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ABSTRACT. We review some ergodic and topological aspects of robustly tran-
sitive partially hyperbolic diffeomorphisms with one-dimensional center direc-
tion. We also discuss step skew-product maps whose fiber maps are defined on
the circle which model such dynamics. These dynamics are genuinely nonhy-
perbolic and exhibit simultaneously ergodic measures with positive, negative,
and zero exponents as well as intermingled horseshoes having different types
of hyperbolicity. We discuss some recent advances concerning the topology of
the space of invariant measures and properties of the spectrum of Lyapunov
exponents.
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1. INTRODUCTION
The paper [27] opens with the following general question:
To what extent is the behaviour of a generic dynamical system hyperbolic?

and observes that a substantial number of problems in Dynamical Systems Theory
are just reformulations of this question. In the beginning of the theory in the late
60’s the paper by Abraham-Smale [2] showed that nonhyperbolic systems are not
dense in the space of dynamical systems. Indeed there are open sets in the space
of diffeomorphisms consisting of nonhyperbolic ones. These findings showed the
necessity of weaker notions of hyperbolicity and lead to the ones of nonuniform
hyperbolicity due to Pesin [40] and partial hyperbolicity [29], among others.

Consider a differentiable dynamical system F': M — M defined on a closed and
compact manifold M. Recall that a closed and F-invariant transitive (existence of a
point in I’ whose orbit is dense in I") set I" is hyperbolic if there exists a dF-invariant
splitting E®* @ E" = TrM of the tangent bundle and constants C' > 0 and A > 1
such that for every x € ' for every n > 0 we have

|[dE (v)]] < CA™||v| for all v € E and ||dF, " (w)| < CA"||w]|| for all w € E.

Any variation of hyperbolicity is based on the notion of Lyapunov exponents.
Recall that a point © € M is called Lyapunov regular if there exist a positive integer
s(z), numbers x1(x) < ... < Xs(z)(2), and a dF-invariant splitting T, M = @ffl)E;
of the tangent space at = such that for alli =1,...,s(z) and v € E. \ {0} we have

" n o
(1.1) i~ log [dF7 (v)]] = ()

and these numbers x1(z) < ... < X5(z)(2) are called the Lyapunov exponents of x.

By the Oseledets multiplicative ergodic theorem (see [38]), given an F-invariant
ergodic probability measure u, the set of Lyapunov regular points has full measure
and s(-) = s(p) and x;(+) = xi(p), i = 1,...,s(n), are constant p-almost every-
where and the latter numbers are called the Lyapunov exponents of p. If there
is £ such that y¢(p) = 0 then the measure p is called p nonhyperbolic, otherwise
it is called hyperbolic and then we will refer to s(u) as its (stable) index. When
talking about nonhyperbolic measures, we always assume ergodicity and hence ex-
clude nontrivial convex combination of ergodic measures. The easiest examples of
ergodic measures are the ones supported on a periodic orbit (we will call such mea-
sures simply periodic). The index of a hyperbolic periodic orbit is the index of the
(unique) invariant measure supported on its orbit. Below we will call a measure
nontrivial if its support is uncountable, hence such a measure cannot be periodic.
The easiest examples of a nonhyperbolic measure is a periodic one supported on
the orbit of a nonhyperbolic periodic point. A hyperbolic periodic orbit which has
both positive and negative exponents we will also call a saddle.

The discussion above leads to the following question:

To what extent does Ergodic Theory detect nonhyperbolic dynamics?

that is just a reformulation of the opening question above (though note that the
term “nonhyperbolic dynamics” is vague and differently used in different contexts).
The answer to this question is negative as there are examples of nonhyperbolic
systems (in the sense that the nonwandering set is not hyperbolic) for which all er-
godic measures are hyperbolic with Lyapunov exponents uniformly bounded away
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from zero [3, 14]. Note that these examples are fragile in the sense that they can
be destroyed by perturbations. On the other hand, by the Kupka-Smale generic-
ity theorem, see for instance [39, Chapter 3], generically! periodic points are all
hyperbolic. Hence, considering nonhyperbolic periodic measures, one can get sys-
tems with nonhyperbolic ergodic measures only densely in the complement of the
hyperbolic ones. Thus, to go beyond dense subsets, one needs to investigate non-
hyperbolic measures which are not periodic. This was first done in [27] where it is
introduced the method of periodic approximations to construct nontrivial ergodic
measures as weaks* limits of periodic ones.

In dimension strictly bigger than two one needs to take into account that a prior:
different types of hyperbolicity may coexist together with nonhyperbolicity. Indeed
one may have hyperbolic periodic orbits of different stable index (dimension of
the stable bundle) which robustly are part of the same transitive set (existence of a
dense orbit), this leads to intermingled types of hyperbolicity in the same transitive
set. For instance, this is exactly what happens in the dynamics analysed in [27].

Having this in mind we rephrase the above question:

To what extent does Ergodic Theory distinguishes the different types
of hyperbolicity in nonhyperbolic dynamics?

In what follows we will restrict to systems which are transitive in the whole
ambience (this prevents the existence of attractors and repellers). In this setting,
the set of ergodic measures M., will split into several disjoint components, which
will be analyzed separately (see (2.1)).

2. PARTIALLY HYPERBOLIC DYNAMICS

At the present state of the art, to advance in answering the above questions,
we need to assume more structure on the dynamics. We have to require the ex-
istence of a globally defined splitting of the tangent space into continuously vary-
ing invariant subbundles (a dominated splitting) which as a consequence incorpo-
rates the subspaces of the Oseledets splitting. In more specific terms, we will re-
quire that the dynamical system is partially hyperbolic having three such bundles
TM = E*® @ E° @ E", where E® is uniformly contracting and E"" is uniformly
expanding. Hence, zero Lyapunov exponents are automatically associated with the
central bundle E°. The exponent associated with E° we will simply call central
exponent. We denote by PHl(M ) the set of C! diffeomorphisms defined on a com-
pact closed manifold M having a partially hyperbolic splitting as above with three
nontrivial directions, the central one having dimension one.?

