a one-parametric system of the form

Y =A5)y — ko(ly)y -

For instance, let Ay be an almost-periodic matrix-valued function on R, and A§ =
Ag + el. In this case we can take Q as the hull Ay (that is, the closure in the
compact-open topology of the set {A;| s € R} with As(t) = Ao(t + s)), define o
by time translation (that is, o(t,w)(s) = w(t + s)), and define A(w) = w(0) (so
that A(o(t,w)) = w(t)) and A° = A 4 el5. The properties of compactness of €, of
continuity, minimality and ergodic uniqueness of the flow o, and of continuity of the
map A are proved in Sell [47]. Note that the almost-periodic situation includes as
particular cases those in which Ay is constant (with € given by a point) or periodic
(with Q given by a circle), which are the simplest ones, as well as those in which Ag
is quasiperiodic (with Q given by a torus) or limit-periodic (in which case € can be
a solenoid: see [33], and observe that in this example € is not a locally connected
space, so that it cannot be identified with a differentiable manifold).

But we do not restrict ourselves to the almost-periodic situation, which makes
our setting more general; it is known that there exist other functions for which
the flow on the hull is minimal and uniquely ergodic, although they are not easy
to describe. The main advantage of having a family like (1.1) instead of a single
system is that the solutions of all the systems corresponding to any fixed ¢ allow us
to define a skew-product flow (2xR? 75, R) with (2,0, R) as base component. In
addition, the boundedness of A® combined with our particular choice for k, ensures
the dissipativity of the family for each value of ¢ (as we will check in Section 4),
and hence the existence of a global attractor A° C QxR? for 5.

The existence of this global attractor is the starting point: our bifurcation anal-
ysis is focused on the evolution of A® as € varies, so that a substantial change on
its structure determines a bifurcation point. We put special attention in exploring
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the possibility of occurrence of Li-Yorke chaos at the bifurcation points, which is
indeed the situation in some examples that we describe.

We will show that the occurrence of bifurcation points is determined by the
variation of the Sacker and Sell spectrum ¥ 4 of the systems y' = A%(o(t,w))y,
which due to the minimality of the base flow can be defined for any fixed w € Q: it is
the compact set of points A € R such that the translated system y’ = (A% (o (t,w))—
Al3)y does not have exponential dichotomy over R. Let A_(g) and Ay (e) be the
left and right edge points of 3 4-. In this first paper we will analyze the bifurcation
occurring at the value € of the parameter when:

— if e < &, then Ay (g) < 0: every point in the spectrum is strictly negative;

— A_(€) = A4 (€) = 0: 0 is the unique point in the spectrum;

— if £ > £, then A_(g) > 0: every point in the spectrum is strictly positive.
Note that in order to construct a family A® with these properties it suffices to take
as starting point a matrix A with ¥4 = {0} and then define A° := A+¢ I, (so that
g€ = 0). But many more situations may fit in our conditions. We will show that
the global attractor reduces to 2 x {0} for ¢ < &. But, for € > &, it is given by a
set which is homeomorphic to a solid cylinder around € x {0}; and in addition, the
boundary of the attractor is the global attractor for the flow restricted to the set
Q x (R2—{0}) (which is invariant, since so is Q x {0}). We will call this pattern
nonautonomous Hopf bifurcation with zero spectrum due to the analogies of this
structure with classical autonomous Hopf bifurcation models. To understand these
analogies, just think about the classical autonomous model for Hopf bifurcation
y' = A%y — |y|?y with 4° = [fl é] for e < 0 the global attractor of the induced
flow on R2 reduces to the origin of coordinates, while for ¢ > 0 it is given by a closed
disk centered at the origin, whose border attracts all the orbits different from the
origin.

At the bifurcation point €, many possibilities arise. In the simplest one, the
attractor is again homeomorphic to a solid cylinder. Therefore even in this case
the bifurcation is discontinuous: just compare with the behavior for ¢ < €. And
there are cases for which both the shape of the attractor and the dynamics on it
are extremely complex, with the occurrence of Li-Yorke chaos.

Note that the specific form of A¢ is determined by the Sacker and Sell spectrum
of the linear part, and hence by the matrix-valued function A®. The map k,,
responsible of the nonlinearity of the dynamics, plays the role of guaranteing the
dissipativity, and the constant p determines the global size of the attractor. In
addition, the fact that k, vanishes on [0, p] is fundamental to make the occurrence
of Li-Yorke chaos possible, and causes the bifurcation to be discontinuous even in
the simplest case.

The second paper of the series will include the analysis of a nonautonomous two-
step transcritical-Hopf bifurcation pattern. In this case we will assume the existence
of €1 and &5 such that:

— if e < &7, then Ay (e) < 0: every point in the spectrum is strictly negative;

— A_(€1) < 0= A4(€1): 0 is the superior of the spectrum but not its unique
element;

— if € € (€1,82), then A_(e) < 0 < Ay(e): there are strictly negative and
strictly positive points in the spectrum;

— A_(&2) = 0 < A4(€2): 0 is the inferior of the spectrum but not its unique
element;
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— if £ > &y, then A_(g) > 0: every point in the spectrum is strictly positive.
The simplest example corresponding to this situation can be A® := [561 g}: here,
€1 = 0and &5 = 1. For more complex (and always time-dependent) choices of A%, we
will show that Li-Yorke chaos may appear at 1 and/or e5. And we will also describe
the possibility of persistence of the Li-Yorke chaos when Y4 C (0,00). This last
result is interesting for both patterns: for the second one we have ¥ 4- C (0,00) if
€ > £9; and for the pattern analyzed in this paper, we have ¥ 4. C (0,00) if € is
greater than the unique bifurcation point .

It is clear that the situations analyzed in these two papers are far away from
exhausting the possibilities. But they suffice to illustrate, once more, the extreme
complexity of the bifurcation phenomena in the nonautonomous case: there may
appear scenarios of dynamical unpredictability which are not possible in the au-
tonomous case.

Let us sketch briefly the structure of the paper. In Section 2 we recall the basic
notions and results on topological dynamics and measure theory which we will use.
In the rest of this Introduction, (2,0, R) will always represent a continuous flow
on a compact metric space, which is assumed to be minimal and uniquely ergodic.
Also in Section 2, we pay special attention to the skew-product flows induced on
the bundles QxR?, QxS and Q xP (where S is the unit circle in R? and P is the
real projective line) by families of two-dimensional linear systems of ODEs given
by the evaluation of a continuous matrix along the orbits of the flow on 2. Systems
of this type are also the object of analysis in Section 3. We prove there that the
flow given on QxP by a weakly elliptic family of linear systems is Li-Yorke chaotic
in the case that it admits an invariant measure which is absolutely continuous with
respect to the product measure on the bundle. Apart from the intrinsic interest of
this result, some of the properties shown in its proof will be used in Section 6.

From this point the paper is focused on the analysis of the attractor A% C QxR?
for a dissipative family of systems of the type (1.1). Let us fix a value of the
parameter e, and omit the superscript on A° and A°. In Section 4 we describe this
model in detail, as well as the flows induced on OxR?, QxSxR* and QxPxR*. We
show that they are dissipative, so that they admit global attractors, part of whose
basic properties we describe to complete the section.

In Section 5 we relate the global shape and characteristics of the attractor .4
with the characteristics of the Sacker and Sell spectrum ¥ 4 of the family of systems
y' = A(w-t)y. We do not contemplate in this paper all the possibilities: since we
are interested in the nonautonomous Hopf bifurcation with zero spectrum pattern,
the analysis will be reduced to the cases supX4 < 0, inf X4 > 0, and ¥4 = {0}.
As we have already mentioned, the attractor is trivial if supX4 < 0: A = Q x {0}.
We have also mentioned that A takes the form of a solid cylinder around 2 with
continuous boundary if inf ¥4 > 0. More precisely, for each w € € the section
Ay, = {y € R?| (w,y) € A} contains and is homeomorphic to a closed disk centered
at 0, and the set A, varies continuously with respect to w. And, in addition the
boundary of the “cylinder”, which is continuous and invariant, is the attractor of
the flow restricted to the invariant set 2 x (R?—{0}). The attractor A also takes
the form of a solid cylinder with continuous boundary in the case ¥4 = {0} if in
addition all the solutions of all the linear systems are bounded. Therefore, even
in this simplest case there is a lack of continuity in the bifurcation. We complete
Section 5 by showing with some simple figures the evolution of the global attractor
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when A° = A+ e¢l, and A is a quasiperiodic matrix-valued function fitting in
the situation just described, in order to clarify the sense of talking about a Hopf
bifurcation pattern.

Finally, here we do not say too much about the general properties of A if ¥4 =
{0} and one unbounded solution exists. However, this last case is precisely the most
interesting one for the purposes of the paper. The results obtained in Section 3 are
a fundamental tool in Section 6, which is devoted to establish conditions ensuring
the occurrence of Li-Yorke chaos, in a very strong sense, on the attractor A. We
complete the section and the paper by showing that these conditions are fulfilled
in some interesting cases. For instance, when the family (1.1) is of the type

Y = (Ale(t,w)) + (elo(t.w) +e) L)y —ko(ly)y, weQ,

WhereNZ has null trace, all the solutions of all the linear systems of the family
y' = A(wt)y are bounded, and e:  — R is a continuous function providing the
following (highly complex) dynamics for the flow induced on Q x R by the family
of scalar equations ' = e(o(t,w)) x: for almost every system of the family (with
respect to the unique ergodic measure) the solutions are bounded; and there are
systems for which the solutions are not only unbounded but strongly oscillating at
—oo and +00. There are well known examples of quasi-periodic functions eg: R — R
giving rise to a hull €2 and a map e with these characteristics, as those described
by Johnson in [22] and Ortega and Tarallo in [40]. And recently Campos et al.
[10] have proved that there exist functions e: @ — R with the required properties
whenever the (minimal and uniquely ergodic) flow on  is not periodic.

The conclusion is that the carried-on analysis provides a pattern of nonau-
tonomous Hopf bifurcation, in which a extremely high degree of complexity is possi-
ble. This possibility is one of the strongest differences with the classical autonomous
bifurcation theory.

2. PRELIMINARIES

2.1. Basic concepts. We begin by recalling some basic concepts and properties
of topological dynamics and measure theory, and by fixing some notation.

Let © be a complete metric space, and let distq be the distance on Q. A (real and
continuous) flow on € is given by a continuous map o: RxQ — Q, (t,w) — o(t,w)
such that o9 = Id and 054+ = 0y 0 0 for each s,t € R, where o¢(w) := o(t,w). The
flow is local if the map o is defined, continuous, and satisfies the previous properties
on an open subset of Rx ) containing {0} x 2.

Let the flow (2,0, R) be defined on & C Rx Q. The set {o¢(w)]| (t,w) € U} is
the o-orbit of the point w € Q. This orbit is globally defined if (t,w) € U for all
t € R. Restricting the time to ¢ > 0 or ¢ < 0 provides the definition of forward or
backward o-semiorbit. A subset C C € is o-invariant if it is composed by globally
defined orbits; i.e., if 0¢(C) := {o(t,w)| w € C} is defined and agrees with C for
every t € R. A o-invariant subset M C Q is minimal if it is compact and does not
contain properly any other compact o-invariant set; or, equivalently, if each one
of the two semiorbits of anyone of its elements is dense in it. The flow (Q,0,R)
is minimal if O itself is minimal. If the set {oy(wo)| t > 0} is well-defined and
relatively compact, the omega limit set of wy is given by the points w € €2 such that
w = lim, 500 0¢,, (Wo) for some sequence (,,) 1 oo. This set is nonempty, compact,
connected and o-invariant. By taking sequences (,,) J —oo we obtain the definition
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of the alpha limit set of wg. A global flow is distal if infyer distq (o (w1), oe(w2)) > 0
whenever w; # wy. The next definitions are less standard:

Definition 2.1. Let (2, 0,R) be a continuous flow on a compact metric space. Let
w1,ws be two points of ) whose forward o-orbits are globally defined. The points
w1, we form a positively distal pair for the flow if lim inf;_, . disto (o (w1), o (ws)) >
0, and a positively asymptotic pair if limsup,_, . distq(o(w1),01(w2)) = 0. The
points wy,wy form Li- Yorke pair for the flow if the pair is neither positively distal
nor positively asymptotic. A set S C 2 such that every pair of different points of
S form a Li-Yorke pair is called a scrambled set for the flow. The flow (92,0, R) is
Li-Yorke chaotic if there exists an uncountable scrambled set.

This notion was introduced in [31] in 1975. The interested reader can find in
[7] and [1] some dynamical properties associated to Li-Yorke chaos and its relation
with other notions of chaotic dynamics.

Let m be a Borel measure on €; i.e., a regular measure defined on the Borel sets.
The measure m is o-invariant if m(oy(B)) = m(B) for every Borel subset B C 2
and every ¢t € R. Suppose that m is finite and normalized; i.e., that m(Q2) = 1.
Then it is o-ergodic if it is o-invariant and, in addition, m(B) = 0 or m(B) =1
for every o-invariant subset B C Q. If Q is compact, the continuous flow (2,0, R)
admits at least an ergodic measure. The flow is uniquely ergodic if it admits just a
normalized invariant measure, in which case this measure is ergodic.

Let (2, 0,R) be a global flow on a compact metric space, and let Y be a complete
metric space. Let distg and disty be the distances on 2 and Y. Then the map
distoxy (w1, 91), (w2, y2)) := distq(wr, we)+disty (y1, y2) defines a distance on QxY,
and we have a new complete metric space. In what follows, this product space is
understood as a bundle over 2. The sets 2 and Y will be referred to as the base
and the fiber of the bundle. A skew-product flow on QxY projecting onto (2,0, R)
is a (local or global) flow given by a continuous map 7 of the form

T:UCRXQAXY = OXY, (w,y)+— (wt,m2(t,w,y)).

The flow (2,0,R) is the base flow of (2 xY,r,R). Note that the fiber component
To of T satisfies To(s + t,w,y) = To(s,w-t, 72 (t,w,y)) whenever the right-hand term
is defined. If Y is a vector space, a global skew-product flow is linear if the map
Y =Y, y— 72(t,w,y) is linear for all (t,w) € R x Q. A measurable map a: Q@ —» Y
is an equilibrium for T if 7(t,w,a(w)) = a(wt) for all t € R and w € Q. A set
K C QxYisa copy of the base for T if it is the graph of a continuous equilibrium.

