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IN HAMILTONIAN DYNAMICS

BY MEyvsaM NASSIRI aAnD ENRIQUE R. PUJALS

ABSTRACT. — A goal of this work is to study the dynamics in the complement of KAM tori with
focus on non-local robust transitivity. We introduce C" open sets (r = 1,2,. .., 00) of symplectic dif-
feomorphisms and Hamiltonian systems, exhibiting /arge robustly transitive sets. We show that the C'*°
closure of such open sets contains a variety of systems, including so-called a priori unstable integrable
systems. In addition, the existence of ergodic measures with large support is obtained for all those sys-
tems. A main ingredient of the proof is a combination of studying minimal dynamics of symplectic it-
erated function systems and a new tool in Hamiltonian dynamics which we call “symplectic blender”.

REsuME. — Un objectif de ce travail est d’étudier la dynamique sur le complémentaire des tores
KAM en mettant ’accent sur la transitivité robuste non locale. Nous introduisons les ensembles ou-
verts de difféomorphismes symplectiques et de systémes hamiltoniens, présentant de grands ensembles
robustement transitifs. L’adhérence de ces ensembles ouverts (en topologie C", r = 1,2,...,00)
contient un grand nombre de systémes, y compris les systémes intégrables a priori instables. En outre,
I’existence de mesures ergodiques avec un grand support est obtenue pour ’ensemble de ces sys-
témes. L’ingrédient principal des preuves est la combinaison de I’étude de systémes itérés de fonctions
de dynamique minimale et d’un nouvel outil de la dynamique hamiltonienne que nous appelons
«mélangeurs symplectiques ».

1. Introduction and main results

The theory of Kolmogorov, Arnold and Moser (KAM) gives a precise description of the
dynamics of a set of large measure of orbits for any small perturbation of a non-degenerate
integrable Hamiltonian system. These orbits lie on the invariant KAM tori for which the
dynamics are equivalent to irrational (Diophantine) rotations. In the case of autonomous
systems in two degrees of freedom or time-periodic systems in one degree of freedom (i.e.,
1.5 degree of freedom), the KAM Theorem proves the stability of all orbits, in the sense that
the action variable does not vary much along the orbits. This, of course, is not the case if the
degree of freedom is larger than two, where the KAM tori has codimension of at least two.
A natural question arises: Do generic perturbations of integrable systems in higher dimensions
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192 M. NASSIRI AND E. R. PUJALS

exhibit instabilities? The first example of instability is due to Arnold [4], who constructed
a family of small perturbations of a non-degenerate integrable Hamiltonian system that
exhibits instability in the sense that there are orbits with large action variation. This kind
of topological instability is sometimes called the Arnold diffusion. Indeed, it was conjectured
[3, p. 176] that instability is a common phenomenon in the complement of integrable systems.
Aside the several deep contributions towards this conjecture, especially in recent years (see
e.g. [12], [171, [14], [21], [22], [28], [27], [37], and references therein), it is still one of the central
problems in Hamiltonian dynamics.

Here, we would like to suggest a different approach related to the instability problem.
We propose to focus on the existence and abundance of a dynamical phenomenon, more
sophisticated than instability, which is “large” robustly transitive sets. Roughly speaking, a
set is transitive if it contains a dense orbit inside, and it is robustly transitive if the same holds
for all nearby systems (see Definitions 1.6, 1.8).

The present paper is devoted to studying the non-local robust transitivity (global or non-
global) in symplectic and Hamiltonian dynamics with the goal of better understanding the
dynamics in the complement of KAM tori, and with application to the instability problem.

In the non-conservative context, there are many important recent contributions about
robust transitivity. Note that a diffeomorphism of a manifold M is transitive if it has a
dense orbit in the whole manifold. Such a diffeomorphism is called C” robustly transitive
if it belongs to the C" interior of the set of transitive diffeomorphisms. It has been known
since the 1960’s that any (transitive) hyperbolic diffeomorphism is C'* robustly transitive. The
first examples of non-hyperbolic C* robustly transitive sets are credited to M. Shub [36] and
R. Mané¢ [25]. For a long time their examples remained unique. Then, C. Bonatti and L. Diaz
[7] introduced a semi-local source for transitivity, called blender, which is C* robust. Using
this tool they constructed new examples of robustly transitive sets and diffeomorphisms.
For recent results involving blenders, see [8]. For the recent surveys on this topic and robust
transitivity on compact manifolds, see [10, Chapters 7,8], [33], [32].

In this paper, we develop the methods of robust transitivity within the context of sym-
plectic and Hamiltonian systems. We apply them for the nearly integrable symplectic and
Hamiltonian systems with more than two degrees of freedom. Following this approach,
we introduce open sets of such Hamiltonian or symplectic diffecomorphisms exhibiting
large robustly transitive sets and containing integrable systems in their closure. Then, the
instability (Arnold diffusion) is obtained as a consequence of the existence of large robustly
transitive sets. We want to point out that the results obtained also include systems not
necessarily close to integrable ones.

We also obtain good information about the structure and dynamics of the robustly transi-
tive sets that yield to topological mixing and even ergodicity. These are the scope of theorems
stated in Sections 1.2 - 1.6.

We would like to compare the usual notion of instability (i.e. Arnold diffusion as treated
in [14, 12, 37]) with robust transitivity (or topological mixing) obtained in the thesis of our
theorems. Observe that the usual notion of instability is a C° robust property since it depends
only on a finite number of iterations. However, there are no topologically mixing or transitive
systems which are C° robust (see also Section 6.2).
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ROBUST TRANSITIVITY IN HAMILTONIAN DYNAMICS 193

Let us emphasize that in this paper we deal with the C"-topology for any r = 1,...,00.
We also work with non-compact manifolds.

Section 1.1 introduces some definitions and notations; in Sections 1.2—1.6 the main
theorems are stated. The two main ingredients used in the proofs are described informally
in Sections 1.7 and 1.8. Finally, Section 1.9 provides a heuristic explanation of how these
ingredients are combined and used.

1.1. Preliminaries and definitions

Some of the definitions below are standard in the literature so we only highlight the ones
that are not common.

Let M be a boundaryless Riemannian manifold (not necessarily compact) and
f:M — M be a C" diffeomorphism of a manifold M. From now on we assume that
r € [1,00]. We denote by Diff" (M) the space of C" diffeomorphisms of M endowed with
the uniform C” topology.

An f-invariant subset A is partially hyperbolic if its tangent bundle Ty M splits as a
Whitney sum of D f-invariant subbundles:

T\M = E* & E° & E°,

and there exist a Riemannian metric on M, a positive integer ng and constants 0 < A < 1
and p > 1 such that for every p € A,

0 <|| Dpan|Es ||< A< m(D;u]mo|EC) < Dpfno|EC ||< p< m(Dpan|E“)~

The co-norm m(A) of a linear operator A between Banach spaces is defined by
m(A) := inf{|] A(v) || :| v ||= 1}. The subbundles E*, E° and E* are referred to the
unstable, center and stable bundles of f, respectively.

A partially hyperbolic set is called hyperbolic if its center bundle is trivial, i.e. E¢ = {0}.

DEerINITION 1.1 (domination). — Let f and g be two diffeomorphisms on manifolds M
and N respectively. Suppose that A C M is an invariant hyperbolic set for f. We say that g
is dominated by f| if A x N is a partially hyperbolic set for f x g, with E€ = T'N.

The homoclinic class of a hyperbolic set is the closure of the transversal intersections
of its stable and unstable manifolds. In the case of a hyperbolic periodic point P of a
diffeomorphism F, we denote its homoclinic class by H (P, F'). Moreover, for any G nearby
F', we denote by Pg the analytic continuation of P and by H (Pg, G) its homoclinic class.

DEFINITION 1.2 (weak hyperbolic point). — Let p be a hyperbolic periodic point of g of
period k; we say that p is 6-weak hyperbolic if

1
<1 <m(Dyg*|py) <l Dpg*lEy lI< 7

1 -8 < m(Dpg* T3

k
ps) <l Dpg”|e;
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194 M. NASSIRI AND E. R. PUJALS

Let X be a metric space and F' : X — X a continuous transformation. A set Y C X (not
necessarily compact) is transitive for F if for any Uy, Us open in X, such that U; N Y # &,
there is some n with F"(U;) N Uy # @. If in addition, for any open sets U;,Us C Y (in
the restricted topology), there is some n with F™(U;) N Uy # @, then we say Y is strictly
transitive. A stronger property is topological mixing, where F™(U;) N Uz # & holds for any
sufficiently large n. Similarly we define strictly topologically mixing.

In the next definitions we denote by 9" a subspace of Diff” (M) with the C” topology.

DEFINITION 1.3 (continuation). — A set X C M of f has continuationin 9" if there exist
an open neighborhood % of f in 9" and a continuous map ® : % — P(M) such that
®(f) = X, where P(M) is the space of all subsets of M with the Hausdorff topology. Then,
®(g) is called the continuation of X for g.

REMARK 1.4. — Note that it is not assumed that the continuation is neither homeomor-
phic to the initial set nor invariant. Compare with Definition 4.4.

DEFINITION 1.5 (exceptional set). — Let A be a partially hyperbolic set. We say that X is
an exceptional subset of A if X C A and for any central leaf L of A, the closure of X N L in
L has zero Lebesgue measure in L.

DEeFINITION 1.6 (large set). — We say that a set X contained in A is large inside A if the
Hausdorff distance of A and the interior of X in A is small.

DEFINITION 1.7 (compact robustly transitive set). — A compact set Y C M is 9"
robustly (strictly) transitive for f € 9", if for any g € 9" sufficiently close to f, the con-
tinuation of Y does exist and it is (strictly) transitive for g. In the same way one may define
robustly (strictly) topologically mixing.

DEeFINITION 1.8 (non-compact robustly transitive set). — If Y is not compact, then Y is
called D" robustly (strictly) transitive if it is the union of an increasing sequence of compact
9" robustly (strictly) transitive sets. In the same way one may define robustly (strictly)
topologically mixing for non-compact sets.

A periodic point p of f of period n is called quasi-elliptic if D,, f™ has a non-real eigenvalue
of norm one, and all eigenvalues of norm one are non-real. If in addition all eigenvalues have
norm one then it is called elliptic.

A point z is non-wandering for a diffeomorphism f if for any neighborhood U of x there
isn € Nsuch that f*(U) NU # @. By Q(f) we denote the set of all non-wandering point
of f. A point z is called (positively) recurrent for f if liminf, | dist(z, f*(z)) = 0. A
diffeomorphism is said recurrent if Lebesgue almost all points are recurrent.
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Notations
Throughout this paper sometimes we use the following notation:

— X € Y means that X is a compact subset of the interior of Y;
— U™ := (0,1)™ and D™ is the unit open ball in R™.
— T™ is the n-dimensional torus (with the standard metric).

Let us recall some basic facts and definitions of symplectic topology. A symplectic man-
ifold is a C*° smooth boundaryless manifold M together with a closed non-degenerate dif-
ferential 2-form w. We denote it by (M, w), but sometimes we just write M. Examples of
symplectic manifolds are orientable surfaces, even dimensional tori and cylinders, and the
cotangent bundle T*N of an arbitrary smooth manifold. A C* diffeomorphism f is sym-
plectic if f preserves w; i.e. f*w = w. We denote by Diff], (M) the space of C" symplectic
diffeomorphisms of M with the C" topology, 1 < r < co. If the symplectic form w is exact,
that is, w = da for some 1-form «, and f*a—a = dS for some smooth function S : M — R,
then we say that f is an exact symplectic diffeomorphism.

Let (M, w) be a symplectic manifold and let H : R x M — R be a C" function called
the (time dependent) Hamiltonian. For any ¢ € R, the vector field Xy, determined by the
condition

w(Xp,,Y) = dH(Y) or equivalently ix, w = dH;

is called the Hamiltonian vector field associated with H; := H (¢, -) or the symplectic gradient
of H;. The Hamiltonian H is called time periodic if H; = H;;r for some ' > 0.
A diffeomorphism is called Hamiltonian diffeomorphism if it is the time-one map of some
time periodic Hamiltonian flow.

An orbit is called quasi periodic if its closure, say &, is diffeomorphic to a torus and the
dynamics on & is conjugate to an irrational rotation on the torus.

A Hamiltonian on a 2n-dimensional manifold is called completely integrable if it has
n independent integrals in involution. Recall that an integral is a smooth real function on N
(or N x R in the case of time dependent Hamiltonian) which is constant along the orbits of
the Hamiltonian flow.

A Hamiltonian is called integrable if it is locally completely integrable. A diffeomorphism
is called integrable if it is the time-T" map (for T > 0) of some integrable Hamiltonian flow.
See Section 2.2 for more details and precise definitions.

Throughout this paper all diffeomorphisms and Hamiltonians on non compact manifolds
are assumed to have finite norm in their corresponding C” topology.

1.2. Robustly mixing sets for symplectic diffeomorphisms

We now state our main result concerning robust mixing in the context of symplectic
diffeomorphisms. Roughly speaking, next theorem states that if the product of a hyperbolic
basic set with any non-wandering dynamics is partially hyperbolic, then we can perturb the
initial system in such a way that a large robustly topological mixing set is obtained.
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196 M. NASSIRI AND E. R. PUJALS

THEOREM A. — Let M and N be two symplectic manifolds so that N is compact, and
1 <r < oo Let F = fi1 x fywhere fi € Diff (M), fo € Diff_(N). Let V. C M be
open andT' = A x N such that
@) A = Nnez fT(V) is a topologically mixing non-trivial hyperbolic set,
(b) fo is dominated by f1|a,
(¢) fa has a 6-weak hyperbolic periodic point, and 6 > 0 is small enough.
Then, there exist a connected open set U C Diff, (M x N) and a periodic point P € A x N
of F such that
1. F is contained in the C" closure of ‘U.
2. Forany G € U, the setT'g := H(Pg; G)(\,ez G™(V x N) verifies
(2.1) Tg is a (partially hyperbolic) robustly topologically mixing set.
(2.2) T'q tends to T in the Hausdorff topology as G tends to F.

Roughly speaking, the item (2.2) shows that the robustly transitive set I'; is large along N,
since it is close in the Hausdorff topology to A x N. Observe that for the initial system F',
the homoclinic class of P could be small along N. In fact, it could hold that A x N is non-
transitive and H(P, F) N (A x N) = A x {q}, for some g € N.

Related to the problem of instability, note that for the symplectic maps in the thesis of
Theorem A, trajectories do not only “drift” along the NV but belong to a large transitive set,
and one obtains robustly transitive sets with “large variation of action” (see also Theorems C
and D).

The proof of Theorem A follows essentially from Theorem 4.1 which could be considered
as a parametric version of Theorem A. This parametric version gives a better description of
the open set % C Diff}, (M x N) involved in the thesis of Theorem A. Moreover, Theorem 4. |
considers the case where the manifold N is not compact.

REMARK 1.9. — From a set of results proved in the C'! topology ([9, 16, 20, 35]) and the
theorem by Zehnder and Newhouse (about transversal homoclinic points in the presence
of non hyperbolic periodic points, cf. Theorem 5.1), we conjecture that the hypothesis of
Theorem A are optimal. For more details see Section 6.1.

DEerINITION 1.10. — A diffeomorphism satisfies the H.S. condition if it has a nontrivial
transitive hyperbolic invariant set. A diffeomorphism f satisfies the A.H. condition if any
neighborhood of f (in the corresponding space with the C” topology) contains a diffeomor-
phism satisfying H.S. condition. In other words, the C" closure of the set of diffeomorphisms
satisfying the H.S. condition coincides with the set of diffeomorphisms satisfying the A.H.
condition. Similar notions will be used for the Hamiltonian systems.

If the diffeomorphism f5 in Theorem A is integrable and NV is compact then we can prove
that the (strong) continuation of I" (which is a large subset) is in fact robustly transitive. So,
we have the following.