In what follows we will consider F: M — M a C' diffeomorphism of a Rie-
mannian manifold which is partially hyperbolic and transitive. We will assume
that the dynamics is robustly transitive, robustly nonhyperbolic, and there is some
F-invariant compact closed curve v = F(). The latter property turns out to be
also robust, by normal hyperbolicity. We denote this open set by RTPH"'(M)
(here we consider the uniform topology in the space of C!-diffeomorphisms). Note
that this implies that this curve « is tangent to E° and we refer to it as a compact

1A generic property is a property satisfied on a residual subset, that is, a set which contains
a countable intersection of open and dense subsets.

2In what follows, to simplify, we will assume that the splitting is defined on the whole ambient
space, similar approach can be done when the splitting is only locally defined.
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central leaf. Note that the robust nonhyperbolicity hypothesis excludes pathologi-
cal cases as the one of diffeomorphisms on T2 being a direct product of a Anosov
diffeomorphism on T? and a irrational rotation. Note that for F € RTPH' (M)
the set of ergodic measures Mg splits into three disjoint components

(2~1) Merg = j\/[e-rg,<0 U Merg,O U Merg,>0a

where the measures in Mc,¢,0 are nonhyperbolic and the ones Merg, <o and Merg, >0
are hyperbolic. Further, the measures in Mg <o have dim E** + 1 negative and
dim E"" positive exponents and the measures in Merg,~0 have dim E"" + 1 positive
and dim E®° negative exponents.

2.1. Hyperbolic and nonhyperbolic measures. First observe that C'-open
and -densely in the set RTPHl(M ), there exist hyperbolic periodic points which
are contracting in the central direction and hyperbolic periodic points which are
expanding in the central direction. Besides that there are horseshoes which are con-
tracting and horseshoes which are expanding in the central direction, respectively.
Hence there are also hyperbolic ergodic measures with positive entropy in the sets
Merg, <0 and Merg 0. Indeed, in this setting the existence of a hyperbolic ergodic
measure with positive entropy implies the existence of horseshoes and hence of hy-
perbolic periodic orbits with corresponding type by Katok’s horseshoe construction
(see [31, 23)).

The existence of nonhyperbolic measures is a bit more subtle. Indeed, densely
in RTPH! (M) there are diffeomorphisms with nonhyperbolic periodic orbits and
hence with trivial nonhyperbolic measure (see [36])3. Since generic diffeomor-
phisms have hyperbolic periodic orbits, one can obtain at most a dense subset
in RTPH' (M) with trivial nonhyperbolic measures. Hence, to get larger sets of
diffeomorphisms with nonhyperbolic measures, it is necessary to investigate the oc-
currence of nontrivial nonhyperbolic measures. In [27] the authors introduce the
method of periodic approximations that produces a nontrivial nonhyperbolic (er-
godic) measure which is a weaks limit of hyperbolic periodic measures and apply it
to some specific step skew-product examples. This method builds on the existence
of controlled transitions between saddles of different indices. Using it, [21, 9, 15]
obtained a C'-generic set of C!-diffeomorphisms with nonhyperbolic nontrivial (er-
godic) measures (see also the variant [11]). Using this method, [33] provides some
specific open sets of robustly nonhyperbolic diffeomorphisms defined on T? with
such measures. Following a different approach, using the so-called flip-flop con-
figuration which relies on the concept of a blender also explained below, [4] prove
that open and densely in RTPHl(M ) there are diffeomorphisms with nonhyper-
bolic measures with positive entropy. Indeed, it is shown that there is a compact
invariant set with positive topological entropy consisting of points whose central
Lyapunov is zero and hence we can apply the variational principle in [49] to get

3This is a consequence of the so-called ergodic closing lemma in [36]. A recurrent point of a
diffeomorphism is called well-closable if its orbit can be closed by a small C1-perturbation in such
a way that the resulting periodic point shadows the original orbit along the periodic point’s entire
orbit. The ergodic closing lemma claims that almost every point of any invariant measure is well-
closable and implies that when the nonwandering set is nonhyperbolic then nonhyperbolic period
points can be created by perturbation. Note that the ergodic closing lemma also implies that C-
generically in RTPH! (M) the hyperbolic periodic points having negative (positive, respectively)
central exponent are dense in M.
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such measures. We remark that the method of periodic approximations can only
lead to measures with zero entropy, see [32].

Summarizing, open and densely in RTPHl(M) each of the components in (2.1)
is nonempty and contains measures with positive entropy. Therefore, a natural
question is what type of behavior (negative, zero, or positive exponent) predom-
inates? In our context, it is natural to quantify this in terms of entropy. Here
we have two ways of doing so. First, given an central Lyapunov exponent « in
the possible spectrum of all exponents, determine the maximal entropy of ergodic
measures with that exponent:

(2.2) sup{p € Merg: hy(F) = a}.

Or, given an exponent, determine the topological entropy of the set of Lyapunov
regular points with that exponent:

(2.3) hiop(F, L(a)),  where L(a) = {z: xo(z) = a}.

The former is related to restricted variational principles and implicitly determines
the latter when performing a multifractal analysis (see Theorem 3.5). As there is an
intimate relation between ergodic measures and the corresponding generic points,
in a reasonable context we expect that both above introduced quantities coincide,
see Section 3.3 for a full discussion.

2.2. Invariant foliations. Let us finally describe quickly geometrical features of
the diffeomorphisms in RTPH' (M) which are also essential to study the above
discussed ergodic properties and the level sets (2.2) and (2.3). In particular, they
motivate the model we will study in Section 3. The existence of the partially
hyperbolic splitting TM = E* & E°® E" implies that there are invariant foliations
F* and F"" tangent to E® and E"" called the strong stable and strong unstable
foliations, respectively, see [29]. By [7, 42], because by assumption E° is one-
dimensional and there is a compact central leaf, there is a C'-open and -dense
subset ORTPH' (M) of RTPH' (M) consisting of diffeomorphisms for which both
foliations are minimal (i.e., every leaf of the foliation is dense in the whole space). A
special case occurs when there is a center foliation (tangent to E°) whose leaves are
all compact. Such systems are topologically of skew-product type. An important
example which still inspires many open questions is the example in [44].* We will
further discuss this topic in Section 4.1.

