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AsstrAcT. This article is a follow up of our recent works [7, 8], and here we
discuss the relation between the gluing orbit property and partial hyperbolicity.
First we prove that a partially hyperbolic diffeomorphism with two saddles with
different index, and such that the stable manifold of one of these saddles coin-
cides with the strongly stable leaf does not satisfy the gluing orbit property. In
particular, the examples of C'-robustly transitive diffeomorphisms introduced by
Maiié [20] do not satisfy the gluing orbit property. We also construct some fam-
ilies of partially hyperbolic skew-products satisfying the gluing orbit property
and derive some estimates on their quantitative recurrence.
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1. INTRODUCTION

The concept of reconstruction of orbits in topological dynamics and ergodic the-
ory gained substantial importance for its wide range of applications. Among these
properties of reconstruction of true orbits from approximate orbits (also called
pseudo-orbits) and finite pieces of orbits one can refer the shadowing and the spec-
ification properties. On the one hand, in brief terms a dynamical system satisfies
the shadowing property whenever any pseudo-orbit can be approximated by true
orbits. On the other hand, the specification property, introduced by Bowen [11],
roughly means that an arbitrary number of finite pieces of orbits can be “glued to-
gether” to obtain a real orbit that shadows the previous ones with a prefixed number
of iterates in between. Dynamical systems having either of these properties have
a rich dynamical structure (see e.g. [5, 25, 33] and references therein). However,
soon it became clear the existence of a strong relation between the previous proper-
ties and uniform hyperbolicity in the case of C!-diffeomorphisms. More precisely,
a C!-generic tame diffeomorphism with the shadowing property is Axiom A with-
out cycles [2] and a C!-generic diffeomorphism with the specification property
is a transitive Anosov diffeomorphism [21]. Related results, on the characteriza-
tion of the C'-interior of diffeomorphisms satisfying any of the previous proper-
ties, include [23, 24]. However, most dramatically, if one considers the space of
C’-diffeomorphisms, r > 1, these two properties seldom occur in the absence of
uniform hyperbolicity as proved in [9, 27, 28].

The large amount of dynamical consequences which can be obtained for dynam-
ical systems with shadowing or specification soon inspired many authors to pursue
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weakenings of the latter topological invariant (we refer the reader to [19] for an ex-
cellent overview of some of these notions). Here we will continue the investigation
of the notion of gluing orbit property, introduced in [7, 8]. The underlying notion
of the gluing orbit property can be traced also to [13, 29], in the context of differen-
tiable dynamics. The gluing orbit property is much weaker than specification, and
it bridges between hyperbolic and completely non-hyperbolic behavior. Indeed,
this property is satisfied by both transitive hyperbolic dynamics and by partially
hyperbolic diffeomorphisms obtained as time-1 maps of Anosov flows [7], and
by zero entropy, minimal and equicontinuous dynamics [8, 30]. Given this wider
range of dynamical systems it is quite natural to address the following questions
concerning the gluing orbit property:

(1) how common is this property in the space of dynamical systems?
(2) can one characterize dynamical systems with this property?
(3) what is the dynamical richness of such dynamical systems?

As usual, an answer to the first question depends strongly on the topology in the
space of dynamical systems. On the one hand, the gluing orbit property holds
at every chain recurrent class of a C’-generic dynamics (cf. [6]). On the other
hand, C'-generic diffeomorphisms with the gluing orbit property are uniformly
hyperbolic (see [7] for the precise statement). Given this fact, and inspired by some
results on the thermodynamic formalism of partially hyperbolic diffeomorphisms,
our aim here is to provide partial answers to questions (1) - (3) in the context of
partially hyperbolic dynamics.

As a first step, building over [27], we prove that the existence of hyperbolic pe-
riodic points with different index is still an obstruction for the gluing orbit property
even for partially hyperbolic diffeomorphisms (we refer the reader to Theorem A
for the precise statement). As a consequence, there exist C! open and dense sub-
set of the space of robustly transitive and partially hyperbolic diffeomorphisms on
a three-dimensional manifold formed by diffeomorphisms that do not satisfy the
gluing orbit property (cf. Corollary 2). One other consequence concerns an impor-
tant class of partially hyperbolic diffeomorphisms on the three-dimensional torus
introduced by Maifié [20] known as DA-maps (derived from Anosov). These are
C'-robustly transitive and partially hyperbolic diffeomorphisms, obtained by de-
formations of Anosov diffeomorphisms by isotopy exhibiting periodic points of
different index. In this case we will deduce that the Mafié¢ examples do not satisfy
the gluing orbit property. These results provide partial answers to question (1) in
the context of partially hyperbolic diffeomorphisms.

Despite the previous results, on the negative, questions (2) and (3) inspired us
to pursue the characterization of the three-dimensional partially hyperbolic dif-
feomorphisms with compact center leaves which satisfy the gluing orbit property
(and fail to satisfy specification). This can be made concrete by two different con-
structions, using skew-products involving either Anosov diffeomorphisms or shift
dynamics, and rotations (Theorems B, C and D). While one of such models can be
definitely studied using non-autonomous dynamical systems, for the other it seems
to exist a dichotomy involving the presence or absence of the gluing orbit prop-
erty which explores a synchronization on the circle dynamics. This yields some
topological and ergodic consequences for the dynamics including quantitative re-
currence estimates for some partially hyperbolic dynamics (cf. Corollary 3).



This article is organized as follows. In Section 2 we recall the concepts of partial
hyperbolicity and robustly transitive diffeomorphisms and state our main results.
Some preliminary results on sequential dynamical systems, gluing orbit properties
and partial hyperbolicity are given in Section 3. The proofs of the main results will
be given in Subsections 4.1 to 4.4.