THEOREM B. — Let v > 1, fy € Diff_ (M) satisfying the H.S. condition and
f2 € Diff(N) be an integrable diffeomorphism on a compact boundaryless symplectic
manifold N. Then fi X fo is in the C™ closure of an open set U € Diff,, (M x N) such that
any F' € U has a robustly (strictly) transitive set whose projection on N is onto.
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Observe that in the thesis of Theorem A we do not state that the robustly transitive
set projects onto N; actually, exceptional set outside the homoclinic class could appear.
This is not the case in Theorem B. This stronger conclusion follows from the fact that the
diffeomorphism f5 in the hypothesis of Theorem B is integrable, which is not the case for
Theorem A. To highlight the differences, compare Theorem 2.13 and Theorem 2.11. On the
other hand, observe that in Theorem B the hypotheses on f; are weaker than the ones in
Theorem A.

REMARK 1.11. — To highlight the broad range of application of Theorem B observe that
the following systems satisfy the H.S. condition:

— any C" generic perturbation of a symplectic diffeomorphism with an elliptic or quasi-
elliptic periodic point,

— any C" generic perturbation of an integrable system (i.e. generic nearly integrable
diffeomorphism),

— any diffeomorphism in a ' open dense subset of Diff} (M),

— any C" surfaces diffeomorphism with positive entropy, if > 1.

These are consequences of the results in [31] (cf. Theorem 5.1) and [23]. In fact, it is expected
that the A.H. condition holds for any diffeomorphism in Diff], (M ). See also Section 6.1.

We would like to observe that in all our main results the robustly transitive sets are in fact
robustly topological mixing for some power of the diffeomorphism.

1.3. Robust transitivity and instability of nearly integrable Hamiltonian systems

Theorems A and B could be stated in the context of exact symplectic and Hamiltonian dif-
feomorphisms, and also time-dependent Hamiltonians. The following theorem concerns the
class of Hamiltonian systems that contains the so-called a priori unstable integrable Hamil-
tonian systems. This theorem can be considered as a Hamiltonian version of Theorem B.

THEOREM C. — Let Ho(p, q,z,y,t) = hi(x,y,t) + ha(p) be a time-periodic Hamiltonian,
where t € T := R/Z is the time, (p,q) € A*™ = D™ x T™, and (z,y) € A = D" x T".
Suppose that hy satisfies the A.H. condition and hy(p) = p - *p (where *p means transpose
of p). Then for any compact set K C A*™, there exists a C" (r = 2,...,00) open set # of
time periodic Hamiltonians that contains Hy in its C* closure and any Hamiltonian H € I
exhibits a robustly transitive invariant set such that its projection on A>™ contains K.

This theorem is related to the results in [14],[12] and [37], where the case m = n = 1 and hy
integrable (with a saddle loop) were considered. By quite different methods (and under extra
conditions) it was shown that generic time-periodic perturbations of Hy exhibit instability
along the variable p (i.e. along the interval D™, (m = 1)).

Here, Hy is relaxed from such conditions and it is shown that Hy, is in the closure of some
open set # of Hamiltonians, in which all systems exhibit robustly transitive (or topological
mixing) sets, which contains arbitrary large regions of A?>™. In particular, a very strong form
of instability is present for all systems in J¢.
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THEOREM D. — Let hy and hs be two time periodic Hamiltonians acting on manifolds M
and N respectively, both with finite volume. Assume that hy satisfies the H.S. condition and ho
has an elliptic periodic point. Let H, = hq + €ho.

Then, for a sufficiently small € > 0 and any oo > 0, there exists a C" open set V of time
periodic Hamiltonians on M x N that contains H, in its C*° closure and any Hamiltonian
H € V exhibits an invariant set T such that

1. the projection of T on N has volume > vol(N) — «,
2. Y is robustly transitive.

The type of systems that appear in Theorem D resembles the sometimes called “slow-fast
systems” (see e.g. [5]).

1.4. Ergodic measures with large support

The existence of ergodic measures with large supports is a very interesting phenomenon,
specially for nearly integrable systems and for compact sets in the complement of KAM tori
(recall that KAM tori are ergodic components). In this direction we have the following result.

COROLLARY E. — The robustly transitive (or topologically mixing) sets obtained in Theo-
rems A, B, C and D are contained in the support of an ergodic measure.

This is a direct consequence of our main theorems together with the results in [1, Theo-
rem 3.1], where a nice property of homoclinic classes was discovered: any homoclinic class is
the support of an ergodic measure. See also Section 6.3 for more discussions about ergodicity.

1.5. Hausdorff dimension of the transitive sets and ergodic measures

It is clear from the statement of Theorem A (as well as from the other main theorems) that
dimg (T') = dimg (A) 4 2n, where dim g is the Hausdorff dimension. As a matter of fact, the
Hausdorff dimension of certain hyperbolic sets (e.g. some hyperbolic sets in the vicinity of
elliptic points) may be arbitrarily close to the dimension of the ambient manifold. So, one
may find examples for which dim g (T") is close to 2n + 2m. Consequently, in the context of
Corollary E, there exist ergodic measures with large (non-local) supports and with Hausdorff
dimension arbitrarily close to the (full) dimension of the ambient manifold.

1.6. A dichotomy: transitivity vs. escaping to infinity

Observe that once we remove the hypothesis on the compactness of NV (and hence let it
have infinite volume) in Theorem A then a diffeomorphism G near F' may have wandering
points in the continuation of I". However, the proof of Theorem A leads to the following
dichotomy: there exist either large robustly transitive sets or wandering orbits converging to
infinity. See Section 5.6 for the proof and more details.

In the next two subsections we explain the main tools involved in the proofs of the previous
theorems. These tools, namely symplectic blenders and iterated functions systems, could be
interesting in themselves.
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1.7. Symplectic blender

A fundamental ingredient in the proofs is a new tool in symplectic dynamics called sym-
plectic blender, a semi-local source of robust transitivity. It is based on the seminal work of
Bonatti and Diaz [7]. The symplectic blender provides robustness of the density of the stable
and unstable manifolds of a hyperbolic periodic point, in any compact region, which implies
robustness of transitivity or even topological mixing. Theorem 3.16 is the main result in this
direction. We believe that the construction of symplectic blenders presented in this paper
could have more applications in symplectic dynamics. For more details, see the introduction
of Section 3.

1.8. Iterated function systems

By an iterated function system we mean the action of a semi-group generated by a (finite)
family of diffeomorphisms. Another main ingredient in the proofs is that we reduce the
problem of transitivity to one about iterated function systems. That is, the problems related
to instabilities and (robust) transitivity can be formulated for iterated function systems. This
approach is very convenient to deal with the whole structure of homoclinic intersections
associated to a normally hyperbolic submanifold. Moreover, iterated function systems are
used to obtain symplectic blenders. Consequently, part of this work is devoted to the study
of certain iterated function systems. The main novelties in this part—beyond the above
mentioned reduction—are the results on global and local dynamics of iterated function
systems (cf. Theorems 2.13 and 2.11). We believe this type of problems is in itself worth of
study.

1.9. Heuristic model

As a basic model to understand the strategies of the proofs of Theorems A and B, one
may consider perturbations of the product of a horseshoe and an integrable twist map,
where applying results on the iterated function systems of recurrent diffecomorphisms lead
to the minimality of (strong) stable and unstable foliations (giving instability as well). Then,
using the symplectic blender one can show that transitivity (or even topological mixing)
appears in a robust fashion. Observe that the hypotheses of Theorem B are in the framework
of the described strategy. Similar arguments are applicable in the more general context of
Theorem A that includes non-integrable systems.

Note specially that we do not use any KAM-type invariant sets in the proof. Instead,
recurrence has an important role. Therefore, some difficulties such as appearance of large
gaps between Diophantine tori (known as the large gap problem) are not present here.

The paper is organized as follows. In Section 2, we study transitivity of two different
kinds of iterated function systems (IFS). Namely, the IFSs of expanding maps, and the IFSs
of recurrent diffecomorphisms. In certain cases, the minimality of the IFSs is obtained, which
is essential in the proof of Theorem B. In Section 3, we introduce the symplectic blenders
and we use the expanding IFSs to build them. In Section 4 we prove a parametric version
of Theorem A. We use this theorem and its proof in Section 5 where we prove our main
theorems and also the dichotomy stated in Section 1.6. Finally, in Section 6 several remarks
and open problems related to the main results are discussed. In particular, in Section 6.5, we
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200 M. NASSIRI AND E. R. PUJALS

discuss the possibility of extending the methods and results introduced here to many fruitful
contexts, including non-artificial mechanical and geometric problems.
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2. Iterated function system

In this section we study the transitivity of some iterated function systems (IFS). Loosely
speaking, in the IFS, instead of taking iterations by only one map, all the possible composi-
tions and iterations of several maps are considered. As a consequence, a point z may have an
infinite number of orbit branches. The transitivity of an iterated function system of expand-
ing maps has a fundamental role in the construction and properties of blenders (see Sec-
tion 3). And the transitivity of an iterated function system of symplectic maps shall be used in
the proof of the density of the (strong) stable and unstable manifolds of partially hyperbolic
skew products (see Section 4).

Let g1, 92,-..,9n, be maps defined on a metric space X. The iterated function system
G(g91,92, - - -, gn) 1s the action of the semi-group generated by {g1, g2, - .., gn} on X. We
use the notion of multi-index o = (o4, ...,0%) € {1,2,...,n}* for g, = g,, 0+ 0 go,. We

also denote the length of the multi-index o by |o| = k.
An orbit of z € X under the iterated function system & = %(g1, g2, - - -, gn) 1S @ sequence
{9s, (2)}32, where By, = (01,...,0%) and {03}32, € {1,2,...,n}".

The G-orbit of z denoted by @g(w) is the set of points lying on some orbit of z € X
under the IFS &. The §-orbit of a subset U C X is defined as the union of all its orbits, i.e.
05(U) = Usev U5(2).

Similarly, we denote @g (z) as the set of points such that z lies on (some of) their orbits.

Results similar to the one proved here can be found in [2], [29], [30], [18] and [24].

DEFINITION 2.1. — The IFS (g1, g2, - - -, gn) is said transitive if the G-orbit of any open
set is dense. A set U is called transitive for & if the F-orbit of any open subset of U is dense
in U. This is equivalent to the existence of some point with a dense -orbit in U.

REMARK 2.2. — In similar way one defines the IFS of maps g; : U; € X — X. In this

case, the possible compositions of g;’s depend on each point: g; (U;) is not necessarily a subset
of U; and so g; o g; is only defined on U; N g; ' (U;).
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2.1. IFS of contracting and expanding maps

In this section we study the transitivity of the iterated function systems of contracting and
expanding maps. In Section 2.1.1 we give the results for contracting ones and the theorem for
expanding are sketched in Section 2.1.2 (the details are left to the reader).

2.1.1. IFS of contracting maps. — A map ¢ on a metric space (X, d) is called contracting if
there is a constant 0 < K < 1 such that d(¢(x), ¢(y)) < Kd(z,y), for all z,y € X. The
contraction bound, if it exists, is a number A > 0 for which ¢ satisfies Ad(z, y) < d(¢(z), ¢(y))
for all z,y € X. This constant does not necessarily exist for any contracting map. For a
generic smooth contracting map ¢ on R", the contraction bound does exist if we consider its
restriction on a compact domain U. In this case, the constant is equal to inf{m(D¢,) : z € U}.

PRrROPOSITION 2.3. — Let U C R"™ be an open disk containing 0 and ¢ : U — U be a
contracting map with the contraction bound X\ and ¢$(0) = 0. Then there exists k € N such that
for any € > 0 small there exist vectors ci, . . ., cx € B:(0) and a number 6 > 0 such that

Bs(0) € 04(0),

where § = G(d, 0+ c1,..., ¢+ ck).

Moreover, these properties are robust in the following sense:
Let ¢g = ¢ and ¢; = ¢ + c;. Let U; be a set of contracting maps C° close to ¢; such that their
contraction bounds are also close to that of ¢;. Then the same is true if at each iteration in the
G-orbit of 0 one replaces the corresponding ¢; by any é; € Us.

Observe that if ¢ is smooth, all constants depend only on m(D¢(0)).
In order to prove this proposition, we start with a non-perturbative version of it, which
also clarifies the robustness of transitivity.

DEFINITION 2.4. — We say that an iterated function system &(¢1, .. ., ¢x) of contracting
maps has the covering property if there is an open set 9 such that

k
D c | ¢i(D).

i=1
We say that the set of (unique) fixed points z;’s of ¢;’s is well-distributed if any open ball of
diameter d and centered in 9 contains some z;, where

d > max{r | Vz € D,3i, B, (z) C ¢:(D)}.

ProPOSITION 2.5. — Let ¢; : R® — R", i = 1,2,...,k, be contracting maps, and let z;
be their unique fixed points. Suppose that the iterated function system § = G(¢1,. .., ¢r) has
the covering property on 9. Then for any x € D there exists a sequence {o;}52, such that for
alljeN, 0; €{1,2,...,k}, and

_1O -1 O"'Od);ll(l')E@.

agj gj—1

In addition, if the set of fixed points {z; }¥_, is well-distributed in 9 then

D C 04(0).
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FIGURE 1. The covering and well-distributed properties. The disk 9 is the largest
one and the other disks are its images under ¢;’s.

Proof. — To prove the first part notice that given a point z € 9, the covering property
says that thereis oy € {1,2,...,k} such that qS;ll (z) € 9. Then, inductively, one constructs
a sequence {0;}22, such that ¢, o ¢! o-- 0 (z) € D.

Now we prove the second part. The well-distributed property yields that for any small
ball B,.(z¢) in 9D, either it belongs to some ¢;(9) or it contains the fixed point of some ¢;.
Let 0 < K < 1 such that d(¢;(x), ¢:i(y)) < Kd(z,y) for any i € {1,2,...,k}. If the ball
B,.(z0) is very small then it belongs to the domain of some ¢;, i.e. B.(zg) C ¢;(9), and so
there is z; € 9 such that Bg-1..(x1) C ¢; '(B,(z0)) C 9. We may continue this process
inductively. Since the ratio of the balls is increasing exponentially at rate K~ > 1, after some
iteration, it would be large enough to contain the fixed point of some ¢;. This completes the
proof. O

REMARK 2.6. — The well-distributed property yields that for any small ball B,.(z¢) in 9,
either it belongs to some ¢;(9) or it contains the fixed point of some ¢;.

Proof of Proposition 2.3. — It is enough to show that there exist a number &, and certain
(small) translations of the map ¢, such that the covering property and the well-distributed
hypothesis hold in some open ball B.(0). Then using Proposition 2.5 we obtain the density
of the &-orbit of 0. To show that, we consider a cover of the unit ball by & balls of radius A.
There is a number C(n) such that for any r < 1, there is a cover of the unit ball in R™ by
C(n)r~™ number of balls of radius r. So there is a k&; = C(n)2™ - A~" number of points
¢; € D™ (where D™ = B;(0)), such that

Dn C UB)\/Q(CZ'),

and so

D" c J@D") + ).
Moreover, any ball of radius smaller than \/2 is contained in some ¢(D"™) + ¢;.
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We also choose a set of z;, 7 = 1,...,k; which is A-dense in the unit ball. So, any ball of
radius greater than A/2 in the unit ball contains some z;. Let ¢; 1, = (id — ¢)(z;). Indeed,
z; 1s the unique fixed point of the contraction ¢ + ¢;4, -

Now, let k = 2k; = C(n)2"*! - A", ¢y = ¢ and fori = 1,...,k, ¢; = ¢ + c;.
Again, robustness follows from the fact that the covering property and the well-distributed
hypothesis are C° robust properties if the contraction bounds of the nearby maps are close
to the initial ones. O

2.1.2. IFS of expanding maps. — A map ¢ on a metric space (X, d) is called expanding if
and only if it is invertible and its inverse is a contracting map. Observe that in the expanding
case, instead of the density of the forward orbit under the IFS, we look for the density of the
backward orbits under the IFS. In particular, the covering property is also formulated for
the inverse maps. Similar propositions to the one for contracting maps can be formulated
for expanding maps, and although translation of a map is not a translation of its inverse, the
proof of the equivalent propositions for expanding maps is done in the same way.

2.2. IFS of recurrent diffeomorphisms

In this section we study the transitivity of an iterated function system of recurrent diffeo-
morphisms. Here, by recurrent diffeomorphism we mean a diffeomorphism for which almost
all points are recurrent. Recall that the Poincaré Recurrence Theorem asserts that any diffeo-
morphism preserving a finite volume form is recurrent.