The above geometric features are in the realm of the large family of step skew-
products we introduce and discuss in Section 3. On the other hand, the properties of
this family seem to capture the essential dynamical properties of diffeomorphisms in
RTPH' (M) that allow to study the level sets above and several ergodic properties
as well as to analyze the topology of the space of invariant measures. The latter
we further discuss in the following subsection.

2.3. Topology of the space of measures: Framework. Let us now have a look
at the topology of the space of Borel probability measures M invariant under a
continuous map of a compact metric space. Equipped with the weaks* topology it is
a compact metrizable topological space [49, Chapter 6.1]. We denote by Mg C M

4For example, [25] asks if a general ergodic volume preserving diffeomorphism sufficiently C*
close to a partially hyperbolic linear automorphism L: T3 — T2 given by L(z,vy, 2) = (A(z,y), 2),
A a linear Anosov diffeomorphism, has dense ergodic measures. This would include the systems
in [44].
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the subset of ergodic measures. Recall that M is a nonempty Choquet simplex
(see [49, Chapter 6.2]). In particular, it is convex and compact. The extreme
points of M are the ergodic measures.

In general, when studying the topology of M, there are many properties that
can be of interest such as density and entropy density of ergodic measures (in M)
as well as connectedness of the set of ergodic measures. The density of ergodic
measures has immediately very strong consequences. Indeed, then M is either a
singleton (the map is uniquely ergodic) or a nontrivial Choquet simplex in which
extreme points are dense, and one calls M then a Poulsen simplez. Poulsen [41]
was the first who constructed an example of a space with such properties; by [35]
any two metrizable nontrivial simplices with dense extreme points are equivalent up
to affine homeomorphisms and hence one can consider M as the Poulsen simplex.
Note that, for example, M, is then arcwise connected (see [35, 4. in Section 3]).
To conclude, recall that one says that ergodic measures are entropy dense if for any
u € M and any ¢ > 0, any neighborhood of i contains an ergodic measure v such
that h, (F) > h,(F) —e.

Density of ergodic (even periodic) measures was first shown in [45, 46] under
the assumption that it the map satisfies the periodic specification property (in [47]
connectedness was concluded for shift spaces, which is however an immediate con-
sequence of density by [35] as explained above). Recall that for smooth dynamical
systems, periodic specification holds for any basic set of an axiom A diffeomorphism
(see [12]). In a more general context, in [1] it was shown that for A C M being an
isolated nontrivial transitive set of a C'-generic diffeomorphism, periodic measures
are dense (and also have many further properties, see [24]). Below we will give
more details on two more recent results [28, 10].

All known results on properties such as (entropy) density and connectedness
involve approximations of hyperbolic ergodic measures by either periodic measures
or Markov ergodic measures supported on horseshoes. We will see that this can be
achieved also in some nonhyperbolic context, in particular when the set of ergodic
measures contains measures of different index as well as nonhyperbolic measures.

Let us observe that connectedness and (entropy) density of ergodic measures is
not always guaranteed. Note that [24] provides a number of counterexamples in
shift spaces, though, in the following we would like to focus on partially hyperbolic
systems. For that, we point out the porcupine-like examples of compact invariant
sets of partially hyperbolic transitive C'! diffeomorphism studied in [22, 34, 17, 18]
which have a spectrum of central Lyapunov exponents with at least two disjoint
components, and at least two connected components of ergodic measures. In par-
ticular, ergodic measures are not dense.

2.4. Topology of the space of measures: Intersection and homoclinic
classes. To understand the topology of the space M, it turns out useful to consider
so-called intersection and homoclinic classes of hyperbolic periodic points. To state
the results more precisely, let us briefly define them. We say that two hyperbolic
periodic points of the same index are homoclinically related if the invariant sets of
their orbits meet cyclically (note that in our partially hyperbolic setting with one
dimensional center transversality is not involved, see Section 5 for details). Note
that this is an equivalence relation on the set of hyperbolic periodic points and we
call intersection classes the equivalence classes for the homoclinic relation. Given
a hyperbolic periodic point P, we denote by Int(P) its intersection class.
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The intersection class of a hyperbolic periodic point was first considered in [37]
and called h-class to obtain the so-called spectral decomposition of axiom A dif-
feomorphisms. With this terminology, a homoclinic class (called h-closure in [37])
is the closure of the intersection class it contains. Note that a homoclinic class is
always a transitive invariant set. Moreover, a homoclinic class of a hyperbolic pe-
riodic point may contain periodic points which are not homoclinically related with
it and, consequently, may contain several distinct intersection classes. Indeed, a
homoclinic class which is not hyperbolic may support ergodic measures of different
indices and/or nonhyperbolic ergodic measures ([27, 21, 4]). Moreover, there are
examples of homoclinic classes which are not hyperbolic whose ergodic measures
are all hyperbolic but that simultaneously support ergodic measures with negative
and positive central Lyapunov exponent, see [22, 34].

We call a (not necessarily ergodic) measure u € M hyperbolic with negative
central Lyapunov exponent if u-almost every point has a negative central Lyapunov
exponent and denote by M. the set of all such measures. Similarly, we define
a measure to be hyperbolic with positive central Lyapunov exponent and define
M~ . By weakx and in entropy convergence we mean that the sequence of measures
converges in the weak* topology and their entropies also converge to the entropy
of the limit measure.

By [6, Theorem E], the C'-open and -dense subset ORTPH? (M) of RTPH" (M)
above can be chosen to consist of diffeomorphisms such that any pair of saddles
with the same index are homoclinically related, that is, share the same intersection
class. Thus, for F € ORTPHI(M ) there are precisely two intersection classes
which we will denote by Int.y and Intsq, where

def

Int.o = {P € M: P hyperbolic periodic point, x.(P) < 0}

and Intq is analogously defined. Moreover, each of those two sets is dense in M.
Given a hyperbolic (not necessarily ergodic nor periodic) measure u € M, we define
its intersection class, denoted by Int(u), as the intersection class of hyperbolic
periodic orbits such that p is accumulated by periodic measures from that class.
Hence, for F € ORTPH'(M) either Int(u) = Intog or = Intsg. By [10], the
intersection class of u is indeed well-defined.