Definition 2.2. Let (2xY,7,R) be a skew-product flow over a minimal and
uniquely ergodic base (Q,0,R), and let K C QxY be a 7-invariant compact set.
Then the restricted flow (K, 7,R) is Li- Yorke fiber-chaotic in measure if there exists
a set Qg C Q with full measure such that K contains an uncountable scrambled set
of Li-Yorke pairs with first component w for each w € €.

Remark 2.3. It is clear that, in the case of skew-product flow (2xY,7,R), a
pair of points (w,y1), (w,y2) (with common first component) form: a positively
distal pair if and only if lim inf;_, o disty(72(t, w,y1), T2(t,w, y2)) > 0; a positively
asymptotic pair if and only if lim sup,_, . disty (72 (¢, w, y1), T2(t,w,y2)) = 0; and a
Li-Yorke pair if these two conditions fail.

Note also that the notion of Li-Yorke fiber-chaos in measure, much more exigent
than that of Li-Yorke chaos, makes only sense in the setting of skew-product flows.
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The same happens with the notion of residually Li-Yorke chaotic flow, previously
analyzed in [6] and [19]. Li-Yorke chaos for nonautonomous dynamical systems is
also the object of analysis in [11] and [12].

The Hausdorff semidistance from C; to Ca, where C1,Co C 2 X Y, is

dist(C1,C2) :=  sup ( inf  (distoxy((wi, 1), (WZayQ)))) .
(w1,91)€C1 \(w2,y2)€C2

Definition 2.4. A set B C QxY is said to attract a set C C Q under 7 if 74(C)

is defined for all ¢ > 0 and, in addition, lim;_, . dist(74(C),B) = 0. The flow 7

is bounded dissipative if there exists a bounded set B attracting all the bounded

subsets of 2 X Y under 7. And a set A C Q x Y is a global attractor for 7 if it is

compact, T-invariant, and it attracts every bounded subset of QxY under 7.

As usual, given a subset C C 2 x Y, we will represent its sections over the base
elements by C, := {y € Y| (w,y) € C}. Finally, given a normalized Borel measure
on mgq on {2 and a regular measure my on Y, we represent by mgq X my the product
measure on XY. A measure m on QXY projects onto mg if m(BxY) = mgq(B) for
any Borel set B C . If this is the case and m is T-invariant, then mg, is o-invariant.

2.2. The flows induced by a linear family. As usual, we identify the unit
circle S of R? and the one-dimensional real projective line P with the quotient
spaces R/(27Z) and R/(wZ), respectively. In this way, the map

p:S—=P, 6+~ H(modm)

defines a projection of S onto P. Note that S can be understood as a 2-cover of P:
if @ € P, then p~1(0) = {6,0 + 7} C S. The map p will be frequently used.

Let (22, 0,R) be a minimal flow on a compact metric space. (The ergodic unique-
ness is not required by now.) Given four continuous functions a,b,¢c,d: Q — R, we
consider the family of nonautonomous two-dimensional linear systems of ODEs

/ a(wt) bwt)
y = [ clwt)  d(wt) }y (2.1)
for w € Q, with y € RZ We call A := [2}]. We will use the notation (2.1),, to
refer to the system of this family corresponding to the point w, and will proceed
in an analogous way for the rest of the equations appearing in the paper. And we
represent by y;(t,w,yo) the (globally defined) solution of the system (2.1),, with
initial data y;(0,w, yo) = yo: the subindex I makes reference to the linearity of the
systems. Then the map

TI,R: RXQXR2*> QXR23 (tawv}’O) = (w't7YI(tvwaYO))

defines a linear skew-product flow with base (€2, 0,R). It is possible to write

~

ri(t,w,8,79)sin(6(¢, w, 6)) { rosiné }
t = ~ f = : 2.2
yl( 7waYO) ’l"l(t,w7077’0) COS( (t’w79)) or Yo o cos 6 ( )
here t — é\(t,w, 0) is the solution of the equation

0 = f(w-t,0) (2.3)

for
f(w,0) := —c(w) sin®0 + b(w) cos?8 + (a(w) — d(w)) sin h cos O (2.4)
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with initial data a(O,w, 0) = 0, which we understand as an element of S; and the
map t — r(t,w,0,10) solves

-~

' =rg(wt, 0(t,w,0)) (2.5)
with r;(0,w, 0, 7r9) = 7g, for
g(w,0) := a(w)sin?6 + d(w) cos?d + (b(w) + c(w))sinf cosh . (2.6)
Note that the map
G:RxQxS = QOxS, (t,w,0) — (wt,0(tw,0)) (2.7)

defines a skew-product flow on 2 xS. Note also that f(w,0) = f(w,0 + 7) and
g(w,0) = g(w, 0+ 7): we can define them either on 2xP or on 2xS. Consequently,

~ ~

0(t,w,0+7)=0(t,w,0)+7 and r(t,w,0,79) =r(t,w, 8 +m,10).

In particular, we can understand the solutions of (2.3) as elements P: let us write
O(t,w,0) =p(0(t,w,0)) = 0(t,w, ) (mod 7) for (t,w,d) € RxQxP, and note that

0: RxQxP — QxP, (t,w,0)— (wt, ot w,b)) (2.8)
defines a global skew-product flow on QxP. We say that (xS, 5, R) projects onto

(2xP,5,R). Note also that p(8(t,w,8)) = 6(t,w,p(8)) for (t,w,d) € RxQxS.
Let U(t,w) be the fundamental matrix solution of (2.1),, with U(0,w) = I, so

that y;(w,w,yo) = U(t,w) yo. For further purposes we recall that

det U(t,wp) = exp (/Ot tr A(wo-s) ds) . (2.9)

Definition 2.5. The family (2.1) has exponential dichotomy over 2 if there exist
constants ¢ > 1 and v > 0 and a splitting Q2x R2= FT@ F~ of the bundle into the
Whitney sum of two closed subbundles such that

- FT and F~ are invariant under the flow (QxR? 7 g, R),
- |U(t,w)yo|l < ce Myg| for every t > 0 and (w,yo) € FT,
- |U(tw)yo| < cetlyol for every t <0 and (w,yo) € F~.

Remarks 2.6. 1. Since the base flow (Q,0,R) is minimal, the exponential di-
chotomy of the family (2.1) over € is equivalent to the exponential dichotomy of
any of its systems over R: see e.g. Theorem 2 and Section 3 of [45].

2. The family (2.1) has exponential dichotomy over € if and only if no one of its
systems has a nontrivial bounded solution: see e.g. Theorem 1.61 of [25].

Definition 2.7. The Sacker and Sell spectrum or dynamical spectrum of the linear
family (2.1) is the set X4 of A € R such that the family y’ = (A(w-t) — A\l2)y does
not have exponential dichotomy over €.

Now we assume also that the base flow (€2, o, R) is uniquely ergodic, and represent
by mgq the unique o-invariant (ergodic) measure. The next theorem summarizes
part of the information provided by the Oseledets theorem (see Section 2 of [26])
and the Sacker and Sell spectral theorem (see Theorem 6 of [46]).

Theorem 2.8. One of the following situations holds.
CASE 1. Y4 = [v1,72] with v1 < 2. In this case there exists a o-invariant
subset Qg C Q with mq(Qo) = 1 such that, for all w € Qo,
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0.1) there exist two one-dimensional vector spaces W' and W2 such that
lim )00 (1/) In|U (¢, w) yo| = ~; for yo € W’ —{0}.
0.2) RZ=W) @ W2e.

In particular, if w € Qo and y’ = [Zﬂ € W' — {0}, and we call 7 (w) =
2

tan~Y(y? /y3) € P, then 07 (w) is uniquely determined for j = 1,2. In addition,

0.3) the maps Qo = P, w — 07 (w) are measurable and satisfy 0(t,w, 67 (w)) =
0% (w-t) for allt € R and w € Qq, and for j =1,2.
0.4) limy o0 (1/t) Indet U(t,w) = y1 + 72 for all w € Q.
Consequently, the measurable subbundles
WY = {(w,y) € OxR*|w € Qo andy € W)} (2.10)

are T g-invariant for j =1,2.
CASE 2. ¥4 = {m}U{y2}. Then all the assertions in CASE 1 hold for Qp = Q.
In addition: W and W72 are closed subbundles; 07 and 072 are continuous maps;

OxR2= WM @ W as Whitney sum; lim;_,_ o distp(0(t,w,0), 07 (w-t)) = 0 if
0 # 072 (w); and limy_, o, distp(0(t, w, ), 072 (w-t)) =0 if 6 # 07 (w).
CASE 3. ¥4 = {v}. In this case, for allw € Q, lim}y_,(1/t) In| U(t,w) yo| = v

Jor yo € R2— {0}, and limyy oo (1/t) Indet U(t,w) = 27.

Definition 2.9. In CASES 1 and 2, the sets W7 defined by (2.10) are the Oseledets
subbundles of the family of linear systems (2.1), and the numbers v; and 7, are its
Lyapunov exponents. In CASE 3, the value v is the unique Lyapunov exponent.

Remark 2.10. In the case that ¥4 C (—00,0), F* = QxR?; and, if ¥4 C (0, 00),
then F~ = QxR2. These assertions follow easily from the fact that ¥4 contains
all the Lyapunov exponents of the family (see e.g. Theorem 2.3 of [26]) and from
the casuistic described in Theorem 2.8.

3. LI-YORKE CHAOS FOR WEAKLY ELLIPTIC LINEAR SYSTEMS

As explained in the Introduction, this section provides conditions on a certain
type of linear systems which ensure the occurrence of Li-Yorke chaos for the corre-
sponding projective flow. This is done in Theorem 3.4. As a matter of fact, we will
show that for almost every point w € 2, the scrambled set of points of the form
(w,0) for the flow (QxP,5,R) contains all the points of {w} xP excepting at most
one. Apart from the independent interest of this result, its proof includes some
arguments which will be essential in the proof of our main result, in Section 6.

For the rest of the paper, (2,0, R) will be a minimal and uniquely ergodic flow
on a compact metric space. The unique o-ergodic measure on {2 will be denoted
by mgq; [g~ will be the Lebesgue measure on R"; and Is and lp will denote the
normalized Lebesgue measures on S and P.

We consider a family of linear (Hamiltonian) systems with zero trace,

y = Awt)y (3.1)
for w € Q, where A= [z f’a] . (The choice of the names for the coefficients is due to
the fact that b and ¢ will later agree with those of (2.1).) The angular equation is

0 = f(wt,0) (3.2)
for

f(w,0) := —c(w) sin® + b(w) cos®d + 2a(w) sin O cos b . (3.3)



10 C. NUNEZ AND R. OBAYA

As in the previous section, we will represent by 5(7&7 w, 6) and 5(t, w, 0) the solutions
on S and P of the equation with initial datum 6, and by (QxS, o, R) and (2xP, 7, R)
the corresponding flows, given by the expressions (2.7) and (2.8).

Definition 3.1. The family (3.1) is in the weakly elliptic case if its Sacker and Sell
spectrum is ¥ 7 = {0} and at least one of its systems has an unbounded solution.

We will describe in the next remarks two already classical procedures which will
be used several times in what follows, and fix the corresponding notation.

Remark 3.2. Let C: Q — Masyo(R) be continuous, with det C' = 1, and such that
C': Q — Mayya(R) with C'(w) := (d/dt) C(w-t)|¢t=o is a well-defined and continuous
function. Let us consider the change of variables (w,y) — (w,z) given by z =

C(w)y. This change of variables takes the system y’ = A(wt)y to z’ = AX(wt) z
with A*:= (C'+ CA) C~1. Tt is easy to check that tr A* = 0. In addition,

pl. y' = A(w-t)y is in the weakly elliptic case if and only if 2’ = A*w-t) z is, as
immediately deduced from z(t,w,zo) = C(w-t)y(t,w,C~1(w)zg) together
with the boundedness of C' and C 1.

p2. The linear and continuous change of variables induces a homeomorphism
D: OXP — QXP with ®(w,0) = (w, ¢ (0)) and 7* (¢, P(w, 0)) = ®(5(t,w, H)).
It follows from here that two points (w,61), (w,82) are a Li-Yorke pair for
(QxP,5,R) if and only if the points (w, ¢, (01)), (w, ¢, (61)) are a Li-Yorke
pair for (2xP,5*,R). The same argument shows that the property is also
true for positively distal pairs instead of Li-Yorke pairs.

p3. If the flow (2 xP,5,R) admits an invariant measure p which is absolutely
continuous with respect to mexlp, then so does the flow (Q2xP, 5% R) defined
from the family z’ = /T*(w't) z. To prove it, we use the fact that, for all
w € €, the homeomorphism ¢, : P — P takes measures of P which are
absolutely continuous with respect to lp to measures of the same type. (In
turn, this property can be deduced from the fact that z — C(w) z preserves
the Lebesghe measure in R?, since det C'(w) = 1.) This assertion combined
with Fubini’s theorem ensures that the measure p* defined over the Borel
sets by p*(B) := pu(®~1(B)) (which is *-invariant) is absolutely continuous
with respect to moxIp. (The maps ® and ¢, are defined in p2.)

Remark 3.3. Let us consider the flow (2xS,5,R). We take a o-minimal set
M C QxS. For each (w,0') € M, we define al(w,d') := a(w), bY(w, ') := b(w)
and cY(w, 0') := c(w), and consider the family of linear systems
P | @t w. ) 0Ot w.6Y)
01(9(t7w791)) _al(e(t7w701))
for (w,0') € M. Note that the angular equation
0 = —cl(g(t, w,0'))sin?0 + bl(a(t, w,0)) cos?0 + 251(5(1?, w,0'))sinfcosd (3.5)

corresponding to (w, 0') agrees with (3.2),,. Therefore, the two skew-product flows
with base M defined by the family (3.5) are
Ipg: RXMXS = MxS,  (t,w,040) — (0(t,w,0Y),0(t,w,0)),
Ipg: RXMXP — MXP,  (t,w,040) — (B(t,w,0),0(t,w,0)).  (3.6)

We list some properties relating (3.1) to (3.4), later required.