The results of this section shall be used in the proof of Theorem A and other main the-
orems. We first prove several results for integrable systems and then we generalize them to
general recurrent diffeomorphisms. In fact, in Proposition 2.8 we work with the IFS of inte-
grable symplectic diffeomorphisms and in Theorem 2.13 we extend the previous proposition
to the case of recurrent ones.

Let us first recall the statement of the Liouville-Arnold Theorem that allows us to re-define
integrable systems as the following.

We say that f € Diff] () is integrable if there exist open sets IV; such that

- N =UN;,

— N;’s are mutually disjoint open sets,

— for any ¢, N; is invariant and diffeomorphic to U™ x T by a (symplectic) diffeomor-
phism h;,
any torus h; *({z} x T™) is f-invariant and its dynamics is conjugate to a rotation.

Addendum
We also assume the following assumptions:
— bunching condition:

timsup - log(|[Df"]|/m(D ")

n—oo
is sufficiently close to zero. (Observe that the limit is always zero on UN; and if there
exists a periodic point in the boundary of any N;, then the larger and smaller eigen-
values are close.)
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— the family {N,} is locally finite in N, that is, any compact subset of N intersects with
only finite number of {N;}.

— themap U™ 3 z — w, € T" is a local diffeomorphism, where w, is the rotation vector
of f on hi ' ({x} x T™).

LEmMaA 2.7. — Let f1 be an integrable symplectic diffeomorphism on the symplectic man-
ifold N. Then C"-arbitrarily close to fi there exists another integrable symplectic diffeomor-
phism fo which is conjugate to f1 by a smooth change of coordinates on N such that

1. any fi-invariant torus intersects transversally some fo-invariant torus, and vice versa,

2. given two open sets U,V C N, there is a chain of tori & ;, j = 1,2,...,s, invariant

Jor fo;, 05 = 1or2, such that, each & ; (for j < s) intersects transversally I j1; I1
intersects U and T , intersects V.

Proof. — We construct a symplectic diffeomorphism ¢ € Diff] (N) close to the identity
such that f, = ¢ o f; o ¢~ has the desired properties.

By the assumptions, N = UN;, where N; is diffeomorphic to U™ x T" by a symplectic
diffeomorphism h;. It is convenient to consider the polar coordinate system on U™ x T",
that is, any point is represented by

(rl,...,rn,ﬂl,...,Gn),

where 0 < 7; < 1 and 6; € T'.
The construction of ¢ has two steps.

Step 1. Let 47 € Diff, (U' x T!) be the time 7 map of a completely integrable Hamiltonian
flow such that in the polar coordinates we have

- Y7 (r,0) = (r,0), forany 7if r > 1,

— P {r=c}) #{r=c},if0<c<1.
In addition, given an open set Wy in the annulus U! x T! containing a curve that connects
the two boundary components of the annulus we have:

— any two open sets in the unit disk {r < 1} are connected by a finite chain of circles

{r = ¢;} and ¥* ({r = ¢;}) such that the transition points are contained in Wj.

The Hamiltonian flow 4™ can be defined explicitly by the Hamiltonian
r2sin(0) + r2 cos(8) (1 + € - n(r))?
' 1+e-n(r)
where € > 0 is small and 7 is a (suitable) non-negative C*° bump function on the real line
such that n(x) > O ifand only if z € (0,1).
Now let

he(r,0) :=n(r)

)

n times

—
Y= BT XX
Define ¢ € Diff],(N) by

_ f hit ot oh;on N;
4 id on N\ UN;

where 7; is small enough and depends on N;.
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The smoothness of ¢ on each NV, is obvious. The smoothness of ¢ on the boundary of N;’s
follows from the following facts: (1) the time 7; is small enough and depends on N;; (2) the
sets IV; are mutually disjoint and (3) % is equal to the identity on the boundary of U™ x T™.
In order to get ¢ close to the identity, it is enough to take 7 small enough.

The items (1) and (2) of the lemma hold for the pair of diffeomorphisms f; and po fiop™!,
at least on each IV;. Moreover, given any pair of open sets in N; and any open set W7 that
intersects all the fi-invariant tori in V;, there exists a chain as in item (2) of the lemma such
that the intersections between the tori are contained in Wj.

Step 2. Let ¢ > j such that ON; N ON; contains a regular hypersurface (codimension one
submanifolds) S;;. Then for any such 4, j we consider a small open neighborhood U;; of some
point of the hypersurface S;;. The sets U;; are pairwise disjoint. We choose U;; small enough
such that W := N \ UU;; intersects all the f;-invariant tori.

Let us define U;JT = Uy N N; and U;; = U;; N Nj. Then consider a symplectic
diffeomorphism ¢;; supported in U;; and close to the identity such that

Now we take the composition of all the above diffeomorphisms to define ¢ € Diff] (N),
that is

¢ = (04jpij) © -

Now, we define
far=¢ofiogp™".
Observe that ¢ = ¢ on the open set W, and as mentioned before it follows that the items (1)
and (2) hold on each N;. So, given any two open sets U, V in N, if they intersect the same
N;, there is nothing left to prove. Otherwise, there exist jq, j2, such that U N N;, # @ and

U N N;, # @. Then, one may find a chain of IV; from IV;, to N;, by taking iteration by fo.
Consequently, f> has the desired properties. O

PROPOSITION 2.8. — Let T} be an integrable symplectic diffeomorphism on the symplectic
manifold N. Then, arbitrarily close to Ty there exists an integrable symplectic diffeomorphism
Ty on N such that the iterated function system G(T¢, Tzd/) has a dense orbit, for any d,d’ € Z.
Moreover, almost all points have dense &-orbits.

Proof. — Let T, be an integrable diffeomorphism. Let f, be the set of all quasi periodic
points of T and observe that the set is 7T} -invariant. Similarly, let dg be the set of all quasi
periodic points of Ty, which is Ty-invariant. The complement of J, N ¢, has zero Lebesgue
measure. Let J be the set of all points whose orbits under the iterated function system
G(T1, Tz) belong to J, N ;.

CLAIM. The complement of  is contained in a countable union of codimension one subman-
ifolds. So, J has total Lebesgue measure.
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Proof of Claim. — Let By := N\, and B := N\J. Then, B is contained in a countable
union of codimension one submanifolds. On the other hand, 4 is the orbit of B, under the
IFS Y(T1,T»). So, it is a countable union of the iterates of (By). This proves the claim.

Now we apply Lemma 2.7 for 77 and we obtain ¢ € Diff] (N) close to the identity. Now
we set Ty := ¢o Ty o ¢~ 1. Define J as above and observe that ¢f has total Lebesgue measure.
We want to show that the orbit of any point of J is dense.

Given two open sets U, V, there is a chain of tori 7, j = 1,2,...,s, invariant for 7, ,
o; = 1 or 2, such that each & ; intersects (transversally) & ;11, & intersects U and &
intersects V. It is not difficult to find an orbit of & which shadows this chain. For any z € ¢,
there is n, such that T7'=(z) is close to ;11 if z is sufficiently close to &;. The set f is
G (T, Ty)-invariant. So if z € | is sufficiently close to &1, then it has a §-orbit shadowing
all 7 ;, and therefore there is an orbit from U to V. Moreover, given any point z € ¢ and
any open set U, there is a finite sequence of tori &;, ¢ = 1,...,n, invariant for T or T5
(alternatively), such that x € ¥, ¥, N U # &, and for any i, &; intersects transversally
7 i+1. Then it follows that there exists ¥ = (071, . .., o) such that Ty, (z) € U. This completes
the proof. O

REMARK 2.9. — If the set of quasi periodic points is residual then following the same
argument in the proof of Proposition 2.8, we conclude that the set of all points with dense
orbit for G (T, T>) is also residual.

The following example helps to understand the above described techniques.

ExXAMPLE 2.10. — Let N = R x (R/27Z) and
Ty :(I1,0) — (I, 6+ h(1)).
In this case, we choose the change of coordinates
¢:(1,0) — (I +e€cosb, §).
Then we define Th = po Ty 0o ¢~ 1.

THEOREM 2.11 (Minimal IFS). — Let Ty be an integrable diffeomorphism on the symplec-
tic manifold N. Let m = dim(N) + 2. Then, arbitrarily close to Ty there exist integrable sym-
plectic diffeomorphisms Ty, . . ., T,, on N such that the iterated function system §(Ty, ..., Tp,)
is minimal (i.e. every point has a dense orbit).

Proof. — Let T, be the integrable diffeomorphism given by Proposition 2.8. It follows
from the claim in the proof of Proposition 2.8 that the complement of ¢ is contained in a
countable union of codimension one submanifolds of N. Let ¥ := {L;}; be the family of
those submanifolds and so B := N \ J = |J #1. (Here we use the union |J as the unitary
operator, as well.)

Since any point in  has a dense orbit, to prove minimality, it is enough to show that there
exist integrable diffeomorphisms T, . .., T,, close to T3, such that any point z € N \ J has
an iterate in J for the iterated function system G(7T3, ..., Ty).

We give a proof of this statement using transversality theory. It is known that the set
of diffeomorphisms transversal to a submanifold L is C” residual. On the other hand, if
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L and L’ are two submanifolds of codimensions m and m’, respectively, then the transversal
intersection of them has codimension m + m/'.

Therefore, for any 4, j, there is a residual set Ry ; ; C Diff},(N) such that for any f € Ry ; ;
and L;,L; € ¥, the submanifolds L; and f(L;) are transversal and so the intersection
L;nf(Ly;) is a countable union of codimension two submanifolds. Let ¢3 € Ry := (), ; R1,i5
sufficiently close to the identity, then | J; ;(L: N¢3(L;)) is a countable union of submanifolds
L%, j € N, of codimension two. Let £5 := {L;}; be the family of those submanifolds. We
have BN ¢3(B) = | Lo.

We repeat this argument for any pair of L; € £; and L, € £ to get the residual set of
diffeomorphisms Ry ; j. By choosing ¢4 € Ra := (); ; R2,i,; sufficiently close to the identity,
then J; ;(L: N ¢4(L;)) is a countable union of submanifolds L7, j € N, of codimension 3.
We define #3 of such codimension 3 submanifolds. We have

B0 ¢s3(B) N pa(BN ¢3(B)) = BN ¢3(B) N pal|  L2) =) L.

Repeating this argument inductively, we get ¢3, ..., é,,—1 and the countable set £, o,
(i.e., a countable set of codimension dim(/N) submanifolds), such that

m—1
B 6l Li-2) = Lm-2
=3

Now, for a generic diffeomorphism ¢, which we assume to be sufficiently close to the
identity, we have BN ¢, (| £Lm—2) = @. This means that for any x € 9 there exist ji, .. ., j;
such that ¢, o---0;, () € J. Now, we define T} := ¢; o T1 0 ¢; *. It follows that any point
z € N \  has an iterate in  for the iterated function system &(T5, ..., T,). Clearly, all T}
are integrable (Hamiltonian) diffeomorphisms and close to T3 . This completes the proof. [

REMARK 2.12. — To apply Theorem 2.11 to the proof of the main theorems, it is essential
that the number m of generators is finite and independent of 7. However, one may ask about
the optimal number m of generators needed to obtain minimality. In fact, one may prove that
three generators are enough. To see this, just observe that given & € N and a codimension one
submanifold L in N, and for a C" generic diffeomorphism f € Diff] (N), f* is transversal
to L, for any k € N. Then, one may easily prove that for a C” generic f, the diffeomorphisms
T; := fi=2 i =3,...,m,satisfy the transversality conditions in the proof of Theorem 2.11.
We choose T5 = f to be close to T7. Notice that in this argument we do not assume 73 being
integrable.

Now, we establish a result about transitivity of the IFS of recurrent diffeomorphisms.

THEOREM 2.13. — Let T € Diff] (N) be a recurrent diffeomorphism. Then for every € > 0,

1. there exist T1,To € B.(T) C Diff],(N) such that G(T, T, T>) is transitive;
2. for any open ball V- C N and any bounded domain N, C N, there exist k € N and
T, Ts,..., Ty € Be(T) C Diff},(N) such that N. C Oy (V), where § = G(T, T4, T, . .., T,).
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Proof. — If T' = id, then we choose ¢; to be an integrable symplectic diffeomorphism
on the manifold N such that almost all points are quasi periodic, and dgr($1,id) < %e.
Proposition 2.8 implies that for any open set V' there exists ¢, in Diff,(IV) and e-close to
the identity in the C™ topology, such that @éqb V)n @% (V') is open and dense in N, where
g 6= G(¢1, ¢2). In other words, & ® is transitive. This completes the proof of (1) in the case
where T' = id.

For an arbitrary recurrent 7', let & be the set of recurrent points of T', which is also
invariant by ¢; and ¢,. This set is dense. In fact, following an argument similar to the claim
in the proof of Proposition 2.8 this set is residual and of total Lebesgue measure.

Let V bean open setin N, and z € &N Q% (V). This intersection is obviously non-empty.
Then, there are d € Nand ¥ = (04,...,04),0; = 1,2, such that

2 € (6e) (V).
Moreover, forany ¢ =1,2,...,d,andany l; € Z,j =1,2,...,1,
%= (T opy,)0---0(TH 0 ¢y, )(2) € R.

So, using recurrence, for some (large) [; € N, the orbit (%;); shadows (z;);, where
Zi = ¢o, © -+ 0 ¢o, (2). This shows that for some I; € N, the point Z4 belongs to V.
But (Z;); is an orbit of z under the iterated function system of

ﬁ2 = g(T,T o ¢17T [¢] ¢2)
In other words, z4 € V' N 952 (2). Recall that N @% (V) is dense in N. So, the &,-orbit of

any point in a dense set intersects V. The same is true for backward &,-orbits. Thus, @jg:z (V)
is (open and) dense in IV, and §, is transitive. This completes the proof of (1).

Given N. € N bounded, and V' C N open, we let X = B1(N) \ Oy (V). Observe
that X is a compact set with empty interior. So for any z € X there exists h, in Diff,, (N)

and e-close to the identity in the C™ topology, such that h;1(z) € V~ = @gz (V). Since
V'~ is an open set, there is a neighborhood U, of z such that h;!(U,) C V~. The family
{U,} is an open cover of the compact set X. So there exist k € N, z1,z2,...,2; € X and

haysPayy .-y hy, € Be(id) C Diff], (V) such that
Xnhl(X)n---nh M (X) = 2.

Thus
THX)N (hgy o T) H(X) NN (g, o T) (X)) = 2.
Therefore,
N €T (V)N (hgy oT)H V)N -0 (g, o T)H(V7).
If we define
g = g(T>TO¢17TO¢27hm1 OTy"'ahzk OT)7
then we have that N. € Oy (V). O
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2.3. Skew products and IFS

In this section we explain the relation between iterated function systems and skew
products over shifts. This relation has been used extensively in random dynamical systems
(cf. [2]). Similar approach to the one we present here has been used by R. Moeckel in [29]
where he studies the IFS of monotone twist maps on annulus, relating it to the instability
(drift) for skew products of such maps over shift.

Here, we state a series of propositions (see Propositions 2.16 and 2.17) that describe the
trajectories of the action of a semigroup of diffeomorphisms as the dynamics of the unstable
sets of an appropriate skew product over shifts.

Let 7 be the full shift with d symbols.
r:dt — dt
z=(..,2-1,20;Z1,...) — (..., Zo,T1;Ta,...).

It is natural to define the local and global unstable manifolds of a point = € d” for T as the
following

Wiee(z;7) = {(2:) | Vi < 0,2, = z;}

W(z;T) = U T W (17(x); 7)) = {(2:) | Fio € Z,Vi < ig, 2i = 25}

i>0
Let ® : dZ x Y — d” x Y be a skew product such that

®(z,y) = (7(2), $2(y)),

where ¢, is a homeomorphism on Y, for any z € d%. Assume that the family of ¢, ’s is
uniformly bi-Lipschitz, i.e., there exists L > 1 such that Vz € d”, Vy,y’ €Y,

%disty(y, y') < disty (¢2(y), ¢=(y)) < L - disty (y,9")

and let us assume that the Lipschitz constant varies continuously with respect to x.
We consider the following metric on d?,
dist(z, z) = Z e 11|z — 2.
i€z
One may define the strong unstable manifold as follows:

Wu(z,y; ®) := {(a,b) | dist(®*(x, y), ®*(a, b)) ~ exp(iL) as i — —oo}.