We can finally name two results which address the topics mentioned above.
We briefly restate them in our more specific setting of RTPH'(M). Note that
a key argument to show that an ergodic hyperbolic measure p is accumulated by
hyperbolic periodic measures is Katok’s horseshoe construction. Note that this
method holds for either C1** diffeomorphisms (see [31]) or C! diffeomorphisms
which have a dominated splitting (hence, in particular in RTPH' (M), see [23])
and note that this construction enables approximation in the weak* topology and
entropy.

First, the question of density of ergodic measures in M is partially answered
in [10] by showing that for F € RTPH' (M) every . € M. (not necessarily
ergodic) is approached in the weakx topology by ergodic measures if, and only
if, almost all ergodic measures in the ergodic decomposition of p (with respect
to the corresponding distribution supported on the set of ergodic measures) share
one intersection class (necessarily, ;4 must have the same index as the hyperbolic
periodic orbits of that class). As a consequence, for F € ORTPH'(M), we have



8 L. J. DIAZ, K. GELFERT, AND M. RAMS

that ergodic measures are dense in Mo and M, respectively. The structure of
My, however, seems to be much more complicated.

Second, by [28], given F' € ORTPH' (M) and a saddle P of F, the set of ergodic
measures supported on Int(P) with the same index such as P is arcwise connected.
Observe that in [28] the authors originally assume C'T¢ to apply Katok’s result
which can be replaced by C! plus partial hyperbolicity as explained above. Another
crucial assumption is that Int(P) is isolated (observe that this guarantees that
approximating measures stay in the same space of measures such as p). Note that
in our setting this is automatically guaranteed since the entire ambient space M is
a homoclinic class. One further assumption is that any two saddles with the same
index are homoclinically related, which also holds in our case.

3. STEP SKEW-PRODUCT MODEL

We now turn towards the step skew-product setting. For simplicity, we restrict
to a setting with two symbols only. Let o: ¥ — X be the usual shift map on the
space ¥ = {0,1}% of two-sided sequences, equipped with the standard metric and
consider C'! diffeomorphisms fo, f1: S! — S! and the associated step skew-product

(3.1) F: Y xS' =S xS F(& )= (0(€), fe, (), where £ = (&)icz-

We denote by SP'(X x S') the family of maps F as in (3.1) and call fy, f1 also
their fiber maps.

As motivated in Section 2 (see also the discussions in [26, 30]), a step skew-
product can be seen as a model of a particular example of a partially hyperbolic
diffeomorphism with compact center leaves (homeomorphic to circles).

Before describing precisely our setting let us introduce some notation. Given
a sequence & = (£)icz € ¥ we write £ = £7.61, where £~ = (...£_;.) € 27 =
{0,13"N and € = (&é&;...) € 2t = {0,1}Y are the corresponding one-sided
infinite sequences. We also consider the cylinders

ke Mor) EAE= (&)ien: =iy i=F, ... k+7},

where r > 0, and define the cylinders [€™.&y ... & and [€_, ... £_1.£T] in the natural
way.
Given finite sequences (&g ...&,) and (§_p, ... E_1), we let

fiooen) = fe 0 -0 fe 0 fe, and

figomee 1 = (feroofe ) = (fie e )
We can naturally define the central Lyapunov exponent of a point X = (£, x) by

def

1 1 n—1
Xe(X) = lim ~log|fie, ¢, ,)()| = lim — kz log | f¢, (2)],
=0
whenever the limit exists, which is nothing but a Birkhoff average of a continuous
function (with respect to F). Taking the point of view that the step skew-product
F is a model of a certain partially hyperbolic diffeomorphism, this exponent would
correspond to some Lyapunov exponent in (1.1).
We will require that the fiber maps fy, f1 of the map F' satisfy the axioms CECH
and Acc+, that is, there is a (closed) so-called forward blending interval J+ C St
having the following properties:
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CEC+(J") (Controlled Expanding forward Covering relative to J71).
There exist positive constants K, ..., Ks such that for every interval H C S!
intersecting J* and satisfying |H| < K; we have

e (controlled covering) there exists a finite sequence (g . .. 7¢—1) for some pos-
itive integer ¢ < K5 |log |H|| + K3 such that
f[no~.- Ne—1] (H) B B(JJr’ K4)v

where B(J*,6) is the §-neighborhood of the set J+.
e (controlled expansion) for every z € H we have

10g | (fino... ne_1)) ()| > €K.
We let
or@= U foo @)

n>0(0g...0n_1)
Acc+(JT) (forward Accessibility relative to J¥).
ot(intJY) = |J OF(z)=s"

z€int Jt
Analogously, F satisfies the azioms CEC— and Acc— if there is a so-called (closed)
backward blending interval J~ C S! such that the inverse maps f; L fi 1 satisfy
CEC+ and Acc+ (with J7).
The overall assumption for our consideration is transitivity.

Axiom T (Transitivity). There is a point # € S' such that the sets O (x) and
O~ (z) are both dense in S'.

In what follows we denote by SPL, (2 x S') the subset of SP'(X x S') of skew
products satisfying the axioms CEC+(JT1), Acc+(J1), CEC—(J7), Acc—(J7),
and T for some intervals J* and J~. Under these assumptions it is possible to
choose a common blending interval, see [19, Section 2.2] for a discussion about
relations between the choice of (common) blending intervals and transitivity.

Lemma 3.1 (Common blending interval, [19, Lemma 2.3]). Let F' € SPL, (X xS!).
Then for every x € S' and every § sufficiently small the interval J = B(x,d)
satisfies Azioms CEC+(J), Acc+(J), CEC—(J), and Acc—(J).

Returning to our setting, for maps in SP}, (¥ x S') one can define homoclinic
relations and intersection classes as in Section 2.4 (for details see Section 5). By
Proposition 5.1, there are precisely two intersection classes:

def

Int.g = {P € ¥ x S': P hyperbolic periodic point, x.(P) < 0}

and the analogously defined set Int~y. Moreover, we have
(3.2) Int.g = Int~o = ¥ x S' = homoclinic class(Q),

where @ is any hyperbolic periodic point in ¥ xS!. Below we will conclude that each
intersection class corresponds to one connected component of ergodic measures.
Given a hyperbolic ergodic (not necessarily periodic) measure u € M, we define its
intersection class, denoted by Int(u), as in Section 2.4. By Proposition 5.1, either
Int(p) = Int<o or = Intso.
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3.1. Hyperbolic measures. Following the discussion in Section 2.4 which can be
adapted also to SP*(X x S!) (see [19, Section 3]), the following result is a version
of [10, Theorem 2] and [28, Theorems 1.1 and 1.4] for SP}, (¥ x S!).