(3.4)
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p4. If the family (3.1) is in the weakly elliptic case, then so (3.4) is: 0 is its
unique Lyapunov exponent, and there exists an unbounded solution.

p5. Let us take (w,0') € M and 6,602 € P. Then the points (w,0;), (w, f2) are
a Li-Yorke pair for (2xP,,R) if and only if the points (w, 8%, 61), (w, 8%, 62)
are a Li-Yorke pair for (M x P, v M, R). This fact follows immediately
from the fact that the fiber component of 9 Mm(t,w, 01 0) agrees with that
of 5(t,w, #). And the property is also true for positively distal pairs.

p6. Let us assume that (2 xP,5,R) admits an invariant measure m which is
absolutely continuous with respect to moxlp, and let mas be a g-ergodic
measure on M, which projects onto mq. Let ¢ € L*(Q2xP, moxIp) be the
density function of m, and let f be defined by (3.3). Proposition 2.2 of
[39] ensures that there exists a measurable function p: Q@ xP — RT with
p(w,0) = q(w, 8) for (moxlp)-a.a. (w,0) € QxP such that

Hof
for all (w,0) € @xP and [ € R. Let us define p'(w,8%0) := p(w,0) for
all (w,0%0) € MxP. It is easy to check that the nonnegative function
p! belongs to L'(M x P,maxlp) and that it satisfies the equation (3.7)
corresponding to (Mx P, 9, R) for all (w, 0% 0) € MxP and | € R. A new
application of Proposition 2.2 of [39] shows that (M x P, ¥, R) admits an
invariant measure which is absolutely continuous with respect to maxIp.

Note also that the set M!:= {(w, 8%, 0%)| (w,d') € M} is a copy of the base for the
flow (M xS, 9 M; R). The last property is the main achievement of this procedure:
the existence of this copy of the base (which may not be the case for (3.1)), will
allow us to define linear and continuous changes of variables taking (3.4) to families
of systems whose corresponding dynamics are easier to describe; and from this
description we will be able to derive the required conclusions for the initial family.

p((L,w,6)) = p(w,0) exp (- (5(s,,6)) ds) (3.7)

Theorem 3.4. Let us assume that the family (3.1) is in the weakly elliptic case.
Let us assume also that the flow (AxP,7,R) admits an invariant measure which is
absolutely continuous with respect to moxlp. Then there exists a o-invariant subset
Qo C Q with mq(Qo) = 1 such that for every w € Qg there exists a subset P, C P
with the next properties: P — P,, contains at most one element; and for every pair
of different points 61,02 € P, the points (w,61), (w,02) form a Li-Yorke pair for
(QxP,5,R). Hence, the flow (2xP,7,R) is Li-Yorke fiber-chaotic in measure.

Proof. The proof is carried-out in two steps: the first one contains auxiliary results
for the second one, which proves the statements.

STEP 1. We will begin by assuming that the family (3.1) is triangular,

p a(w-t) 0
= | clwt) —a(wt) | ¥ (3.8)

Later on we will assume that the flow (Q2xP, &, R) either does not contain a positively
distal pair, or it has two minimal sets.

The angular equation for (3.8) is ¢/ = 2d(w-t)sinf cosd — ¢(w-t)sin® 6, so that
the compact set {(w,0)} C QxP is o-invariant. Therefore it concentrates a o-
invariant measure, which together with the assumed existence of a o-invariant
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measure absolutely continuous with respect to moxIp allows us to apply Proposi-
tion 3.3 of [35] in order to conclude that: there exist a o-invariant set €; with
mq(Q1) = 1 and measurable functions m,: Q1 — R and ¢o: Q1 — P (with
(d/dt) mq(wt) = —a(w-t) me(w-t) and such that ¢ — @g(w-t) satisfies the angu-
lar equation, in both cases for all w € ;) such that Q xP decomposes into the
disjoint union of the measurable g-invariant sets S, := {(w, py(w))| w € O} for
n € (—o00, 0], where p,(w) = arccot (nmZ(w) + cot po(w)). (These sets are the
ergodic 1-sheets, using the language of [35]; see also [17].) Let L C Q1 be a compact
set with mgq () > 0 such that the restrictions of m, and ¢g to K are continuous.
Let Qf C Q be the set of points w for which there exists a sequence (t,) 1 oo
with w-t,, € K. Birkhoff’s ergodic theorem ensures that mq(Qf) = 1. Now we fix
w € Qf and choose a sequence (t,) 1 oo such that w-t, € K for all n > 0. We
take two different points 6;,6, € P and write them as 6; = ¢,, (w), so that m; # 7.

Then distp(8(t,,w, 01), 0(tn,w,02)) > infgex distp(py, (@), @y, (@) > 0if n > 0. In
particular, for w € Qf and 6; # 6o,

lim sup distp(6(t, w, 61),0(t,w,62)) > 0. (3.9
t—o0

Now we consider two different situations. The first one is simple: the flow
(QxP,5,R) does not admit a positively distal pair. Then (3.9) ensures that the
pair (w, 61), (w, 62) is of Li-Yorke type whenever w € Qf and 601, 02 € P with 6; # 6s.
To complete the proof in this case, we define g := Qf and P, := P for each w € Q.
The second case we consider is that the flow (2xP, o, R) admits two different
minimal sets. The proof of Proposition 4.4 in [21] (which does not require the
almost-periodicity of the base flow, there assumed) shows that these minimal sets
are the unique ones: otherwise all the solutions of the systems of the family (3.8)
would be bounded, which is not the case. We already know that one of these
minimal sets is {(w,0) | w € Q}. Therefore there exists § > 0 such that any (w, ')
in the second minimal set satisfies § < 81 < 7 — §. Let us take a G-minimal set
M C QxS projecting onto the second minimal set of Q x P, and perform the
procedure described in Remark 3.3, taking now (3.8) as starting point. Note that
the obtained system (3.4) is now also triangular: b = 0. In addition, the set
ML= {(w, 6% 6Y) | (w,6') € M} is a copy of the base for the flow (M x S, U, R),
and it is contained either in QxS x [§, 7 — 4] or in [7 4§, 27 — §]. A straightforward
computation shows that the bounded and continuous change of variables on MxR?
given by (w,0y) — (w,0,w) for w := [ _ L 1 ]y takes the (now triangular)

family (3.4) to a new family of the form

| a'O(t,w,0h) 0

w' = 0 —al(A(t,wﬁl)) w. (3.10)
Let maq be a g-ergodic measure concentrated on M. Property pl in Remark 3.2
combined with property p4 in Remark 3.3 ensures that the family (3.10) is also in
the weakly elliptic case; and properties p3 and p6 ensure that the new flow (M x
P, 57\/1,]1%) given by the family of angular equations 0’ = 261(§(t,w, 1)) sin 0 cos 0
(corresponding to (3.10)), admits an invariant measure absolutely continuous with
respect to maxlp. Clearly, the set {(w, 01,0) | (w,0') € M} C MxPis 53/1—minimal
(as {(w,047/2)| (w,0') € M}). Proposition 3.3 of [35] allows us to ensure that
there exists a o-invariant subset M; of M with ma(M;) = 1 and a measurable
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function m?: My — RT with (d/dt) m*(0(t,w, 0')) = —a(0(t,w, 01)) m:(0(t,w, 0%))
for all (w,0') € M; such that M x P decomposes into the disjoint union of the
measurable 1A9"j‘\,l—invariant sets (ergodic 1-sheets) Sy := {(w, 0", ¢} (w,0")) | (w,0") €
M, } for 1) € (—o00,00], where ¢ (w, 8") := arccot (n (m})*(w,0")).

Let us call Qg to the intersection of the projection of M; onto €2 with the set
Qf for which (3.9) holds, and note that there € is o-invariant with mq(Qg) = 1.
We fix wy € Qo and choose 6} € S with (wp,05) € M;i. Given two different
points 61,0 € P, we write 6; = gozi(wo,é%) for i = 1,2, so that ny,m2 € (—00, ]
and 177 # 12. Note that the fiber component of 5’;\4 satisfies 5}*\4 (t,wo,08,0;) =
@r. (G(t,wo,65)). Note also that there cannot exist s1,r2 € R such that 0 <
k1 < mi(G(t,wo,05)) < Ky < oo for all t > 0: otherwise all the solutions of
all the systems of the family (3.4) would be bounded (see e.g. Proposition A.1
in [28]), which is not the case. Assume that there exists a sequence (s,) T oo
such that lim, o m*(5(sn,wo,03)) = 0. Then lim, 5%(sn,w0,93,91) = /2
if 0; # 0 (since 7; # 00). In this case we set P5 := P — {0}. If the previ-
ous property does not hold, then lim,, ., m*((s,,wo,03)) = oo for a sequence
(sn) T oo, which in turn ensures that lim, 67;4(3,1,%,95,@) =0if §; # /2
(since n; # 0). In this case we take P} :=P — {n/2}. In both cases we conclude
that liminf, o diste(7%,(t, w0, 03, 01), O (t, w0, 03, 02)) = 0 if 01,0, € P, .

The performed change of variables induces a flow homeomorphism from (M x
P, 5,\4,]13&) to (M x P, 5}‘WR), given by ®*(w, 0% 0) := (w,arccot (cot @ — cot §1)).
Let us define P, = {0 € P| ®*(w,0,0) € P: }. Then P — P,, contains
one element; and, since the fiber component of U is 6 (see (3.6)), we have
liminf;_ o dist]p(g(t,wo7 91),§(t,w0,92)) = 0if 01,65 € P,,. Combining this prop-
erty with (3.9) we conclude that for all wy € o and all 01,02 € P, with 6; # 0,
the points (wy, 61), (wo,2) form a Li-Yorke pair for (2xP,5,R). This completes
the proof in this case, and STEP 1. We point out that the ergodic uniqueness of
(Q, 0,R) has not been required, which will be fundamental in STEP 2.

STEP 2. We will now prove the statement in the general case. The idea is: to
reformulate the family in a new base on which we can find a continuous change of
variables taking it to a new family with triangular form for which the hypotheses
remain true and which fits in one of the two situations analyzed in STEP 1; to apply
the results of that step; and to show that the conclusions for the new base suffice
to our purposes.

We follow again the procedure described in Remark 3.3: we fix a 6-minimal set
M C QxS and a g-ergodic measure m concentrated on M, and consider the
family of systems (3.4) and the flows (M xS, EM,R) and (M x P, 5M,R). (For
the moment being M is any set with these properties; later on we will need to
be more precise with its choice.) Recall that M! := {(w,0%0')] (w,0') € M}
is a copy of the base for 0 M- Let us now consider the change of variables given

on Mx R? by (w,0ly) — (w,0.2z) with z := [Cosel ’Sinel} y, which induces the

sin@'  cos@!
rotation (w, 6% 0) — (w, 04,0 — ') on M x S. Clearly, the minimal set M* is taken
to {(w,0,0)| (w,0') € M}, which ensures that the solutions of (3.1) are taken to
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those of a new family of the form

! ?i(g(t?w701)) N AO (311)
c (o(tvwaol)) 7a1(9(t7w791))

the coefficient ! is 0 since the function 0 solves the corresponding equation (3.5);

and the trace of the new matrix is zero, as explained in Remark 3.2.

Let us now consider the new flow (M x P,9%,, R) given by the family of angular
equations 0/ = —¢1(0(t,w, 01)) sin%0 + 2a(0(t,w, 61)) sin 6 cos 6 (corresponding to
(3.11)). As in STEP 1, we can ensure that the family (3.11) is in the weakly
elliptic case, and that the flow (M x P, 5}‘\4, R) admits an invariant measure which
is absolutely continuous with respect to maxip. In other words, the family (3.11)
satisfies the hypotheses of the theorem, and it is triangular. We will see that a
suitable choice if M makes it fit in one of the two situations analyzed in STEP 1.

Assume first that the flow (QxP,5,R) does not admit a positively distal pair.
Then, according to the last assertion in p5 (in Remark 3.3) and p2 (in Remark 3.2),
the flow (Mx P, % ,R) does not admit a positively distal pair, and hence it fits in
the first situation of STEP 1 (no matter the choice of M).

Now let us assume that the flow (2xP, o, R) admits a positively distal pair. We
will check that M can be chosen in such a way that (M x P, 0 M, R) admits two
different minimal sets. Hence so does (M x P, 5}‘\4, R), and consequently this flow
fits in the second situation analyzed in STEP 1.

Let the points (w, 61), (w, ) form a positively distal pair for (2 xP, o, R). Let
us take a G-minimal set M C Qx P contained in the omega limit set of (w,6;),
and a point (w,,0!) € M. Then we can choose a sequence (t,) 1 oo and a point

(ws,02) € QxP such that (ws,0) = lim, e O(tn,w,0;) for i = 1,2. Is is clear
that (wx, 0}), (ws,6?) form a positively distal pair. Let us take a g-minimal set
M C QxS projecting onto M such that (ws,0}) € M, consider the flow (M x
P, gM,R) defined by (3.6), and note that (w., 6, 0L), (w.,0:,62%) form a positively
distal pair for this flow. Note also that (w.,®!,0!) belongs to the minimal set
M= {(w,04p(0"))] (w,0') € M}, which is a copy of the base. Now we take a

minimal set M? contained in the omega limit set of (w., 81, 62) for the flow 9 M. Itis
easy to deduce from inf;>¢ distp(8(t, w,, 01), 6(t, w, 62)) > 0 that (ws, 61, 01) ¢ M2,
so that M!## M?2. This proves our assertion.

In both cases, we have checked in STEP 1 that there exists a o-invariant subset
Mo C M with ma(Mp) = 1 such that for every (w, 8') € My there exists a subset
P01y © P with the next properties: P — P, 1) contains at most one element;
and for every pair of different points 6,6, € P, g1y, the points (w, 0%01), (w, 0% 05)
form a Li-Yorke pair for (Mx P, 0%, R). We define € as the projection of Mg on Q
and note that it is o-invariant. In addition, since ma projects onto mgq, we have
ma(Q) = 1. Given w € Qy we look for (w,0') € My and define P, := Pw,01)-
Finally, we use the information provided by p2 and p5 to conclude that 2y and
{Po|w € Qp} satisfy all the assertions of the theorem. The proof is complete. [

Remark 3.5. Let us consider the family (3.11) appearing in STEP 2 of the previous
proof, and a g-ergodic measure m 4 concentrated on M. As seen at the beginning
of the proof of STEP 1, the associated flow (Mx P, , R) decomposes into ergodic
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1-sheets: we can write M x P = Une(_wm] S;,*, where S; is a J*invariant set of
the form {(w, 6", @7 (w,0")) | (w, ') € M} for a measurable map ¢} : M — P. And,
in addition, due to the expression of ¢} (namely, o} (w,0') = arccot (nmZ(w, 6") +
cot pg(w, O1)) for certain measurable functions m, and (), Lusin’s theorem pro-
vides a compact set  C M with measure my(K) > 1/2 such that the re-
strictions of all the maps ¢} to K are continuous. On the other hand, the map
MXP — MXP, (w,0",0) — (w,0,0+6") takes (Mx P, 9%, R) to (MxP, I, R).
We define now ¢y (w,0') := ¢} (w,0') + 0" and note: that the restrictions of all
the maps ¢, to K are continuous; and that the associated flow (M x P, 1;M,R)
decomposes into the ergodic 1-sheets S, := {(w, 0", p,(w,0"))| (w,0') € M} for
71 € (—00,00]. This information will be used in the proof of Theorem 6.8.

