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On the dynamics of dominated splitting

By ENRIQUE R. PUJALS and MARTIN SAMBARINO*

To Jose Luis Massera, in memorian

Abstract

Let f: M — M be a C? diffeomorphism of a compact surface. We give a
complete description of the dynamics of any compact invariant set having dom-
inated splitting. In particular, we prove a Spectral Decomposition Theorem
for the limit set L(f) under the assumption of dominated splitting. Moreover,
we describe all the bifurcations that these systems can exhibit and the different
types of dynamics that could follow for small C" —perturbations.

1. Introduction

In the theory of differentiable dynamics, i.e. the study of the asymptotic
behavior of orbits {f™(z)} when f : M — M is a diffeomorphism of a com-
pact Riemaniann manifold M, one may say that a fundamental problem is to
understand how the dynamics of the tangent map D f controls or determines
the underlying dynamics of f.

So far, this program has been solved for hyperbolic dynamics in the so-
called Spectral Decomposition Theorem, where it is given a satisfactory (com-
plete) description of the dynamics of a system within the assumption that
the tangent map has a hyperbolic structure. More precisely, under the as-
sumption that the tangent bundle over L(f) (the minimum closed invariant
set that contains the w and « limit set of any orbit) splits into two subbundles,
TrpM = E* @ E*, invariant under Df and vectors in E° are contracted by
positive iteration of the tangent map (the same holding for E* but under neg-
ative iteration), Newhouse [N1] proved that L(f) can be decomposed into the
disjoint union of finitely compact invariant and transitive sets. Moreover, the
periodic points are dense in L(f) and the asymptotic behavior of any point in

*E. P. was partially supported by FAPERJ-Brazil, CNPg-Brazil and Guggenheim
Foundation. M. S. was partially supported by University of Maryland at College Park,
IMPA /CNPq-Brazil, CNPq/PRONEX Dyn.Syst.



676 ENRIQUE R. PUJALS AND MART{N SAMBARINO

the manifold is represented by an orbit in L(f). These sets can be regarded as
(the orbit of) a homoclinic class of a hyperbolic periodic point (that is, the clo-
sure of the transversal intersection between the stable and unstable manifold
of a hyperbolic periodic point). Smale’s Q-Spectral Decomposition Theorem
for Axiom A [S] systems is obtained from the above since in this case the
nonwandering set Q(f) is equal to the limit set L(f).

There are, basically, two ways to relax hyperbolicity. One, called partial
hyperbolicity, allows the tangent bundle to split into D f-invariant subbundles
TM = E° & E°@ EY, the behavior of vectors in E®, E* is similar to the
hyperbolic case, but vectors in £ may be neutral for the action of the tangent
map (see [Sh2], [M2], [BD], [BV] for examples of these systems and [HP],
[PS3] for an overview). And two, non-uniform hyperbolicity (or Pesin theory),
where the tangent bundle splits for points a.e. with respect to some invariant
measure, and vectors are asymptotically contracted or expanded at a rate that
may depend on the base point.

Since the latter case starts on a measure-theoretical setting, one cannot
expect to obtain a description from the topological dynamic point of view.
In the former, there is no general theory regarding its topological dynamic
consequences (although there are many important results from the ergodic
point of view, see for instance [BP], [PuSh], [ABV], [CY]).

There is also another category which includes the partially hyperbolic
systems: dominated splitting. An f-invariant set A is said to have dominated
splitting if we can decompose its tangent bundle in two continuous invariant
subbundles ThaM = E @ F, such that:

“Df7E(x)||”Df/_}?(fn(z))u SCON, forallz € Ain >0

with C >0and 0 < A < 1.

Although partially hyperbolic systems arose in a natural way (time one
maps of Anosov flows, frame flows, group extensions), the concept of dominated
splitting was introduced independently by Mané, Liao and Pliss, as a first step
in the attempt to prove that structurally stable systems satisfy a hyperbolic
condition on the tangent map. However, during the last decades, there has
been a large amount of research on this subject, mostly from the ergodic point
of view.

A natural question arises: what is the feedback of a system having dom-
inated splitting? In other words, is it possible to describe the dynamics of a
system having dominated splitting? The aim of this paper is to give a positive
answer (as satisfactory as in the hyperbolic case) to this question when M is a
compact surface. We would like to emphasize that, similar to one-dimensional
dynamics, smoothness plays a key role.

We remark that nonhyperbolic periodic points can coexist with the exis-
tence of dominated splitting and this coexistence could be an obstruction to
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understanding the dynamics of a set having dominated splitting. The following
theorem opens the way to bypass this major difficulty.

THEOREM A. Let f : M — M be a C%-diffeomorphism of a two dimen-
sional compact riemannian manifold M and let A be a compact invariant set
having dominated splitting. Then, there exists an integer N1 > 0 such that any
periodic point p € A whose period is greater than Ny, is a hyperbolic periodic
point of saddle type.

At this point it is important to recall a breakthrough result from New-
house ([N3]) in the study of the dynamics of surface diffeomorphisms: close
to a diffeomorphism exhibiting a homoclinic tangency (that is, a diffeomor-
phism such that for some hyperbolic periodic point the stable and unstable
manifolds have a non-transverse intersection) there are residual subsets of dif-
feomorphisms exhibiting infinitely many periodic attractors or repeller with
unbounded periods. Theorem A above has an interesting consequence that
can be regarded as a partial converse of Newhouse’s result:

COROLLARY 1. Let f € Diff?(M?) having infinitely many sinks or sources
with unbounded period. Then, f can be C'-approximated by a diffeomorphism
exhibiting a homoclinic tangency.

The proof of this corollary is an immediate consequence of Theorem A
combined with a result in [PS1] (see also [PS2]); a system that cannot be C*
approximated by another that exhibits a homoclinic tangency has dominated
splitting over the nonwandering set Q(f).

A second step to understand the dynamics of systems with dominated
splitting is to investigate the case where the closures of the periodic points
have dominated splitting. We denote by Pery,(f) the set of hyperbolic periodic
points of saddle type and by PerhN the set of hyperbolic periodic points with
period greater than N.

THEOREM B. Let f € Diff?(M?) and assume that Pery,(f) has a dominated
splitting. Then, there exists N > 0 such that PerhN (f) can be decomposed into

the disjoint union of finitely many homoclinic classes. Moreover, PerhN(f)
contains at most finitely many nonhyperbolic periodic points and f P () is
h

expansive.

We would like to comment briefly on one of the main ingredients of The-
orem B above. In the hyperbolic case, the description of the dynamics follows
from a fundamental tool: at each point there are transverse invariant man-
ifolds of uniform size and these manifolds have a dynamic meaning (points
in the “stable” one are asymptotic to each other in the future, and points in
the “unstable” one are asymptotic to each other in the past). Under the sole
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assumption of dominated splitting, even if locally invariant manifolds do exist,
they do not have any dynamic meaning at all. However, in the two dimensional
case, using the fact that these locally invariant manifolds are one-dimensional
together with smoothness, we are able to prove that these manifolds already
have a dynamic meaning, perhaps not of uniform size, but enough to proceed
to a description of the dynamics.