Assume that ¢, depends only on [z, | := (..., ®i,—1,;,), and denote it by ¢, _ . To
< <ig
avoid complications we also assume that ig = 0.
Therefore, ® is the product 7 x ¢, on the set {z € d* | z; = z;,i < 0} x Y. So, the

local unstable manifold of (x,y) for ® contains Wi .(z; 7) x {y}. Then we have proved the
following proposition.
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PROPOSITION 2.14. — For any (z,y) € d2 x Y andn € N,

" (2,9) =(7" (@), 1o, o~-~o¢[m<o]< ),
O (2,y) =(r7 (@), b, jorerodyl ()
Wise (@, ) =Wige(z;7) X {y} ={(2:) | Vi 0,2 = z:} x {y},
W (z,y; @) = | &' (Wit (2 (z,1); ®)).

>0

Since WY

loc

(z,y; ®) is a product set and @ is a product on it, so (W% (z, y; ®)) is a finite

loc
union of some local strong unstable manifolds. Therefore, we have proved the following.

PROPOSITION 2.15. — For any (z,y) € d” x Y, the global strong unstable manifold
W (z, y; @) is a countable union of some local unstable manifolds W ((z*, y*); ®).

Locally constant skew products. — From now on we assume that ¢, depends only on zg,
where z = (...,2_1,%0;21,...). Then, ® = 7 x ¢, on the set {z € d” | z9 = j} x Y, for
any j € {1,2,...,d}. The next propositions shed some light on the relation between (locally
constant) skew products over shifts and iterated function systems.

Let & = G(¢1,¢2,-- ., Pa). Proposition 2.14 implies that for any (z,y) € dZ x Y and
n €N,

q)n('rvy) = (Tn(x)’ ¢wn71 0---0 ¢z0(y))

This shows that by taking different base points x, one can realize the orbit of y under the
IFS @. Since the skew product ® does not depend on z;, ¢ > 0, so we get the entire
positive -orbit of y by taking all points on W} (x; 7). So, we have obtained the following
proposition.

PROPOSITION 2.16. — For any (z,y) € d” x Y, the projection of | ),,~¢ @™ (W (z, y; ®))
on'Y is equal to @g (Pxo (v)). In particular, if (x,y) is a fixed point of ®, then the projection of
Wut(z,y; ®) on'Y is equal to @;(y)

As we said, this proposition turns out to be very useful in the study of dynamical proper-
ties of strong stable/unstable manifolds of certain partially hyperbolic skew product systems.
For instance, to obtain the density of the strong unstable manifolds (see Section 4.2.3). More
precisely let us mention the geometric meaning of this fact: by each iteration the length of
Wit (z,y; ®) grows exponentially and it intersects the domain of all ¢;’s. Therefore, all pos-
sible compositions of ¢;’s do appear in the positive orbit of W% (z, y; ®). Indeed, we have the

following proposition which gives a precise description of the global strong unstable mani-
folds for &.

PROPOSITION 2.17. — For any (z, y) edl xY,
Wuu 1‘ yv U ngg ( )7(1))7
oeX

where
E:{O’:(O’]_,...,O'n)|TL€N,1SO’iSd}7

¢z,a‘ _ ¢0n71 0---0 ¢01 1o ¢;}n+1 0+--0 ¢;}1 and ¢m,(01) =id,

7= (e Ty 01y ey O T1yen. ).
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Proof. — Itis easy to see that for any o,0’ € 3, W% (z7;7) = W (z° ;) if and only if
o = o'. Moreover, 7" (%) € W% (z;7) if 0 = (01, ..., 0y). Therefore,

W (z;m) = | Wike(a;7).

oEY

On the other hand, the projection of W*“(x,y; ®) on d” is equal to W*(z; 7), since ® is
a skew product.

W (z,y;®) = | @" (Wit (@~ " (x,y); D).
n>0

(Wiee (27" (2, 9); ) = (Wi (77 (2); 7) x {7, (1)})
= (7% o, ) (Wite(r7 (@) 7) x {21, (1)})
= T(Wiae(r7 1 (2); 7)) x {y}

U loc 7y7 )

lo|=1

From the definition of global unstable manifolds and Proposition 2.14 it follows that for
anyn € N,

e"Wi(p.a:®) = | {"(0),ban_y 00 $a0(a))}

aEWpr, (p;7)

= U {(7"(a), dn(9))}-

N=(P0,a1,--+,an—1)
a=(...,po;a1,az,...)

Now let (pa q) = (I)_n(xay)) then Pi = Ti—n, (VZ € Z)n and q= ¢;,1n ©---0 gb;,ll (y) Thus,
7%(a) = (e D0, 1y -+ An;Gspn) = (s Topy Q1, .oy ApjGsy) DA Y = (T_p, a1, .., Ap—1).
Therefore,

¢W(Q) = ¢nn °"’°¢m °¢;_1n o'-.o¢;_11(y)
= ¢an,1 S O¢a1 O¢w7n o¢)_}n © ¢;,1n+1 O-r- O‘b;}l(y)
= Ga,_, 0 0¢a, 005" o-0¢t (y)

It yields that,
" (Wige (27" (z,9); @) = U {(v"(a), dn(a))}
1=(P0,a1,-,an—-1)
a=(...,p0;a1,az,-...)
= U M=, 677 (y); @).
lo|=n
This completes the proof. O

The stable manifolds of these maps are defined as the unstable manifolds of corresponding
inverse maps. Similar results hold for stable manifolds.
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3. Blenders, double blenders and symplectic blenders

The definition, existence and properties of blenders, double blenders and symplectic
blenders are discussed in this section.

Bonatti and Diaz in [7] introduced the notion of blender, which is a geometric model for
certain hyperbolic sets that play an important role as a mechanism for creation of cycles and
a semi-local source of transitivity. Although their methods may be easily modified for the
conservative case, the symplectic one is more delicate.

In [7] a cu-blender, roughly speaking, is a hyperbolic (locally maximal) invariant set with
a splitting of the form E** @ E* @ E"*, dimE" = 1, such that a convenient projection
of its stable set has larger topological dimension than the dimension of the subbundle (cf.
Lemma 3.7). This phenomenon is robust in the C' topology. Similarly, one may define a
cs-blender.

Their constructions essentially use a hyperbolic set with a one-dimensional weakly hyper-
bolic subbundle. On the other hand, to apply this local tool for systems with higher dimen-
sional central bundles they use a chain of blenders with one-dimensional central bundles with
different indices (i.e. dimension of the stable bundle) connected to each other. This allows
them to use such blenders in more general situations. This approach, of course, is impossi-
ble in the symplectic case, since all eigenvalues are pairwise conjugate and so all hyperbolic
periodic points have the same index. So, to build blenders in the symplectic case, we need to
involve higher central dimensions. We construct a new class of such blenders in the symplectic
(or Hamiltonian) systems that works like a chain of cs-blenders and a chain of cu-blenders
simultaneously.

In Section 3.1.1, regardless of the symplectic case, we give the definition of cs-blenders
and we study an abstract model for blenders with arbitrary central dimensions. Using the
inverse map, we can define the cu-blenders (see Section 3.2). For their construction we use the
results in Section 2.3 and the ones about contracting (expanding) IFS stated in Section 2.1.
Then, in Section 3.1.2 we consider a geometric model of cs-blender and prove in Section 3.1.4
that their main feature of being a blender is a robust property. To do that, first we recast
the hypothesis of Proposition 2.5 for IFS in terms of properties of the geometric model of
cs-blender (see Section 3.1.3).

21

In Section 3.3, we consider the case where the central bundle splits into two stable
and unstable subbundles, that is, the maximal invariant set is hyperbolic of the form
E*® @ E° @ E* @ E"*. We call it double-blender. Then we introduce an abstract model
which exhibits the feature of both cu-and cs-blenders (see Section 3.3.1). Note that this case
is very compatible with the symplectic case where the eigenvalues of periodic points are
pairwise conjugate.

In Section 3.4, we introduce the above phenomenon in the context of symplectic diffeo-
morphisms. That is what we call symplectic blender. Moreover, in Theorem 3.16 we show how
the symplectic blenders appear in the context of Theorem A . In Section 3.5 we give a series
of results about the role of blenders inside partially hyperbolic sets. These results are essential
in the proof of our mains theorems.
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3.1. The cs-blenders

In this section we introduce the definition of cs-blender.

DEFINITION 3.1 (s-strip). — Let F be a diffeomorphism on the manifold M. Let 8 be an
open embedded ball with three cone-fields ©°°, €°, ", invariant under the derivative DF
defined in a compact neighborhood of 8. Observe that the cone fields induce three invariant
subbundles E*¢, E¢, E*. A horizontal strip (or s-strip) is an embedded (s + ss)-dimensional
disk in B tangent to E** @ E* and which contains the ss-leaves of each of its points.

DEFINITION 3.2 ( cs-blender). — The pair (P, B) is a cs-blender for the diffeomor-
phism F' if it satisfies the following features:

B-1 P is a hyperbolic saddle periodic point of F' contained in %;

B-2 Bisan open embedded ball on which there are three hyperbolic cone fields 6°°, &*
and €" invariant under the derivative DF;

B-3 any G sufficiently close to F in the C! topology verifies that any s-strip in % inter-
sects the unstable manifold of Py whose backward orbit is in 8. Here Pg is the con-
tinuation of P.

From the definition of cs-blender follows immediately the next lemma (the proofis left to
the reader).

LEMMA 3.3. — Let (P, B) be a cs-blender. Let B = (,,cz, G"(closure(B)) for G close
to F. Then it follows that Bg is a hyperbolic set such that for any s-strip S in B there isx € Bg
such that W (z) N B # @, where W (x) denotes the local unstable manifold of x.

REMARK 3.4. — Using the inverse map, and defining properly a u-strip (see Defini-
tion 3.9), we can define the notion of cu-blender (see details in Section 3.2). In this case, the
three hyperbolic cone fields are €°, €, €“* and it is required that the stable manifold of
the saddle periodic point intersects any wu-strip.

3.1.1. Symbolic cs-blender. — In this section we use the language of Section 2.3 to introduce
a symbolic interpretation and construction of cs-blenders.
Let & be the space of all skew products ® : k% x R™ — k% x R™ such that

®(z,y) = (7(2), $2(y)),

where 7 : kZ — kZ is the full shift with k& symbols and for any z € k%, ¢, = Pwy (z) is 2
contracting map on R™ with positive contraction bound.

Let ® = (7,6,), ¥ = (7,%,) in &. We say that ® is close to ¥ if for any = € k%, ¢, and
its contraction bound are close to v, and its contraction bound, respectively.

By a s-strip we mean the set Wi _(x; 7) x U for some x € k and some open set U C R™.

DEFINITION 3.5. — Let D be an open set in R™. The set 3 = k% x D is a symbolic
cs-blender of ® € & if there exists a fixed point (p, g) of ® such that for any ® € S close to
® the following hold:

1. (p,q) has a unique continuation (p, §) for @,
2. the unstable manifold of (p, §) for ® intersects any s-strip in 3.

A symbolic cu-blender is defined as a symbolic cs-blender for 1.
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Observe that the existence of a symbolic cs-blender is not trivial, specially its robustness
property. The next proposition guarantees the existence of a symbolic cs-blender.

PROPOSITION 3.6. — Let ®(z,y) = (7(x), ps,(y)) be a locally constant skew product,
where ¢y € {1,...,k}andxz = (...,2z_1,%0;%1,...). Assume that ¢; : R* — R",
i =1,2,...,k, are contracting maps, and ¢;(z;) = z; are their unique fixed points. Suppose
that the iterated function system § = G(b1, - . ., ¢r) has the covering property on D C R™ and
the set {z;}¥_, is well-distributed in D. Then the set B = k% x D is a symbolic cs-blender of ®.

Proof. — First we are going to prove the properties of the cs-blender for the initial system
and later we deal with the perturbations.

Let (p, q) be a fixed point of &, for instance, p = (...,1,1;1,1,...) and ¢ = z; is the
unique fixed point of ¢, = ¢1.

Recall that the unstable manifold of (p, ¢) is defined as the set of all points (z, y) such that
dist(®(z,y), ®*(p,q)) — 0 asi — —oo. Since the dynamic on R" is contracting, then the
unstable manifold of (p, ¢) coincides with W**(p, ¢; ®). By Proposition 2.16, the projection
of W"¥(x,y; ®) on R” is equal to Qg(y) Proposition 2.5 yields that D C Q}f(q). In other
words, the unstable manifold of (p, q) for ® intersects any s-strip in 8.

Now we show the robustness of this property. Let ® € & be close to ®. Since ggp is
a contracting map close to ¢, = ¢1, it follows that it has a unique fixed point ¢ close
to ¢. We want to show that W*¥(p, g; <i>) is dense. Observe that each ¢, is close to D
Now, given zy € {1,...,k} we take Zg = (..., %0, Z0;Zo...) and we consider the IFS
g = ﬁ({&io}zoe{lw,k}). The proof of the density of the unstable manifold of (p,§)
follows from the density of the G-orbit of § which holds from the robustness of & (see
Propositions 2.3 and 2.16). This yields that the unstable manifold of (p, §) for ® intersects
any s-strip in 3. O

3.1.2. Geometric model of a symbolic cs-blender. — Using the skew product construction it
is easy to build a geometric model of the symbolic blender.

Let ¢, : R* — R", 4 = 0,1,...,k, be an affine contracting map as in Proposition 2.3.
Let D be an open disk in R™ such that ¢;(D) C D.

Let f : R™ — R™ be a diffeomorphism with a horseshoe type hyperbolic set
A = Npez f*(U), and with the splitting of the form E** @ E*. Then it has a Markov
partition with k + 1 symbols by rectangles Ry, . . ., Ry, such that for any i # j, R;NR; = @.
We also assume that the contraction rate on E** is stronger than the contraction of ¢;’s.

We take a diffeomorphism F' : R™ x R™ — R™ x R"™ such that
F

Rixrr = [ X ;.
Observe that H :=(),,cz F"™(U x D) is a hyperbolic basic set with splitting E°° @ E° @ E*.

Now we apply Proposition 3.6 for F'. It yields that the set A x D is a symbolic blender
with a fixed point (p, q) of F.

The following lemma is an immediate consequence of the definition of blender. It high-
lights the distinguished property of a blender.
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LEmMaA 3.7. — Let Ax D be the geometric model of the symbolic cs-blender as above. Then,
for any (x1,22) € U x D, there exists (y1,y2) € H such that

Wite (@1, 22; F) N Wig(y1,y2; F) # @.

This lemma says that the topological dimension of W% (H) is larger than the topological
dimension of the local unstable manifold of each point in H.

Proof. — Let {U,}nen be a sequence of nested open neighborhood of zo, such that
nneN Uy = {z2}.
By definition, for any n, W} _(x1; f) x U, is a s-strip containing W2 (z1, x2; F') and
intersecting W*(p, ¢; F'). Now, let z,, € H N W*"(p, ¢; F') such that
(Wiee(z15 ) x Un) N Wigo(2zn; F) # 2.

Let z be an accumulation point of the sequence {z,}. Then z € H. Now, let n — oo, then
from the election of the s-strips (i.e. (),eny Un = {z2}) it follows that

Wlf)i(fﬂl»x%F)ﬂWﬁc(ZZF) 75@ O
The following remark allows to recast the essential property of a cs-blender.

REMARK 3.8. — Given a blender (p, B) and its maximal invariant set B, from Lemma 3.11
it follows that for any € 8 we have that W5 (z) N\W_(B) # @. Moreover, the same holds
for any G close to F.

3.1.3. Covering and well distributed properties of the geometric model of a cs-blender. — Now
we would like to recast the hypothesis of Proposition 2.5, i.e., the covering and well distributed
properties provided in Definition 2.4, in terms of properties of the geometric model of a
cs-blender. Observe that the Markov partition Ry, ..., R; for A, and given by rectangles in
R™, provides a Markov partition RO, e Ry for A x D in R™ x R™ where R; = R; x D.