Theorem 3.2. Let F € SPL, (X x S'). Every measure pn € Mg is accumulated by

measures Vp € Merg,<o i1 the weaks topology and Int(u) = Int<g. Moreover, every

measure [t € Merg <0 @5 accumulated by measures v, € Mg, <o in the weakx topology

and in entropy. The analogous result is true for Mg and Merg, >0, Tespectively.
In particular each of the sets Merg, <0 and Merg, >0 are arcwise connected.

The first of the above stated results was shown in the case of a C'* diffeomorphism
with a dominated splitting E @ F in [10] and the above statement is a translation to
our setting (we recall again that the isolation condition is satisfied since we study
the dynamics on the entire ambient space ¥ x S'). We point out that the essen-
tial ingredients in [10] are the C' dominated Pesin theory as well as the Kingman
subadditive and the maximal ergodic theorems, which all have their natural trans-
lation to our setting. We refrain from repeating this part of the proof. To see that
Merg, <0 is arcwise connected, we follow the steps of proof in [28]. In this paper
the O+ *regularity of the diffeomorphisms is used only to apply Katok’s result for
approximating an ergodic hyperbolic measure by hyperbolic periodic measures. As
mentioned before, this also holds true for a C! diffeomorphism with a dominated
splitting F @ F ([23]), and has its natural translation to our setting. The two
main properties assumed in [28] are (i) every pair of hyperbolic periodic points of
the same stable index ¥ x S! are homoclinically related (true by Proposition 5.1)
and (ii) the homoclinic class is isolated (true because of (3.2)), but we prefer to
sketch the argument. Assume that p, p! € Merg,<0- Then p' is accumulated by
a sequence of hyperbolic periodic measures v} € Merg, <0 supported on the orbits
of hyperbolic periodic points P, i = 0,1. Since P{ and P} are homoclinically
related, there exists a continuous path fi9: [1/3,2/3] = Merg <o joining the mea-
sures /{ and v{. For any pair of measures v0,19 ., and any neighborhood U of
their convex combination {sv) + (1 — s)v0,,,s € [0,1]}, one can choose a basic
set T'Y such that all measures supported on it are contained in U. Hence, in par-
ticular, there exists a continuous path p2: [1/3"T11/3"] — Meg,<0 N U joining
the measure v with v +1- The same applies to the measures v}, defining paths
ph: [1=1/3",1—1/3"F — Mg <o which stay in neighborhoods converging to y!.
Defining pioo|(0,1): (0,1) = Merg,<0 by concatenating the domains of those paths,
we complete the definition of the path po, by letting fieo(0) = limy, o p(1/3")
and fioo(1) = lim,, 0 pk (1 —1/3™).

3.2. Nonhyperbolic ergodic measures. For nonhyperbolic ergodic measures,
the above ergodic approximation methods in general do not apply. However, in our
setting, for a step skew-product in SPL, (X x S!), the special orbit structure enables
us to somehow extend these methods. The following was shown in [19].

Theorem 3.3. Let F € SPL, (2 x S'). Every measure in Merg,0 @5 accumulated
by measures in Merg <o in the weaks topology and in entropy and by measures in
Merg,>0 in the weakx topology and in entropy.

In particular, any such measure is arcwise connected with any ergodic measure
i Merg, <0 and in Merg, >0, TESpEctively.



NONHYPERBOLIC STEP SKEW-PRODUCTS 11

The rough idea of the proof of the above result is to first follow the essential
ingredients in Katok’s horseshoe construction (see [31, 23] and [19, Section 3]) that
given an ergodic measure to find sufficiently many orbits (whose number growths
roughly exponentially with a factor given by the entropy h,(F)) whose (nonin-
variant) orbital measures roughly approach p in the weakx topology. The second
ingredient is, based on the special orbit structure of our maps, to choose so-called
skeletons which connect the before obtained orbit pieces to almost recurrent orbits,
which can be shadowed by periodic ones. The main issue is to carefully control
distortion (recall that we only assume that the maps are C' and that we shadow
orbits which roughly have a central Lyapunov exponent equal to zero). This collec-
tion of hyperbolic (with exponent close to zero) periodic orbits allows to construct
horseshoes, the only obstacle in this final step is that they have periods which can
vary in between some numbers which is unavoidable because the “orbit-gluing” step
is only achieved by the topological constraints (in particular guaranteed by axioms
Acct). To bypass this problem, we construct so-called multi-variable-time horse-
shoes. This way we construct by hand horseshoes which support only measures
which are weaks* close to p and whose entropy is close to pu.

Theorems 3.2 and 3.3 immediately imply the following result.

Corollary 3.4. Let F € SPL, (2 x S'). Then Meyg is arcwise connected.

3.3. Entropies of the spectrum of Lyapunov exponents. We will now answer
the question raised in the introduction about what type of behavior (negative, zero,
or positive central exponent) predominates? We will do this in terms of entropy.

Taking first an orbitwise point of view studying the sets £(«) as in (2.3), we
obtain the following multifractal decomposition

Sx s = L(@) UL,
a€cR
where L, is the set of points where the central Lyapunov exponent is not well-
defined (the limit does not exist). Note that each level set £(«) is nonempty in
some range of a which decomposes into three natural nonempty parts

{a: L(a) # D} = [@min, 0) U {0} U (0, max]-

It is easy to verify that max and min are indeed attained. It is an immediate conse-
quence of the fact that any pair of hyperbolic periodic orbits with the same stable
index are homoclinically related (and hence are contained in a common horseshoe)
that for every & € (min, 0)U(0, atmax ) there exists an ergodic measure with positive
entropy and central Lyapunov exponent equal to o. The corresponding result for
a = 0 is a consequence of [4]. We will determine the “size” of those level sets in
terms of topological entropy. Since these sets are invariant but in general noncom-
pact, we will rely on the general concept of topological entropy hop introduced by
Bowen [13].