The next result gives a global and complete description of the dynamics
when dominated splitting exists on the whole limit set L(f). It represents a
spectral decomposition theorem as in the hyperbolic case.

SPECTRAL DECOMPOSITION THEOREM. Let f € Diff>(M?) and assume
that L(f) has a dominated splitting. Then L(f) can be decomposed into L(f) =
ZUL(f)UR such that

1. Z is a set of periodic points with bounded periods and is contained in
a disjoint union of finitely many normally hyperbolic periodic arcs or
simple closed curves.

2. R is a finite union of normally hyperbolic periodic simple closed curves
supporting an irrational rotation.

3. f)(f) can be decomposed into a disjoint union of finitely many compact
mvariant and transitive sets. The periodic points are dense in E(f) and
contain at most finitely many nonhyperbolic periodic points. The (basic)
sets above are the union of finitely many (nontrivial) homoclinic classes.
Furthermore f/L(f) is expansive.

Roughly speaking, the above theorem says that the dynamics of a C? dif-
feomorphism having dominated splitting can be decomposed into two parts:
one where the dynamics consist of periodic and almost periodic motions (Z, R)
and the diffeomorphism acts equicontinuously, and another one where the dy-
namics is expansive and similar to the hyperbolic case. Moreover, the set I~/( f)
can be characterized as the set of point in L(f) that can be approximated
by periodic points with unbounded periods. We will make a more precise
statement of the theorem above in Section 4.

One may ask if the above theorem holds if we replace the limit set L(f)
by the non-wandering set Q(f). The Spectral Decomposition Theorem does
not hold, in general, when Q(f) is hyperbolic but not equal to the limit set
L(f). However, in [NP] it is proved that if €(f) is hyperbolic and f is a
diffeomorphism of a compact surface then Q(f) = L(f). This also holds in
our case: if Q(f) has dominated splitting and f is a C? diffeomorphism of
a compact surface then Q(f) = L(f) and hence the Spectral Decomposition
Theorem holds for Q(f) (see §6).

A consequence of our Spectral Decomposition Theorem is that any C?
diffeomorphism with dominated splitting over L(f) with a sequence of periodic
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points with unbounded periods, must exhibit a nontrivial homoclinic class, and
hence its topological entropy is nonzero.

COROLLARY 2. The topological entropy of a C? diffeomorphism of a
compact surface having dominated splitting over L(f) and having a sequences
of periodic points with unbounded periods is positive.

Now, we turn our attention to another important property of hyperbolic
sets which is called analytic continuation: if A C Q(f) is a hyperbolic set then,
for any nearby diffeomorphism g there is a set A; homeomorphic to A and
such that the dynamics of f/A and g/A, are conjugated. We may wonder if
sets having dominated splitting also exhibit an analytic continuation. In the
full generality, the answer is no. For instance, an isolated saddle node fixed
point is a set having dominated splitting, but this point might disappear after
a small perturbation. However, it is also possible to perturb the system in
such a way that the fixed point not only persists but also becomes hyperbolic.
If the set having dominated splitting contains a nontrivial homoclinic class, it
cannot disappear, but may “explode” (see §5). However, we may perturb the
system in such a way that the set has an analytical continuation and becomes
hyperbolic as well. More precisely:

TuEOREM C. Let f € Diff>(M?) and assume that L(f) has a dominated
splitting and let A be a basic piece of the spectral decomposition of L(f). Then

there exists a connected open set V C Diff?>(M) such that
1. fev.

2. For all g €V there is a set Ay C L(g) homeomorphic to A such that Ay
is a basic hyperbolic set for g (i.e. a locally mazximal transitive hyperbolic
set) and f/A and g/A, are conjugated.

We point out that the continuation of hyperbolic sets can be done through
analytic methods (the implicit function theorem in Banach spaces, see [HPS])
but this is not the case for dominated splitting: we have to understand first
the topological behavior of the initial system and then show that this structure
is “rigid” in the C*-topology.

Note that a fundamental step towards the proof of Theorem C is to show
that the periods of nonhyperbolic periodic points are bounded in a “suitable”
neighborhood of f, i.e., the number Ny in Theorem A can be chosen uniformly
for any appropriate perturbation of f. A remarkable consequence of this fact is
that, in the absence of saddle-node periodic points (but in the presence of other
nonhyperbolic periodic points), there are sequences of f-periodic points with
one (normalized) eigenvalue converging to one and they cannot be perturbed
to obtain a nonhyperbolic periodic point, i.e., they are C?-stably hyperbolic:
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THEOREM D. There exist a C? diffeomorphism f : M — M and a neigh-
borhood U of f in the C? topology such that f has a sequence of periodic points
pn, with unbounded periods and one normalized eigenvalue of p, converging to 1
and any periodic point of g € U of period greater than 2 is hyperbolic.

This theorem implies that the Franks’ lemma in [F], which is extremely
useful in the C'-topology, is no longer valid in the C?-topology (see §5).

In view of Theorem C, we may also ask if L(f) has a hyperbolic analytic
continuation. This fails to be true if f exhibits a simple closed curve supporting
an irrational rotation or if f has infinitely many periodic points with bounded
periods: there is no way to “unfold” an irrational rotation without passing
through other irrational rotations, and there is no way to “unfold” infinitely
many periodic points with bounded periods (except in some very degenerate
situations) without passing through another bifurcation.

Does ﬂ( f) have a hyperbolic analytic continuation? Even in the hyper-
bolic case this is not true without the no-cycle condition. Thus, if L(f) satisfies
a no-cycle condition (see §6) we get a hyperbolic continuation of L(f).

THEOREM E. Let f € Diff(M?) and assume that L(f) has a dominated
splitting and assume that the no-cycle condition holds. Then there exists a
connected open set V C Diff>(M) such that

1. fev.

2. For all g € V the set L(g) is hyperbolic and f/L(f) and g/L(g) are
conjugated.

Finally, we will use the theorems above to obtain results regarding the
topological entropy. Although systems with dominated splitting are not stable,
and in a one parameter family many bifurcations may exist, the topological
entropy does not change.

THEOREM F. Let U C Diff*°(M?) be such that for any f € U, Q(f) has
dominated splitting. Then the topological entropy on U is constant.

By the observation made just after Corollary 1, as a consequence of The-
orem E, we have as a corollary a result proved in [PS2].

COROLLARY 3. Let f: M — M be a C*° diffeomorphism such that for any
C*°-neighborhood U of f, the map U > g — hiop(g) is not constant. Then f
can be Ct-approzimated by a diffeomorphism exhibiting a homoclinic tangency.

The paper is organized as follows: in section 2 we state some results and
tools that will be used to prove the theorems above; in Section 3 we prove
Theorem A; in Section 4 we prove Theorem B and the Spectral Decomposi-
tion Theorem; Section 5 is devoted to proving Theorem C and D. Finally, in
Section 6, Theorems E and F are proved.
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2. Preliminaries

Let f: M — M be a diffeomorphism of a compact riemannian manifold
M. Recall that a compact f-invariant set A is said to have a dominated splitting
if its tangent bundle splits into two D f-invariant subbundles ThaM = E & F,
and such that:

HDf}‘E(x)H||Df/_F"(fn(x))|| <C\", forallz € A,n >0

with C >0and 0 < X < 1.