Let 9 be the disk that is covered by the union of ¢;(9). Let us also define Ry := U; R; X D.
Now, given a point z in R; we define W2* () as the connected component of W**(z) N R;

that contains z. Then, for any x € R and taking j such that x € Rj it follows that

(1) Wi (2) NUF(RyNR;) # @,

Moreover, observe that the Markov property implies that 9 C U;¢;(9D); it follows that if
W;j (z) intersects F(Rg N R;) then

) F—l(ng (£)NF(RyNR))NU;F(Ry N R,) # .

Conditions (1) and (2) are the covering property for the geometric model.

The well-distributed property is recasted in the following way: let zg, - - - , 2, be the set of a
unique fixed point of F'in each R;, if any open ball of diameter d and centered in R contains
some z;, where

d > max{r | Vz € Ry, 3, B,(z) C F(R; x D)}.
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3.1.4. Geometric model of a symbolic cs-blender is a cs-blender. — In this section we show
that the property that the unstable manifold of any point intersects any s-strip also holds
for any perturbation. It is natural to think that any small perturbation of a geometric model
of a symbolic es-blender is also a geometric model of a symbolic cs-blender, in particular,
that it is a skew-product locally constant over contracting IFS. But this is not generically
true. In fact, if (under a change of coordinates if necessary) we get a skew-product locally
constant over contracting IFS, it would follow that the laminations associated to the strong
stable and unstable subbundles are Lipschitz, which is generically false. So, to prove that
perturbations of a geometric model verify condition B-3 in Definition 3.2 we can not reduce
to skew-product locally constant. However, the proof of Proposition 2.5 is easily adapted to
the context of perturbations of the geometric model of a symbolic cs-blender, proving in this
way that they are cs-blenders.

The proof runs as follows: First, given G C'-close to F in a neighborhood of A x D, we
consider the set Bg which is the maximal invariant set of G in that neighborhood. Observe
that the covering and well-distributed property also holds for Bg. This is immediate from
the fact that G(Rg N R;) is C%-close to F(Ryp N R;) and W2 (2) is C'-close to W2° | ().
So, given z in R¢ we consider a s-strip S around Wlf{?(a:, G) (where i is such that z € R)

and we take S N G(R; N Ry), where j verifies that S N G(R,; N Ry) # @. Observe that
G 1(Sn G(Rj N Rg)) is again an s 4+ ss-embedded disk tangent to E*® @ E* that intersects
R and therefore we can choose new indexes 7, j as before; since the DG |_El ©E isexpanding,
in the same way that in Proposition 2.5 it follows that a backward orbit of a subdisk inside
S eventually intersects the local unstable manifold of some fixed point z; 5 (where z; is the
analytic continuation of some z;). Since all the fixed points are homoclinic connected for G,
we prove in that way that the unstable manifold of any fixed point intersects any s-strip. This

finishes the proof.

3.2. The cu-blenders

Using the inverse map, we can introduce the notions of cu-blender and symbolic
cu-blender, its geometric model and also the properties of covering and well distribu-
tion. In the same way we see that the geometric models of symbolic cu-blenders are in fact
cu-blenders. The details are left to the reader.

3.3. Double-blender

In this section we introduce the definition of double blender.
DEFINITION 3.9 (u-strip). — Let F be a diffeomorphism on the manifold M. Let B be an
open embedded ball with four cone-fields €°°, €°, €“, €“*, invariant under the derivative

DF defined in a compact neighborhood of $. A vertical strip (or u-strip) is an embedded
(u + uu)-dimensional disk in %, which contains the uu-leaves of each of its points.

DEFINITION 3.10 (double blender). — The pair (P, B) is a double blender for the diffeo-
morphism F if it satisfies the following features:

4¢ SERIE - TOME 45 — 2012 — N° 2



ROBUST TRANSITIVITY IN HAMILTONIAN DYNAMICS 217

B-1 P is a hyperbolic saddle periodic point of F' contained in B;
B-2 $isan open embedded ball on which there are four hyperbolic cone fields %%, G°,
" and & invariant under the derivative DF defined in a compact neighborhood
of B.
B-3 Any G sufficiently close to F' in the C! topology verifies the following:
1. any u-strip in B intersects some s-strip contained in the stable manifold of
P whose forward orbit is in %;
2. any s-strip in B intersects some u-strip contained in the unstable manifold of
P whose backward orbit is in 6.
Here Pg is the continuation of P.

The next lemma follows immediately from Definition 3.10 and the proof of Lemma 3.7.

LeMMA 3.11. — Let (P, B) be a double blender. Let B = (,cz G"(closure(B)) for G
close to F. Then it follows that Bg is a hyperbolic set such that for any s-strip S in B there is
x € Bg such that W (x) N B # &, where W _(x) denotes the local stable manifold of x.
A similar statement holds for any u-strip.

The following remark allows to recast the essential property of a blender.

REMARK 3.12. — Given a blender (p, B) and its maximal invariant set B, from Lemma
3.11 it follows that for any z € 3 holds:

- Wik(z) N Wi (B) # 2,

- Wige (@) N Wi (B) # 2.

Moreover, the same holds for any G close to F.

3.3.1. Symbolic double-blender. — Here we introduce an abstract model with the features of
symbolic cu-and cs-blenders, simultaneously. We call it a symbolic double-blender.

Let 2 be the space of all skew products of the form ® : k% x R” x R™ — k% x R® x R™
such that

D(z,y,2) = (7(2), P2 (y), ¥2(2)),

where 7 : k% — k” is the full shift with k& symbols; and for any z € k%, ¢, = ¢le€ -
is a contracting map on R™ with contraction bound larger than a fixed positive number,
and ¢, = leso @ is an expanding map on R™ with expansion bound smaller than a fixed
number.

Let us ix ® = (7,¢4,%,),® = (7, b, 1/396) in 2. We say that ® is close to ® if for any
z € k%, ¢, and its contraction bound are close to ¢, and its contraction bound, respectively,
and 1, and its expansion bound are close to 9, and its expansion bound, respectively.

For ® = (7, ¢z, ) in A, we set o5 = (7, d5), and gy = (7,%,).

DEerINITION 3.13. — Let U and V be open sets in R™ and R™, respectively. The set
B = k% x U x V is a symbolic double-blender of ® € 2 if kZ x U is a cs-blender of &, and
k% x V is a cu-blender of ®.,,.

A similar proposition to the one formulated for a symbolic cs-blender (Proposition 3.6)
can be formulated in the context of a symbolic double blender.
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PrOPOSITION 3.14. — Let ® € A be a locally constant skew product such that
O(z,y,2) = (T(2), Ozy (Y), Yu, (2)), where x = (..., x_1,20;T1,...) € kL. Assume that ¢;
and p; L i = 1,2,... k, are contracting maps. Suppose that the iterated function systems
G=91,...,0r) and G = ﬁ(d}l—l, .. ,1/1,;1) have covering and well-distributed properties
on Dy C R™ and Dy C R™, respectively. Then the set B = k% x Dy x Ds is a symbolic
double-blender of ®.

The proof is similar to the proof of Proposition 3.6 and it is left to the reader.

3.3.2. Geometric model of symbolic double-blender. — Using the skew product construction it
is easy to build a geometric model of a symbolic double-blender. The idea is the same exposed
in Section 3.1.1 where the geometric model of a symbolic c¢s-blender was considered. But
instead of considering a set of affine contracting maps we use a set of pairs of affine maps,
one contracting and one expanding. In a few words, we consider the skew product F' such that
F|g,xroxrr = f X ¢ x ¢¥, where for any i, ¢7 : R" — R™ is contracting and ¢} : R" — R"
is expanding.

The geometric idea behind this definition is the following. In the 3-dimensional cs-blenders
of [7], if one projects the cube and its pre-image along a stable direction, a figure like a Smale
horseshoe appears but the right and left rectangles overlap. With this in mind, consider a
4-dimensional horseshoe with the splitting of the form E*° & E° & E* & E"* where the
projection along E*° gives a figure like a 3-dimensional horseshoe such that its two wings
overlap and the same feature holds for the inverse map. Let F' be such a diffeomorphism on
the open set . Then, the maximal invariant set in 3B, i.e., A = (,, F™(B) is a cs-blender,
if we consider E°° @ E° as the stable direction, E* as the central unstable direction and
E"* as the strong unstable direction. Similarly A is a cu-blender if we consider E°° as the
strong stable direction, E* as the central stable direction and E* ¢ E“* as the unstable
direction. Therefore, A is a double-blender. Note that using the results in Section 3.1.1,
we may consider multi-dimensional central bundles, i.e., both of center stable and center
unstable bundles of arbitrary dimensions.

In a similar way as it was done in Section 3.1.2 the notion of covering and well distributed
properties, can be formulated for double-blenders.

3.3.3. Geometric model of a symbolic double-blender is a double-blender. — The proofis essen-
tially the same as the one provided for a e¢s-blender in Section 3.1.4 but working simultane-
ously along the center stable and center unstable directions.

3.4. Symplectic blender

DEFINITION 3.15. — A symplectic blender is a double-blender for a symplectic (or Hamil-
tonian) diffeomorphism.

Observe that if we want to consider geometric models of symplectic blenders as it was
done for the double-blenders, it is necessary to chose the pairs of contracting and expanding
affine maps, in such a way that a symplectic relation is satisfied. For instance, ¢} = (qﬁf)_l.

The following theorem introduces a construction which yields the existence of a symplec-
tic blender in the context of Theorem A.
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THEOREM 3.16. — Let M and N be two symplectic manifolds (not necessarily compact).
Letr = 1,2,...,00. Suppose that f; € Diff], (M) has a hyperbolic periodic point p with
transversal homoclinic intersections and fy € Diff|, (N) has a §-weak hyperbolic periodic point §
with § = §(f1, dim(N)) > 0 small enough.

Then, thereis a C" arc {F,} ,cj0,1) of C" symplectic diffeomorphisms on M x N such that,

1. FO = f1 X fg.

2. There is a neighborhood V of {F,} e (0,1) in Diff* (M x N) such that for any G € V, the
pair (Pg, B) is a double blender, where Pg is the continuation of hyperbolic Py = (p, )
and B is an embedded open disk in M x N.

Proof. — Let V. C M be a small open disk which contains p and a point of transversal
homoclinic intersection associated to p, such that for some k € N, A := (,,c, fF"(V) is an
invariant hyperbolic compact set of saddle type for fF. By choosing V suitable and & large
enough, we may suppose that ff | is conjugate to a shift of d + 1 symbols {0,1,...,d}.
Moreover, we can assume that the elements of Markov partition of A are contained in open
sets such that their closures are pairwise disjoint. Also observe that if k is large enough and
V is suitably chosen, then d = d(f1, k) can be taken arbitrarily large. Therefore if & is large
enough, by taking fF, and f¥ instead of f; and f,, we may assume that Py = (p, §) is a fixed
point of Fy = f1 x fo and A is fi-invariant and f; on A := ), ¢z f7(V) is conjugate to
the shift of symbols {0,1,...,d}. Moreover, we may assume that f is dominated by f1]a.
Indeed, we may replace fo by a map which is identity in the complement of U, where we
choose U € U small neighborhoods of the fixed point §, and in such a way that U is much
smaller than U.

For a (linear) contraction map of R”, (2n = dim(/V)) with contraction bound equal to
1/2, Proposition 2.3 gives a number [ as a required number of elements of the IFS to obtain
transitivity in some small disk.

Now we choose k large enough such that d > 21.

Once we substitute fo by f¥ it follows that m(Df*|g:) > (1 — §)*. Therefore,
§ = 6(f1,dim(IV)) is chosen close to zero in such a way that (1 — §)* > 1/2.

From now on, we assume that g of f5 is a §-weak hyperbolic fixed point of fo with§ < 1/2,
p € Aisahyperbolic fixed point of f;, and A is fi-invariant and it is conjugate to a shift with
d + 1 symbols as above.

We want to perturb Fy to construct a family F), such that each one has a symbolic double

blender as a sub-system, and we will show how this leads to the existence of a symplectic
blender.

Perturbations. — Let ¢ > 0 be small enough (it will be chosen later) and ¢ : [0,1] — [0, (]
be a smooth simple curve such that €(0) = 0.
Let us define Fy = f1 X fs.
For 11 € (0,1],
F, = 0*W o Fyo d=c),
where U? and ®* are the time ¢ maps of the Hamiltonians hy and ho, respectively, to be chosen
later.
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7 a

KRR
(XX

R % Supptha) .

Supp(h1)

[ ]
0 OD L0

ﬁi,* l1+1 21

F1GURE 2. Support of local perturbations projected to A. No perturbation is made
in white blocks.

In order to define the local perturbation, we first consider open sets ;; and pairwise
disjoint open sets &;; in a small neighborhood of A, such that,

(3) ﬁij NA= {(mi)iez | Ty =1, T1 = _]} and ﬁij S ,éij

where (x;);ez is the itinerary of a point in the Markov partition.
In addition, we set

d d
(4) ﬁi,* = U ﬁij and ﬁ*ﬂ' = U ﬁ”
j=0 i=0
If 4,4 c {0,1,...,d} then we set
(5) ﬁi,j = U ﬁij-
jed

Similar notations shall be used for @, ;, @, 4, ’éi,*, ’ié*,j and @ 9.4

Using the Darboux Theorem we select local coordinates in a neighborhood U of ¢ in N, of
the form (ay,...,an;b1,...,by,) such that on U the symplectic form is X7, da; A db;. These
coordinates will be useful to define our local perturbation.

Let U € U be a small neighborhood of ¢ such that f»(U) € U.
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Given a sufficiently small vector (u,v) = (ug,...,Un;v1,...,v,) € R*", let the Hamilto-
nian A, .y on N be a bump function such that h(, .,y (y) = 0ify € N'\ U and if y € U; then
h(u,v) is expressed in the local coordinates as (y = (a,b) € U) h(y)(a,b) :=a-v —b-u.

Note that the time ¢ map of the Hamiltonian flow of h, . in U is the translation

(a,b) — (a,b) + t(u,v).

We identify a neighborhood of zero in T, N and N in the local coordinates on U, and let
G = 0 in the local coordinates. So D f2(§) is very close to f, on the neighborhood U of ¢,
provided that U is small enough.

Let * = Df5(4)] ;- By the assumption, the contraction bound of ¢*is 1 — ¢ > 1/2.
Then, from Proposition 2.3 we get small vectors ¢y, ..., ¢ in E: CT4N such that the linear
maps g == ¢°, @] 1= p°+ec1,..., 9] = p°+c on B generate an iterated function system
which is transitive in some small disk D* C E} (satisfying the covering and well-distributed
properties).

We denote the vectors c; in the local coordinates by (u?,v?) € U. So we may define the
Hamiltonians h,: ,+) on N as above.

Now, we define the Hamiltonian perturbation hy : M x N — R, as a bump function such
that

hl(l‘,y) = h(uzmz)(y) ifx e ﬁi7*,’i =1,...,1

1
hi(z,y) =0if z ¢ | Gis.
i=1
Similarly, we get a family of contracting maps ¥ := Df;*(q)| Bx, P1 = 9" + cy,
) = p%4c on E7 that generate a transitive iterated function system in a small disk D*.
We denote the vectors ¢, in the local coordinates by (u’,v"") € U.
The Hamiltonian perturbation hy : M x N — R is a bump function such that

ilg(il?,y) = h(u/im/i)(y) ifx e ﬁ*,j,j =l+1,...,2],
2
ha(z,y) =0ifz ¢ | @
Jj=l+1

The symplectic blender. — Now we explain how this construction creates a symplectic
blender: First, observe that by the construction we get a geometric model of a symbolic
double-blender and therefore its perturbations can be treated like the perturbations of a
double-blender. Thus the proof reduces to the argument in Section 3.3.3. Since we preserve
a symplectic structure, the double-blender becomes a symplectic blender.

Moreover, we have the following proposition which is a consequence of the first part of
Proposition 2.5. The details of the proof are left to the reader.

PRrROPOSITION 3.17. — Under the hypotheses of Theorem 3.16 it is possible to create a
symplectic blender with the following additional property:
B-4  Any forward and backward iteration of a uu-leaf ( ss-leaf) intersecting Ax U, intersects
A x U in a uu-segment ( ss-segment, respectively ).
Consequently, the set of all points whose strong (un)stable manifolds intersect A x U, is an
invariant set.
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3.5. Blender inside partial hyperbolic sets

In the present section we give a series of lemmas about the role of blenders in obtaining
robust transitivity. Roughly speaking, Lemmas 3.20 and 3.21 state that the points in a par-
tially hyperbolic set connected to the blender through the strong leaves are contained in a
homoclinic class. These lemmas are essential in the proof of Theorem 4.1.