2. STATEMENT OF THE MAIN RESULTS

SerTING. Throughout, let M be a C* closed manifold with dimM > 3, where
dim E denotes the dimension of E, and let Diff (M) denote the space of C" diffeo-
morphisms on M endowed with the C"-topology, r > 1. Given f € Diff {(M), a
D f-invariant splitting TM = E @ F is dominated if there is an integer k € N such
that
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for every x € M and every pair of unitary vectors u € E(x) and w € F(x). Generally,
a D f-invariant splitting TM = E| @ - - - ® Ey is dominated if forany 1 <[ <k -1,
(E1®---®E)®(Ej4+19- - -®Ey) is dominated. A D f-invariant bundle E is uniformly
contracting (resp. expanding) if there are C > 0 and 0 < A < 1 such that for every
n > 0 one has ||D,f"(v)|| £ CA*|v|| (resp. [|Dxf"*Ww)|| < CA"|]||) for all x € M and
v € E(x). We say that a diffeomorphism f is partially hyperbolic (resp. strongly
partially hyperbolic) if there is a D f-invariant splitting TM = E° @ E€ @ E" such
that £° and E* are uniformly contracting and uniformly expanding respectively,
and at least one of them is (resp. both of them are) not trivial. A diffeomorphism is
hyperbolic if it is strongly partially hyperbolic and E° is trivial. We say that E€ is
the central direction of the splitting. We say that f € Diff ' (M) is transitive if there
is x € M whose orbit is dense in M. A diffeomorphism f is robustly transitive
if there is a C 1—neighborhood U(f) of f in Diff 1(M) such that any g € U(f)
is transitive. Denote by RNT the set of robustly non-hyperbolic and transitive
diffeomorphisms in Diff ! (M), that is, the set of diffeomorphisms f having a C!-
neighborhood U(f) of f such that every g € U(f) is non-hyperbolic and transitive.

STATEMENT OF THE MAIN RESULTS. Our main results concern the relation of partially
hyperbolicity with gluing orbit properties and some of its topological and ergodic
consequences. The starting point is the following:

Theorem A. Let f: M — M be a C'-diffeomorphism admitting a partially hy-
perbolic splitting E* @ E° & E". Assume that there are two hyperbolic periodic
points p and q such that either dim E* = dim W*(p) < dim W*(q) or dim E* =
dim W(q) < dim W*(p). Then f does not satisfy the gluing orbit property. More-
over, if dim M = 3 then there is a C'-dense open subset P in RNT so that every
f € P does not satisfy the gluing orbit property.

Here WH(p) (resp. ‘W*(p)) denotes the unstable (resp. stable) manifold of the
point p defined as usual. The previous result can be understood as an extension of
[27, Theorem A] where, analogously, the holonomy map along the strong unstable
foliation plays a key role in the proof. In particular, a counterpart of this result for
partially hyperbolic flows is expected to hold, in the spirit of [28].

We shall now deduce some implications of Theorem A on the space of robustly
transitive diffeomorphisms. Denote by SPH (M) c Diff (M) the C I_open set of



strongly partially hyperbolic diffeomorphisms with one-dimensional central direc-
tion. In [20], Maiié introduced a class of robustly transitive, non-hyperbolic and
strong partially hyperbolic diffeomorphisms, which are nowadays known as Marnié
diffeomorphisms. In the case that the central direction E¢ is one dimensional, any
two hyperbolic periodic points with different index verify the assumptions of The-
orem A. We obtain the following immediate consequence.

Corollary 1. If f € SPH (M) admits two hyperbolic periodic points p,q with
different index then f does not satisfy the gluing orbit property. In particular,
Marié diffeomorphisms do not satisfy the gluing orbit property.

We recall that any hyperbolic measure 4 that is invariant by a C'*® diffeomor-
phism is weak™ approximated by invariant probabilities supported on hyperbolic
periodic points with the same index of the hyperbolic splitting determined by u
(cf. [16]). Hence, the conclusion of Corollary 1 is satisfied by any strongly par-
tially hyperbolic C'*?-diffeomorphism on a three-dimensional compact manifold
having two ergodic probabilities with central Lyapunov exponent of different sign.

Theorem A has also consequences on the set of robustly transitive and non-
hyperbolic diffeomorphisms. Indeed, [2, Theorem 3.1] ensures that there is an
open and dense subset £’ in RNT such that every diffeomorphism in #” has two
saddles with different index. Thus, we deduce the following:

Corollary 2. There is a C'-open and dense set P € RNT N SPH (M) such that
every [ € P does not satisfy the gluing orbit property.

It is clear from Theorem A and Corollaries 1 and 2, that the set of partially hy-
perbolic diffeomorphisms satisfying the gluing orbit property is often a meager set.
Moreover, in [30, 31], Sun characterized the set of zero-entropy maps with the glu-
ing orbit property (these are minimal and equicontinuous) and proved that any pos-
itive entropy map with the gluing orbit property is not minimal. Both results lead
us to propose the construction of (non-trivial) partially hyperbolic skew-products
(clearly the product map of one transformation with the gluing orbit property and
other with the specification property satisfies the gluing orbit property, cf. [8]).

Now, we construct some classes of non-trivial partially hyperbolic skew-products
with the gluing orbit property. We endow S! x M with the distance

d((x1,y1), (x2,¥2)) = max { [x1 = xa| , du(y1,y2) @1

where | - | denotes the usual distance in the circle and dj; denotes the distance on M

inherited by the Riemann structure.