We observe that in the compact invariant subset of A where one of the
subbundles is trivial, the other one must be hyperbolic (contracting or expand-
ing) and hence this subset is finite and consist just on periodic attractors or
repeller. In other words, the dominated splitting is interesting when none of
the subbundles are trivial and we shall assume that this is the case through
our paper.

We will assume also that C = 1. It is not a major assumption since we
can replace f by a power of itself and notice that all the theorems that we will
prove, if they are true for a power of f then they are also true for f. We shall
refer A (in the above definition) as a constant of domination. And through the
paper, M will denote a two dimensional compact Riemannian manifold, i.e., a
compact surface (unless otherwise indicated).

2.1. Sufficient conditions for hyperbolicity. Here we state a slight modifi-
cation of Theorem B of [PS1].

THEOREM 2.1. Let f be a C?-diffeomorphism on a compact surface, and
let A C Q(f) be a compact f-invariant set having a dominated splitting T/ M =
E @ F and such that all the periodic points in A are hyperbolic. Then, A =
A1UAo where A1 is a hyperbolic set and Ay consists of a finite union of periodic
simple closed curves Cy, .. .,Cyn, normally hyperbolic and such that f™ : C; — C;
is conjugated to an irrational rotation (m; denotes the period of C;).

The mentioned theorem in [PS1] requires that the periodic points in A
are hyperbolic of saddle type. However, this is a superfluous assumptions as
we will see. Denote by Py the set of periodic attractors and by Fy the set of
periodic repellors. Observe that Py and Fj are isolated in A (since A C Q(f))
and hence Ag = A\{Py U Fp} is compact, invariant, contained in Q(f) and all
the hyperbolic periodic points in Ay are hyperbolic of saddle type. Therefore,
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we can apply Theorem B of [PS1] and obtain the desired decomposition for
Ao (that is, Ag is the union of a hyperbolic set and a finitely many periodic
curves supporting an irrational rotation). It follows that Py and Fj must be
finite (otherwise all their limit points belong to a hyperbolic set, which is
impossible). Thus, our theorem follows from Theorem B of [PS1].

2.2. Central stable and unstable manifolds 1. A fundamental tool used
throughout the paper is the existence of locally invariant manifolds which
already exist under the assumption of dominated splitting. However, we will
need these manifolds to be of class C2. For this purpose, a sufficient condition
is the 2-domination: we say that a compact invariant set A having dominated
splitting is 2-dominated if there exist C' > 0 and ¢ < 1 such that

1D IS 7 o I < Cor®
and
1Dy 21Dt | < Co™

hold for any point x € A and n > 0. The presence of a periodic attractor
or repeller could be an obstruction for the 2-domination. Let explain this.
Consider p, 0 < g < X and assume that a periodic attractor (sink) p has
(normalized) eigenvalues u and p2. This periodic attractor may exists in a set
having dominated splitting with A\ as a constant of domination. However, if m
is the period of p then

m —m 2 _
1D f T D 7 mp ™ =1

and the 2-domination fails.

In order to bypass this possible obstruction, we make the following defini-
tion: given u, 0 < u < 1, a hyperbolic periodic point p of period m is a u-sink
(resp. p-source) if the modulus of the eigenvalues of Df) : T,M — T,M is
less (resp. greater) than p™ (resp. u~™). Notice that p-sinks or sources are
isolated in the nonwandering set (or in the limit set).

THEOREM 2.2. Let f : M — M be a C! diffeomorphism and A be a set
with dominated splitting TyxM = E & F. Then, for any 0 < p <1 the set of
w-sinks in A is finite. The same holds for p-sources.

Proof. Let 0 < p <1 and fix y,u < v < 1. Let p be a u-sink in A and
denote its period by m. We claim that there exists p; = f*(p) in the orbit of p
such that

(1) IDfTppall <" 1< n<m.

Arguing by contradiction, assume that this is not true. Then for every p; =
fi(p) there exists n(p;),1 < n(p;) < m such that HDf%’Zp))H > 4P Let
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C = sup,ey{lIDfi|| :i=1,...,m}. Take ko such that for k > ko we have

C’ukm
(2) o

Take k > ko and consider n; = n(p),ng = n(f™(p)),...,n; = n(fmrTr-1(p)).
There is some 7 so that km <nq+---+n; <km+m. Set N =nq +---+n;.
Then

km

<7

N km N—km
1D/ pw) | = 1D Ep D f /g fom |
<Opkm < AP <N < ||Df/]\1[7(p)||,

a contradiction. This proves our claim. (Notice that, since 7 is arbitrary, it
follows that (1) holds for v = g, but this is not necessary for our purpose).
Thus, we have proved that if p is a u-sink, then there is p; in the orbit of
p satisfying (1). We may assume that p = p;. Since m is the period of p it
follows that || D FTr) | <~™, n > 0. By the domination and since angle(E, F")
is bounded away from zero in A, we conclude that there is a constant K such
that
IDfE| < A", > 0.

Let ¢ > 0 such that v(1 4 ¢) < 1 and let ng be such that K" (1 +¢)™ < 1.
Since f is C! there is some 7 > 0 such that

(3) if d(f7(x), f/(y)) <n, 5 =0,1,...,n =1 then [Dfy| < (1+¢)"|Df7].

Take e > 0 such that if d(z,y) < e then d(f7(x), f(y)) <n,j =0,1,...,n9—1.
Consider any y € B:(p). It follows that

IDfg° I < (X + )" [[Dfgoll < K™ (14 ¢)™ < 1.

Therefore d(f™ (y), f™(p)) < &. By (3), using induction we get that ||Df}[| <
K~"(14¢)™ and d(f"(y), f"(p) < kv™(1 + ¢)"d(y,p), n > ng. In other words,
B:(p) is in the basin of attraction of the p-sink p. Since € does not depend on
p and different sinks have disjoint basin of attraction, it follows that there can
be only finitely many p-sinks in A. O

This theorem is no longer valid if M is an n-dimensional manifold with
n > 3 without supplementary hypotheses. Further details exceed the purpose
of this paper.

The next lemma is an adaptation of Lemma 3.0.3 of [PS1] and in its proof
we shall indicate the main lines; details can be found in the lemma, cited above.
For 41, 0 < < 1 and A a compact invariant set, denote by P,(A) (F,(A)) the
set of p-sinks (resp. p-sources) in A.

LEMMA 2.2.1. Let f : M — M be a C! diffeomorphism and let A be a
compact invariant set having a dominated splitting T)AM = E®F. There exists
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p, 0 < p <1 such that any compact invariant subset Ao, Ag C A\{P,(A) U
F,,(A)} is 2-dominated.

Proof.  Since angle(E,F) > ~ > 0 for every point in A there exist a
positive constant K such that

D) < Ksup{IDf i)l 1D F/re It < KIDfee

for all z € A and for all positive integers n, where the last inequality follows
by the dominated splitting again.

Take 09, A < 09 < 1 and ¢ such that 2K\? < oy. Let p be such that
oo < pl.