4. THE BOUNDARIES OF THE GLOBAL ATTRACTORS FOR THE FLOWS INDUCED
BY A FAMILY OF DISSIPATIVE SYSTEMS

Recall that (2,0,R) is a continuous global flow on a compact metric space,
minimal and uniquely ergodic, that mgq is its only ergodic measure, and that 2,
Is and lp represent the Lebesgue measures on R?, S and P (normalized in the last
two cases). In the rest of the paper we will work with a particular type of family of
nonlinear systems defined along the o-orbits, which we now describe. Given a real
value p € (0,1] and the C'-map

0 if 0<r<p,

(r—p)? ifr>p, (4.1)

ky,: Rt — RT, r|—>{

we consider the family of nonautonomous two-dimensional systems of ODEs
y' = Awt)y —kp(lyl)y (4.2)
for w € 1, whose linear part
¥ = Awt)y (4.3)
agrees with (2.1). A discrete version of this continuous model has been studied in [4].
The main difference in our approach is that we put the focus on the unpredictability
of the dynamics on the attractor at the bifurcation point.
We will use the notation established in Section 2 for the flows (2 x R% 7; g, R),
(QxS,7,R) and (QxP, 7, R) induced by (4.3). The value of p will be fixed throughout

the paper, so that we will not include it in the notation. The family (4.2) also
induces a (now local) skew-product flow with base (2,0, R) on Q xR defined by

TR:UC RXQXR2_> QXRQ, (t7w7y0) = (w-t,y(t,w,yo)), (44)

where y(t,w,yo) represents the solution of the system (4.2), with initial data
v(0,w,y0) = yo. Note that y(t,w,—yo) = —y(t,w,yo). Note also that (4.2) and
(4.3) agree as long as y belongs to the Euclidean closed disk centered at the origin
and with radius p; but not outside this disk, where (4.2) is no longer linear. In par-
ticular, y(t,w,yo) may not be globally defined; and if |yo| < p then y(¢,w,yo) =
vi(t,w,yo) at the interval of points containing 0 at which |y (¢, w,yo)| < p.

Now we take coordinates y; = rsinf and ys = r cos and obtain the equations

0" = f(W't7 9) )

=1 (g(wt,0) — ky(r)), (45)
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where f: QxS — R and ¢g: xS — R are given by (2.4) and (2.6). Recall that
fw,0) = f(w,0+7) and g(w, d) = g(w,f+7). Observe that the family of equations
given by the first line in (4.5) depends neither on p nor on r. In fact, it coincides
with the family (2.3), so that its solutions define the global flows (2xS,7,R) and
(OxP, 7, R) given by (2.7) and (2.8). Note also that the r component of the solution
of (4.5),, with initial data (6,r¢) agrees with the solution of the equation

=7 (9w, 0(t,w,0)) — ky(r)) (4.6)

with initial data ry. We can consider this family varying either on {2 xS or on

Qx P, since g(w-t,g(t,wﬂ)) = g(w-t,g(t,w,Q)). Let r(t,w,8,ro) be the solution of
(4.6)(w,0) With r(t,w,0,79) = ro > 0, and note that if ro < p then r(t,w,0,70) =
ri(t,w,0,19) at the interval containing 0 at which r(t,w,8,79) < p. We can define
two new local skew-product flows with bases (2xS, 7, R) and (2xP, 5, R), given by

o~

71V CRxQOxSXRT = QxSxRT,  (t,w,0,70) — (wt,0(t,w,0),r(t,w,0,r))

and

7V CRXOXPxRT = QxPxRY,  (t,w,0,10) — (w-t,0(t,w,0),r(t,w,0,70)).
Recall that

o~ ~

p(0(t,w,0)) =0(t,w,p(d)) and r(t,w,0,r9) =r(t,w,p(d),ro). (4.7
It is clear that

y(t7w7y0) = r(t’w70’ro> Sin(:(t7w)9)>

” _ [ 7o sin 6 }
r(t,w,8,r9) cos(8(t,w, d)) Yo '

7o COs 0

Therefore the flows g and 7T are closely related. As a matter of fact, they can be
identified outside the (respectively invariant) sets Qx{0} C 2xR? and QxSx {0} C
QxSxRT. In addition, (2xSxR*, 7, R) projects onto (AxPxR*, 7 R).

Remark 4.1. For further purposes, we point out that the skew-product semiflow
T is concave; that is, its fiber component satisfies

T(t7w,€,777“1 + (1 - 77) TQ) > nr(tvwaearl) + (1 - 77) T(t,w,o,’)"z)

for all n € [0,1], (w,0) € QxP, r{,75 € RT, and all the values of ¢ > 0 such
that all the involved terms are defined. This assertion follows from the fact that
ky(nri + (L —n)re) < nky(r1) + (1 —n) ky(re) for all n € [0,1] and 1,72 € R
combined with a standard argument of comparison of solutions. And, of course,
it is also monotone: 0 < r(t,w,0,r1) < r(t,w,d,rs) whenever 0 < r; < ro. The
monotonicity will be often used without further reference.

Since the function g of (4.6) (given by (2.6)) is bounded, the definition (4.1) of
k, shows that, if we fix any § > 0, we can find a r, such that

9(w,0) —ky(r) < =0 forall (w,) € AxS and r>r,. (4.8)

This constant r, plays a fundamental role in the statement of the next result: it
will bound the zones of the phase spaces in which the attractors lie. Note also that
the minimal choice of r, satisfying (4.8) increases as p increases. This is the only
point in which the choice of a particular p € (0, 1] has influence.

Theorem 4.2. Let the constant r, > 0 satisfy (4.8).
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(i) The flow (AxR2 7R, R) is bounded dissipative, and it has a global attractor
A C QxR? which contains Qx {0}. In addition,

A={(w,¥y0) € QXR2| su£|y(t,w,y0)| < oo}
te

= {(w,y0) € UxR?| sup ly(t,w, yo)| < o0} ;
teR—

ACOx {y e R?||y| <r,}; and (w,yo) € A if and only if (w, —yo) € A.
(ii) The flow (AXSXR™, 7, R) is bounded dissipative, and it has a global attractor
B C QxSxRY which contains QxSx{0}. In addition,

~

B={(w,0,r) € QxSxRﬂ sup r(t,w,0,79) < 00}
teR

= {(w,0,70) € QxSxRT| sup r(t,w,0,79) < 00} ;
teR-

B C QxSx 0, rp); and (w,0) € B for 0 € [0,7) if and only if (w,0+7) € B.
(i) The set

B = {(w,p(8),70)| (,0,70) € B} CQAxPx[0,7,)]

is a global attractor for the bounded dissipative flow (QxPxRT, 7 R).
(iv) If ro > 0, then (w, [”’ Sine] ) € A if and only if (w,0,79) € B. In addition,

70 cos 6
the dynamics of T on B — (Q2xSx{0}) can be recovered from that of T on
A — (2x{0}), and the converse is also true.

Proof. Tt is easy to deduce from (4.8) that the maximal interval of definition of
y(t,w,yo0) contains [0,00) for all (w,yo) € QxR? and that the set C, := Q x
{y € R?| |y| < r,} attracts any bounded set under 7g. Or, equivalently, that
r(t,w,0,70) is defined at least on [0,00) for all (w,0,79) € 2xSx RT and that
the set 5,; = QxS x [0,7,] attracts any bounded set under 7. Therefore both
flows are bounded dissipative, and the classical theory ensures that the sets A and
B of (i) and (ii) are the respective global attractors: see e.g. Section 2.4 of [18]
and Section 1.2 of [13]. Relation (4.8) also guarantees that any globally bounded
solution y(t,w,yo) of (4.2) satisfies |y (t,w,yo)| < r, forall t € R: if |yo| > r,, then
(4.8) would force |y (t,w,yo)| to tend to oo as t tends to the left edge of the maximal
interval of definition. so that it is not bounded; therefore |yo| < r,, and hence we
can use again (4.8) to prove the assertion. Consequently, A C C, and BcC C And
obviously y(t,w,yo) is globally bounded if and only if y(¢,w, yo) = —y(t w,¥0)
is globally bounded, which completes the proof of (i) and (ii). The assertions in
(iil) follows from (ii) and (4.7). Finally, the properties sated in (iv) follow from (i)
and (ii) and from the relation between 7 and 7 explained before. O

Theorem 4.3. Let A C QxR%, B C QxSxRT and B C QxPxR* be the global
attractors of the flows (AxR2 1, R), (2xSx RT, 7 R) and (AxPx RY, 7 R), and
let v, satisfy (4.8). Then, there exists an upper semicontinuous map

B: QxP = [0,7,]

such that



18 C. NUNEZ AND R. OBAYA

(i) the attractors are given by

A= J{w,y)ly=1[rn8] foro €S andr e |0,Bw,p(0))]},

wEeN

B= |J ({w.0)}x[0,Bwp®)),
(w,0) €S

B= | ({w0)}x[0,5w0)).
(w,0)eQxP

(ii) B(5(t,w,0)) = r(t,w,0,B(w,0)) for all (t,w,0) € RxQxP; that is, B is an
equilibrium for .

(i) If there exists o > 0 such that g(w,ﬁ) > By for all (w,0) € QxP, then B
defines a uniformly stable equilibrium: for each € > 0 there exists 6(g) > 0
such that if (w,0) € AxP and 0 < |B(w,0) — ro| < 8(c) then

1B(5(t,w,0)) —r(t,w,0,r)| <& forallt>0. (4.9)

Proof. Recall that the flow (2xPxRT,7 R) is induced by the family of equations
=7 (g(wt, 0(t,w,0)) —k,(r)), which agree with (4.6). Relation (4.8) ensures that
0>r, (g(é\(t,w, 0)) — k,(r,)), so that the function r(t) = r, is an upper solution
for all these equations. In addition, the set {r(t,w,0,r,)| t > 0, (w,0) € QA xP}
is bounded, since (2 xPxR* 7, R) is bounded dissipative. In these conditions,
Theorem 3.6 of [34] (see also its proof, which does not require the minimality of
the base flow, in our case (2 xP,7,R)) shows that

B(w,0) := tlg(r)lo r(t,o(—t,w,0),7,)

defines an upper semicontinuous function satisfying 3(w, 8) < r, and property (ii).
In addition, if r(¢, wg, 8o, 7o) is globally bounded, then Theorem 4.2(i) ensures that
r(—t,wo,80,7m0) < 1, for all t > 0, so that rg = r(t,o(—t,wo, o), r(—t, wo, b0, 70)) <
r(t,o(—t, wo,00),7,) and hence 1y < E(wo,ﬁo). And conversely, since (ii) holds,
any solution r(t,wq, 0o, 70) with ro < B(wo, o) is globally bounded. This and the
descriptions of A, B and B made in Theorem 4.2 complete the proof of (i) and (ii).

Let us prove (iii). Since ky(nr) is smaller than nk,(r) for » > 0 and n € [0, 1]
and greater for r > 0 and n > 1, a standard argument of comparison of solutions
and property (ii) ensure that

nB(5(t,w,0)) < r(t,w,nBw,0) forallt>0and (w,8) € AxPifn e [0,1],

nB(E(t,w,0) > r(t,w,nB(w,0) forallt>0and (w,0) € UxPifn>1.
Given € > 0 we take 6(¢) = € By /r,, where [ satisfies the assumption in (iii). Then,
if |B(w, 8) — 19| < d(e) for a point (w,d) € QxP, we have (1 —¢/r,) f(w,8) < rg <
(14 ¢/r,) f(w,f). Combining this fact, the previous properties, and (ii), we get
(1—¢/rp)B(a(t,w,0)) < r(t,w,0,70) < (1+¢/r,)B(c(t,w,0)) for all t > 0, which
together with 0 < B(c(t,w,d)) <1, yields (4.9). O

It is clear that the properties of the semicontinuous map B of Theorem 4.3
determine the shapes of the three global attractors. Let us see that E(w,&) >0
if and only if the solutions 7;(t,w,d,7¢) of (2.5)«,¢) with initial data ro > 0 are
bounded. By linearity, it is enough to consider the solutions r;(t,w, 8, 1).
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Proposition 4.4. Let us fiz (w,0) € QxP, and let B be defined in Theorem J.5.
Then B(w,0) > 0 if and only if sup,<or1(t,w,0,1) < co.

Proof. Recall that p € (0,1] is fixed from the beginning, and that /3 takes values in
[0,7,] with 7, satisfying (4.8). We fix (w, §) € QxP and assume that 5y := B(w,6) >
0. Since k, > 0, a standard arguments of comparison of solutions for scalar ODEs
applied to (2.5) and (4.6), and Theorem 4.3(ii), guarantee

Bori(t,w,0,1) =r(t,w,0,5) <r(t,w,b,by) = 5(5(t,w,9)) <r, forallt<0.
Therefore sup,«( 71(t,w,0,1) < oo, as asserted.
Assume now that  := sup,«,7(t,w,0,1) < 0o, so that sup,«q7(t,w, 0, p/k) <
p. Hence r(t,w,0, p/r) = 1(t,w,0,p/k) < k for all t < 0, which together with the
dissipativity of the flows ensures that r(t,w, 0, p/k) is globally defined and bounded.
Theorem 4.2(ii)&(iii) ensure that (w,6, p/x) € B, and hence Theorem 4.3(ii) guar-

antees that 8(w,8) > p/k. This completes the proof. O
The previous result shows that the sets
(QxP) T := {(w,0) € QxP| B(w,8) > 0},
(QxP)° := {(w,0) € AxP| B(w, ) = 0}

can be characterized in terms of the existence of bounded solutions on R~ for the
family of equations (2.5); or, equivalently, of the family of systems (4.3). Note also
that both sets are o-invariant, as Theorem 4.3(ii) guarantees.