Theorem B. Let f € Diff >(M) be a transitive Anosov diffeomorphism. There exists
a C?-open neighborhood V of f such that, for any a ¢ Q and any C?-smooth family
of Anosov diffeomorphisms (fy)est in V the map
F: S'xM — S'x M
(x,y) = (x+a(modl), f,(y))

is a C?-partially hyperbolic diffeomorphism satisfying the gluing orbit property.

(2.2)

We note that all partially hyperbolic diffeomorphisms in Theorem B do not sat-
isfy the specification property. Indeed, the previous construction enjoys the fact
that the central direction is at all points driven by a fixed rotation of irrational an-
gle, hence the resulting diffeomorphism is not topologically mixing.



There are few known results on the quantitative recurrence of partially hyper-
bolic dynamics. While such a description is nowadays very well known for hyper-
bolic dynamical systems the situation in very much the opposite beyond the context
of uniform hyperbolicity, where even the construction of equilibrium states for par-
tially hyperbolic dynamics faces non-trivial challenges in general.

In what follows we describe some quantitative recurrence results for the partially
hyperbolic skew-products described in Theorem B. Given (x,y) € S! x M, set

T,((x.y). &) = inf {k > 1: F*(B,((x.3),) N Bu((x.y). &) # 0}
as the return time of the dynamical ball B, ((x, y), &) to itself. Analogously, let
T(B(x,y),€)) = inf { k > 1: FX(B((x,y),£) N B((x,y),8) # 0

denote the minimal return time of the ball B((x,y), €) to itself. Poincaré’s recur-
rence theorem ensures that the latter quantities, usualy known as short return times
are almost everywhere finite with respect to any F-invariant probability measure
(see e.g. [1] and references therein). While some sort of hyperbolicity is generally
associated to the fact that the first quantity grows linearly with n and that the second
reflects the Lyapunov exponents of the invariant measure (see e.g. [4] and refer-
ences therein), the situation changes drastically for circle rotations (see e.g. [17]).
For that reason, it seemed hopeless to combine these different methods to deal with
the previously defined skew-products. Nevertheless we prove the following:

Corollary 3. The following properties hold:

(1) F has super-linear lower asymptotic mixing rates on the family of balls;
(2) F has positive lower frequency of visits to balls; and
(3) every point (x,y) € S' X M is an entropy point for F.

Moreover, if u is F-invariant and ergodic then:

4)
lim lim inf LGN lim lim sup Tl 8) 1 and
g—0 n—oo n e=0 ;500
() 5
0< < liminf 78&2)

At (W) >0 —loge
for u-a.e. x, where A* (1) denotes the largest Lyapunov exponent for u.

This corollary gives first results on quantitative recurrence for families of par-
tially hyperbolic dynamics. Items (1)-(3) in Corollary 3 can be easily read from the
proofs of [8, Theorems A and B] (which consider flows with reparametrized gluing
orbit property, and whose proofs become simpler in the case of maps), while the
proofs of items (4) and (5) carry almost without change from the proofs of [32,
Theorem B and Proposition A] (replacing the role of specification property by the
gluing orbit property).

In what follows we consider families of skew-products with partial hyperbolic
behavior of a dual nature, modeled by means of iterated function systems on the
circle over shift spaces. By some abuse of notation, we still refer to these as par-
tially hyperbolic dynamics. We say that a family (f;)o<i<4—1 of circle homeomor-
phisms is jointly equicontinuous if { fl.il Jo<i<d—1 1s jointly equicontinuous, meaning
that for every € > 0 there is 6 > 0 such that if [y; — y| < 6 and € > 1 then
|gi, 00 gi, (1) = &, 0+ - -0 &, ()] < & where g;; € l.ilz 0 <i<d-1}forevery



1<j<t SetX:={0,1,...,d—1}%,letc : T — X be the shift map and denote by
w=(.

..,W_1, W0, W], ...) the elements in X. Consider also the metric
d((w.y). (@.5)) = max { ds(w. &) . Iy -5

on T x S, where ds(w, ®) = Y,cz 27w, — @,|. The next result shows that joint
equicontinuity and a sort of equidistribution of some fiber dynamics are sufficient
conditions for locally constant circle extensions to satisfy the gluing orbit property.
In other words:

Theorem C. Let (f;)o<i<qa—1 be a jointly equicontinuous family of homeomorphisms
on the circle S'. If there exists 0 < j < d — 1 such that fj is minimal, then the skew-
product F: £ x S! — X x S! given by F(w,y) = (0(w), Juwo () satisfies the gluing
orbit property.

The equicontinuity assumption is natural in the context of non-stationary dy-
namics and if often necessary in order to recover properties on the entropy and
stability of classical dynamical systems (see e.g. [12, 18] and references therein).
Since equicontinuity is satisfied by families of circle rotations and irrational rota-
tions are minimal, as a direct consequence of Theorem C, the gluing orbit property
is prevalent for circle extensions over the shift, in the following sense:

Corollary 4. There exists a Baire residual and full Lebesgue measure subset A C
RY so that the skew-product F: (w,y) — (0(w),y + au,) has the gluing orbit
property, for every (ag, a1, ...,Q 1) € A.

The general construction of non-locally constant circle extensions satisfying the
gluing orbit property seems to face enormous difficulties, even if the dynamical
system is more regular, e.g. Holder continuous. Despite that, we can build such an
example, as described below.

Theorem D. The skew-product F: {0, 1}% x S' — {0, 1}? x S! given by

F(w,y) = (0c(w),y + a(w)),
where a(w) = e~ D and f(w) = inflk > 0 : wy = 1 or w_y = 1}, satisfies the
gluing orbit property.

Altogether, the previous results support the conjecture that the majority of the
neutral circle extensions with a unique measure of maximal entropy satisfy the
gluing orbit property.