We now prove, for this choice of u, and Ag as in the statement of the
lemma that the conclusion is true. We shall prove only the first item of the
2-domination, the second one being analogous. It is enough to show the exis-
tence of a positive integer m such that for every = € A we have

1
- 2

1Dl 1D a1 < 5
Now, arguing by contradiction, we get that for each positive integer n there

exists x, € Ay such that
1

. s 9
HDf;E(a;n) ||Df/F](fj(a;n))|| 25

for all 0 < j < n. We may assume that z,, — = for some x € Ag. For this z,
by the domination and the way we chose g we get

[LIDs (s @) < Km2xm = 2(Kx0)" < of
=0
for all n > 0. Let ¢ = f9. Thus

[11Dg(s7 (@)l < of ¥n >0
7=0

Consider 0 < A < g9 < 01 < 02 < pu? < 1. Then, there exists a sequence of
integers ni — oo such that, for any k£ and for every positive n,

IDg™ (" ()l < T 1Dg(e” (g™ (2))I| < o1
j=0

Thus, it can be proved that there exist n > 0, independent of k, such that for

any y € By (g™ (z)),
|Dg"™ (9" (x))]| < 02"

holds. Let jo be such that for every j > jo we get o9/ < 2. Now, take n; and ny
such that n; —n; > jo and dist(¢g™ (x), g™ (x)) < F. Setting r = n; — n;, we see
that g"(By (g™ ())) C By(g" (z)) and g/, (47 (x)) i & contraction. Then there
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is a point p € B, (g™ (x)) which is fixed under g". Since g = f? we conclude
that p is an attracting fixed point under f9". Therefore p is a sink, attracting
the point z = ¢™(z) and so p € Ag. Moreover

IDfF" I = | Dgpll < o2" < p".

Hence p is a p-sink in Ag, a contradiction. O

Let I; = (—1,1) and I. = (—¢,¢), and denote by Emb?(I;, M) the set of
C%-embeddings of I; on M. The next result can be found in [HPS].

LEMMA 2.2.2. Let f : M — M be a C? diffeomorphism and let A be a
compact invariant set having dominated splitting which is also 2-dominated.
Then, there exist two continuous functions ¢ : A — Eme(Il,M) and ¢°" :
A — Emb?(I;, M) such that ¢=(z)(0) = ¢%(z)(0) = z and if we define
We(z) = ¢ (x) e and W (x) = ¢ (z)I. the following properties hold:

a) T,W(x) = E(x) and T,W(z) = F(x),

b) for all 0 < €1 < 1 there exist 9 such that

fWE (@) C WE(f(2))
and
FHWE () c WE(fH ().

From now on, whenever we have a set A as in the Lemma 2.2.2, we shall
assume the functions ¢ and ¢°" to be chosen and fixed. We call the manifold
W< the (local) center stable manifold and W the (local) center unstable
manifold. Observe that property b) means that f(WS5(x)) contains a neigh-
borhood of f(z) in W(f(x)) and f~1(W<%(x)) contains a neighborhood of
(=) in W(f~(z)). In particular, we have:

COROLLARY 2.2.1. Given e, there exists a number 6 = 6(¢) with the fol-

lowing property:

1. If y € WS(z) and dist(f7(z), fi(y)) < 6 for 0 < j < n then fi(y) €
W (f (@) for 0<j <.

2. If y € WE%(z) and dist(f 7 (z), f7(y)) <6 for 0 < j <n then f~/(y) €
W (= (x)) for 0 < j < n.

Another consequence is Corollary 3.2 of [PS1] to be used later and we
state it here for the sake of completeness.

COROLLARY 2.2.2. Let A be as in Lemma 2.2.2 and let v, 0 < v < 1.
Then, there exists € = () such that for any x € A satisfying

IDS7 I < 4" ¥ > 0
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then, the length
(" (W (@))) —n 0

i.e., the central unstable manifold of size € is in fact an unstable manifold.

A fundamental fact that we will use, regarding the C? smoothness of the
central manifolds is the following lemma, which is classical in one dimensional
dynamics (see for example [dMS]). We will state it for the central unstable
manifolds. A similar result holds for the central stable ones. Note that the
center manifolds vary continuously in the C? topology and hence there is a
uniform Lipschitz constant Ky of log(Df) along these manifolds. If J is an
arc, i.e., an embedding of the unit interval, we will denote by ¢(.J) its length.

LEMMA 2.2.3. There exists Ky such that for all x € A and any arc J C
W (z) such that, if f=9(J) C W (f~7(z)) for 0 < j <n then

—-n
1D 2| -

1. m < eXp(Ko Z;L;(} E(f—j(j))); Y,z € J, F(y) = TyJa F(Z) =T.J.

2 IDf 2 Il < U exp(K SSR2 ().

We end this section making some comments about sets having dominated
splitting (for a more precise discussion see the beginning of §3.2 of [PS1]).
Assume that A is a set having dominated splitting. Similar to the hyperbolic
case, we can find a family of continuous cone fields (central unstable and central
stable cone fields) with the property that the diffeomorphism leaves these cone
fields invariant (indeed, the central unstable cones are mapped strictly into
them in the future, the same for the central stable ones in the past), but without
the property of expansion and contraction of vectors. Nevertheless, these cone
fields can be continuously extended to a neighborhood of A having the same
property where it makes sense. We will say that an arc in this neighborhood
is transversal to the E-direction (resp. F-transversal) if the tangent space at
any point lies in the central unstable (resp. stable) cone field. Finally, since for
x € A, the tangent space at x of the central unstable (resp. stable) manifold
is F' (resp. E), there is some ¢q (fixed from now on) such that WS'(zx) (resp.
W¢S(x)) is an arc transversal to the E- direction (resp. F-direction).

2.3. Bozes and distortion. Throughout this section A denotes a compact
invariant set having dominated splitting and it is 2-dominated.

Definition 2.3.1. Bozes. A box B is a (small) open rectangle such that
BN A # () having the boundary transversal to the E and F-direction. More
precisely

B = int(h([-1,1]%))
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where h : [~1,1]> — M is a diffeomorphism onto its image such that if we
define the central stable boundary as

8CS(B) — h({—l, 1} X [_17 1])1

we require that the two components (arcs) of it are transversal to the
FE-direction. For the central unstable boundary

OM(B) = h([-1,1] x {-1,1})
we require transversality to the F-direction. The axes of the box are the arcs
h([~1,1] x {0}) and h({0} x [~1,1]).

A wertical strip is a subrectangle S C B such that 0°*(S) C 9°*(B) (we do
not require that SN A # ().

Definition 2.3.2. Subbozes. We say that B’ C B is a cu-subboz if it is a
box and 9°*(B’) C 9°*(B). In a similar way we define cs-subboxes.

In the sequel we assume that the diameter of a box B is much smaller
than ¢¢ so that if y € BN A then any component of W' (y) — {y} intersects
the boundary of B. Now, we will introduce some particular boxes exhibiting a
kind of Markov property.