Remarks 4.5. 1. Since two different points in P determine two linearly independent
solutions of (4.3),,, Proposition 4.4 shows that there are three possibilities for the
sections (A xP)F and (QxP)2: (QxP)} = P and (2 xP)? is empty; (2 xP)f
is empty and (QxP)? = P; and (QxP)} = {0} and (AxP)? = P — {6p}. In
addition, if a point w is in one of these cases, the same happens with all the points
w-t of its g-orbit: for all 8y € P and all ¢ € R there exists a unique _; € P with
(w-t,00) = & (t,w,0_¢), namely 6_, := 6(—t,w-t,6;).

2. The upper semicontinuity of E ensures that it is continuous at every point
of a residual set C C QxP. In addition, since 8 > 0, (2xP)° C C. Assume now
that (2xP)% contains a set D which is dense in QxP. It is easy to deduce that B
vanishes at any point of C. So that, in this case, the set (2xP)° is residual in QxP.

We also define the set
Ot = {we Q| (UxP)}=P}={weQ|Bw,0) >0foralld e P},  (4.10)

which is o-invariant: see Remark 4.5.1. Proposition 4.4 shows that Q= Q if and
only if all the solutions of all the systems (4.3) are bounded on R™. Let us check
that, if this is not the case, then Q7 is of the first Baire category.

Proposition 4.6. Suppose that QF # Q. Then B vanishes exactly at the residual
o-imvariant set of points of QX P at which it is continuous. In particular, the set
Q7 is of the first Baire category.

Proof. We will check below that B vanishes at a dense set of points of x P, which
according to Remark 4.5.2 ensures that the g-invariant set (Q2xP) is the residual
set of continuity points of E Since (2xP)° projects onto 2 — Q7 this set is also
residual (see Proposition 3.1 of [49]), which proves the second assertion.
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Let us take wy ¢ QF and note that (QxP)), 2 P — {6y} for a point 6y € P
(see Remark 4.5.1). It follows easily from the minimality of (2,0, R) that the set
D = {o(t,wp,0) | t € R,0 # 6y} is dense in Q xP. Finally, the o-invariance of
(2 xP)° ensures that 3 vanishes at the points of D. O

We finish this section by relating the measure of Q% to those of the attractors.

Proposition 4.7. The attractor B of the flow (AXPxRT, 7, R) has positive measure
maxlpxlg on QxPxRY if and only if mq(Q") = 1, where Q* is the o-invariant
set defined by (4.10).

Proof. 1t is clear that the measure of B is given by foIP E(w,&) d(mgqx lp), which
agrees with f(QX]P,)+E(w, 0) d(maoxlp); so that this measure is positive if and only if
(mexlp) ((2xP)1) > 0. In turn, (mexlp)((QxP)1) = [, Ip((QXP)[) dmg, so that it is
positive if and only if the set of points w with ip((Q2xP)}) > 0 has positive measure
mgq. It follows from Remark 4.5.1 that this set agrees with Q*. And, since Q¥ is
o-invariant and mgq is g-ergodic, mq(Q) > 0 is equivalent to mq (1) = 1. O

~ ~

Remark 4.8. Note that (moxlpxIg)(B) > 0 is equivalent to (maxlsxIg)(B) > 0
and to (maxIg2)(A) > 0: see Theorems 4.2 and 4.3.

5. THE SHAPE OF THE GLOBAL ATTRACTORS IN TERMS OF THE SACKER AND
SELL SPECTRUM OF THE ASSOCIATED LINEAR SYSTEM

We continue in this section with the analysis of the shape and properties of the
global attractor A (and hence of B and B) associated to the family of systems (4.2)
described at the beginning of Section 4. As explained in the Introduction, we will
relate these properties to the characteristics of the Sacker and Sell spectrum X 4 of
the linear family (4.3) (or of any one of its systems: see Definitions 2.5 and 2.7, and
Remark 2.6.1). We have also explained there that in this paper we will consider just
three cases: ¥4 C (—00,0), ¥4 C (0,00), and ¥4 = {0}, and that this casuistic
can be understood as a bifurcation pattern.

Recall that the boundaries of the attractors are determined by the function
B: QxP — [0,7,] of Theorem 4.3.

A. The case ¥4 C (—00,0). This first case is the simplest one. We will check

that the attractors A, B and B are trivial. Note that the conclusion is irrespective of
the fact that 34 reduces to a point, it is a nondegenerate interval, or it is composed
by two negative points, which are the three possibilities: see Theorem 2.8.

Theorem 5.1. Suppose that ¥4 C (—00,0). Then A = {(w,0)| w € O}, B =
{(w,0,0)] (w,8) € QxS}, and B = {(w,0,0)]| (w,0) € QxP}.

Proof. Tt is enough to prove the assertion for B: see Theorem 4.2. Note that the
family (4.3) has exponential dichotomy with F* = QxR?: see Remark 2.10. This
and Remark 2.6.2 ensure that limsup,_, . ri(t,w,8,r9) = oo for all (w,0) € AxP
and rg > 0. Hence, Proposition 4.4 proves the assertion. (I

B. The case ¥4 C (0,00). Now we will show that, in the three cases of ¥4 C
(0,00) (see Theorem 2.8), the map [ is continuous and strictly positive on Q xP,
which means that A4 can be identified with a “solid cylinder” which has Q) as axis.
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Theorem 5.2. Suppose that X4 C (0,00). Then,

(i) the map E: QxP — R of Theorem 4.3 is continuous and strictly positive.
(ii) The compact set {(w,0,B(w,0))]| (w,0) € QxP} is the global attractor for
the flow T restricted to QxP x (0,00). More precisely,

tli)m (B(a(t,w,0)) —r(t,w,8,19)) =0 for all (w,0) € AxP and ro > 0.

(iii) The compact set {(w, {g((:)(g; ::;Z} ) | (w,0) € QXJP’} is the global attractor

for the flow T restricted to Q2 x (R? — {0}).

Proof. (i) The property X4 C (0, 00) ensures that the family of linear systems (4.3)
has exponential dichotomy, with F~ = Q xR?: see Remark 2.10. More precisely,
there exist ¢ > 1 and > 0 such that

r(t,w,0,m0) < cellry  for all (w,0) € AxP, 1o >0, and t <0.
We take 6, = p/c > 0. Then ri(t,w,0,ry) < p for t <0 if ry <J,, so that
r(t,w,0,10) = ri(t,w,0,19) < ce’lrg  for all (w,0) € AxP and ¢ <0.
We will deduce from this fact that there exists ¢, > 0 such that
r(t,w,0,6,) >0, forall (w,0) € QxP and t>1,. (5.1)

Assume for contradiction the existence of sequences (t,) 1 oo in RT and ((wy, 0,))
in QxP such that r(t,,wn,0n,0,) =: 7, < 6,. Then, on the one hand,

T(_tna&(tnawny 91’7,))’ 6/)) > T(_tn7&(tn,wn7 977,))77“77,) = 6/)

for all n € N; and, on the other hand, 0 < 7(—ty, o (tn,wn,0n)),0,) < ce 74,
which tends to 0 as n increases. This contradiction proves (5.1). And the same
argument proves that, given any rg > 0, there exists ¢, , such that

r(t,w,0,r9) > 96, forall (w,0) e QxP and t >t ,. (5.2)

A fundamental consequence derives from (5.1). Let us define the sequence of
continuous functions («a;,) by

an: QxP = RY, (w,0) — r(nt,,o(—nt,,w,0),6,).

Note that all these functions are bounded from below by §, and from above by p.
We can reason as in the proof of Theorem 3.6 of [34] in order to prove: that

r(tp,w, 0,00 (w,0)) > a,(d(ty,w,0)) forall (w,0) € QxP and n>1;
that the sequence (a,(w,0)),, increases with n for all (w, ) € QxP; that the limit

a(w,8) = li_>m an(w, 8)

satisfies
a(oc(mty,w,0)) =ri(mty,,w,0,a(w,d)) forall meN and (w,0) € QxP; (5.3)
and that « is a lower semicontinuous map: if (w,0) = lim,_ o (wn,0n), then

a(w, ) <liminf, . a(wy,8,). Note also that 6, < a <r,.

On the other hand, B(w, ) = lim,_ o r(nt,, o(—nt,,w,),r,) (see the proof of
Theorem 4.3), so that B > o > 0, > 0. We will check that, as a matter of fact,
they agree, which together with the semicontinuity properties of E and « shows the

continuity of 8 and completes the proof.
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We will make this in two steps. In the first one we assume that (2 xP,7,R) is
minimal. Let (wp, fp) be a continuity point of 8. Theorem 3.6 of [34] proves that

K : = closuregupg+ {7(t, wo, 00, B(wo, 60)) | t > 0}

= closureqpg+{((t, wo, 00), B(c(t,wo,00)))| t > 0}

is a 7-minimal set. The upper semicontinuity of E ensures that 7o > r > ¢,
for all (w,f0,r) € K. In the words of [38], the minimal K is strongly above the
equilibrium 0. In addition, (5.2) also ensures that any 7-minimal different from
that given by 0 is contained in {(w,6,7)| r > 6,} C Q@xPxR™. Recall that the
flow 7 is monotone and concave: see Remark 4.1. In these conditions, Theorem
3.8 of [38] ensures that K is a uniformly exponentially stable copy of the base
which attracts all the forward semiorbits starting above zero. That is, we can write
K = {(w,0,c(w,0))] (w,0) € QxP} for a continuous map c: @ xP — R*; and
given € > 0 there exists n(e) > 0 such that if 7o > 0 and |rg — c¢(w,0)| < n(e),
then |r(t,w,8,719) — c(o(t,w,d))] < e for all t > 0. It is very easy to deduce from
the definition of K that ¢ and E agree at the continuity points of 5 Now we
will check that 8 and ¢ agree everywhere: we fix (w,6) € QxP and any ¢ > 0;
choose a sequence (s,,) | —oo such that (wg, ) = limy, 00 0(8n,w, §); deduce from
B(wo, b0) = c(wo, Bo) that there exists s, with |3(5(sp,w,8))—c(F(sn,w, )| < n(e);
and conclude that

1B(w,0) — c(w,0)] = |r(—sn,w-sn, BGE (5n,w,0))) — c(5(—8n, 5 (5n,w,0)))| < ¢,

which means that 3(w,8) = c(w,6). Note that this proves that 3 is continuous
in the minimal case; but our goal is to prove that it agrees with «, which will be
required in the general case.

The continuity and positiveness of A allows us to find n € (0,1) such that
0 < 775 < §,, so that ng < «a. In addition, as said in the proof of Theorem
4.3, n (G (t,w,0)) < r(t,w,nBw,0)) for all t > 0 and (w,0) € QxP. In these
conditions, Theorem 3.6 of [34] and its proof ensure that the map v(w,0) :=
limy oo 7(t, 0(—t,w,0),nB(c(—t,w, d))) defines a new equilibrium above 0. We can
repeat all the procedure before performed with 5 in order to conclude that ~ is
continuous. But Theorem 3.8 of [38] ensures that j is the only strictly positive
continuous equilibrium. That is, v = E . Consequently,

/B(w70) = 114)111 T(Tltp,5(—7’Ltp,w,0),T]ﬂ(5(—’ﬂtp7w,0)))

< nhﬁrréo r(nt,, o(—nt,,w,0),a(c(—nt, w,d))) = a(w,d),
which completes the proof in this case.

Let us now consider the general case. We already know that o and B agree
over each g-minimal subset M C QxP. We fix (w,0) € QxP, take a minimal
subset M contained in its alpha limit set for &, choose a point (@,f) in M, take
a sequence (s,) . —oo such that (@,0) = lim,, o 5(s,,w, ), and assume without
restriction that s, = mpyt, — pt,, with —m,, € N and p, € [0,t,) and that there
exists [t := lim, oo ptn € [0,t,]. The continuity of o allows us to ensure that
limy, 00 0 (Mt w, 0) = (11, ,0) =: ((5,5) € M. In particular, a(&,g) = E(a,ﬁ),
Now we fix € > 0; take J(e) satisfying (4.9); assume without restriction that the
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sequences (a((myt,,w,0))) and (B(&(mntp,w,ﬁ))) converge; use the inequalities

0=3®,0) - a@,8) > T}Lngo(g(ﬁ(mntp,w,H)) — a(G(mnt,,w,0)) >0
in order to find n. such that
0 < B (mn.tp,w,0)) — a(G(mn.tp,w,0)) < d(e);
and combine Theorem 4.3(ii), (5.3) and (4.9) to deduce that
0 < Bw,0) — alw, 0) = (=M. tp, (M. tp, w,0), BT, 1w, 0)))
—r(=mn,tp, 0(Mn, tp,w,0),a(c(mp, t, w,0))) <e.
This completes the proof of the equality also in the general case.

(ii) Let us take (w,0,r9) € QxP x (0,00). Recall that there exists ¢y such that
r(t,w,0,79) > 6, > 0 for all (w,0) € QxP and all t > ty: see (5.2). We look for a
o-minimal set M C QxP contained in the omega limit set of (w,#), and a sequence
(tn) T oo such that there exists limy, o0 (5 (tn,w, 0), 7(tn, w,0,70)) =: (@,0,7) €
MxRT. In particular, 7 > §, > 0. We fix £ > 0 and take §(¢) satisfying (4.9). The
convergence to B in the minimal case explained in the previous step allows us to take

s> 0 with |r(5,w,0,7) — 8(c(3,w,0))| < d()/3. And we also look for t,, such that
[ (tm + 3, w,0,70) — 7(3,@,0,7)| < 3(e)/3 and [BE(E + tm,w,0)) — B(F(3,3,0))| <
§(¢)/3. These inequalities and (4.9) ensure that |r(t,w, 8, o) — B(5(t,w, 0))| < & for
all t > §+ t,,,, which proves (ii).

(iii) This last assertion is an immediate consequence of (ii) and Theorem 4.2. O

C. The case X4 = {0}. In this case the family (4.3) does not admit expo-
nential dichotomy, so that at least one of its systems admits a nontrivial bounded
solution. We begin by considering the simplest situation (which is also the least
interesting for the purposes of this paper): when all the solutions are bounded, the
attractor A is homeomorphic to a solid cylinder with continuous boundary. This is
proved in Theorem 5.6. Before formulating it, we explain some properties used in
its proof and also in Section 6.

Definition 5.3. A continuous function e: Q@ — R admits a continuous primi-
tive if there exists a continuous function h.: @ — R such that he(w-t) — he(w) =

fg e(w-s)ds for all w € Q and t € R.