3. PRELIMINARIES

3.1. Sequential dynamics. In this subsection we collect some necessary defini-
tions and results for sequential dynamics (we refer the reader to [12] and references
therein for more details and proofs). A sequential dynamical system is a collection
F = {fu}uez of continuous maps f, : M — M, where (M, d) is a complete metric
space and n € Z.

Throughout, we will assume that M is a compact Riemannian manifold. Given
r > 0, let S"(M) denote the space of sequences F = {f;}nez of C"-differentiable
maps. Given sequences ¥, G € S"(M), define the normalized distance |||F —Gl|| :=
sup,cz dcr(fn, gn), where dcr(f, g) = min{1,[|f — gll-} and || - ||, denotes the usual
C"-norm between f and g. Givenn > 1 set F,, = f,_10... f> o fi o fo. As usual the
symbol Fy will stand for the identity on M.



The (positive) orbit of x € M is the set Of.;,(x) = {Fy(x) : n € Z.}. If each
element of F is invertible then the orbir of x € M is the set O¢(x) = {F,(x) : n €
Z}, where F_, = f5) o---0 f~) o f~| forevery n € Z,.

In the sequel, for notational simplicity, we represent all metrics d,, by d. Assume
that ¥ = {f,}uez is a sequence of Anosov diffeomorphisms on M that preserves
common stable and unstable cone fields (see e.g. [12] for the definition) and set
FO = {firnbnez, F) = [ 000 fiyo Sy and FYY = frupor 00 fisr o fi, for
all k,n € Z. The existence of invariant cone fields with uniform expansion (/1;])
and contraction (4,) imply on the following properties:

(1) there exists a > 0 such that for every k € Z and x € M, the subspaces

Ef ) (x) = (| DF T (FE0) Gy (F () € TeM

ak—n\" —n
n>0

and

Ejo(0) 1= [\ DFE(FP(0) C) o (FiP(0) € TM

a,k+n
n>0

satisfy ka(x)E,*F(k) (x) = E*T(M)(fk(x)) for x € {s, u}.

(2) there are constants C > 0, 6; > 0 and 1 € (1, 1), where A := sup,cz An,
so that, for any x € M, k € Z and = € {s, u} there exists a unique smooth
submanifold W*T<k> 61(x) of M (of size §;) that is tangent to the subbundle
E:‘F(k)(x) at x, in such a way that:

W) Fe Wy 5, () = Wi, (o)
(i) dws(fi3), fi2)) < Adays(,2) forally, z € WE, o (x)

(i) dwe(£7' 0, £ () < Adapn(3,2) for all y,z € Wiy, - ()

(iv) the angles between stable and unstable bundles E ‘7",<k) (x) and E;‘t(k) (x)
is bounded away from zero by some constant 6 > 0

(v) for any 0 < & < ¢ there exists 6y > O so that for any x,y € M
with d(x, y) < 20y the transverse intersection W, ;(k>’€(x) M "Wfr,(k),a(y)
consists of a unique point in M

(vi) (W;_(k)’s(x) ={yeM: d(F,(,k)(y), Fflk)(x)) < & for every n > 0} and

W, () =y € M: d(FE)(y), F4)(x)) < & for every n 2 0)
Here we opted to write the invariant manifolds as (W;(k) (x € {s, u}) to specify the

shifted sequence F® with respect to which the uniform contracting or expanding
behavior holds.

In the case that f € Diff 1(M) is an Anosov diffeomorphism there exists a C L
small open neighborhood U of f so that the cone fields Cy and C;, (determined
by f) are Dg-invariant for all g € U, and A := sup,q 4, < 1. Reducing U
if necessary we may take constants 6,0, > 0 (depending only on f and U) so
that < 6,, 6 < 6, and &€ < g, for all n, for any sequence ¥ = {f,}ucz formed
by elements of Y. In other words, both the angles between stable and unstable
subspaces and the sizes given by local product structure are uniformly bounded
away from zero, and the sequence ¥ is d;-expansive: if d(F,(x), F,(y)) < & for
all n € Z then x € (W;",(sl N (W“ﬂSl (v) = {y}. We refer the reader e.g. to [12])

for more details. Let us recall the stability of non-autonomous sequences of C!-
Anosov diffeomorphisms:



Theorem 3.1. [12, Theorem 2.4] Let M be a compact Riemannian manifold and
f € Dif'(M) be a transitive C' Anosov diffeomorphism on M. There exist K > 0
and € > 0 so that if F = {fulnez is a sequence with ||f, — fllct < e foralln € Z
then there exists a unique sequence (hn)nezg of homeomorphisms on M so that

foc1o0-r0fiofy = h;l of"ohy foreveryne€Z;. 3.1
Moreover, ||h, — Id||co < K sup,, | fk — gkllcr for every n > 0.

Remark 3.2. Although we believe that the sequence of conjugacies (hn)nezg may
fail to be equicontinuous in general, there are at least two cases where this occurs.
First, if the sequence (f,), in Theorem 3.1 is C ]—convergent to some diffeomor-
phism f € U then the sequence of homeomorphisms (%,), is equicontinuous [12,
Remark 4.7]. This is also the case whenever the diffeomorphisms are C2-smooth
[3, Theorem 7.6].

3.2. Gluing orbit properties. Let X be a compact metric space and let f: X — X
be a continuous map. Given x € X, £ > 0 and an initial time ng € Z, we define the
dynamical ball of length n — ng, with initial time ng and size € centered at x, by

B(x,n,ng,&) = {y € X: d(f/(y), fi(x)) < & Yng < j<nl

When no confusion is possible, set B,(x, €) = B(x,n,0, &) and B_,(x, &) = B(x, 0, —n, &).
In particular, B(x, &) = By(x, €) stands for the closed ball of radius & around x.