Definition 2.3.3. Adapted boxes. Let B be a box. For y € BN A we
denote by J§'(y) the connected component of W' (y) N B that contains y. We
say that a box B is e-cu-adapted (or adapted only) if for every y € BN A the
following conditions are satisfied:

1. J3(y) N 9=(B) =0,
2. 0(f7™(J3(y))) <eforalln>0,
3. f(JF(w)NB=0or f7"(J§y' (y)) C B for all n > 0.

Definition 2.3.4. Returns. Let B be an adapted box. A map ¢ : S — B,
where S C B, is called a cu-return of B associated to A if:
e SNA#D,
e there exist £ > 0 such that ¢ = f/_Sk,
e (S) = f7%(S) is a connected component of f~*(B)N B,
e f7i(y)¢ B, 1<i<kforanyyec SNA.

Let v : S — B be a cu-return, ¢ = f/_Sk and let y € SN A. Since B is
adapted, it follows that f~(J$(y))N B =0,1 <i < k and f~*(J%(y)) C B.
Thus, J§'(y) C S.

We will denote the set of cu-returns of B associated to A by R (B, A).
Moreover, we say that a return ¢ € R*(B,A),v : S — B is hyperbolic if we
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have |[¢/| < &€ < 1, that is, if |¢| := ||D /;f(z)u < ¢ for all z € J(y),y € SNA,
where ¢ = f/*Sk and F(z) = T.J\(y) = T.WEH(y)-

For our purposes, we need a refinement of the definition of an adapted
box. Before doing so, let us make an observation that may help the reader
to understand the following definition. If B is an adapted box such that A N
0°(B) = () then we may find a cu-subbox B’ so that B — B’ = S; U Sy where
S1,Sy are vertical strips with S; N A = 0,7 = 1,2. However the condition
AN 9=(B) =0 is not always possible (for instance, if A = M).

Definition 2.3.5. Well adapted bozes. Let B be an adapted box. We say
that B is well adapted if there exist a cu-subbox B’ and two disjoint vertical
strips S1, Sz, such that

B-B = S1 U Sy

where S, Sy satisfy either
a) SiNA=0or
b) S; is a domain of a cu-return ¢; € R(B, A) and ¢;(S;) is a cs-subbox.

Moreover, if k; is such that 1; = f~%: /.S; then we require that f=7/(S;)NB =0
for 1 <j <k

At some point we will have to compare the volume of a box, and the length
of the axis. And this is well performed if we have some kind of “distortion”
properties.

Definition 2.3.6. Distortion. We say that a box B has distortion (or cu-
distortion) C' if for any two arcs, Jy, Jo, in B transversal to the E-direction
whose endpoints are in 0°*(B), the following holds:

1)
Cc — E(JQ)

<C.

Remark 2.3.1. If an adapted box has distortion C, then, for any y,z €

BNA,
cu
1_wge)
¢~ LJE' )
Notice that, in order to guarantee distortion C' on a box B it is sufficient
to find a C? foliation close to the E-direction in the box, such that, for any
two arcs Ji, Ja (taken as in the definition of distortion),

1
— < ||| <
s<lmi<c

holds, where IT = II(.Jq, J3) is the projection along the foliation between these
arcs.
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2.4. Denjoy property. Let A be a set with dominated splitting, and let V'
be an admissible neighborhood of A; that is, any compact invariant set in V
has dominated splitting. Take U, another neighborhood of A, A C U Cc U C V.
Denote by A1 = Nyezf™(U) the maximal invariant set in U (the closure of U)
and by A7 = Ny>0f " (U) the set of points which remains in U in the future
and by A7 = Np>of"(U) the set of points which remains in U in the past.
Notice that A; has a dominated splitting Th, = E & F since V is admissible.
Moreover, for every point x € Af we have a uniquely determined E-direction.
Recall that an open arc I C M means an embedding of the real line (or the
open unit interval) in M and ¢(I) denotes its length. A simple closed curve
S C M will mean an embedding of the circle S' in M. The w-limit set of an
arc I, w([), is the union of the w-limit set of any point in /.

Definition 2.4.1. We say that an open C? arc I in M is a 6-E-arc if the
next two conditions hold:

1. I C Af and £(f™(I)) < 6 for all n > 0.

2. f™(I) is always transversal to the E-direction.

In an analogous way we define J-F'-arc.

In order to prove dynamics properties on the central manifolds, we recall
Proposition 3.1 from [PS1]. Although items 2a and 2b are not included in the
original statement, they are consequences of the proof of the cited proposition.
Before we state it, let us say that a compact arc J C Af is F-normally
hyperbolic if it is transversal to the E-direction and moreover, for all z € J we
have that Hng(Z)H < C+™ for some 0 < v < 1 and all n > 0. In this case, for
all z € J there is stable manifold W#(z) which is tangent to E(z). We define
the basin of attraction of J as U,c7W?#(2). Notice that if J is periodic, i.e.
f™(J) C J for some positive integer m, then the only non-wandering points
in the interior of its basin of attraction are just the periodic points in J.

THEOREM 2.3 (Denjoy’s property). There exists 6o(< €9) such that if 1
is a 0-E-arc with § < &g, then one of the following properties holds:

1. w(I) is a periodic simple closed curve C normally hyperbolic and f/"c‘ :C —
C (where m is the period of C) is conjugated to an irrational rotation,

2. w(I) C Per(f,) where Per(fyy) is the set of the periodic points of f
in V. More precisely: either

(a) There is a periodic closed arc J E-normally hyperbolic and I is in
its basin of attraction or

(b) w(I) is a sink or a saddle-node periodic point.
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Remark 2.4.1. For future purposes, let us remark that V' can be chosen so
small such that for any g in a suitable neighborhood U of f the set N,czg"(U)
has dominated splitting and the same family of cone fields is appropriate for

g € U. Then, the constant dy in Theorem 2.3 can be chosen uniformly on .

Note. In the sequel we say that a set A does not have a closed curve
supporting an irrational rotation if there is no (periodic) simple closed curve
in A normally hyperbolic C such that f/”CL : C — C (where m is the period of C)
is conjugated to an irrational rotation.

3. Proof of Theorem A

Let us start to prove Theorem A. Arguing by contradiction, assume that
the conclusion of Theorem A is not true. Then, there exists a sequence p,
of periodic points whose periods are unbounded and they are not hyperbolic
periodic points of saddle type. Let Ag be the set of limit points of the orbits
of the points p,, i.e.:

Ao = Ninz0UnzmO (pn)-

This set is compact invariant and, since it is a subset of A, has a dominated
splitting and Ag C Q(f) holds.

Assume first that either all the periodic points in Ag are hyperbolic or Ag
does not contain any periodic point at all. Then, by Theorem 2.1, we conclude
that Ay is a union of a hyperbolic set and a finite union of periodic simple closed
curves normally hyperbolic. Since given a neighborhood of Ay there exists ng
such that, for any n > ng, the orbit of p, is contained in this neighborhood,
we get a contradiction. In fact, the orbits of p, cannot accumulate on the
periodic simple closed curves since they are normally hyperbolic (attracting or
repelling curves). Thus, Ag is a hyperbolic set and so the maximal invariant
set in an admissible compact neighborhood of Ag is hyperbolic as well. In
particular, for sufficient large n, p, lies on this maximal invariant set and so
it must be a hyperbolic periodic point of saddle type, a contradiction, and so
our assumption is false.