Remark 5.4. If e admits a continuous primitive, then sup; ,)eruo ’fot e(w-s)ds| <

oo, and Birkhoff’s ergodic theorem ensures that [, e(w)dmg = 0. It is well-known
that if (2,0,R) is minimal (as in our case) then e admits a continuous primi-

tive if and only if there exists wy € 2 with sup,;>, ‘fg e(wo-s) ds’ < oo or with
Sup; < ‘fot e(wo-s) ds‘ < oo: see e.g. Proposition A.1 in [28].

Now we rewrite the matrix A = [2 %] of the families (4.3) and (4.2) as

Aw) = e(w) Iy + g(w) for e(w) :=(1/2) tr A(w), (5.4)
so that A(w) = [? %]. We consider the family of linear systems with zero trace
¥ = Awt)y (55)

for w € Q. The notation established in Section 3 will be used.
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Remarks 5.5. Recall that we assume X4 = {0}. Let e be given by (5.4).

1. The flows (2xS,0,R) and (2 xP,5,R) induced by (5.5) agree with those
induced by the initial linear family y’ = A(w-t)y: they are defined by (2.7) and
(2.8), since the function f appearing in the angular equations (2.3) and (3.2) is the
same (which is due to a — d = 2a).

2. Recall that 7;(t,w,0,1) is the solution of the linear equation (2.5)(,, ¢y with
r(0,w,6,1) = 1, and let 7(¢,w,0,1) be the solution with 7;(0,w,8,1) = 1 of the
r-equation for (5.5), namely

- 19 ~
=7 (gwt,0(t,w,0)) —e(wt)) =r (—2 Fg(w-t, 0(t,w, 9))) :

It is very easy to check that ri(t,w,0,1) = 7 (t,w,0,1) exp (fot e(w-s) ds) and that
Fit,w,0,1) = exp [y (—1/2)(Df /90)(&(5,w,6)) ds).

3. Since ¥4 = {0}, Theorem 2.8 ensures that lim;,(1/t)IndetU(t,w) =
0 for all w € Q, and this, relation (2.9) and Birkhoff’s ergodic theorem yield
fQ e(w)dmg = 0. This property, the previous remark and Birkhoff’s ergodic the-
orem yield lim;, oo (1/t) Inr(t,w,0,1) = lim; oo (1/t) In7;(t,w, 0, 1); and this and
Theorem 2.8 ensure that the Sacker and Sell spectrum of (5.5) is also {0}.

4. According to (2.9),

det U, wp) = exp ( /0 e Alw-s) ds> — exp ( /0 e(wns) ds) . (5.6)

Assume that all the solutions of (4.3) are bounded. Then (5.6) combined with
Theorem A.2 of [28] ensures that e has a continuous primitive, which together with
Remark 5.5.2 ensures that all the solutions of (5.5) are also bounded.

Theorem 5.6. Suppose that ¥4 = {0} and thNat all the solutions of all the lin-

ear systems (4.3) are bounded. Then the map $: QxP — R of Theorem 4.5 is
continuous and strictly positive.

Proof. Proposition 4.4 ensures that 3(w,0) > 0 for all (w,) € QxP. Let us as-
sume for the moment being that the flow (2 xP,7,R) is minimal. Then, since
all the solutions of the family of equations ' = r g(6(¢,w, #)) are bounded, there
exists a continuous function h: Q@ xP — (0,00) such that (d/dt)h(c(t,w,0)) =
h(w,0) g(c(t,w,d)): see e.g. Proposition A.1 in [28]. Let us call h, := nh for
n > 0. We look for n > ng such that h,(w,0) < p for all (w,8) € QxP, where
p is the constant in (4.1). Then (d/dt) h,(c(t,w,0)) = hy(w,0) (9(c(t,w,8)) —
ko (hy(5(t,w,8)))), so that h, determines a copy of the base for (2 xPxR*,7,R)
which is strongly above 0. In addition, this flow is monotone and concave: see Re-
mark 4.1. In these conditions, Theorem 3.8(v) of [38] ensures that 3 is continuous.

We will now check that, in the minimal case, 8 = h,,,, where 79 is determined

mo
by sup,, peoup fino(w,0) = p. We already know that h,, < 8. Let us choose
n > 0 and check that 8 < h,, from where the assertion follows. For this 7,
(d/dt) hy(5(t,w,0)) > hy(w,0) (9(5(t,w,0)) — ky(hy(5(t,w,0)))), and the inequal-
ity is strict at least at a point (w,f) € QxP. Now we combine Propositions 4.4
and 4.3 and Theorem 3.6 of [34] in order to deduce that there exists a ¢ > 0 and
an equilibrium « < h,, — § such that any point (w, 8, r) with v(w,8) < r < hy(w, §)
does not belong to any copy of the base. A new application of Theorem 3.8(v) of
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[38] ensures that 8 < h,;, as asserted. It follows easily from B= hy, that

sup E(E(t,w, 0))=p forall (w,0) € QxP if QxP is 5-minimal. (5.7)
teR
Let us now suppose that € x P is not o-minimal. Then the assumed bound-
edness of the solutions of the linear family ensures that 2 x P is the union of an
uncountable family of o-minimal sets, each one of them being an m-cover of €
for a common m > 1. This is proved in the proof of Theorem 3.1 of [39], since
according to Remark 5.5.4 all the solutions of (5.5) are bounded. Note that 3 is
continuous over each minimal set. We define a(w, 8) := sup,cp 71(t,w, 6, 1) and de-
duce from Theorem 4.3(ii), the decomposition of 2 xP into minimal sets and (5.7)
that a(w, ) = (1/§(w,9)) SUDP;cR B(G(t,w,0)) = p/B(w, ). Consequently, o is also
continuous over each minimal set, and the global continuity of E will be guaranteed
once we have checked that « is continuous on Q2 xP.
Note now that

|a(w, 01) — a(w,B2)] = | sup |U(t,w) [sinal ]| _ Su]g |U(t,w) [511192 ”
te

teR cos 01 cos 0o
< sup | Ult) ([ ] = [0 )] < | [226:] = [2263]] < Tiste(61,02)

for all w €  and 6,0, € P, where ¢ := sup(; ,)erxn |U(t,w)| < 0o. (As usual, |U]
represents the Euclidean matrix operator norm.) Let us take a sequence ((wp,6,))
in Qx P with limit (wp,fp). Let M° be the minimal set containing (wp, o). Then
there exists a sequence (wy,¢,) in M with limit (wg, #o). This assertion can be
proved combining the continuity of the map w + M? in the Hausdorff topology of
the set of compact subsets of P (see e.g. Theorem 3.3 of [36]) with the fact that M
always contains m elements. In particular, lim,,_,, distp(6,,, ¢,) = 0. The previous
bound ensures that lim, o |a(wy, pn) — @(wn, 0,)] = 0, and the continuity of «
on MY yields lim,, o |a(wo, 0o) — a(wn, ¢n)| = 0. Hence, lim, o |a(wo,8) —
a(wn, 0,)| = 0, which completes the proof.

Apart from the situation described in Theorem 5.6, the casuistic for ¥4 = {0} is
large. One of the less trivial cases involves the occurrence of Li-Yorke chaos, which
occurs under some additional conditions. We will explain this assertion, main goal
of the paper, in Section 6.

5.1. A simple quasiperiodic example. With the aim of clarifying the ideas, we
will apply the previous results to the nonautonomous system

;L € cost + sin(v/2t) B
S ! y—kosliyDy.  (58)
showing the analogies with
e 1
v =| 5 |y hestyhy. (59)

This second system provides a classical pattern of (autonomous) Hopf bifurcation.
Some simple figures will contribute to the explanation.

Let us begin with (5.9). Its solutions define a flow on R?, which can be under-
stood as a disjoint union of orbits: the projections of the graphics of the solutions.
For € < 0 all the orbits tend (always as t increases) to the origin 0 € R2. There-
fore, this point constitutes the global attractor. For € > 0 there appears another
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“special” orbit: the circle of radius 0.5 + /¢ centered at the origin. It corresponds
to the periodic solutions of the system, and has the property that it attracts any
other orbit excepting the fixed point provided by the origin. Therefore the global
attractor is the closed disk, and its border is the attractor for the flow restricted to
the invariant set R? — {0}. Figure 1 shows this behaviour.

FIGURE 1. Orbits on R?, autonomous case (5.9). Left: ¢ = —0.15.
Right: € = 0.5.

Let us go now with the nonautonomous example, for which the unperturbed lin-
ear system (that corresponding to e = 0) is given by the quasiperiodic matrix-valued

function Ag(t) = [7COS tj)sin van cos t+s(i)n(\/§t) ] The hull construction described in

the Introduction provides the hull T? (the two-dimensional torus T?), a Kronecker
flow on it, and the family of systems

= € F(01+1,05 +V/2t)
v |:_f(91 + 1,05 +V/2t) ' 52 }y—k045(|y|)y

for (61, 02) € T2, where f(61,02) := cos(61) + sin(6s).

Since the base flow is minimal, we can determine the Sacker and Sell spec-
trum of the linear family by considering just the initial system (which is given by
(01,02) = (0,0)). Assume that ¢ = 0. It is easy to check that all the solutions of
the corresponding linear system are bounded, which ensures that the Sacker and
Sell spectrum is {0}. And from here it follows easily that the the Sacker and Sell
spectrum of the system corresponding to ¢ is {e}. Therefore, if € < 0, we are in the
situation described by Theorem 5.1, and the global attractor is given by T? x {0}.
And, if ¢ > 0, the situation fits in that of Theorem 5.2, and hence the global attrac-
tor is homeomorphic to a solid cylinder around T2. Well, in this case it is indeed
a cylinder: T? x {y € R?| |y| < 0.5 + \/€}, as one can see by writting the system
in polar coordinates. We have depicted in Figure 2 the projections of the graphics
of some solutions for ¢ < 0 and € > 0. Now they are not orbits of a flow, but
the analogies with the autonomous case are clear. For € < 0 all the projections
approach the origin, which is the section of the global attractor corresponding to
(61,02) = (0,0). And, for € > 0, there appears an “invariant” circle, and the pro-
jection of the graphic of any non zero solution approaches to part of this circle.

There is an important difference among the autonomous case and the quasiperi-
odic one that we have chosen: the rotation number is 1 for the first and 0 for the
second. But this fact causes no change in the analysis of the structure of the global
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FIGURE 2. Graphic projections, quasiperiodic case (5.8). Left:

e = —0.15. Right: € = 0.5.

attractor: Figure 3, similar to Figure 2, depicts the projections of the graphics of
the solutions of

€ 0.5 + cos t + sin(v/2t)

A —
y = —0.5— cost — sm(\@t) c y k05(|y|)y7 (510)

for which the rotation number is 0.5.

FicUre 3. Graphic projections, quasiperiodic case with positive
rotation (5.10). Left: ¢ = —0.15. Right: ¢ = 0.5.

/

)
")

Note finally that, for ¢ = 0, in the autonomous case (5.9), the global attractor
is the disk of radius 0.5, so that there is a strong discontinuity with the situation
for € < 0; but also with the situation for € > 0, since now the border of the disk
is no longer the attractor outside the origin: there is a periodic orbit of radius r
for any r € (0,0.5). Naturally, this is due to the fact that kg5 vanishes identically
on [0,0.5]. And, for the nonautonomous cases (5.8) and (5.10), the situation is
similar: according to Theorem 5.6 and to the expression of the systems in polar
coordinates, we know that in both cases the global attractor is given for ¢ = 0
by the solid cylinder T? x {y € R?| |y| < 0.5}. Therefore, it is again completely
different from that corresponding to ¢ < 0; and also to that appearing for ¢ > 0 in
the sense that now the attractor is composed by infinitely many compact invariant
sets: the cylinders T? x {y € R?| |y| < r} for any r € [0,0.5]. This is the “lack of
continuity even in the simplest situation” that we referred to in the Introduction.
Figure 4 shows the projections of the graphics of some solutions of (5.9), (5.8) and
(5.10) for e = 0.
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FIGURE 4. Graphic projections at the bifurcation point ¢ = 0,
case of bounded orbits. Left: autonomous case (5.9). Center:
quasiperiodic case with null rotation (5.8) Right: quasiperiodic
case with positive rotation (5.10).

6. OCCURRENCE OF LI-YORKE CHAOS IN THE CASE OF SACKER AND SELL
SPECTRUM {0}

We continue working with the family (4.2) under the conditions described at the
beginning of Section 4, and with the flows (2xS, 7, R), (QxP, 7, R) and (Q2xR? 7, R)
respectively defined by (2.7), (2.8) and (4.4). We will assume in all this section that
¥4 = {0}. In addition, we will also assume from the beginning that at least one
of the systems of the family (4.3) has an unbounded solution: the alternative has
already been analyzed in Theorem 5.6. In other words, the set Q7 defined by (4.10)
is not the whole Q. And we will add one more condition:

Hypotheses 6.1. The Sacker and Sell spectrum of the linear family (4.3) is X4 =
{0}, and the set Q7 defined by (4.10) satisfies QT # Q and mq(Q1) = 1.

We will make some remarks on these hypotheses at the end of this section. For
now, note that Q% # Q ensures that Q% is a set of the first Baire category (see
Proposition 4.6); and recall that mgq(QT) = 1 is equivalent to say that the attractor
A or the flow (QxR? 7z, R) (see Theorem 4.2) has positive measure in QxR? (see
Proposition 4.7 and Remark 4.8). Our main results, Theorem 6.8 and Corollary
6.9, substitute QF # Q by a stronger condition in order to guarantee that the flow
(2 xR? 7x,R) is Li-Yorke chaotic; or, more precisely, that its restriction to the
attractor A is Li-Yorke chaotic in a quite strong sense.

To prepare the way, we need some new concepts and related properties. The
concept of continuous primitive is explained in Definition 5.3.

Definition 6.2. We call R(£2) to the set of continuous functions e: @ — R
with fQ )dmg = 0 which do not admit a continuous primitive and such that
Sup; < fo w-8)ds < oo for mg-a.e. w € .

The next two results are basically proved in [22], [28] and [11]. We include many
details of the proofs for the reader’s convenience.
Proposition 6.3. Let e: Q — R be a continuous function with fQ w)dmg = 0.
Then sup,<q fo w-s)ds < oo for mg-a.e. w € Q if and only if sup,> fo w-s)ds <

oo for mg-almost every w € Q.