DEerINITION 3.18. — Given a (not necessarily compact) partially hyperbolic invariant
set A with splitting E** @ E° @ E<“® E"*, for any z € A we define the strong stable (unstable)
manifold of z with diameter L as the set

Wit () = fTEWise(f5(2))) - (WL (2) = FRWEL(F =5 (2)-

REMARK 3.19. — Recall that for a blender (p, B), it W;*™“*)(z) N W*(*)(B) # @ then
for any y sufficiently close to z it also holds that Wzs("“) (y) NW*)(B) # @, where B is the
maximal invariant set generated by 3.

LemMma 3.20. — Let A be a (not necessarily compact ) partially hyperbolic invariant set with
splitting E%° @ E°° @& E* @& E"". Assume that

1. there exists a symplectic blender (p, B), such that its maximal invariant hyperbolic set B
is contained in A and has unstable dimension equal to dim(E* & E"*);

2. there exists a non empty set R C A such that if © € R then there are infinitely many
forward and backward iterates of x in B.

Then, the homoclinic class of B contains the closure of R.

Proof. — Let us fix x € R. From the fact that there are infinitely many backward iterates
of z in B and from Remark 3.12, it follows that there is a sequence of points accumulating on
z that belong to the intersection of the unstable manifold of B with the strong stable manifold
of z. In the same way, and using now that there are infinitely many forward iterates of  in 33
it follows that there is a sequence of points accumulating on z that belong to the intersection
of the stable manifold of B with the strong unstable manifold of z. Using Remark 3.19 we
conclude that there is a sequence of points accumulating on « that belongs to the intersection
of the stable and unstable manifold of B. O

LemMA 3.21. — Let A be a (not necessarily compact ) partially hyperbolic invariant set with
splitting E°° & E°* & E°* @ E"". Assume that

1. there exists a symplectic blender (p, B), such that its maximal invariant hyperbolic set B
is contained in A and has unstable dimension equal to dim(E* @ E"*);
2. there exists a non empty set R C A contained in the recurrent set of f such that if x € R
then
(2.1) W*(2) "Wk (B) # 2,
(2.2) W (z)Nn W (B) # @.

Then, the homoclinic class of the B contains the closure of R.
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Proof. — If W* ()N WL .(B) # @, there is an L sufficiently large such that
Wis(x) N WE.(B) # ©. From Remark 3.19 and the fact that « is recurrent, it follows
that there is a sequence { f~"*(z)} such that W}*(f~"*(x)) N W*(B) # @ and therefore,
there is a sequence of points accumulating on z that belong to the intersection of the unsta-
ble manifold of B with the strong stable manifold of . Arguing in the same way, it follows
that there is a sequence of points accumulating on z that belong to the intersection of the
stable manifold of B with the strong unstable manifold of z. The lemma is now obtained as
in the proof of Lemma 3.20. O

4. Parametric version of Theorem A

In this section, we prove a parametric version of Theorem A in a more general context.
The proof of our main theorems is based on this theorem and its proof.

THEOREM 4.1. — Let M and N be two symplectic manifolds (not necessarily compact),
and1 <r < oco. Let f1 € Diff],(M) such that there exists an open set V.C M whose maximal
invariant set A is a nontrivial topologically mixing hyperbolic compact set. Let fy € Diff,,(N)
such that:

(@) f2isdominatedby f1|a, and fo has a 5-weak hyperbolic periodic point for some positive
0 = 6(f1,dim(N)) close to zero.
(b) For any fo sufficiently C" close to fa, Q(f2) = N.

Then there is a C" arc {F,},cp0,1] of C" symplectic diffeomorphisms on M x N, such that
Fy = f1 X fa, and there exists a periodic orbit P such that for all . € (0, 1] the following hold,

1. P is periodic for F,,, H(P; F,) (Nnez Fjt(V x N) = A x N and it is robustly strictly
topologically mixing (See Definition 1.8).

2. If G is close to F),, the set T'q := H(Pg;G)(\nez G"(V x N) is robustly strictly
topologically mixing.

3. For any compact neighborhood N, C N the map G € U — Te((V x N,) defines a
continuation of A x N, for some neighborhood U of F,,.

REMARK 4.2. — We want to highlight that in Theorem 4.1 it is not assumed that the
manifolds M and N are compact. However the hypotheses of Theorem 4.1 are contained
in the hypotheses of Theorems A, B, C and D. In particular, observe that in Theorem 4.1
we assume that for any f, sufficiently C” close to fs it holds that Q(f;) = N, which is
immediately satisfied whenever either M is compact or has finite volume.

REMARK 4.3. — First observe that for any diffeomorphism F),, with ¢ > 0, it holds
that the whole set A x N is transitive. In this sense, those maps satisfy a stronger property
than the ones in the thesis of Theorem A. In fact, the ones in the thesis of Theorem A
are obtained as perturbations of the family map {F),},¢(o,1)- Also observe, that the non-
wandering hypothesis (b) is obviously satisfied if the manifold IV is compact or has a finite
volume.
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Before giving the proof of Theorem 4.1 we need some results stated in Section 4.1, about
the persistence of normally hyperbolic laminations. This gives us the right framework to
obtain the continuation of the set in the thesis of Theorem 4.1. The proof of Theorem 4.1
is postponed to Section 4.2.

4.1. Persistence of normally hyperbolic laminations

Now, we recall a technical version of the main results of Hirsch-Pugh-Shub [19] on per-
sistence of normally hyperbolic laminations, extended to the non-compact embedded case.
As we said before, the result provides the existence and precise characterization of the con-
tinuation of a partially hyperbolic set (for the definition of continuation used in the present
context, see Section 4.4).

DEFINITION 4.4 (strong continuation). — An invariant set X C M of f has strong con-
tinuation in 9", if there exist an open neighborhood % of f in 9", and a continuous map
@ : U — P(M) such that, ®(f) = X, and for any g € %, the set (g) C M is homeomor-
phic to X and invariant for g. Then, ®(g) is called the strong continuation of X for g. Here,
P(M) is the space of all subsets of M with the Hausdorff topology.

Compare this definition with Definition 1.3. In the present one, it is required that ®(g) is
homeomorphic to X.

THEOREM 4.5 (HPS). — Let M and N be two boundaryless manifolds (not necessarily
compact). Let 1 < r < oo and let f1 € Diff],(M) such that there exists an open set V.C M
whose maximal invariant set A is a nontrivial topologically mixing hyperbolic compact set. Let
f2 € Diff"(N) be dominated by fi|p. Then the invariant set A x N of Fy = f1 X fo has a
unique strong continuation for any small perturbation of Fy in Diff" (M x N).

More precisely, the following hold,

H-1 There is a neighborhood % C Diff'(M x N) of F such that every G € % has a
(locally maximal) invariant I'¢ homeomorphic to A x N and is a continuation of
Tg,.

H-2 There is a G-invariant lamination on I'¢ by manifolds diffeomorphic to N. So G
induces a homeomorphism G on the quotient of I'¢; such that G is conjugate to f; [A-

H-3 From previous item, G restricted to I'¢ is conjugate to a skew product
G*: (z,w) — (f1(z), g.(w)) on A x N, which depends continuously on G.

This result, in a more general setting, is proved in [19] in the compact case. However, as
remarked there, the compactness is used only to obtain uniform estimates on the functions
involved in the proof (i.e. the rate of contraction and expansion) and the results carry over
as long as such uniform estimates hold. This is the case in our context since we consider the
uniform C” topology. See [11], [15, Appendix B] and [13, Appendix A] in which a similar
situation is treated.
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4.2. Proof of Theorem 4.1

The main idea of the proof'is to find perturbations of Fy = f1 X f3 so that the following
hold:

(1) the existence of a symplectic blender,

(i) the “minimality” of (strong) stable and unstable foliations in the partially hyperbolic
set A x N.

These properties imply the transitivity (or even topological mixing) of the set A x N in a
robust fashion. Following this approach, the proof is constructive and it is divided into four
parts. First, in Section 4.2.1 we introduce the perturbations which are similar to the ones
used in the construction of the family F), in the proof of Theorem 3.16. The perturbations
are done using the result stated in Section 4. 1. Then in the following subsections we prove that
the perturbed systems satisfy the desired properties. In Section 4.2.2, applying Theorem 3.16
we show the existence of a symplectic blender. Then in Section 4.2.3 we use the results of
iterated function systems of recurrent diffeomorphisms (see Section 2.2) to prove that the
strong stable and unstable manifolds of almost all points in the central manifold intersect
the constructed blender. In Section 4.2.4, using the lemmas in Section 3.5, we show that this
property is robust under small perturbations.

Proof of Theorem 4.1. — Let p be a hyperbolic periodic point of f; with transversal homo-
clinic intersection, and ¢ be a d-weak hyperbolic periodic point of fo. Let Py = (p, §). Let
V' C M be a small open disk which contains p and a transversal homoclinic point associated
to it, such that for some k € N, Ag := (,,ez fF" (V) is an invariant hyperbolic compact set of
saddle type for fF. By choosing V suitable and k large enough, we may suppose that fF |4,
is conjugate to a shift of d + 1 symbols {0, 1,...,d}. Moreover, we can assume that the ele-
ments of the Markov partition of Ag are contained in open sets such that their closures are
pairwise disjoint. If k is large then d can be taken large. If k is large enough, by taking fF,
and f¥ instead of f; and f,, we may assume that Py = (p, §) is a fixed point of Fy = f; x fo
and Ag C A are f;-invariant. Moreover on Ag := (,ez f1'(V), f1 is conjugate to the shift
of symbols {0,1,...,d}.

As in the proof of Theorem 3.16 recall that for a (linear) contraction map of R™
(2n = dim(V)), with contraction bound equal to 1/2, Proposition 2.3 gives a number [
as the required number of elements of the IFS needed to obtain transitivity in some small
disk.

We choose k large enough so that d > 21 + 4 (observe that the number d here is larger
than the one in Theorem 3.16).

Again, as in the proof of Theorem 3.16, once we substitute fo by f¥ it follows that
m(Df*|gs) > (1 —6)*. Therefore, the constant § = §( f1,dim(V)) is chosen close to zero in
such a way that (1 — 6)* > 1/2.

From now on, we assume that ¢ is a §-weak hyperbolic fixed point of fo with § < 1/2,
p € A is a hyperbolic fixed point of f;, and Ag is fi-invariant and it is conjugate to a shift
with d + 1 symbols as above.

In what follows, we are going to focus on the set Ag x N.
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4.2.1. The perturbations. — Let ¢ > 0 be small enough (it will be chosen later) and
€:[0,1] — [0,¢] such thate : x — z/C.
For p € [0,1],
F,:= V) o Fy o @51
where Ut and ®¢ are the time ¢t maps of the Hamiltonians h; and hy, respectively, to be chosen
later. It is clear that Fy = f; X fo.

As in Theorem 3.16 using the Darboux Theorem we select local coordinates in a neigh-
borhood U of § in N, of the form (a1,...,an;b1,...,by,) such that on U the symplectic form
is 37 da; A db;. This coordinates will be useful to define our local perturbation.

Let U € U be a small neighborhood of § such that f,(U) € U.

As in the proof of Theorem 3.16, we set

d
ﬁi’* = U ﬁij and ﬁle = U ﬁij
Jj=0 ied

where / C {0,1,...,d}. Similar notations shall be used for @, ;, @, ;, Gy, ,ﬁi,*, ,ﬁ*,j and
Gy y.

Now, we separate the support of perturbations in two groups:

1. one composed by &; .,i=1,...,l,and &, j,j =1+1,...,2[;

2. the other composed by @, , U @, , ,where J, = {0,2l + 1,2l + 2} and

o =10,20+ 3,2 + 4}.

In the first group of sets, the same perturbations done in the proof of Theorem 3.16 are
performed along the center direction. This shall provide us with a blender (see Section 4.2.2).
In the second ones, other perturbations (explained below) are introduced such that they
provide the minimality of the unstable and stable foliations (see Section 4.2.3).

So, using the same definitions as those given in the proof of Theorem 3.16 we define the
Hamiltonian perturbation b, : M x N — R, as a bump function such that

fNLl(x,y) = h(ui7vi)(y) ifx € ﬁi7*,i =1,...,1,

1
hi(z,y) =0if z ¢ U G .

i=1
Similarly, the Hamiltonian perturbation hs : M x N — R is a bump function such that
ilg(l‘,y) = h(u/i7v/i)(y) ifx e ﬁ*’j,j =l+1,...,2,

21

ho(z,y) =0if z ¢ U é*j

j=l+1
Now we explain the perturbation performed in the set

by 4 VG, 5 (I, =10,20+1,21+2}, J, ={0,20 + 3,20 + 4}).

Let k1 and hs be two integrable Hamiltonians on N, close to the identity, such that the
time one maps of their corresponding Hamiltonian flows satisfy the properties (1) and (2) in
Lemma 2.7.
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We define the Hamiltonian A5 : M x N — R as a bump function such that
ha(z,y) = hi(y) if © € Goirj, § € {0,201+ 1,20 + 2},
hs(z,y) = ha(y) if © € Garpaj,5 € {0,20 + 1,21 + 2},
hy=0ifz ¢ G i€ {2+1,20+2},j€{0,20+1,20 +2}.
Similarly, we define the Hamiltonian ks : M x N — R as a bump function such that
ha(z,y) = —hl(y) ifx € U os, i €40,20 + 3,20 + 4},
ha(z,y) = —ho(y) if & € G o114, i € {0,210 + 3,21 + 4},
ha=0ifx ¢ G, i€{0,20+3,20+4},j € {21+ 3,21 + 4}.

Observe that the support of these Hamiltonians are disjoint from the supports of k1 and
hy. Now we are able to define the Hamiltonians k1 and hy. Let € > 0 be small enough; we
set

hy = hy + €hs,

hy = f~z2 + d~L4.
In the next two sections, we show how the above perturbation maps exhibit symplectic
blenders and “almost” minimality of the strong foliations.

4.2.2. The symplectic blender. — We may repeat the proof of Theorem 3.16 for the family F),
constructed in Section 4.2.1 to obtain a symplectic blender 4. In addition, Proposition 3.17
also holds for this family.

4.2.3. Almost minimality of stable and unstable foliations. — In this section it is shown that
the strong stable and unstable manifolds of an open and dense set of points in the central
manifold N, := {p} x N intersect the constructed blender. From that, we obtain the existence
of an open and dense set of points in A x N such that their strong (stable and unstable)
manifolds are connected to the blender. We refer to this property by the almost minimality
of the strong stable and strong unstable foliations.

PROPOSITION 4.6. — Let us fix p > 0. Then there is an open and dense set X, C N
such that for every q € R, and for any n € Z it follows that W**(F}(p,q)) N B # @ and
W (F(p.q) N B# .

Proof. — The key elements in the proof are the symbolic dynamics, the results of Sec-
tion 2.2 and Proposition 3.17.

Here again we consider restriction of f; to Ag. For any p = (pi)icz € Ao = {0,1,2,

.,d}?, the local and global unstable manifolds of p for f; are

Wite(P s fila,) = {(z:) | Vn < 0,z = pi},
W (p; fila,) = {(zi) | 3no € Z,¥n < ng, z; = p;}.
So, the local and global strong unstable manifolds of (p, ¢) for F), are
Wige (P, @ Fulr) = Wige(p; f1la,) x {q} = {(wi) | Vn < 0,2; = pi} x {q},
W (p,q; Fulr) = | F (Wt (F, ™ (p, 9); Fulr))-

n>0
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FI1GURE 3. Support of local perturbations projected to Ag. The blocks with the
same color are in the support of the same Hamiltonians. No perturbation is made
in white blocks.

Let ) = fo, To = ¢1 o fo and T3 = ¢ o fo, where ¢ and ¢, are the time ¢ = ¢(u) maps
of the Hamiltonian flows of eh; and eho, respectively. Then the proof of Theorem 2.13 yields
the transitivity of the IFS (T4, Tz, T3).