Definition 3.3. We say that a continuous map f : X — X satisfies the gluing
orbit property if: given € > 0 there exists a positive integer N = N(g) > 1 such
that for any points xi,...,xx € X and times ny,...,n; > 0 there exist gluing
times 0 < pi,...,pr-1 < N(¢) and a point z € X so that d(f"(z), f"(x1)) < & for
every n = 0...n; and d(f"r21s<Pt(z), f(x;)) < & for every j = 2...k and
n = 0...nj. Alternatively (to be used in the sequel), using the dynamical balls,

there exist gluing times 0 < py,..., px—1 < N(g) so that
k
m f‘ZIgi<j(Pi+”i)(an<xj,8)) + 0. (3.2)
j=1

Remark 3.4. In the case that p is a hyperbolic periodic point for a diffeomorphism
S, there exists € > 0 small so that the local unstable set WZ(p) = (50 B-n(p, &)
is the local unstable manifold at p with size €. Analogously, the local stable set
Wi(p) = (Nus0 Bu(p, €) is the local stable manifold for some € > 0 (see e.g. [26]).

Now, inspired by the concept of orbital specification from [22], we introduce a
concept of specification for non-stationary dynamics.

Definition 3.5. Let X be a compact metric space and let ¥ = {f,},cz be a sequence
of continuous maps f, : X — X, where Z = Z, or Z. We say that ¥ satisfies the
specification property if for any £ > 0 there exists 7'(¢) > 1 such that for any points
X1,...,X; € X, any positive integers ny, ..., n; and any p; > T'(¢) there exists z € X
so that d(F¢(z), Fe(x1)) < e forevery £ =0...n; and

(pj-
d( F[+pj,1+nj,|+---+p1+n|(Z): F[ !

forevery j=2...kand £ =0...n;.

1+nj,1+---+p1+n1)(x ) ) <
J

Although the previous condition seems very rigid, it is satisfied by all sequences
of Ruelle expanding maps and certain sequences of Anosov diffeomorphisms (cf.
[22] and Proposition 4.5 below).



4. PRrROOFS

4.1. Proof of Theorem A. Although the concept of gluing orbit property is much
more embracing than specification (recall the discussion at the introduction) from
the technical point of view, the proof of Theorem A is a not so hard modification
of the arguments in [27]. For that reason we will indicate the key modifications.

Lemma 4.1. Suppose that f € Diff (M) satisfies the gluing orbit property. Then
for every hyperbolic periodic point p both the stable and unstable manifolds W*(p)
and W*(p) are dense in M.

Proof. We will prove the denseness in M of the unstable manifold “W*(p) (the
proof for the stable manifold “W?*(p) is analogous). For notational simplicity we
assume that p is a fixed point (if not just consider f* where k is the period of p).
Given any point x € M and gy > 0, we claim that there is a point y € M such
that y € W"(p) and d(x,y) < &o. For some & > 0, we denote by W, (p) the local
unstable manifold of size g;. Set € := %min{so,gl} and let N(g) > 1 be given by
the gluing orbit property. Then, for any n > 1 there exists 0 < k, < N(¢) such that

o (Bon(p, &) N B(x,e) # 0.

By the pigeonhole principle, there exists an increasing subsequence n; — o S0
that (ky,)i>1 1s constant to 0 < k < N(g). Notice that (f*(B_,,(p, €)) N B(x, €))i>1 1s
a nested decreasing family of closed non-empty sets. Thus, the compactness of M
ensures that there exists a point

v € () fBon(p, ) 0 B(x, o).
i=1

Reformulating, the point y € M satisfies
dy,x) <g and d(fT(TO)), fTM(p)) <& foralli> 1.

The decreasing nature of the sequence of dynamical balls (B_,(p, €)),, implies that
y € fAWg (p) = fX(WE, (f(p)). Consequently, y € W*(p) and d(x,y) < &o,
which shows the claim and completes the proof of the lemma.

O

Remark 4.2. The previous lemma quantities the denseness of stable and unsta-
ble manifolds. Indeed, if p is a hyperbolic periodic point and € > 0 then both
FNEWS(p)) and (W (p)) are e-dense.

Proof of Theorem A. Consider f € Diff' (M) admitting a partially hyperbolic split-
ting E° @ E€ @ E¥. Let p and g be hyperbolic periodic points for f for which
dim E* = dim W% p) < dim W% q) (the case dim E°* = dim W?(q) <
dim “W*(p) is analogous).

We assume, by contradiction, that f satisfies the gluing orbit property. Then
f 1is topologically transitive, thus it has neither sinks nor sources. In particular, as
dim E* = dim ‘W*(p) > 0, the sub-bundle E* is not trivial. We will make use of an
intrumental result on the location of the shadowing point in unstable disks proved
in [9]. Given x € ‘W*(p) and > 0, let y,b;(x) = {z € W*(p) : d“(x,z) < n} be the
local unstable disk around x in “W*(p), where d* denotes the distance in W*(p)
induced by the Riemannian metric.



Proposition 4.3. [9, Proposition 3] There exists a small positive constant &y such
that for any € € (0, &) the following holds: if x € W"(p) and d(f™"(2), f(x)) < ¢
Joranyn > 1, then z € y; (x).

The next result, obtained as a modification of [27, Proposition 2.3], reflects the
similarities and differences between specification and the more flexible gluing orbit
property. In the case of dynamics with the gluing orbit property, the time needed
for the shadowing of finite pieces of orbits may be variable. Therefore, creating
obstructions for this property is more demanding than for specification. This idea
is formalized by equation (4.1) below.