The following result from [20] now makes a connection to the above via restricted
variational principles (2.2), Figure 1 provides a picture theorem.

Denote by h,(F') the entropy of a measure p. Recall that the system of fiber
maps {fo, f1} is prowimal if for every x,y € S' there exists at least one sequence
¢ € ¥ such that | f(z) — f{'(y)| — 0 as [n| — oo. Note that the system is proximal
if, for example, fy is a Morse-Smale map whose nonwandering set contains only on
attractor and one repeller and f; is an irrational rotation (see also Proposition 4.2).
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&(a) &(a) &(a)

a : Lo a a

Omin & — @4 OQmax Qmin & — Q4 Omax Omin & — @4 OQmax

FIGURE 1. Possible shapes of entropies. Left figure: assuming proximality

Theorem 3.5. For every & € [min, Omax] we have L(a) # &. Moreover, for every
@ € (Qmin, 0) U (0, max) we have

(3.3) heop(£(ar)) = sup {hu(F): pt € Merg, Xc(n) = o},
the function o — hyop(L(v)) is continuous on [min, max] and satisfies hop (£(0)) >
0.

There ezist (finitely many) ergodic measures py, p— of maximal entropy h,,, (F) =
log2 and with x.(u=) < 0 < xc(ps). Moreover, assuming also prozimality,
there exist unique ergodic F-invariant probability measures pi— € Mg <o and
pt € Merg, >0 of mazimal entropy h,, (F') =log2 and we have

htop(L(a=)) = hiop(£(as)) =10g2,  hiop(£(a)) < log2
for all « # a_,ay, where a— = Xc(u—) and ar = Xc(u4).

Assuming proximality, one can also show (see [20]) that no measure which is a
nontrivial convex combination of the two ergodic measures of maximal entropy is
(simultaneously) a weak and in entropy limit of ergodic measures.

We note that [43] in a somewhat similar setting obtains the finiteness of entropy-
maximizing measures and properties about them. Note that this is related to the so-
called invariance principle which is also studied in [48] where a similar phenomenon
as in Theorem 3.5 (entropy achieving its maximum away from zero exponent) was
observed (for certain ergodic measures of C? partially hyperbolic diffeomorphisms).

To show Theorem 3.5, our main approach is to treat positive, negative, and zero
spectra separately. First, it is an immediate consequence of [13] that the restricted
variational entropy (3.3) provides a lower bound for Ay (£()). Using the fact that
by Proposition 5.1 for any pair of uniformly hyperbolic sets with negative (positive)
fiber exponents we can find a larger one containing them both, one can conclude
that these values can be expressed via the Legendre-Fenchel transform of a certain
restricted pressure function (treating negative and positive values separately). Fi-
nally, for any « with a level set of given entropy h one can choose so-called skeletons
established in [19, Section 4] to construct hyperbolic sets with entropy close to h
with almost homogeneous exponents close to . Hence, hiop(£L(x)) is limited from
above by entropies of ergodic measures with exponents close to . Concavity of
the Legendre-Fenchel transform implies its continuity, which concludes the main
argument.

4. EXAMPLES

In this section, we first return to the differentiable setting and provide some
details about the objects that characterize the diffeomorphisms in ORTPH? (M).
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strip stable-center face

FIGURE 2. Blender-horseshoe: strong unstable curves and strips
(projection along the strong stable direction)

Further, we also will see how they motivate the axioms for the skew-product in
Section 3.

4.1. Blender-horseshoes and minimal foliations. The following discussion does
not aim for generality and it is first done for diffeomorphisms in PH'(M?), where
the manifold is three-dimensional, and adapted to this setting where there are glob-
ally defined strong unstable and stable foliations.

An unstable blender-horseshoe, see [5, Section 3|, is a hyperbolic and partially
hyperbolic set A of a diffeomorphism F conjugate to a complete shift of two symbols
and having a splitting F% @ E°@® E"™ (where E* is its stable bundle and E° @ E""
its unstable one) and being isolated in an open neighborhood (a “cube”) C, that
is, A = [,z F"(C). Moreover, the splitting is defined in whole neighborhood C
and there is A > 1 such that for every x € C and every vector v € E°® E"" it holds
ldE,(v)]| > Alv||. A stable blender-horseshoe is an unstable blender-horseshoe for
F1

For the next discussion see Figure 2. First consider the local stable set of A de-
fined by W (A) = (),50 F"(C). Naively, the cube C has six faces: two opposed
stable-center faces “tangent” to E% @ E°, two opposed center-unstable faces “tan-
gent” to E°@® E", and two opposed stable-unstable faces “tangent” to E% @ E"™. A
strong unstable curve is a closed curve contained in some strong unstable leaf of F*"
whose boundary is contained in the stable-center faces of the cube (thus the curve
joins these two faces). Similarly, a strong stable curve is a closed curve contained in
some strong stable leaf of F* whose boundary is contained in the center-unstable
faces of the cube. An wunstable strip (or shortly strip) S is a “rectangle” that is
foliated by strong unstable curves. The width of a strip S, denoted by w(S5), is the
supremum of the numbers w such that there is some curve n tangent to E° and
contained in S with length w. Note that there is a number x > 0 such that every
strip contained in C has width at most k.

By hypothesis, the hyperbolic set A has two fized points P and ) and we con-
sider their local stable manifold W7 (P) and W (@) (the connected component
of W _(A) containing P and @, respectively). There are now two isotopy classes
of strong unstable curves disjoint from W} (P), say to the right and to the left of
WE (P). Similarly for W .(Q). One has that the local strong unstable leaves of
points of A\ {P,Q} are strong unstable curves which are to the right of W (P)
and to the left of W} _(Q). A strip S foliated by strong unstable curves to the right
of Wi (P) is called a strip to the right of W .(P).
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The key property of a blender-horseshoe is the following: for every strip S to
the right of W} _(P) there are two possibilities (that may occur simultaneously):
either (1) the set F(S) contains a strip S’ (called the successor of S) to the right
of W§ (P) and such that w(S") > Aw(S) (where A > 1 is as above), or (2) F(S)
contains a strip S” that intersects W _(P) in a point at some uniform distance p
from the boundary of S’. Note that case (1) can occur at most ¢(S) consecutive
times where ¢ = ¢(S) is the first number with \*w(S) > k (with & as above).
Here by “consecutive” we mean that the successor of S also satisfies case (1) and
so on. In case (2) let k = k(p) the first number with A\¥ p > &, considering now
k additional iterates we have that F*(S’) contains a strip that crosses the two
stable-unstable faces of the cube C. Summarizing, given any unstable strip S to
the right of W _(P), we have that F™(S) contains a strip that crosses the two
stable-unstable faces of the cube C for some m < £(S) + k.