Let ¢ € Rec(f2) C N such that there is a finite sequence (¢;)?_; (0; € {1,2,3}) and
Ta'n o To'n_l o---0 le (q) € Tl_z(D)

We denote the set of all such points by R,,.
Now, we consider

Wis. (D) IFS arbitrary

—_—N— — —_——
z=(x;)=(...,0,0,0; @1,02,...,0n0,0,0,Zp,+3,-..),
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where fori =1,2,...,ng,
0, ifo; =1;
a;=42l+1, ifo; =2;
20+ 2, ifo; =3.

The elements of the sequence (x;) are chosen in such a way that f1"°+1(x) € Yo,
xz € WE.(D, fila,), and so (z,q) € W"¥(p, ¢; F,|r). Moreover, the choice of a1, as, . .., an,
permits us to realize the IFS §(T1,T5,T3).

We now take the iterations of the point (z, ¢) under F),. Since F), restricted to &,, 4 x N
7, ={0,2l + 1,2l + 2}) is equal to f; x T,,, inductively we have:

(fi(2), Ty, 0 Ty,_, 0+~ 0Ty, (q)) = Fp(x,q) € W (F},(P,q); Fp)-
In particular, for i = ng + 1, F}?**'(z, q) € 8. So,
W (Fpt(p,q); F) N B# @.
Now we apply Proposition 3.17 which implies that for all n € Z,
WY (F (P, q); Fu) N B # 2.

Let R, be the set of all points ¢ € N such that the above intersection holds. Observe that we
just proved that R, C ®,,. The set R, is open, because % is open and the strong stable and
unstable manifolds depend continuously on the points. This completes the proof. O

REMARK 4.7. — Observe that the set R, has total Lebesgue measure. This follows from
the results proved in Section 2.2.

COROLLARY 4.8. — Let yu > 0. Then there is an open and dense set &3,1 C A x N such
that for every x € R, and for any n € Z it follows that W**(F/(x)) N B # @ and
Wes(Ep(x)) N B # 2.

Proof. — First observe that Theorem 4.5 and the minimality of the stable and unstable
foliations in the hyperbolic set A imply that W**({p} x N; F,) and W**({p} x N;F},) are
dense in A x N. On the other hand, the strong unstable foliations (with leaves W**(p, ¢; F},))
inside W**({p} x N;F,) are continuous. Moreover, it follows from Proposition 4.6 that a
dense open subset of uu-leaves in W**({p} x N; F,,) intersects 6. The same statements hold
for the strong stable foliation.

Now, the density of W**({p} x N;F},) and W**({p} x N;F,)in A x N and Proposi-
tion 3.17 imply the corollary. O

Observe that Corollary 4.8 and Lemma 3.20 imply that H(P; F,,) (,ez Fj/(V x N) = A x N,
for any > 0. So it remains to show that the set H(P; F,) N,z F,;(V x N) is robustly
topologically mixing.
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4.2.4. Robustness of H(P; F,) Npez Fji (V x N). — By the definition, we have to construct
an increasing sequence of compact invariant robust transitive sets, such that its union gives
A x N. For any positive integer L large enough, we consider the set @”, L given by the
points in % such that for any iterate, it holds that the strong stable and strong unstable
manifolds of diameter L are connected to the blender. Let us denote this set by I'r, 1. It
follows immediately that the set is compact invariant and is contained in the homoclinic class
of p. By the definition it also holds that | J; o LA%H, L= %. Tn the same way, and following the
details of the proof of Lemma 3.21 it holds that | J,»o I'r, .z = H(P; F.,) Npez Fir (V X N).
To show that I'r, 1, is robustly transitive for any L, observe that for any G nearby to F),
it holds that I'¢ 1, defined as the set of trajectories with strong stable and strong unstable
manifolds of diameter L connected to the continuation of the blender for G, is in fact a
continuation of I'r,, 1.

4.2.5. Continuation of compact parts. — Following the argument described in the previous
subsection, to conclude the last item of Theorem 4.1 it is enough to show that for any
compact subset X C R, there exists L > 0 such that any point in X is connected to the
blender through the strong (stable and unstable) manifolds with diameter less than L. In fact,
the invariant compact parts are given by I', 1, .z Fi (V X N).

The proof of Theorem 4.1 is completed. O

5. Proof of main theorems

5.1. Proof of Theorem A

Here we complete the proof of Theorem A.

Proof of Theorem A. — Observe that if F' = f; x f5 satisfies the hypothesis of Theorem A
then it satisfies the hypothesis of Theorem 4.1. So, from Theorem 4.1 there exists a family
F,,u > 0such that Fy = f; x f,. Moreover, for any p > 0, there exists a neighborhood %,
of F,, such that any G € %, satisfies the (1)-(3) of Theorem 4.1 and so (2) of Theorem A.
Let % = J,>0 Uy Then % verifies (1) and any G' € % verifies (2). The proof of Theorem A
is completed. O

5.2. Theorem B: Robust transitivity in nearly integrable diffeomorphisms

The proofis similar to the proof of Theorem A. However, using strongly the fact that the
map f5 is integrable, it is obtained that no exceptional set appears. More precisely, the stronger
conclusion follows from applying Theorem 2.11 instead of Theorem 2.13.

Proof of Theorem B. — By the assumption, f; satisfies the H.S. hypothesis. So there exists
aneighborhood V' C M such that its maximal invariant set A is a transitive hyperbolic basic
set. Let f5 be an integrable diffeomorphism sufficiently close to f» with a §-weak hyperbolic
saddle point (with small § > 0). Then, the diffeomorphisms f;, f> satisfy the hypothesis of
Theorem 4.1. Here observe that we are assuming that f, is integrable.

So, in order to prove Theorem B we adapt the proof of Theorem 4.1 (and Theorem A).
In fact, we do repeat the proof of Theorem 4.1 word by word, except in a few points to get a
slightly stronger conclusion. In the following we point out where the proof of Theorem 4.1
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needs changes. Beyond that part, the rest of the proof of Theorem 4.1 is repeated without
any change.

First, we choose an iterate k large enough such that fF|A is conjugate to a shift with
d symbols and d > 2 + 2dim(N) + 2.

Second, in the definition of perturbations (cf. Section 4.2.1), we modify the second group
of perturbations in order to apply Theorem 2.11 instead of Theorem 2.13 in the proof of
Proposition 4.6.

Since Ty := fs is integrable, it follows from Theorem 2.11 that there are T4, ..., T,
m = dim(N) + 1, arbltrarlly close to f5 such that the IFS ﬁ(To, T1, ..., T),) is minimal.
Similarly, we define 7%, ..., 7}, such that the IFS g(T5t 17, ., T is minimal.

Weset J, = {0,2l+1,2l—|—2,...,21+m} and 4, = {0,2l+m+1,...,2l+2m}.

Then, we define the perturbation performed in the set & 4.4, Y 7/ 4,4, such that F,
restricted on @y, ; g, X Nisequal to f; x T}, for any j € {1,...,m}; and F,, restricted
on iQQH,nHJl x N isequal to f1 X Tj, forany j € {1,...,m}.

Now, by adapting the proof of Proposition 4.6 we apply the minimality of the IFS
Y(Ty, T, . .., Ty,) to prove the slightly stronger conclusion that £, = N. Consequently, in
Corollary 4.8 we obtain &3 = A x N which is a compact set. On the other hand, the sets
% L are open in % From (Jy+g RH L= = %and compactness, it follows that for some large
Lo >0, R, = R, = A x N. Therefore, Tk, L, = H(P;F,) ez FiH(V x N). Thus,
for any G close to F,, the strong continuation I'¢ = I'g, 1, is well defined and topologically
mixing (from Theorem 4.1), and it is homeomorphic to T

In other words, we obtain the family of diffeomorphisms F), that Fy = f; x fg, and for
> O0thesetI' = A x N is robustly topologically mixing. This implies that there is a
neighborhood %, of the arc {F,|p > 0} such that forany G € ‘Mﬁ the (strong) continuation
I'¢ of T is robustly topologically mixing and is a relative homoclinic class. It is clear that the
projection of I'¢ to N is onto (it is homeomorphic to A x N). Now let

U= U Us,,
f2
where the union is taken over all integrable diffeomorphisms f sufficiently close to f» and
with a saddle periodic point.
It is clear from definition that f; X f5 is in the closure of %, and for any F' € %, there
exists a robustly topologically mixing set homeomorphic to the set A x N. So its projection
to N is surjective. This completes the proof. O

5.3. Theorem C: Instabilities in nearly integrable Hamiltonians.

To prove Theorem C, we use the fact that the time one map of H satisfies the hypotheses
of Theorem A.

Proof of Theorem C. — Let M = D™ x T™ and N = D" x T".

First we perturb the Hamiltonian hA; on M to obtain a transversal homoclinic intersec-
tion. Since h; satisfies the A.H. condition, then there is a small perturbation hy of hy such
that the time one map f; of its Hamiltonian flow has a nontrivial transitive hyperbolic invari-
ant set.
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Note that the time one map of the Hamiltonian flow of hs is dominated by the restriction
of f; to its hyperbolic basic set.

Then, we take another small integrable perturbation ks of the integrable Hamiltonian ko
on N to create a §-weak hyperbolic periodic point, for § > 0 small enough.

Note that since the perturbations done in the proof of Theorem 4.1, A and B are per-
formed by Hamiltonian diffeomorphism and by symplectic changes of coordinates, those
theorems and proofs can easily be adapted for Hamiltonians.

Now we repeat the proof of Theorem A with the same changes we made in the proof of
Theorem B. Note that here the manifold N is not compact so we obtain robust transitivity on

(strong) continuation of any compact subset of I". This completes the proof of Theorem C.
O

5.4. Theorem D: Slow-fast systems
Before giving the proof of Theorem D, let us recall a result due to Zehnder and Newhouse.

5.4.1. Theorem of Zehnder and Newhouse. — Recall that a periodic point p of f of period n
is called quasi-elliptic if T, f™ has a non-real eigenvalue of norm one, and all eigenvalues of
norm one are non-real. Indeed, C" generically every periodic point is either hyperbolic or
quasi-elliptic (cf. [34], [31]). Note also that if f is Anosov, then robustly there is no quasi-
elliptic periodic point.

THEOREM 5.1 ([38, 31]). — There is a residual set R C Diff], (M), 1 < r < oo, such that if
f € R, then any quasi-elliptic periodic point of f is a limit of transversal homoclinic points of f.

Moreover, C" generically, any elliptic point is the limit of a sequence of hyperbolic orbits
{pn} such that p,, is a é,-weak hyperbolic point where §,, — 0 as n — oo (cf. [31] and [6]).
Thus, C™ generically, existence of an elliptic periodic point implies the existence of a §-weak
hyperbolic periodic point with arbitrarily small 6 > 0.

Proof of Theorem D. — In order to prove Theorem D, it is enough to show that for a
sufficiently small ¢ > 0, H. is approximated by a sum of two Hamiltonians whose time one
maps satisfy the hypotheses of Theorem A.

By assumption, h; satisfies the H.S. condition. So, the time one map f; of its Hamiltonian
flow has a hyperbolic basic set A. Then, there exists e > 0 such that for any € € (0, &), the
time one map of the Hamiltonian flow of ehy, which we denote by fs, is dominated by f1]a.
Since, the domination is an open property, the same holds for any small perturbation of h.

By assumption, the time one map of ho has an elliptic periodic point, and so does time
one map of any small perturbation of hy. On the other hand, it follows from Section 5.4.1
that the time one map of the Hamiltonian flow of any generic perturbation hs of hy, has an
elliptic periodic point which is the limit of a sequence of §-weak hyperbolic periodic points
for arbitrarily small 6 > 0.

Now, we choose ¢ = 1/k, where k € NN (1/eg,00). Then, f2, the time one map of the
Hamiltonian flow of hs, has an elliptic periodic point which is the limit of a sequence of
d-weak hyperbolic periodic points, for arbitrarily small 6 > 0.
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Therefore, f; and f, satisfy the hypothesis of Theorem 4.1. Thus, there exists a smooth arc
of Hamiltonians beginning on hy + ehs such that the corresponding time one maps verify
the conclusion of Theorem 4.1.

Let # be the union of all such smooth arcs as hy tends to hy. Clearly, H. belongs to the
C closure of .

To finish the proof, we will show that for any o > 0, there is an open neighborhood ¥ of
J¢ that verifies (1) and (2) in thesis of the theorem.

Let H € #, then its corresponding time one map verifies all the properties of some F), in
the proof of Theorem 4.1. Therefore, it is enough to show that the continuation of the set I"
(in the proof of Theorem 4.1) satisfies (1), whenever the neighborhood ¥/ is sufficiently small.
This is a direct consequence of the following:

Let R, 1 be the set of points in &, such that their strong stable and unstable manifolds
of diameter L are connected to the blender. Then, the same holds for the continuation of this
set for any nearby system.

Using Remark 4.7, the set R, = Ur~o Ru,z = UrsoL'F,,2 N ({$} x N) is not open and
dense but has total Lebesgue measure in {p} x N. So, for L > 0 large enough, vol(R,, 1) >
vol(N) — a/3.

In addition, the normally hyperbolic manifold {$} x N and its continuations are C" close.
Consequently, the volume of continuation of ®,, 1, is close to vol(®,, 1,). So its projection to
N has volume > vol(N) — a.

Now, let T be the continuation of I'r, 1. So it is robustly topologically mixing and
contains the continuation of £, , C T F, .- Therefore, the projection of T on N has volume
> vol(N) — «. This completes the proof of Theorem D. O

5.5. Corollary E: Existence of ergodic measures

Proof of Corollary E. — In the proof of Theorem 4.1 we prove that the large transitive
set I'¢ is in fact contained in the homoclinic class of some hyperbolic periodic point. In
[1, Theorem 3.1] it is proved that any homoclinic class coincides with the support of some
ergodic measure (with zero entropy). Consequently, the set ' is contained in the support of
some ergodic measure. O

It seems interesting that the support of ergodic measures varies (lower-semi) continuously
in Hausdorff topology as the diffeomorphisms vary in C” topology. This phenomenon sug-
gests a notion of “stable ergodicity”, weaker that the usual one (see also Section 6.3).

5.6. Dichotomy: wandering and instability versus recurrence and transitivity

In this section we are discussing the following dichotomy: Suppose that the assumption
(b) in Theorem 4.1 fails. Then, either there exist large robustly transitive sets as in Theorem 4. ]
or there exist wandering orbits converging to infinity.

Before proving it, we need to state some lemmas.

LEMMA 5.2. — There is a residual subset R of int(Q(f)) such that any point in R is a
(positively and negatively ) recurrent point.
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Proof. — Let®B = {U, : i € N} be a countable topological base in int((f)). For every
i € N, there is n; € N such that f*(U;) NU; = @. Letz; € V; := f~™(U;) N U;. Since
B, = {U; : 1 > k} is also a topological base, the set {z;}5° . is dense in int(Q2(f)). So
U2, Vi is an open and dense subset of int(Q(f)). Then, R := N3, U2, Vi is residual.
We claim that #7 C Rec™t (f)- Since B is a topological base, for any e > 0 there is a k. such
that, if ¢ > k. then diam(U;) < e. Now, for any = € R and fori > ke, x € V;. So there
is n; € N such that, d(f™(z),z) < diam(U;) < e. Since € > 0 was arbitrary, this implies
that z is a positively recurrent point. We could do it for f~! to obtain a residual subset X~
of negatively recurrent points. Any point in the residual set £ = ™ N R is positively and
negatively recurrent. O

REMARK 5.3. — It follows from this lemma that if the non-wandering set of a diffeomor-
phism has (large) non-empty interior, as in the case of Theorem 2.13, there is an iterated func-
tion system of its nearby systems exhibiting transitivity in the interior of the non-wandering
set.

We say that a point = converges to infinity if for any compact set U there is a number ng
such that for any n > ng, f*(z) ¢ U.

The following lemma is a corollary of a variation of Poincaré Recurrence Theorem for
unbounded measures (due to Hopf, cf. [26]) which yields that for conservative homeomor-
phisms on manifolds with unbounded measure, almost all points either are recurrent or con-
verge to infinity.