Proposition 4.4. Let gy be given by Proposition 4.3. There existn > 0 and € €
(0, &0) with 4 < n such that for all N > 1 there is x € W"(p) satisfying

N
| Faannwig) =o0. 4.1)

=1

Proof. Since the sub-bundle E* is not trivial, there exists a foliation #* which is
tangent to E* (see [15]). We denote by 7 “(x) the leaf of the foliation ¥ containing
the point x and given any i > 0, we define

Fy(x) == {we Fx) : d"(x,w) <7},

where d" is the distance in 7 “(x) induced by the Riemannian metric. By Lemma4.1,
the unstable manifold ‘W*(p) is dense in M. Given r > 0, we shall consider the
following family of unstable disks

L(p) ={V(w) :w e B(p,n)},
where V(w) is the connected component of F“(w) N B(p, r) that contains w. Select
a local disk D, and 7 > 0 small enough so that Dy is transverse to the family £(p),
p € D, and such that A(U) := .y F,'(2) is homeomorphic to U X [-n, g dim E*
for any open disk U contained in D,.

Set € := min{n/5, €9/2}. Now, we take a compact disk K transverse to E* and
such that K O W;(g). Let N > 1 and fix I < j < N. Since K is transverse to E"

then KN fj(yZ(p)) is formed by a finite set of points {x; , x;,,- - ’xjkf}‘ Choose an
open subdisk Do C Dy containing p such that K;; N K;» = 0 if i # i’, where K ;
is a connected component of K N f/(A(D ;,0)) containing xj,, for 1 < i < k;. For
eachl <i<kjletD;; = f‘j (K ;) and consider the holonomy map
7Tj’,'2 Dj’,' - Dj’()
wo o> v
where v = 7;;(w) is the unique point such that D;; N F“(v) = {w}.

Each holonomy map 7;; is a homeomorphism, by our choice of the open disks
Djoand Dj;, 1 <i < kj. Since W,‘;(q) is a closed submanifold with dim W,‘;(q) <
dim Kj;;, K;; \ W;(g) is open and dense in K;;. Taking yji =m0 f‘j(W,;(q)), we
have that D¢ \ (U:.Z 17},) is open and dense in D 9. Now let Dy := Uj}’: Djo. The
latter implies that

=~

J

Do\(LNJ.

7’;1') is open and dense in D.
Jj=1i=1

10



k;j
i=
A(U) is homeomorphic to U x [—n, 7]%™E" and ‘W*(p) is dense in M, there exists
a point 7/ € AU) N W*(p). In other words, there exists a point x € U such that
7' € F,/(x). The choice of & implies that not only x € W*(p) as F,/(x) = y(x).
Moreover, the property Ujjyz 1 fi (yp(x) N Wp(g) = 0 is now a consequence of the
choice of U. We have proved the proposition. |

Consequently, we can choose an open subdisk U C Dy \ (U?’z U 1)/‘J‘.l.). Since

Proceeding with the proof of the theorem, for each £ > O let N = N(g) > 1 be
given by the gluing orbit property. Proposition 4.4 assures that there are n > 0,
€ € (0, &) with 4¢ < n and a point x € “W*(p) satisfying

N

| A0y n wig) = 0.

j=1
On the other hand, the gluing orbit property implies that for any n > 1 there is
0 < k, < N such that f""(B_,,(x, £))N By(q, ) # 0. Pick an increasing subsequence
n; — oo so that (k,,);> is constant to k (< N). As before, the compactness of M

ensures that there exists a point z € M such that

€ () FBon(x,8) N By (g, ).
i=1

Once again, because the sequences of dynamical balls (B_,(x, €)), and (B,(g, &),
are decreasing, the latter implies that d(f ™" (f*(2)), f "(x)) < eand d(f"'(2), f"(q)) <
¢ for any n > 0. Thus, it follows from Proposition 4.3 that z € f*(y,(x)) N W;(g)
(k < N). Hence, 7z € UI/\’: | fj(yfl(x)) N W,j(q), which is a contradiction. Thus, f
does not satisfy the gluing orbit property.

Now suppose that dim M = 3. Then it follows from [2, Theorem 3.1] that there
is a C'-dense open subset £ in RN'T such that any diffeomorphism f € % has two
saddles with different index.

Since f € P is robustly transitive, it follows from [14] that f has a partially
hyperbolic splitting E* @ E° @ E°. Thus, the existence of two saddles with different
index, imply that f € ¥ does not satisfy the gluing orbit property. This completes
the proof of Theorem A.

4.2. Proof of Theorem B. Let f € Diff (M) be a transitive Anosov diffeomor-
phism, let V be a C2-small open neighborhood of f, let & ¢ Q and consider the C?
skew-product

F: S'xM — Stx M
(x,y) B (x+a(modl), fi(y))

where f, € V for all x € S!. Since f is a transitive Anosov diffeomorphism, by
spectral decomposition it is topologically mixing and, by Bowen [10], is satisfies
the specification property.

The proof of the theorem has two steps. First we explore the non-autonomous
dynamics generated by C2-close Anosov diffeomorphisms and prove that this sat-
isfies the gluing orbit property (independently of the base dynamics of the skew-
product). This is only possible after [3, 12]. Second, we combine the latter with
the fact that an irrational rotation on the circle satisfies the gluing orbit property.
The first ingredient can be read as follows:

4.2)
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Proposition 4.5. If f is a C?> Anosov diffeomorphism then there exists a C*-open
neighborhood V of f such that, for any sequence ¥ = fn nez, With f, € V and
any € > 0 there exists T = T(g) > 0 so that W (z) N W, 1 )(y) # 0 for every

v,z € M. In particular, the sequence ¥ satisfies the specification property.