The blender-horseshoe satisfies the following geometric property that we state
using the approach in [4]. The family of strong unstable curves D defined as the ones
to the right of Wi .(P) and to the left of W (Q) satisfies the following invariance
and covering properties: every D € D contains a subset Dy such that F(Dy) € D.
This implies that the local stable set of A, W3 (A), intersects every curve of the
family D, see [5, Remark 3.10] and [4, Lemma 3.13]. We call D the distinctive
family of curves of the blender. Finally, let us also observe that blender-horseshoes
have well-defined continuations: if A is a blender-horseshoe for F' then for every
G close enough to F' the continuation Ag of A is also a blender-horseshoe, see [5,
Lemma 3.9].

As mentioned above, there is a C'-open and -dense subset ORTPH' (M?) of
RTPH' (M?) whose strong stable and strong unstable foliations are both mini-
mal. The main step of this proof is the following (see [7]). There are an unstable
blender-horseshoe AT with associated cube C™T, a stable blender-horseshoe A~ with
associated cube C~, and a constant ¢ > 0 such that:

e Every curve a contained in some leaf of F"" with length £(c) > o contains
strong unstable curves a™ € C* and = C C~. Moreover, a™ is in the
distinctive family of curves of A™T.

e Every curve 8 contained in some leaf of F*° with length ¢(8) > o contains
strong stable curves 37 C C' and 8~ C C~. Moreover, 3~ is in the
distinctive family of curves of A™.

The uniform expansion of the bundle E"" implies that for every curve a contained
in some leaf of 7" there is n = n(«) such that £(F™(«)) > o. Therefore g = F™ ()
contains curves i as above. Similarly, the uniform contraction of the bundle E*
implies that for every curve 8 contained in some leaf of F*° there is m = m(f) such
that By = F~™(f) contains curves BS—L as above. In particular this implies that
there is a number ng such that for every n > ng and every strong unstable curve «
contained in either CT or C~ the curve F™(«a) contains a strong unstable curve in
C™ and a strong unstable curve in C~. Similarly for strong stable curves 3 in CT
or C~ and F~™. This means that there are transitions along the strong unstable

and strong stable foliations in finite time ng between the cubes of the blenders.

4.2. Blender-horseshoes in step skew-products. We now reformulate the in-
gredients from above for step skew-products, see [30, Section 5] and [19, Section 8.3]
for dictionaries stabilizing the relations between step skew-products and partially
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FIGURE 3. Unstable blender-horseshoe

hyperbolic diffeomorphisms. We will state the blender-horseshoes in terms of the
underlying one-dimensional dynamics. We consider only the strong unstable foli-
ation, the translation for the strong stable foliation is straightforward and follows
considering negative iterations.

Note that the “local strong unstable leaf” F (¢, ) of a point (£, x) is the set

{z} x [€7.], where £ = £7.£7, and the iteration of this leaf is completely governed
by the fiber dynamics

FHFRE ) C FRt(FM(E2)) = {figo. 11 (@)} X [€ 0o G ],
Therefore the equivalent of a curve contained in some strong unstable leaf is a set

of the form {x} x [£7.&...&k—1]. Note that
FE({z} > [€ 8o 1)) = {figo 11 (@)} X [€7 €0 - € ]

is a local strong unstable leaf. Thus, for studying the dynamics of a local strong
unstable leaf it is enough to consider the forward orbit of the central coordinate
for the iterated function system generated by the fiber maps fo and f;.This also
means that for obtaining blenders in step skew-products it is enough to consider
the dynamics in the fiber coordinate. We now define a blender-horseshoe for a step
skew-product map F as in (3.1) with fiber maps fo and f; using the terminology
commonly used for blenders (see [8, Chapter 6.2]), see Figure 3.

Definition 4.1 (Unstable blender-horseshoe for a step skew-product). The skew
product map F in (3.1) has an unstable blender-horseshoe if there are § > 1,
an interval [p,q] C S, points a,b € [p,q], a < b, finite sequences (& ...&,) and
(no--.m), &,m; € {0,1}, such that the maps fl¢, ¢ and fi,,... ) satisfy the
following properties:

e (uniform expansion) (fe,...¢,1) (x) > B for all x € [p,b] and (fiy,...5,1) (%) >

B for all = € [a, q],

o (fixed points) fico... €] (p) =p and Tino-.. n] (9) =q,

e (covering and invariance) fig,...¢,]([P,0]) = fin,... 0,1 ([a, a]) = [p, q-
We say that [p, q] is the domain of definition of the blender and that [a,b] is the
superposition interval of the blender.

The step skew-product map F has a stable blender-horseshoe provided F~! has

an unstable blender-horseshoe.

To consider the corresponding set for the cube C* in the skew-product setting
we consider the union C* of the sets [p — &,b] X [.§ ... & ] (for some small € > 0)
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and [b,q] x [0 ... 1] and define A* as the maximal invariant set of F*+1 in C*.
In this case, the fixed points of the blender are P = (a, (&--. &)Z) and Q =
(b, (no ... mr)*), and the strong unstable “curves” to the right (of the local stable
set) of P are of the form {z} x [.§y... & ]if x € [p,b] or {z} x[no ... n.] if € [a,q].
With this definition it is immediate that the image by F"*! of any strong unstable
curve to the right of P contains a strong unstable curve to the right of P. The
stable blender-horseshoe has an associated “cube” C~ given by the union of the
sets [p — e, ] x [€_ ... £-1.] (for some small € > 0) and [b',¢'] X [n—k ... N-1.]-
The forward transition from C* to C~ means that for each z € [p,b] there is a
finite sequence of the form (£o...&: ... &qm), m > 0, such that fle, ¢ .¢..,.1(T) €
(p',¢') and for each x € [a, ¢ there is a finite sequence of the form (ng ... 7 ... Nrsn),
n > 0 such that fi,,. n..5..@) € (P,¢). The forward transition from C-

to C* is defined similarly. The two backward transitions are the corresponding
reformulation for backward iterates.