LEMMA 5.4. — Let f be a conservative homeomorphism on a non-compact manifold with
unbounded volume. Then almost all points in Q( f )G converge to infinity, in the future and also
past iterations.

Proof of the dichotomy. — It follows from Lemma 5.4 that almost all points in N \ Q(f2)
converge to infinity (for future and past iterations). Assume that Q(f2) = N, but for some
fg close to fo, Q(fg) C N.

We show that the same statement about transitivity and topologically mixing as the one in
Theorem 4.1 (or Theorem A) holds in the interior of Q(G) for any G close to the constructed
family F),. Indeed, we use the hypothesis ©( fz) = N only in the last step of the proof of
Theorem 4.1, where we apply Lemma 3.21 which requires recurrence.

So we may repeat the proof of Theorem 4.1 to construct the family F,. Let us fix
L > 0 large enough and define I', 1, as in Section 4.2.4. For a G close to F),, we may apply
Theorem 4.5, and so I'g, the continuation of A x N, is well defined. As in Section 4.2.4,
let I'¢ 1, be the set defined by the set of trajectories with strong stable and strong unstable
manifolds of diameter L connected to the blender. By the continuity of the strong stable and
unstable foliations we see that I'g, 1, is close to I'r, 1, in the Hausdorff topology.

Let T';, be the interior of Tz, N Q(G) in T¢. We show that T';, is (robustly) topologically
mixing.

If T, = Tq 1, then we may apply Lemma 5.2 for G restricted to the continuation of
{p} x N, and the proof of Theorem 4.1 without any change can be repeated, obtaining
therefore the transitivity (and topological mixing) of I'¢.
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Otherwise, assume that I'y, C I'g, 1. Now, recall that the periodic center fibers are dense in
I'¢;. For any periodic fiber N, of period j in T'g;, almost all points in the interior of Q(GJ |5.)
in N, are recurrent. So T'q 1, (int(Q(G7| &,)) 1s contained in the homoclinic class of the
periodic point Pg. This implies that I';, is contained in the homoclinic class of the periodic
point Pg and so it is topologically mixing. This means in particular that topologically mixing
property holds in the interior of non-wandering set of G.

In fact, we have proved a stronger statement: it holds in the interior of Q(G) in I'. On
the other hand, almost all points in the complement of these sets converge to infinity. This
completes the proof of the dichotomy. O

6. Some remarks and open problems

Several natural questions arise from the main results of this paper. Here we just mention
a few of them.

6.1. Are hypotheses of Theorem A optimal?

As we mentioned after the statement of Theorem A we wonder if its hypotheses are
optimal. These speculations are based upon several results proved in the C'* topology:

1. Tt has been shown that any robustly transitive invariant sets of symplectic diffeomor-
phisms on compact manifolds are partially hyperbolic [9, 16, 20, 35]. This means that,
the hypothesis (b) is not avoidable to obtain robustness of transitivity (see also Sec-
tion 6.2).

2. It has been conjectured that any symplectic diffeomorphism is C" approximated either
by an Anosov or by a diffeomorphism with a quasi-elliptic periodic point. The case
r = 1 has been proved by Newhouse [31]. On the other hand, from Theorem 5.1 it
follows that any diffeomorphism having a quasi-elliptic periodic point is C” approx-
imated by one exhibiting a transversal homoclinic point. Consequently, a C' generic
diffeomorphism f; satisfies the hypothesis (a). Moreover, if dim(N) = 2, a generic dif-
feomorphism f5 either satisfies the hypothesis (c) or is an Anosov system and so the
conclusions of Theorem A follow. This means that, up to the mentioned conjecture,
for generic systems the only essential assumption in Theorem A is the hypothesis (b).

6.2. Transitivity and partial hyperbolicity

The first question concerns the genericity of robustly mixing partially hyperbolic sets.
Theorem A suggests that the answer of the following problem would be positive.

PROBLEM 6.1. — Does there exist a residual set R C Diff, (M), 1 < r < oo, such that if
f € R, then any normally hyperbolic invariant submanifold N for f with transversal intersection
between its stable and unstable manifolds is topologically mixing, provided that N C int(Q(f))?

As in the case of C'* topology (see [16], [9] and [20]), we believe that the partial hyperbol-
icity condition is necessary for C” robustness of mixing.

PROBLEM 6.2. — Let (M,w) be a symplectic manifold. Suppose that T" is a robustly topo-
logically mixing invariant set for f in Diff,(M). Is it a partially hyperbolic set?
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The previous problem is also related to the C” stability conjecture which is still open for
r> 2.

6.3. Ergodicity and stable ergodicity

In the context of Theorem A, it follows that for any symplectic diffeomorphism G close
to f1 x fo, there is a natural invariant measure p supported on the continuation of A x N,
which has the form of skew product of the volume on the central fibers over the Bernoulli
measure on shift. So, one may ask about the ergodicity of this measure:

PROBLEM 6.3. — Is it possible to approximate the product f x fs of Theorem A in the C*°
topology by a symplectic diffeomorphism G for which the invariant measure p, supported on
the continuation of A x N is ergodic or stably ergodic?

In most works about stable ergodicity, a main step is proving (stable) accessibility (cf. [32],
[11]). Accessibility, roughly speaking, means that any pair of points of a partially hyperbolic
set are joined by a piecewise smooth arc that locally lies in the stable or unstable manifolds
of its points. The “global” partial hyperbolicity is a fundamental assumption in all results
involving “stable” accessibility. So, Problem 6.3 asks for new methods. More generally, it
highlights the need of a theory for non-global stable ergodicity.

6.4. Iterated function systems
Motivated by results in Section 2.2, it is possible to formulate a series of problems for

generic IFS.

PROBLEM 6.4. — Is the iterated function system of any C"-generic pair of symplectic
diffeomorphisms robustly transitive (or topologically mixing, robustly topologically mixing,
minimal)?

Some progress on this problem has been done very recently in [24] for the case of surface
diffeomorphisms.

PROBLEM 6.5. — Is the iterated function system of any C"-generic pair of conservative or
symplectic diffeomorphisms ergodic (or stably ergodic, mixing, etc.)?

Results in this direction would be very helpful to study the dynamics of certain partially
hyperbolic sets.
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6.5. Other contexts

We believe that the methods developed here could be applied in other contexts, somehow
with mechanical meanings. We list a few ones.

Analytic symplectic and Hamiltonian systems. The perturbations involved in the present
paper are typically C" for any » > 1. However, we believe that some of them could be
performed in the analytic context, specially the ones involving the creation of blenders.

The dynamics near the (quasi) elliptic periodic points in dimensions > 4. The dynamic
near elliptic periodic points could display transversal homoclinic intersections associated to
a hyperbolic periodic point (with a hyperbolic part dominating a §—weaker hyperbolic one).
This situation is similar to the one in Theorem A.

Perturbations of time independent Hamiltonian systems by periodic potentials. Observe that
in Theorem C, the second Hamiltonian is time independent and it is perturbed by a time
periodic one. It is natural to wonder if the same approach can be performed for the case that
the perturbation is given by a time periodic potential.

Generic energy levels of time independent Hamiltonian systems. Observe that some of the
Hamiltonians involved in Theorem C are time periodic. The goal, therefore, would be to
extend some of the present results to the time independent context.

Specific mechanical problems. Of course, it would be essential to try to apply the present
theorems to a concrete mechanical problem. We wonder if improvement of our results can
be useful in these mechanical models with the goal to obtain robust transitivity. Of course,
a major challenge would be to apply the present approach to the context of the restricted
3-body problem.

Perturbations of geodesic flows on surfaces by periodic potentials. 1t is natural to try to
extend the results about robust transitivity to the case of a metric perturbed by a time periodic
potential.

Geodesic flows on manifolds of dimensions larger than two. A natural context for this
problem is to consider warped product (close to a direct product) between a metric of
negative curvature with the spherical metric. Locally, the new metric resembles the product
of a hyperbolic system with an integrable one.

REFERENCES

[1] F. ABDENUR, C. BONATTI, S. CROVISIER, Nonuniform hyperbolicity for C*-generic
diffeomorphisms, Israel J. Math. 183 (2011), 1-60.

[2] L. ARNOLD, Random dynamical systems, Springer Monographs in Math., Springer,
1998.

[3] V.1. ARNOL'D, Small denominators and problems of stability of motion in classical and
celestial mechanics, Uspehi Mat. Nauk 18 (1963), 91-192.

[4] V. 1. ARNOL'D, Instability of dynamical systems with many degrees of freedom, Dokl
Akad. Nauk SSSR 156 (1964), 9-12.

[5] V.I. ArRNOLD, V. V. KozLov, A. I. NEISHTADT, Mathematical aspects of classical and
celestial mechanics, third ed., Encyclopaedia of Math. Sciences 3, Springer, 2006.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE


http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#1
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#2
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#3
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#4
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#5

238 M. NASSIRI AND E. R. PUJALS

[6] D. BERNSTEIN, A. KaTOK, Birkhoff periodic orbits for small perturbations of com-
pletely integrable Hamiltonian systems with convex Hamiltonians, Invent. Math. 88
(1987), 225-241.

[7]1 C. BoNaTTL, L. J. Diaz, Persistent nonhyperbolic transitive diffeomorphisms, Ann. of
Math. 143 (1996), 357-396.

[8] C. BoNATTI, L. J. DiaZ, Robust heterodimensional cycles and C*-generic dynamics, J.
Inst. Math. Jussieu 7 (2008), 469-525.

[9] C. BoNatTl, L. J. Diaz, E. R. PuiaLs, A C'-generic dichotomy for diffeomorphisms:
weak forms of hyperbolicity or infinitely many sinks or sources, Ann. of Math. 158
(2003), 355-418.

[10] C. BonartTl, L. J. Diaz, M. VIANA, Dynamics beyond uniform hyperbolicity, Encyclo-
pedia of Mathematical Sciences, Springer, 2004.

[11] K. BUrNS, A. WILKINSON, On the ergodicity of partially hyperbolic systems, Ann. of
Math. 171 (2010), 451-489.

[12] C.-Q. CHENG, J. YAN, Existence of diffusion orbits in a priori unstable Hamiltonian
systems, J. Differential Geom. 67 (2004), 457-517.

[13] A. DELsHAMS, M. GIDEA, R. DE LA LLAvE, T. M. SEARA, Geometric approaches
to the problem of instability in Hamiltonian systems. An informal presentation, in
Hamiltonian dynamical systems and applications, NATO Sci. Peace Secur. Ser. B
Phys. Biophys., Springer, 2008, 285-336.

[14] A. DELsHAMS, R. DE LA LLAVE, T. M. SEARA, A geometric mechanism for diffusion
in Hamiltonian systems overcoming the large gap problem: heuristics and rigorous
verification on a model, Mem. Amer. Math. Soc. 179 (2006).

[15] A. DELSHAMS, R. DE LA LLAVE, T. M. SEARA, Orbits of unbounded energy in quasi-
periodic perturbations of geodesic flows, Adv. Math. 202 (2006), 64—188.

[16] L.J. Diaz, E. R. PujaLs, R. UREs, Partial hyperbolicity and robust transitivity, Acta
Math. 183 (1999), 1-43.

[17] R. DouaDy, Stabilité ou instabilité des points fixes elliptiques, Ann. Sci. Ecole Norm.
Sup. 21 (1988), 1-46.

[18] F. H. GHANE, A. J. HOMBURG, A. SARIZADEH, C'! robustly minimal iterated function
systems, Stoch. Dyn. 10 (2010), 155-160.

[19] M. W. HirscH, C. PuGH, M. SHUB, Invariant manifolds, Lecture Notes in Math. 583,
Springer, 1977.

[20] V. HoriTa, A. TaHZIBI, Partial hyperbolicity for symplectic diffeomorphisms, Ann.
Inst. H. Poincaré Anal. Non Linéaire 23 (2006), 641-661.

[21] V. KaLosHIN, M. LEvI, An example of Arnold diffusion for near-integrable Hamilto-
nians, Bull. Amer. Math. Soc. (N.S.) 45 (2008), 409-427.

[22] V. KaLosHIN, J. N. MATHER, E. VALDINOCI, Instability of resonant totally elliptic
points of symplectic maps in dimension 4, Astérisque 297 (2004), 79-116.

[23] A. KaTOK, Lyapunov exponents, entropy and periodic orbits for diffeomorphisms,
Publ. Math. 1. H.E.S. 51 (1980), 137-173.

[24] A. KoroPECKI, M. NassirI, Transitivity of generic semigroups of area-preserving
surface diffeomorphisms, Math. Z. 266 (2010), 707-718; 268 (2011), 601-604.

4¢ SERIE - TOME 45 — 2012 — N° 2


http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#6
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#7
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#8
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#9
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#10
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#11
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#12
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#13
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#14
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#15
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#16
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#17
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#18
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#19
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#20
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#21
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#22
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#23
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#24

ROBUST TRANSITIVITY IN HAMILTONIAN DYNAMICS 239

[25] R. MANE, Contributions to the stability conjecture, Topology 17 (1978), 383-396.

[26] R. MARNE, Ergodic theory and differentiable dynamics, Ergebnisse Math. Grenzgb. 8,
Springer, 1987.

[27] J.-P. MaARrco, D. Sauzin, Stability and instability for Gevrey quasi-convex near-
integrable Hamiltonian systems, Publ. Math. 1. H.E.S. 96 (2002), 199-275.

[28] J. N. MATHER, Arnol’d diffusion. I. Announcement of results, Sovrem. Mat. Fundam.
Napravl. 2 (2003), 116-130; English transl.in J. Math. Sci. 124 (2004), 5275-5289.

[29] R. MOECKEL, Generic drift on Cantor sets of annuli, in Celestial mechanics ( Evanston,
1L, 1999), Contemp. Math. 292, Amer. Math. Soc., 2002, 163-171.

[30] M. NassIrI, Robustly transitive sets in nearly integrable Hamiltonian systems, Ph.D.
Thesis, IMPA, 2006.

[31] S. E. NEwHOUSE, Quasi-elliptic periodic points in conservative dynamical systems,
Amer. J. Math. 99 (1977), 1061-1087.

[32] C. PuGH, M. SHUB, Stable ergodicity, Bull. Amer. Math. Soc. (N.S.) 41 (2004), 1-41.

[33] E. R. PusaLs, M. SaMBARINO, Homoclinic bifurcations, dominated splitting, and
robust transitivity, in Handbook of dynamical systems. Vol. 1B, Elsevier B. V., Ams-
terdam, 2006, 327-378.

[34] R. C. RoBINSON, Generic properties of conservative systems I, 11, Amer. J. Math. 92
(1970), 562-603, 897-906.

[35] R. SAGHIN, Z. Xia, Partial hyperbolicity or dense elliptic periodic points for
C*-generic symplectic diffeomorphisms, Trans. Amer. Math. Soc. 358 (2006), 5119—
5138.

[36] M. SHUB, Topologically transitive diffeomorphisms of T4, in Symposium on Differential
Equations and Dynamical Systems, Springer Lecture Notes 206, 1971, 39-40.

[37] Z. X1a, Arnold diffusion: a variational construction, in Proceedings of the International
Congress of Mathematicians, Vol. II ( Berlin, 1998 ), Extra Vol. II, 1998, 867-877.

[38] E.ZEHNDER, Homoclinic points near elliptic fixed points, Comm. Pure Appl. Math. 26
(1973), 131-182.

(Manuscrit recu le 17 avril 2010;
accepté, apres révision, le 19 octobre 2011.)

Meysam NASSIRI
School of Mathematics
Institute for Research in Fundamental Sciences (IPM)
P. O. Box 19395-5746
Tehran, Iran
E-mail: nassiri@ipm.ir

Enrique R. PusaLs
IMPA
Estrada D. Castorina 110
22460-320 Rio de Janeiro, Brazil
E-mail: enrique@impa.br

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE


http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#25
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#26
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#27
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#28
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#29
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#30
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#31
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#32
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#33
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#34
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#35
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#36
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#37
http://smf.emath.fr/Publications/AnnalesENS/4_45/html/ens_ann-sc_45_2.html#38




	1. Introduction and main results
	2. Iterated function system
	3. Blenders, double blenders and symplectic blenders
	4. Parametric version of Theorem A
	5. Proof of main theorems
	6. Some remarks and open problems
	References