Proof. Since f is a topologically mixing Anosov diffeomorphism then (W‘; is min-
imal (i.e. all unstable leaves are dense). Using f~! instead of f we have that the
stable foliation (W} is also minimal. Thus, by compactness of M and continu-
ity of unstable leaves on compact parts, for every € > 0O there exists L(g) > 0
so that W}’.,L(g)(x) is e-dense in M for every x € M. Taking ¥ = {f,}, and
G = {f}n, Theorem 3.1 and Remark 3.2 ensures that there is a equicontinuous se-
quence of homeomorphisms (), where h, = hgm go satisty [|hgm go — Id||co <
K sup,s, | fere = grrellcr for every n > 0, and

F,=h!

Fo g © f'ohrg YneZ,. 4.3)

Equation (4.3) implies that for any k > 0, the shifted sequences G and F® are
such that
Ff,k) h;__(km) Gk © fto hgw gn  Vn € Zy 4.4)

and, consequently,
ho(Wg(2)) = Wiho(z)) and  hy(Wi,(2) = Wiha(2)

for every z € M, for every n and * € {s, u}. This, together with the fact that {h,: n €
Z} is equicontinuous, guarantees that for every € > 0 there exists T(g) > L(e)
such that W* F I )(z) is e-dense for every z € M and = € {s,u}. The transversality
statement in Subsection 3.1 implies that

Wi D NWi 0 #0 foreveryy,ze M. (4.5)

This proves the first assertion in the proposition.

We now proceed to prove that F has the specification property. Using (4.4) and
the fact that the sequence (i), is equicontinuous, given & > 0 take 0 < & < & so
that ||, ' (x) — h;' ()| < & for all x € B(y, &) and n € Z,. Let N(&) > 1 be given by

the specification property associated to f. Fix x,...,xx € M and ny,...,n; € Z;
and time lags py,..., pr—1 = N(£). Applying the specification of f to the points
X1 =ho(x1),..., % = h215j<k(nj+pj)(xk), times ny, ..., n; and the scale &, there exists
y € M so that
k
ye ﬂ f—2|gi<_/(Pi+n[)(an()ACj’ 2)) # 0, (4.6)
j=1

where the dynamical balls are with respect the map f. Take z := hy '(y). By the
choice of & we have that

du(Fe(2), Fe(x1)) = du(h;' o ff o hy o hy' (), 1y o £ o ho(x1))

“4.7)
= du(h;' o {0, ;' o ffohg(x1)) < &

12



for every £ = 1...n; and, using (4.4) once more,

Zi<i<j(pitni)
dM(F€+Zlgj<j(p[+n[)(Z)’ F,g = (xj) )

— -1 C+ D<i<j(Pitni) -1 -1 4 .
= dM(h€+Zlg<j(pi+n,-) of Zusis (Pt o ho o hO (6)% h€+215,-<j(p,-+n,-) ofo thsi<_,~(pi+ni)(xj))

_ -1 {+ <i<j(pithi -1 .
- dM(h5+21si<j(Pi+'li) of Dsi</(prin )()’), h5+215i<_f(l7i+ni) ° fg ° h215i<j(l’i+"f)(x])) <ée
4.8)

forevery j=2...kand ¢ = 1...n;. This proves the specification property for
and completes the proof of the proposition. O

We are now in a position to complete the proof of Theorem B. Observe first that
for any x € S!, the sequence of Anosov diffeomorphisms 7 = {f},ez determined
by fi := frtnatmod1), fOr every n € Z, satisfies the requirements of Proposition 4.5.

Now, note that the constant T () > 0 given by the specification property ob-
tained for ¥ in Proposition 4.5 can be taken uniform in a small open neighborhood
of f. Thus, given € > 0, let T1(¢) > 1 be given by the gluing orbit property for
the irrational rotation x — x + a(mod1) (cf. [8]) and let T»>(g) > 1 be given by the
specification property for the sequence ¥, given in the statement of Proposition 4.5
(this is independent of x).

Set T(e) = T1(e) + T2(e) = 1 and take arbitrary (x1,y1),. .., (X, yx) € S'x M
and integers ni,...,n; > 0. Since the irrational rotation R, has the gluing orbit
property, there exists z € Stand 0 < P1s---5Pk—1 < T1(€) so that

IR"(2)) — Ri(x1)l <& forevery 0 <n <ny+Tae)

and
R E1S P oy Ryl <& forevery 0 < n < nj + Ta(e)

for every 2 < j < k (in other words, z shadows the piece of orbit of x; during
nj + To(¢) iterates).

Fix z € S! as above and let ¥ = F.. The specification property for the family
¥ (choosing the points yi,y2,...,yx € M, positive integers n; and time lags p; =
pj + Ta(e) > Ta(e)) ensures that there exists y € M so that dy(Fe(y), Fe(y1)) < &
forevery £ = 1...n; and

At Frapy yongoospom O FP P00 ) < 6
for every j = 2...kand £ = 0...n;. Finally, since the skew-product F in (4.2)
satisfies F*(x,y) = ( Riar), F k() ), the gluing orbit property follows from the
previously specified shadowing of orbits expressed in both coordinates and the
choice of the metric d in (2.1). This proves the theorem.

4.3. Proof of Theorem C. Let & > 0 and take points (w1, y1), . . ., (Wk, Vi) € Y xSt
and times np,...,n; = 0. Since the shift map o: ¥ — X satisfies the speci-
fication property, the choice of the metric d implies that we only need to deal
with the fiber direction. We assume k = 2 (the general case is similar). Let
w = (..,0h0},w),..)and wy = (..., w0} w} w,...). We claim there exists
0 = 0 > 0 such that

B, (wi, yi), €) 2 By (wj, €) X B(yi, 6¢) (4.9)

13



for i = 1,2. Indeed, since F is locally constant on fibers, the dynamic ball
By, ((w;,y1), €) coincides with

Bn’.(a)i,é‘) X {yE Sl : |fw;-—1 0--+0 “’i Ofwé(,)))_fwfril 00 w‘i Ofwg(yi)| <e&}.