Finally, to get the conditions in Section 3, the two blenders must capture all the
dynamics of the map F (e.g. Acct). For this we require that every point x € St
has some forward and backward iterate by the iteration of the fiber maps in the
intervals (p, q) and (p’, ¢’) associated to the blenders. For a complete discussion of
these constructions we refer to [19, Section 8.1].

4.3. Contraction-expansion-rotation in step skew-products. The next re-
sult does not aim for generality and is just a reformulation of the constructions
in [27, Theorem 2|, where the assumption of forward minimality is replaced by a
density-like hypothesis. It also restates [19, Proposition 8.8] in a slightly different
way.

Proposition 4.2. Consider a step skew-product map F' as in (3.1) with fiber maps
fo, fi: St — St. Suppose that:

e There are & > 0 and finite sequences (&y...&) and (no...ns) such that
fi¢o...c,] has an attracting fived point p and is uniformly contracting in [p —
8,p+0] and fiy,...n.] has a repelling fived point q and is uniformly expanding
in[qg— 0,9+ 4d].

e Every point x € S' has some forward and some backward iterates in (p —
0,p+9) and some forward and some backward iterates in (¢ — §,q + 9).

Then there are intervals J+*,J~ C S' such that the fiber maps of F satisfy Azioms
CEC+(J*) and Acct(JT) and Azioms CEC—(J~) and Acct(J 7).

To get the hypothesis of the orbits visiting the neighborhoods of p and ¢ it
is enough to have a finite sequence ({o... ;) such that fi,. . ¢, is an irrational
rotation or such that every orbit of the system is “sufficiently dense” in S!. In
particular, if some map fi¢,...¢,] is an irrational rotation then small perturbations
of the skew-product satisfy the hypotheses of Proposition 4.2.

5. HOMOCLINIC AND INTERSECTION CLASSES

We briefly discuss the homoclinic relations in the setting of skew-products, for
details see, for instance, [16, Section 2.1]. For skew-product maps F as in (3.1)
that are only differentiable in the fiber direction we call a periodic point P =

«50 - '§W*1>Z7p) hyperbolic if
(feo.en_1)) (p) # 1
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and call it contracting if this derivative has modulus less than one and ezpanding
otherwise. As in the hyperbolic case, these points have well-defined and uniquely
defined continuations for maps G close to F', that is, for G(§,x) = (0(£), g¢, ()
where each g; is close to f;.

Given a hyperbolic fixed point p of fi¢,...¢,_,] consider its local invariant man-

ifolds Wlso/cu(p, fico...en_11)- If p is contracting then W (p, fig,...¢,.) = {p} and
Wi (D, figo... ¢,,]) is an open interval containing p. Similarly when p is expanding.

In what follows let P = ((&...&:—1)%,p) be a hyperbolic periodic point of F.
Note that the stable and unstable sets of orbit O(P) of P are defined, respectively,
by

WH(O(P), F) = {(n,x): n="(..n-1m0. M- &-1)"), k>0,
and fipg...n) () € Witep. figp.c, 1)}
wWH(O(P), F) = {(n,x): =% &))" nk...n1m0...), k>0

and fil (@) € Wite(p, figy.c ) |-

We now adapt the definitions of a homoclinic class and homoclinic relations of
differentiable dynamics to the skew-product setting.

First two hyperbolic periodic points P and @ of the same index are homoclinically
related if the invariant manifolds of their orbits intersect cyclically, W*(O(P), F)N
W=(0(Q), F) # @ and W*(O(Q), F) N W5(O(P),F) # @. The intersection class
of P is the set of all hyperbolic periodic points homoclinically related to P. A
point X € W*(O(P),F) N W3(O(P), F) is called a homoclinic point of P. As the
transverse ones in the differentiable case, these points have well defined continua-
tions. The homoclinic class of P is the closure of the homoclinic points of the orbit
of P. Note that this definitions does not involve transversality. As in the case of
differentiable dynamics, the homoclinic class of P is a transitive set that coincides
with the closure of its intersection class.

Proposition 5.1. Suppose that the skew-product map F in (3.1) satisfies the con-
ditions in Section 3. Then
o Every pair of hyperbolic periodic points of the same index are homoclinically
related.
o Every homoclinic class is the whole set ¥ x S!.

We sketch the proof of this proposition. Consider two hyperbolic periodic points
P = ((50 .. .§WP_1)Z,p) and Q = (((0 . ..QFQ_l)Z,q) such that there are a point
c € Wilo(p, figo.. ., 1)) and a finite sequence (B ... B,) with

f[ﬁouﬂr] (C) € Wlf)c (qa f[no.A.nﬂQfﬂ)'
Then
C= (6 &p-1)"Bo - Br (0 Mmg—1)",¢) € W(O(Q), F) N WH(O(P), F).
This fact implies that, under the conditions in Section 3, any homoclinic class (of
a hyperbolic periodic point) is the whole ¥ x S! and that any pair of hyperbolic
periodic points of the same index are homoclinically related. To see why this is

so assume that P and @ are both expanding and we show that W"(O(P), F) N
Ws(0(Q), F) # @. Consider now a blending interval J containing ¢ in its interior,
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in Lemma 3.1. By condition Acc—(J) there are small § > 0 and a finite sequence

(10 ...7k) such that

(p—=0,p+0) C Wige(D, figotrp—1) a0d [ r)(p =6, p+96) CJ.

Now property CEC+(J) provides a finite sequence (7 . ..17¢) such that

JC f[‘ro...‘rkno..-nz](p - 67p + 5)

Hence there is ¢ € (p — d,p + §) such that

q= f[TO»--Tknl)u»nl] (C)

Taking C = ((&o - &np—1)N 70 k0 - 0e(M0 * + Mmp—1), €) We get

C e W*(O(Q), F) n W (O(P), F).

The intersection W=(O(P), F) N W*(0(Q), F) # @ is obtained reversing the roles

of

P and Q. The fact that the homoclinic class in the whole set ¥ x S! follows

using similar arguments.
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