Therefore, Ag must contain a nonhyperbolic periodic point p, and the
orbits of a subsequence of {p,} accumulate on p with unbounded periods.
This contradicts the following theorem:

THEOREM 3.1. Let f be a C? diffeomorphism of a compact surface M
and A C Q(f) be a compact set having a dominated splitting. Let p € A be a
nonhyperbolic periodic point and denote by N, its period. Then, there exists a
neighborhood U, of p such that any periodic point ¢ € A with period greater than
2N, and whose orbit intersects U, is a hyperbolic periodic point of saddle type.
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Summarizing, the proof of Theorem A is reduced to the proof of the
theorem above, which is postponed to Section 3.4. Nevertheless, in the next
section we will give a rough outline of it.

3.1. Idea of the proof of Theorem 3.1. Let p be a nonhyperbolic periodic
point and ¢ a periodic point whose orbit goes through a very small neighbor-
hood of p. Moreover, assume that p and ¢ belong to A. We would like to show
that ¢ is a hyperbolic periodic point of saddle type, that is ||D f(}qu > 1 and
HDfl?ZEqH < 1 where n, is the period of g.

The idea is to split the orbit of ¢ into pieces where either is outside the
neighborhood of p or inside of it.

On one hand, we show that outside any neighborhood of p, the derivative
along the F-direction for any trajectory is uniformly bounded away from zero;
ie., HDf/"FIH >c > 0 for fi(z) ¢ Up, i = 1,...,n (notice that this does not
contradict that ¢ might be a periodic attractor).

On the other hand, when a trajectory is going through a tiny neighborhood
of p, it not only does not loose expansion (although the derivative of p along the
F—direction might be one) but it has a good expansion along the F'—direction
from the first time that the point goes into U, until the last time that remains
in it (even if the exponential rate is close to one); i.e., for « such that f(z) ¢ U,
z,...,f"(x) € Uy and f~("+D(z) ¢ U, then DS, . NI >2/e.

To explain the latter, we first consider a small cer(;tral unstable segment
J containing x. Observe that since a long trajectory of x is inside U,, then
J is close to the central unstable manifold of p. We consider a segment [ in
a fundamental domain of the central unstable manifold of p, obtained as the
“projection of J on the central unstable manifold of p along the central stable
foliation”. We show that the lengths of f~*(I) and f~%(J) are uniformly
comparable for any 1 < k <n and we conclude that

—n n—1 '
D880 < L5 exptn Y- e )
j=0
(D) et (1)) o
~ Mexp(fcojzow ) = = e EolWE(0))

For the first part, we will also use an argument of summability, more
precisely, showing that there is a uniform constant K such that for any z
verifying f~/(x) € Up,j = 0,1,...,n, there is a central unstable segment .J
containing z with the property that Z?:o ¢(f~7(J)) < K. This is enough to
find a uniform lower bound for the derivative along the F-direction.

To develop these ideas we need to understand first the structure of the
nonhyperbolic periodic points in a set having dominated splitting and the
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dynamic behavior of the central manifolds of points nearby. This will be done
in the next two sections before giving the complete proof of Theorem 3.1.

3.2. Nonhyperbolic periodic points. Recall that in the case of sets having
dominated splitting, we may have to deal with nonhyperbolic periodic points.
However, due to the dominated splitting, at least one eigenvalue of the periodic
point has modulus far from one. Hence, a nonhyperbolic periodic point in a set
with dominated splitting has only one eigenvalue with modulus one (and so it is
1 or —1). We will say that a nonhyperbolic periodic point is E-nonhyperbolic
(resp. F-nonhyperbolic) if the eigenspace associated to the eigenvalue with
modulus 1 is the E-space (resp. F-space).

Notice that if p is an F-nonhyperbolic periodic point then, for some &,
W = W2 ie., the local central stable manifold coincides with the local
strong stable manifold. Analogously, if p is an E-nonhyperbolic periodic point
then, for some e, W = W i.e., the local central unstable manifold coincides
with the local strong unstable manifold.

Let p be an F-nonhyperbolic fixed (periodic of period m) point and con-
sider the following statement: there exists some 1 such that for any ¢ < g
there exists  such that f~"(W$"(p)) C W%(p) Vn > 0.

In case this statement holds then, either for some v any point in W§“(p)
converges to p by backward iterates or for any ~y this does not happen. In the
former, W3 (p) is in fact an unstable manifold. In the latter, if for some + there
is a component of W<"(p)—{p} such that any point in this component converges
to p by backward iterates, then we conclude that points in one component of
WZT converge to p by backward iterates and on the other component there is
a sequence of fixed (periodic of period m) points converging to p. If for any
7 and any component of Wi" there are points that do not converge to p by
backward iterates, then in both components there is a sequence of fixed or
2-periodic (periodic with period m or 2m) points converging to p.

On the other hand, if the statement above does not hold, we may ask
if it is true, replacing Wi" by a component of Wi — {p}. If it is true for
one component, we may conclude on this component that either any point
converges by backward iterates to p or there is a sequence of fixed (periodic of
period m) points converging to p. Notice that on the other component, points
must converge to p in the future. Now, if the statement is not true for any
component, then any point in a neighborhood converges to p in the future.
Thus, we have proved the following lemma (see also §§3.3 and 4.1).

LEMMA 3.2.1. Let p be an F-nonhyperbolic periodic point. Then one and
only one of the following situations holds:
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1. For some e > 0 and any x € WEp), f""(x) —n—oo P holds, where
my, is the period of p (i.e. WS is an unstable manifold). This point will
be called a periodic point of saddle-type.

2. For some € > 0 and any x € Wp), [ (r) —n—oo P holds, where
my, is the period of p (i.e. WS is a stable manifold). This point will be
called a periodic point of sink-type.

3. For some ¢ > 0, on one component of W (p) — {p} we have f~""(x)
—n—oo Dy Where my, is the period of p, and on the other one either there
is sequence of periodic points of some period other than p converging to
p or a point in this component converges to p by forward iterates. This
will be called an F-saddle-node-type periodic point.

4. Fither on one component there is a sequence of periodic points converging
to p and points on the other one converging to p in the future, or in
both components there is sequence of periodic points converging to p (the
periods are, in this case, equal to or double the period of p). This will be
called a sink-node-type periodic point.

We get the same result for an E-nonhyperbolic periodic point.

LEMMA 3.2.2. Let p be an E-nonhyperbolic fized point. Then one and
only one of the following situation holds:

1. For some € >0 and any x € W(p), f"(x) —n—oo p holds, where m,
is the period of p (i.e. WS is an unstable manifold). This point will be
called a periodic point of saddle-type.

2. For some ¢ > 0 and any x € W(p), [~ (x) —n—oo p holds, where
my, is the period of p (i.e. W is an unstable manifold). This point will
be called a periodic point of source-type.

3. For some ¢ > 0, on one component of W (p) — {p} we have f™"»(x)
—n—oo Py Where my, is the period of p, and on the other one either there
is sequence of periodic points of some period other than p converging to
p or a point in this component converges to p by forward iterates. This
will be called an E-saddle-node-type periodic point.

4. Fither on one component there is a sequence of periodic points converging
to p and points on the other one converging to p in the past, or in both
components there is sequence of periodic points converging to p. This will
be called a source-node-type periodic point.