Now, using that { flf—'l Jo<i<d—1 1s jointly equicontinuous, we obtain that there exists
0z > 0 such that B, ((w;, yi), &) 2 By, (w;, &) X B(y;, 0g), as claimed. The theorem
will follow once we prove there exists N(¢) > 1 and 0 < ¢ < N(e) and z; €
By, (w1, &) such that

F!*E(B(y1,65)) N B(y2,05) # 0,
where F,(-) = F(w,-): S — S! and Fff) = Fio1(4) 0 © Fw) © Fy,. Observe first
that there exists K(g) > 1 such that

By(w, &) C [(U—S—K(a) - 1Wy Wy (Us+K(a)] C Bs(w,2¢),

for every w € X and all s > 1, where [w_p, - w-1Wy W] -+ Wn,] denotes the
cylinder set {(x,) € X : x; = w; forall —m; < i < mp} with 0h position wg. On
the other hand, given w = (w,) € X,y € Sk € N and & > 0 denote the set
(v e St fur 0 fun © fun®) = furs © -+ © fuy © fuyO1)| < £} by Bu, (31, k, 8.
Then

FY (B, (1. k. £) 2 B(F&(31). 6:)

for every w € X and every k > 1 (otherwise, the inverse dynamics F,
be equicontinuous). In particular we deduce that

FI© (B, (v, + K(e),2)) 2 B(FL D), 6,)

nj

.| would not

1 ol ool - ol
forevery w € [w_, g W@ W) W,k

in the cylinder set

]. Given any ¢ > 1, we pick z,

1 1 1 1 . .2 2 2 2
[w—nl—K(g) .. 'QO oo wnl P wnl+K(£) .] cee .]w—nz—K(g) P wO oo wnz oo wn2+K(5)]'

t

We are reduced to prove that there exists N(¢) > 1 such that for any J;, I; C S! with
|J1] > 6. there is 0 < £ < N(e) such that Ff;n (J1) NIy # 0. By construction,

1K@ )

¢ _ _ gt
F ko, =fiofiofi=1;-
2 —————
¢

Since f; is minimal, there exists N(g) > 1 so that U?’:(‘S) fjf(Jl) = S'. Then just

choose ¢ € [0, N(g)] such that ff(] 1) N I # 0. This completes the proof.

4.4. Proof of Theorem D. We first observe that F"(w,y) = (0"(w),y + S ,a(w)),
where S ,a(w) = Z’};é a(0/(w)). Fix 0 < & < 1 and choose N € N so that

2~N=D < ¢ < 2-IN=2) Take arbitrary points (w1, Y1), ..., (wk, yx) € = X S!, where
wi=(.., wf), w},w),...) forevery 1 <i < k, and positive integers ny, ..., n; > 0.
We assume k = 2 (the general case is similar). Now, for every 1 < i < 2 define

Di=(.. L Loy, 0ol 0 v L)
We will need the following estimate from [8] (using that the irrational rotation
Ri : S! — S! has the gluing orbit property and is a minimal isometry):

Claim: There exists N(g) > 1 such that for any by, by € S! there exists a gluing
timeOSmSN(s)sothat’bl + 7 —b2| < ﬁ

14



Taking b = y; + S, +n+2 @(@)) and by = y; — S yy2a(0V2(w1)) in the claim,
there exists 0 < m < N(¢g) such that

b1+ S (@) + 7+ Sina(0 @)~y < g (10)
The positive integer m will be used below to define the gluing time. Choose
z=(..,1, l,a)l_N_z,...,Q(l),w},...,wrlllJrNJrz,
Lo Ly 0, @,y 11,
m
By construction, z and @; belong to [a)l_N_z, ... ,Q(l), w}, - ’wr111+N+2]' Therefore

Sqa(z) = S,a(w) for every 0 < n < ny + N + 2 + m. Moreover, it is not hard to
check that

—(N+2+n)

la(c"(w1)) — alc™ (@) < e for every 0 < n < ny.

In consequence,

d(F" (w1, 1), F"(z,y1)) = max { dg(0"(w1), 0"'(2)) , IS w(@y) = S n(2)l |

< max{ 1S wa(wy) — Sna(ail)l} <&

IN+2 °

for every 0 < n < ny. Take the gluing time p := m + 2(N + 2) < N(g) + 2(4 — }ﬁ—;).

If 0 < n < ny. Observe also that o +2N*+2+7(z) and @, coincide in 2(N + 2) + 1
coordinates and

m
Sn+n1+pa'(z) = Sn1+N+2 a(z) + z
+ SN+2@’(UJ11+N+2+m(Z)) + SnCl/(O'nl+2(N+2)+m(Z))
= Sn+n+20(w01) + % + S N0 V() + S pa(@). (4.11)

The equalities (4.11) and S ys2a(c ™ N*241(2)) = S npa(cV72(wy)), together
with equation (4.10) and the triangular inequality yield that

91+ Siny+p@(2) = 32 = S p(@2)| < s +1S00(@2) = S pa(@n)l

IN+1
As before, |S ,,a(w)) — S ,a(wy)| < 2,% and, in conclusion,
d(F"(w2,y2), F"™""P(z,y1)) < max {dz (0" (w2), o™ (2))
V2 + Spe@2) = y1 = Semspa(@)| }

which is bounded above by 2LN < &. This proves that F satisfies the gluing orbit
property.
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