Proof. Let us assume that sup,<q fot e(w-s)ds < oo for all w in a set Qp with
mq(Qo) = 1, which is clearly o-invariant. Property fQ w)dmg = 0 combined
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with the classical recurrence result of [48] and with Fubini’s theorem provides a
o-invariant set €, with mq(£2,) = 1 such that for all w € Q,. there exists (I,,) | —oo
with lim,,_ oo flo e(w-s)ds = 0. Let us define Q¢ = QuN Q,., take wy € Q°, and
check that sup,;> fot e(wp-s) ds < co. We reason by contradiction assuming the ex-

istence of a sequence (t,,) 1 oo with lim,, fg" e(wp-s) ds = oo. Since wy-t, € Q,

for all n € N, we can find I,, < 0 such that 1/n > |fl wo:(tn + 5))ds| =
|fl e(wo-s ds| But then hmn_,oofl (wors)ds = llmn_>oo fo e(wo-s)ds =
—00, which in turn ensures that sup, fot e(wo-s) ds = oo. This is the sought-for
contradiction. The proof of the converse assertion is analogous. O
Proposition 6.4. Let e:  — R be a continuous function with fQ )dmgy = 0.
The following assertions are equivalent:
(1) e € R(Y).
(2) There exists a o-invariant set ¢ C Q with mqo(2°¢) = 1 such that, if
w € QFf, then sup,cp fge(w-s) ds < oo, inftgofot e(w-s)ds = —oo, and
inf;>q fot e(w-s)ds = —c0.

(3) There exist a measurable function he: Q — (—00,0] and a o-invariant set
Q¢ C Q with mq(Q°) = 1 such that, if w € Q°, then he(wt) — he(w) =
fo w-s)ds for allt € R, sup,cp he(wt) < 00, infi<g he(w-t) = —o0, and
infy>g he(w-t) = —00.
In addition, in this case, for every w in a residual subset of S there exist four
sequences (1) with (ti)) 1 oo fori=1,3 and () | —oo for i = 2,4 such that
tn tn
lim e(w-s)ds = —oo fori=1,2 and lim e(w-s)ds = oo fori=3,4.
Proof. We begin by assuming that e € R(€). Then Proposition 6.3 ensures that
SUDP;cr fot e(w-s)ds < oo for all w in a set of full measure ¢, which is clearly o-
invariant. Hence inf;<( fot e(w-s)ds = infy>g fot e(w-s)ds = —oo for allw € ¢, since
otherwise e would admit a continuous primitive: see Remark 5.4. This completes
the proof of (1)=>(2). The converse implication is almost obvious: see the first
assertion in Remark 5.4

Let us now assume that (2) holds, define h(w) := —sup,cp f(f e(w-s) ds for all
w € Q, and note that —oco < h(w )<Oforallw€Qand —o00 < h(w) <0 for all
w € Q°. It is not hard to check that h(w-t) fo w-s) ds. We modify h is

order to take the value 0 on 2 — Q¢ and obtaln the function h. of (3). Conversely,
it is obvious that (3) implies (2).
A detailed proof of the last assertion can be found in Theorem A.2 of [28]. O

The relation between the linear families (4.3) and (5.5), determined by (5.4) and
explained in Remarks 5.5, will be fundamental in what follows. Let us show the
effect of Hypotheses 6.1 on the function e of (5.4).

Proposition 6.5. Suppose that Hypotheses 6.1 hold. Then, the map e = (1/2)tr A
belongs to the set R(Q) of Definition 6.2.

Proof. As explained in Remark 5.5.3, Hypotheses 6.1 ensure that fQ )dmgq = 0.
Let us fix wy € QT Proposition 4.4 ensures that all the solutions of the linear
system (4.3), are bounded on R™. This and (5.6) yield sup;<, fot e(wp-s) ds < oo.
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Consequently, either e: Q — R admits a continuous primitive, or it belongs to R(2).
We will check that inf;<det U(t,wo) = 0, which together with (5.6) ensures that
inf;<q fot e(wp+s) ds = —oo. This precludes the existence of a continuous primitive
(see Remark 5.4), so that e € R(Q).

We assume that inf;<gdet U(t,wp) > 0. Then sup,, |U(s,wo) ! < co. Hence,
SUP;<q s<o |U(t, wo-s)| = sup;<q s<o |U(t + 5,w0) U(s,wo) '] < co. Therefore, since
{wo-s| s < 0} is dense in Q,_su[_)t<07w69 |U(t,w)| < co. This means that all the
solutions of all the systems (4.3) are bounded on R~ and hence that QF = Q (see
once more Proposition 4.4). But this contradicts one of the Hypotheses 6.1. O

Out next purpose is to show that Hypotheses 6.1 impose on the family (5.5) one
of the conditions of Theorem 3.4, part of whose proof will be fundamental later.

Theorem 6.6. Suppose that Hypotheses 6.1 holds. Then the flow (2 xP,7,R)
admits an invariant measure which is equivalent to moXlp.

Proof. Let f be defined by (3.3). According to Remark 5.5.1 and Proposition 2.2
of [39], it is enough to look for a function p: QxP — R in LY(QxP, moxIp) with
p(w, 0) > 0 for (moxlp)-a.a. (w,d) and such that, for all (w,0) € QxP and [ € R,

l
L. 0) = .0 exo (— [ G @s.00) ) : (6.1)

if so, p is the density function of a o-invariant measure. Let us define

0 s af _ . .
/ (exp/o %(J(r,w,ﬂ))dr> ds and pw,0):= llggfpt(w,ﬁ)

—t

1
pi(w, 0) := n

for (w, 0) € QxP. Our goal is to proof that p satisfies the three mentioned conditions.
We will do it in three steps.

STEP 1. We will check that p € L' (2 xP, mgxIp). More precisely, that

0
/c pe(w, 0) d(max ls) = % /_ (maxIr)(3.(C)) ds (6.2)

for any measurable set C C QxP and ¢ > 0. This yields [, , p¢(w,0) d(mexlp) = 1,
and then, as a consequence of Fatou’s lemma, we obtain

0< / p(w, 0) d(maoxlp) < liminf/ pi(w, 0) d(maxlp) =1,
P QP

t—o00

so that p € LY{Q2xP). Let us take a measurable set C C QxP. The definition of py,
Fubini’s theorem, and the equality x, (w,0) = X, (0) (c(l,w,0)) for all I € R yield

A pe(w,0) Xe (@, 0) d(maxls)

<P
10 *of - .
= E[t/gzé(exp ; %(J(l,wﬁ))dl) Xs. (o) (@ (8w, 0)) dlp dmg ds .

It is easy to deduce from (d/dt)0(t,w,0) = f(5(t,w,0)) ((w-t,0(t,w,0)) and

( = f
0(0,w,0) = 0 that (d/df)0(s,w,0) = exp (fos(af/ae) (6(l,w,0))dl). In turn, this
implies that

/Pexp (/O %(5(Z,w,9))dl> Yoo, (3(5,,0)) dlp = /ngs(c)(w-s,e) dl .

(6.3)
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The o-invariance of m ensures that
//XN (o) (wrs,0) dlp dmg f//xk (o (W, 0) dlpdmq = (mexlp)(5s(C)),

and this equality and (6.3) show (6.2). The first step is complete.

STEP 2. We will now check that p(w,8) > 0 for (mgqxlp)-almost all (w,0) €
QxP. We use the notation established in Remark 5.5.2 and the information that
it provides in order to write

1 /0 1 1 /O 1 s
h=-| - ds=- [ ———— _exp(2 ) dr) ds.
P, 6) t/_t 26w 0,D " t/_t et /o clwr)dr) ds

We write exp (2 [y e(w-r)dr) = He(w-s)/He(w), for He(w) = exp (2he(w)), where
he is the map provided by Propositions 6.5 and 6.4. Note that H.(w) € (0,1].
Birkhoff’s ergodic theorem ensures that the set of points wy of QT for which there
exists lim;_, o (1/t) f H(wo-s)ds = [, He(w) dmg has measure 1. We fix wy in
this set and 0y € P. Then there exists C(wo’eo) > 1 such that r2(¢,wo, 6o, 1) < Clwo,b0)
for all ¢ < 0: see Proposition 4.4. Altogether, we have

1 1 /O
pe(wo, o) > —————— — [ He(wos)ds,
Clwn,00) He(wo) t 4
so that

1
p(wo, 0o) > / Ho(w)dmg > 0.

C(wo,00) He(wo) Q
STEP 3. We will finally check that p satisfies (6.1). First, we will check that
!
- 0
(0.0 ex ([ G (G0 0) i)
o0

l (6.4)

t —_

7 pr1(w,0) + 1/(: exp (/OS %(5(7@@;,9))&’) ds

for 0 <l < t. We call I to the left-hand term in the previous expression. Then,

]::1/Oexp( gg( (l—i—rwﬁ))dr)ds exp / 319 rw@))dr)

tJ_y 0

_ 1/iexp</os+lgg(&(r,w,@))dr) ds

t—11 [ SOf

=7 t/t+zexp(/o %(a(r,w,ﬁ))dr) ds
t—1 1 /! SOf

== pt,l(w,e)—l—;/oexp(/o %(U(r,w,e))dr)ds.

We take liminf in (6.4) in order to get (6.1) for [ > 0. From here we deduce that
P(E(~L,w,0)) = p(w, 0) exp / o (@ (s — 1,w,6)) ds)

= ple,0) exp ( O_l % (3 (s,,0)) ds )

if I > 0, which completes the proof of (6.1), and hence that of the theorem. O
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Some more preliminary work is required before formulating and proving the main
result. Recall that the attractor B for (QAxP x R,7,R) can be written in terms
of the map 3 as B = Uw.0)coxe ({(w,0)} x [O,E(wﬁ)]): see Theorem 4.3(i). And
recall that p € (0,1] is the constant appearing in (4.1). We define

(QUxP)f = {(w,0) € QxP| 0 < sup B(5(t,w,0)) < p} € (AxP)F,
teR

0 = {w € Q| L((OXB) ) = 1}, (6.5)
B = closureqypxjo,p{ (w, 0,7) € l§| (w,0) € (QxP),},
A= {(w [7220]) | (@, p(0),7) € Bi} .

Note that gl and A; are compact subsets of the global attractors B (for the flow
(QxPxRT,7,R)) and A (for (2x R? g, R)) described in Theorems 4.2 and 4.3.

Proposition 6.7. Suppose that Hypotheses 6.1 hold. Then,

(i) the set (AxP)S is G-invariant and (maoxlp)((2xP);) = 1.

(ii) Let Q* and Q% be defined by (6.5) and (4.10). Then Q* is o-invariant,
mqo(Q*) =1, and Q* C QT

(iii) For every w € Q* there exists r, > 0 such that (w,0,1) € B, for allw € QF,
0 € Pandr € [0,r,]. In particular, the section (A;), C R? contains the
closed disk centered at the origin and with radius v, > 0 for all w € Q.

(iv) gl is T-invariant, A; is Tr-invariant, and the restrictions of the flows to
these sets are given by the family of linear systems (4.3).

Proof. The set (2xP)/ is composed by -orbits, so that it is o-invariant. Let [
be the o-invariant measure on Q x P provided by Theorem 6.6, which we assume
to be normalized. In the case that p is ergodic, we can repeat the arguments of
Theorem 35 of [11] in order to check that fi((2xP);) =1 (see also Theorem 5.8 of
[12]). The theorem of decomposition into ergodic components (see Theorem 6.4 or
Corollary 6.5 of [32]) ensures that this property also holds in the general case. The
last assertion (i) is an immediate consequence of the first one and the equivalence
of the measures i and mqoXlp.

The o-invariance of Q* follows from the fact that o(t,w) gives a C'! transforma-
tion of P for each fixed (¢,w), and the property mq(Q2*) = 1 follows from (i) and Fu-
bini’s theorem. Let us define C := {(w,0,7) € B| (w,0) € (QxP)}. We fix w € Q*
and choose 0; such that (w,0;) and (w, 62) are in (QxP);" for 6 = 0;+7/2. It follows
from the definition of (Q2xP);” and Theorem 4.3(ii) that sup,cp r(t, w, 6;, B(w, ;) <
p for i = 1,2, so that r(t,w,@i,g(w,ﬁi)) = rl(t,w,t?i,g(w,ei)). Let us set r, :=
(1/v2)inf(B(w, 61), B(w,B2)) > 0 and take any 6§ € S. Let us write [sind] =
c1 [Sinel] + co [51“92}, so that ¢ + ¢ = 1. Since r,, < p/\V/2 < p, for t close to 0,

cos 01 cos 0o

r(t,w,0,r,) =r(tw,0,r,) = Tw’Yl(tw, [Sin&])|

cos 6
_ t sin 61 sin 0o
=Tw|Yi\l,w,C1 cos 01 + c2 cos 02

|ca 5 |ca| 3
w NN ) ,9 ) ,9 T . ) 50 ) 70
< (ﬂ(wﬂﬂ r(t,w, 01, B(w, 01)) + 5w, 00) r(t,w, 02, Bw 2)))

le1| + |ez]

<
<5 P
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An easy contradiction argument shows that sup,cp r(t,w, 0,7,) < p. This ensures
that w € QF, so that (ii) holds. It also ensures that (w,6,r,) € B for all § € P. In
particular, (w,0,7) € C for all § € P such that (w,0) € (2xP); and all r € [0,7,].
Since w € %, Ip(((2%xP); )w) = 1, so that ((2xP);5), is dense in P. Therefore
(w,0,r) € By for all € P and all r € [0,7,], which is the first assertion in (iii).
The second one follows immediately from the first one and Theorem 4.3.

The G-invariance of (2xP);” and the 7-invariance of B ensure that the set C is
T-invariant, which in turn guarantees the invariance of the sets gl and A;. And the
last assertion in (iv) follows from r(¢,w,8,t) < p for all (w,0,r) € B,. O

In order to formulate our main result, we define
0% :={weQ|Bw,0) =0foral § € P} CQ—QF. (6.6)

It is obvious that if QO is nonempty then the condition Q% # €, included in Hy-
potheses 6.1, holds. But the converse property cannot be guaranteed: see Remark
4.5.1. So, the conditions we have assumed so far do not guarantee that QO is
nonempty. However this stronger requirement will be imposed in the formulation
of our main result. At the end of the section we will show that these hypothe-
ses are fulfilled in some situations which are easy to describe. For now, we recall
once again that the condition (mgoxlg,)(A) > 0 is equivalent to mq(Q1) = 1: see
Proposition 4.7 and Remark 4.8. All this means that Hypotheses 6.1 are included
in those of the next results.