COROLLARY 3.2.1. Let p be a nonhyperbolic periodic point. Then,
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1. If p is an F-saddle-node (resp. E-saddle node) then, for any small ball
B(p), any point in one component of B(p)\W.(p) (resp. B(p)\Wit(p))
converges in the future (resp. in the past) to p or to a periodic point with
the same period as p. Moreover, given m, if the ball B(p) is small enough,
any periodic point in the other component has period greater than m and
the orbit must leave the ball B(p).

2. If p is sink or sink-node-type (resp. source or source-node type) then,
any point in a small neighborhood B(p) converges in the future (resp. in
the past) to p or to a periodic point with either the same period as p or
twice p.

3. Ifp is of saddle type then, given m there is a small neighborhood of p such
that any periodic point in this neighborhood has period greater than m.

3.3. Central stable and unstable manifolds II. In this section we study
the dynamic behavior of the central manifolds of points in a set A (having
dominated splitting) near periodic points.

Definition 3.3.1. Boxes around periodic points. Let p € A be a periodic
point and let §° < &g, 6" < dp be given. A box around p is a box (see Definition
2.3.1) with p in its interior and axis W§(p) and W (p) (and small enough so
that Corollary 3.2.1 applies with m twice the period of p).

We call branch a component of Wcjj(p) (p) — {p}, j = u,s. This branch
divides the box B(5575u)(p) into four quadrants B% 5o.6u)> 1 <i<4. A quadrant
is said to be nonisolated (with respect to A) if there are points of A in this
quadrant that are either non-periodic or periodic points with period greater
than 2V, where N,, is the period of p. In particular the central stable branch
and the central unstable branch bounding these quadrants are contained in the
stable manifold and in the unstable manifold respectively of p (even if p is a
nonhyperbolic periodic point). A A

For any y € Bfas’éu)(p) NA, set J5"* = J%%gs,m and Joo' = ]‘;Szésaau). Now,
using Theorem 2.3, we will prove that these central unstable (stable) arcs
defined previously, do not increase the size by negative (positive) iteration.

LEMMA 3.3.1. Let A C Q(f) be a compact set having dominated splitting
and 2-dominated without closed curves supporting irrational rotations and let
p € A be a periodic point. Let Bs: 5u)(p) be as above, and let B&S,éu)(p) be a
nonisolated quadrant.

Then, for any €, 0 < € < dy, there is 6% = 6¥(e) < 6" such that for any
x € 3255,53)(10) N A different from p

P @) € WE(F (@)
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holds for anyn > 0. We get a similar statement for the central stable manifolds:
more precisely, for any € > 0, there is 05 = 6:(e) < 6° such that for any
x € B&i,&u)(p) N A different from p

FrIsE @) C WE(™ (@)
holds for any n > 0.

Proof. We shall prove the lemma only for the central unstable manifolds.
The case for central stable is similar. For convenience, we will forget the index
iin JOW

Assume that the lemma is not true. Then, setting § = d(e) from Corollary
2.2.1 there exist sequences v, — 0, x,, € Béésnn) N A, and m,, — oo such that,
for 0 < j < my,

IS ) <6
and

L (050 () = 6.

Letting I, = f~""(J5%(zn)) we can assume (taking a subsequence if nec-
essary) that I, — I and f~™(x,) — 2,2 € A,z € I (the closure of I).

Now, we have that £(f"(I)) < § for all positive n, and since I C W'(z),
we conclude that I is a -E-arc. From Theorem 2.3 w([) is a periodic orbit ¢
(a sink or a saddle-node) or I is in the basin of an invariant segment 7.

We have two possibilities, either z is an interior point of I or it is not. In
the former we get that, for large n, x, is a nonwandering point if and only if
Ty is the periodic point ¢ or is a periodic point in J. Since v, — 0 we get that
dist(zn, W2 (p)) — 0. If 2, = ¢ then we conclude that ¢ € W§P(p) and hence
Ty, = q = p, a contradiction. On the other hand, if z, is a periodic point in
J, then we also conclude that p € 7. This is a contradiction, because x,, € J
and on the other hand z, belongs to a nonisolated quadrant.

If 2 is in the boundary of I, we get that either z € W*(q1) or z € W*(g2)
where ¢1 and ¢o are the periodic points in the boundaries of 7. Assume that
z € W%(q1). In case

fT (IS (@n)) N W2 (qr) # 0
we get, since x,, € Ji;u(xn) = fmn (f*m"(Jgu(a:n))), that z,, — ¢ and so 1 = p.
But then JS"(z,) N W(p) # () which contradicts the definition of J.
Finally, if

(5N n)) AW (1) = 0

then, w(f~™(x,)) is a point in J. Thus, z,, is a nonwandering point if and
only if it is a periodic point of 7. As we showed above, this is a contradiction.
U
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Remark 3.3.1. As a consequence of the previous statements, by [HPS],
we get coherence inside each nonisolated quadrant of B((gs’(gu)(p), that is, the
central unstable manifolds either are disjoint or coincide.

3.4. Proof of Theorem 3.1. Let p € A be a periodic point. We will
prove Theorem 3.1 by contradiction. Assume then that the conclusion of the
theorem is false, that is, there exists a sequence of periodic points {g,} C A
accumulating at p whose periods increase to infinity such that they are not
hyperbolic of saddle type; i.e., either

DS 2 1 o 1D7,, 21
where m,, is the period of ¢,. Let us assume that

IDf (gl =1

holds for any n. We will show that is not the case for sufficiently large n,
leading to a contradiction.

There is no loss of generality if we assume that p is a fixed point and that
the eigenvalues of D f,, are positive. Consider

Ao ={0O(gn) : n >0}

the subset of A which is the closure of the orbits of ¢,. There is also no loss of
generality if we assume that A = Ag and so A does not contains closed curves
supporting an irrational rotation. Moreover, using Theorem 2.2 and Lemma
2.2.1, we may assume that A = Ag is 2-dominated.

Let Bss su)(p) be a box and let B’ be a nonisolated quadrant, that is
O(qn) N B* # ) for each n (take a subsequence if necessary). This quadrant B®
is determined by branches of W?(p) and W5 (p). We denote these branches
by WP (p) and W™ (p), and order them in some way (since they are arcs).
Let 67 < 6° be such that

((f"(J53)) < 6°/2

for n > 0 (see lemma 3.3.1). Let z € Wi>" (p) — {p} be an accumulation point
of the orbits of g,.

LEMMA 3.4.1. Let z € ng’+ be as above and let € > 0 be given. Then,
there exists a well e-adapted box B = B(x) such that

1. x belongs to a component of 0°*(B(x)) which is also contained in a fun-
damental domain of WS (p).

2. For any large n, the orbits of q, have nonempty intersection with B(x).

Proof. Take 6% = §}(¢) from Lemma 3.3.1; i.e.
(Fm(Ie) <e
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holds for n > 0. Take ¢, and ¢, such that z; < x < 29 where z;, ¢ = 1,2 is
the endpoint of J§(gn,) that belongs to ng.s’Jr (p). These periodic points can
be taken such that the points between z; and z2 (denote this arc by J(zl,22))
are contained in a fundamental domain of Wi (p). Let m; be the period of gy,.