Theorem 6.8. Suppose that ¥4 = {0}, that (moxlIg,)(A) > 0, and that the
set Q0 given by (6.6) is nonempty. Then there exists a o-invariant set Qo C Q
with mqo(Qo) = 1 such that lr2((Ar)w) > 0 for all w € Qo, and such that any two
different points (w7 [:11 i;‘:gi]), (w, [:; i;‘;gﬂ) of Ay form a Li-Yorke pair for the
flow TR whenever w € Q.

Proof. Let [” sin 9"] for i = 1,2 be two different points of (A;)., and let us call

r; cos6; ~ a
0; = p(#;) € P. Note that r; < B(w,0;). We take @y € Q° and look for (t,) 1 oo
with @y = lim, ;. w-t, and such that there exist 69 := lim, o 0(t,,w,0;) for
i =1,2. Then

0 <limsupri(t,,w,b;,7;) = limsupr(t,,w,b;,r;) = imsup r(t,,w, b;,r;)
n—o00 n—o0o n—r00

< limsupr(tn,w,@,g(wﬁi)) = limsupg(g(tmw,éi)) < E(I}o,éio) =0

n—oo n—oo

for i = 1,2. Here we have used Proposition 6.7(iv), (4.7), the monotonicity of the

flow 7, Theorem 4.3(ii), the semicontinuity of 8 also ensured by Theorem 4.3, and
the definition of Q°. Consequently,

.. . in@ sin 6
lim inf distg:(y (t,w, [} oxet | ) ¥ (80, [ ooz ])) =0
The goal is hence to find a c-invariant set Qo with mq(€p) = 1 such that two
conditions hold for all w € Qg: Ig2((A4;),) > 0, and
71 sin 64 7o sin Oo

limsup diStR2(y(t’w’ [rl cos 6 ])’y(t7w7 [rg cos@g])) >0
t—o00

whenever [/*5" 91} and [25n 92} belong to (A;),. Note that the first condition

71 cos 01 T2 COS 02
will be guaranteed by Proposition 6.7(iii) if we take (as we will do) €y contained in
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the set Q* given by (6.5), which satisfies Q* C QT and mq(2*) = 1; and that the
second condition is equivalent to

lim sup dist]Rz(yl (t7w, [” sin 01 ]),yl (t, w, [” sin 02 ])) >0 (6.7)

71 cos 61 79 COS O
t—o00

whenever [ ! zg;zll] and |2 zg;zz] belong to (A;),, as Proposition 6.7(iv) ensures.

Recall that our hypotheses guarantee that mgq(Q") = 1 and QF # Q. Hence the
map e = (1/2) tr A satisfies the assertions of Propositions 6.5 and 6.4. In addition,
the Saker and Sell spectrum of the family of systems (5.5) given by A=A—clis
{0} (see Remark 5.5.3). Hence we can distinguish two cases: either all the solutions

of all the systems (5.5) are bounded, or the family is in the weakly elliptic case.

CASE 1. We begin by assuming that all the solutions of all the systems (5.5) are
bounded, hypothesis which we will use twice later. Remark 5.5.2 ensures that

exp(he(w-t))
exp(he(w))

for i = 1,2 if w € Q* C QF, where h. is given by Propositions 6.5 and 6.4.
Lusin’s theorem provides a compact set K C Q with mq(K) > 0 such that h,
is continuous on KC, and Birkhoff’s ergodic theorem ensures that the o-invariant
set Qp C Q* of points w for which there exists (s,) T oo with w-s, € K for
all n > 0 satisfies m() = 1. We take w € Qp and two different points
[ 51“91] of (A;)w. We also take (s,) T oo with w-s,, € K such that there exist

r; cos0;

¢
ri(t,w,0;,1m;) =i (t,w,0;,1) exp (/ e(w-s) ds) =r;7(t,w,0;,1)
0

(wo, 09) :=lim,, o0 (w8, é\(sn, w,0;)). All the solutions of all the systems (5.5) are
also bounded away from zero: the determinant of the fundamental matrix solution
of (5.5) is 1 (see (2.9)), so that its inverse is also globally bounded. Hence the two
sequences (77(sp,w, 0;,1)) are contained in an interval [x1, k2] C (0,00). So, there
is no restriction in assuming that there exist 7; := lim,,_ o0 71(Sn,w, 6;,1) > 0, and
there also exist r¥ := lim, oo 71 (Sn,w, 0;,7;) = 7 7; exp(he(wp))/ exp(he(w)) with
ri #0ifr; #0.

The assumed boundedness also ensures that the flow (2 xS,5,R) (see Re-
mark 5.5.1) is distal (see e.g. the proof of Theorem 3.1 of [39]). Consequently,
lim,, o0 distg (0(sn,w, 01), 0(s2,w,02)) > 0 if 6; # 6, so that (6.7) holds in this
case. If, on the contrary, 01 = 6, we have r1 # r9 and 71 = T2, which ensures that
r} # r3 and hence that (6.7) also holds.

CASE 2. Now we assume that the family (5.5) is weakly elliptic. This fact
and Theorem 6.6 ensure that all the hypotheses of Theorem 3.4 hold. As at the
beginning of STEP 2 in its proof, we choose a o-minimal set M C Q xS and consider
the flow (Mx S, 9 M, R). We also fix a g-ergodic measure ma concentrated on M.
Let KX € M be the compact set with ma(K) > 1/2 described in Remark 3.5. It
follows from Proposition 6.7(i) that C° := (Kx S*) N {(w, %, 0) € Mx S| (w,p(0)) €
(QxP);F} satisfies (max15)(C%) = mm(K) > 1/2. Let us define Bu: M xS —
[0,p], (w,0%6) — B(w,p(h)). Lusin’s theorem provides a compact set C* C C°
with (maxIs)(C') > 1/2 such that the restriction of 3, to C! is continuous. The
definitions of (2 xP); and 3 ensure that B, (w, 6 0) = B(w,p(8)) € (0,p] for all
(w,0,0) € C!, and hence that 3, := inf (, g10yect 3*(w,91, 0) € (0, p]. In addition,
the set My = {(w,0') € M| lS(C(lw,el)) > 1/2} satisfies ma(My) > 0, since
(maxls)(C) > 1/2. Tt is clear that M; C K. It is also clear that, if (w,0') € My,
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we can find #; € S such that the points (w, 0% 6;) and (w, ', 62) belong to C! for
s = 01 + /2. As in the proof of Proposition 6.7(iii), we check that B.(w, 0% 6) >
B*/+/2 for all § € S*. That is,

B(w,0) > B*/V2 for all @ € P if there exists 6' € S with (w,0') € M;. (6.8)

It follows form Birkhoff’s ergodic theorem that the o-invariant set My of points
(w,0) € M for which there exists a sequence (t,) 1 oo with 7(t,,w,0') € M; for
all n > 0 satisfies maq(Mz) > 0. Since mpq is g-ergodic, ma(My) = 1.

Now we define €y as the projection of M; on € intersected with the set Q*
defined by (6.5), so that Qg is o-invariant, mq(Qo) = 1, and lg2((A;),,) > 0 for all
w € Qy. We fix w € Qq, look for §* € S with (w,0') € My, and take 01,0, € S
and rq,79 > 0 such that (w, [;; Zg;zll]) and (w, [:z zg;gi]) are two different points
of A;. Our goal is to prove (6.7).

We fix a sequence of positive numbers (t,,) T oo with &(t,,w,0') € M; for all
n > 0. Since M; C K, using the notation established in Remark 3.5 we have

dlStS(é\M (tna w, 017 01)7 é\./\/l (tna w, 017 02)) Z d(nlv 172) ’

where 77 and 7y are determined by (w,6,6;) € S,, for i = 1,2, and d(n,m2) :=
inf (, g1)ex distp(pn, (w, 01), o, (w,0Y)). Here 65 is the fiber component of the
skew-product flow (M xS, @M, R), which agrees with that of (2xS,5,R). Hence,

dists (0(tn,w, 01),0(tn, w, 02)) > d(n1,m2) - (6.9)
On the other hand, r;(t,,w, p(0;),r;) = (ri/g(w, p(60:)) r1(tn,w, p(6;), E(w, p(6;)) and
rl(tnawap(gi)aﬂ(W,p(ei)) > r(tn’wap(ei)?ﬂ(w7p(0i)) (Since g > g — kp and tn > 0)
Therefore, Theorem 4.3(ii) and (6.8) yield

T; . ~ ri B*
lim sup r;(tn, w, 0;,13) > =—————— limsup B(c(ty, w,p(0;))) > ——— >0
n—oo0 Blw, p(0;)) n—oo V2 B(w,p(6;))
if r; # 0. Since r; and 79 cannot be simultaneously 0, there is no restriction in
assuming that

re° = limsup r(t,,w, 0;,7m1) > 0.
n— o0

Suppose now that 81 # 0. Then 1y # 72, so that d(n1,7m2) > 0 and (6.9) yields
dists(0(t,,w, 01),0(tn,w,02)) > 0. Hence (6.7) holds unless lim,, oo 7(tn, w, 8;,7;) =
0 for ¢ = 1,2, which is not the case. Hence the condition (6.7) holds in this case.
If, on the contrary, #; = 65, then r; # ro and
lim sup distra (¥ (bn,w, [112506; 1), v (tas s 72806 1)
= limsup |rl(tn7 w, 617 7"1) - Tl(tn, w, 917 7’2)| = |TTO - (TZ/TI)TTO| > 07
n—oo

so that (6.7) also holds in this case. The proof is complete.
O

The information provided by Proposition 6.7, Theorem 6.8 and Proposition 4.6
leads us to:

Corollary 6.9. Suppose that ¥4 = {0}, that (maqXxIg,)(A) > 0, and that the
set Q0 given by (6.6) is nonempty. Then the restricted flow (A, mr,R) is Li- Yorke
fiber-chaotic in measure. And, in addition, there exists a o-invariant residual set
of points of Q for which the section A, is given by {0}.
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Let us now analyse the hypotheses we have worked with in this section. All its
results require Hypotheses 6.1. In particular, according to Proposition 6.5, the map
e = (1/2) tr A must belong to the set R(2) of Definition 6.2. How restrictive is this
condition? The set R(2) is a subset of the set of continuous functions with mean
value zero which admit a measurable primitive, which is known to be (at least in
the case of minimal almost periodic base flow) of the first Baire category: this is
proved by Johnson in [20], and it is expected to be true in more general settings.
Therefore R(£2) is not a “large” set, at least from a topological point of view. As a
matter of fact, R(£2) is empty in the autonomous and periodic cases. However it is
nonempty for more complex nonautonomous cases: there are well known examples
of functions e € R(€2). For instance, Johnson shows in [22] that this is the case for
an example based in a previous one constructed by Anosov in [5]. The main ideas
of the description of this example in [22] are used by Ortega and Tarallo in [40] in
order to optimize the construction of functions with these characteristics. In both
cases, (,0,R) is a minimal quasi periodic but not periodic flow. And recently
Campos et al. [10] have shown the existence of elements of R(2) whenever the
base flow is nonperiodic, uniquely ergodic and minimal.

The condition e € R(£2) does not suffice to guarantee Hypothesis 6.1, or the
more restrictive conditions of Theorem 6.8 and Corollary 6.9. However,

Proposition 6.10. Suppose that e € R(Q), that A: Q — Mays(R) is continuous

and with tr A = 0, and that all the solutions of all the systems y' = A(w-t)y are
bounded. Let k,: Rt — R be given by (4.1). Then the family of systems

Y = (Awt) +e(wt) )y = k(|y])y (6.10)
satisfies the hypotheses of Theorem 0.8 and Corollary 6.9.

Proof. Let us call A := A + eI,. With the notation established in Remark 5.5.2,
ri(t,w,0,1) =7(t,w,0,1) exp (fot e(w-s) ds). This relation and Proposition 6.4 have
two consequences. The first one is that the solutions of the systems y’ = A(w-t)y
are bounded for all w in a o-invariant set of full measure. In particular, ¥4 = {0}
(see Theorem 2.8) and mq(27) = 1 (see Proposition 4.4), so that (moxIg,)(A) > 0
(see Proposition 4.7 and Remark 4.8). The second consequence is that all the
nonzero solutions of the systems y’ = A(w-t)y are unbounded on (—o0,0] for w
in a residual subset of Q. (Here we are using that the functions 7;(¢,w,d,1) are
bounded away from 0: see e.g. CASE 1 in the proof of Theorem 6.8.) This property
and Proposition 4.4 ensure that the set 0 given by (6.6) contains a residual set. [

Remark 6.11. The hypotheses of Theorem 6.8 and Corollary 6.9 are also fulfilled

by some families of systems of the form (6.10) with e € R(Q) and y’ = A(w-t)y in
the weakly elliptic case (see Definition 3.1). For instance, we take e € R(§2) and

A= [662 _3/2}7 call A := eI, + A, and note that
exp( [ (3e(w-5)/2) ds) 0

0 exp( f (e(w-s)/2) ds)
is the fundamental matrix solution of y’ = A(w-t)y. It follows from Theorem 2.8

that ¥4 = {0}. In addition, the solutions of the systems corresponding to the
set Q¢ given by Proposition 6.4 are bounded, so that mq(Q%) = 1; and all the

Ult,w) =
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nonzero solutions of the systems corresponding to a residual subset of €2, also given
by Proposition 6.4, are unbounded, so that the set Q° is nonempty.

We conclude by recalling that the carried-on analysis gives rise to examples fitting
in what we called nonautonomous Hopf bifurcation pattern with zero spectrum in
the Introduction. To construct one of these examples it is enough to take a family of
systems of the form (6.10) satisfying the hypotheses of Theorem 6.8 and Corollary
6.9 (as those provided by Proposition 6.10 and Remark 6.11), and to consider the
one-parametric family of families of ODEs

y = (Alwt) + (e(wt) +¢) L) y — kp(ly]) y
for w € Q and € € R. The Sacker and Sell spectrum of the associated linear family
given by ¢ is {e}. Hence, if £ < 0, the global attractor A is Q x {0}; and if € > 0,
then A contains a set Q x {y € R?| |y| < 8} for a 8 > 0 and, as a matter of fact, it
is homeomorphic to this set. These assertions follow from the discussion carried-on
in Section 5. Finally, the situation at the bifurcation point € = 0 is that described
in Theorem 6.8 and Corollary 6.9, with the occurrence of Li-Yorke chaos.
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