Take d > 0 such that
dist(f 7" (J50 () J(z1,20)) > d for 0 <n # kmy, i =1,2k=1,2,... .

Take some periodic point ¢ = gy, € B(5:753)(p) such that, if we consider
the box B bounded by J, .,), J§5i(an,), J5i (an,) and J§i(q), then
e dist(z, J(;, .,)) < d for any point z in this box B.
e There are no points of the orbit of ¢ in B.
. W§§’+(p) NnB=40.

Notice that we may take the point ¢ belonging to the boundary of B. We
denote by 97" B the component of the cu-boundary of B that contains ¢. By
the definition of B, it follows that 9;"B C Jgi?’(q). We prove that this box is
e-adapted. Condition 1) of the definition of e-adapted boxes is already satisfied
by Remark 3.3.1 and condition 2) holds by the selection of §¥. Thus, we only
have to check condition 3) of this definition. Let y € AN B and assume
that for some n > 0 we have that f~"(J§'(y)) N B # 0. We must prove that
f™(JE'(y)) C B. Arguing by contradiction, assume that this is not the case.
Then, by the coherence of the local central manifolds within B(s. 5u)(p) we
conclude that

fTPIB W) N Ty #0 or fT(JE(y)) N OB # 0.

In the former, set z = f~"(J5'(y)) N Jiz, 2,)- Now, f(2) € Jg'(y) C B

cs,+

and, on the other hand, since z € J, .,y C W5 " (p), we conclude that

also f"(z) € W§§’+(p), a contradiction to the definition of B. In the latter,
that is, if f7"(J§'(y)) N Og"B # 0, then f*(95"B) N B # () and we claim
that f"(95"B) C B, leading to a contradiction because, if this is the case,
f™(q) € B; that is, there are points of the orbit of ¢ in B. So, let us prove the
claim. Arguing by contradiction, assume that f"(9g"B) is not a subset of B.
This implies that (9" B)NJ§i! (qn,) # 0 for i = 1 or 2, (say i = 1.) Therefore,
F(J5H(qn,)) N B # 0, and in particular we have n # kmy k=1,2,... (my
is the period of dn, ). This contradicts the election of d and we have proved the
claim. This finishes the proof that B is e-adapted. Moreover, since the peri-
odic points g, accumulate at x we also have that for any large n, this periodic
point intersects the box B.

However, this box may fail to be well-adapted. In this case, we will find
a cu-subbox satisfying the thesis of the lemma.

Order the arc J, .,) in some way. Consider the map II: BNA — Ji,, ..
where I1(z) is the endpoint of J33'(z) that belongs to J., .,). Let H = I[I(BNA).
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We claim that x is not a boundary point of a component of the interior of H.
Arguing by contradiction, assume that there is a component of the interior of
H, say [, so that x is a boundary point of it. Let ¢, be a periodic point so
that II(g,) € I and denote by [T the arc whose endpoints are II(g,) and x. Let
W = W2(qn) N{Uzen-1+)J3' (2)}. Let k be the double of the period of g, so
that f*(W)NW # (). We have three possibilities: W C f*(W), f*(W) c W or
fE(W) = W. In the first two it is not difficult to see that we get a contradiction,
indeed it follows that z is an interior point of H. In case f*(W) = W we get a
contradiction as follows: consider the continuous monotone map P : [T — [T
by P(z) = I(f*(w.)) where w, is some point in II~!(z). Since B is adapted,
P(z) does not depend on the election of w, and hence P is well defined. But P
cannot be the identity: otherwise the periods of the periodic points in IT=*(I+)
are uniformly bounded (recall that A = {O(g,) : n > 0}). On the other hand,
if P is not the identity, there is a fixed point of P, say y, attracting some

subarc of T containing y in its boundary. However there is a periodic point
in BN A, say ¢, such that II(g) belongs to the interior of this subarc; let ng be
the period of . We get a contradiction since I1(q) is fixed by P™ and on the
other hand must converge to y under iteration of P. The proof of our claim is
complete.

Now, if x is not an interior point of H it is not difficult to find two strips
S1, S92 to the left and to the right of z such that S; N A =0, 7 = 1,2, and we
find in this way a well-adapted cu-subbox of B. In case z is an interior point
of H (taking a subbox if necessary) we may assume without loss of generality
that H = Ji,, .,). It is not difficult to find two periodic points ¢,q € BN A
(they might be in the same orbit) in such a way that II(§) < = < II(g) and
for any other point y € B N (O(q) U O(q)) we have either II(y) < II(¢) or
I1(§) < TI(y). The subbox B of B whose central stable boundary are the arcs
J&(§) and JE'(g) is well adapted. To prove it, denote J& = W<(§) N B and
let ko = min{j > 1: f7(J&)N B # 0}. Denote by S; the connected component
of f*(B) N B that contains f*o(J¢). We will show that S; is the domain
of a return on the condition of a well-adapted box, by the way in which we
choose the points ¢, ¢ and also that B, B are cu-adapted. We conclude that
one endpoint of f*(J¢*) belongs to the central stable boundary of B. On the
other hand, it is not difficult to see that

S1=JUg () 2 € BNA TG () 0 fR(J5°) # 0}

and hence 57 is the domain of a return. Arguing similarly with ¢ we find the
other vertical strip S5. O

On the other hand, let y € WCuu’Jr(p) — {p} be an accumulation point
of the orbits of g, say, by ¢, = f*(q,). Notice that we may assume that



THE DYNAMICS OF DOMINATED SPLITTING 699

fqn) € Béés 5u)(p), 0 < j < k. Similar to the previous lemma, we can
construct an adapted box for y.

LEMMA 3.4.2. Lety € W§3’+ be as above. Then, there exists a cu-adapted
box B = B(y) such that

1. y belongs to a component of 0%(B(y)) which is also contained in a fun-
damental domain of W (p).

2. For any large n, the orbits of q, have nonempty intersection with B(y).

From now on, fix a C''-foliation F* on B(y) close to the E-direction, that
is, take a Cl-vector field X in B(y), C%-close to the E-direction (X (z) lies in a
central stable cone), and such that, for z € 9(B(y)), X(z) € T,0". Consider
the foliation F (or the flow) generated by this vector field. For any z € B(y)
let F°(z) be the leave passing through z. Notice that there exists C' such that

1
— < ||| <
s<|m<c

where II = TI(Jy, J2) is the projection along this foliation between two arcs
transversal to the E-direction; this means that the box B(y) has distortion C.

Definition 3.4.1. Bozes II. Recalling that y € Wg'(p) and that %‘%y) (y)
lies in a fundamental domain of WC; (p), let By be the connected component of
S7HB(y)) N Bss 54)(p) that contains f~'(y). For k > 2, we define By as the
connected component of f~'(By_1) N B(s: 5u)(p) that contains Fw).

Moreover, given some periodic point §, in B(y), let k, = min{k > 0 :
f7%(Gn) € B(x)}. We define Bf as the component of By, N B(x) that contains
7% (G,) (the boxes By, defined as above). See Figure 1.

PROPOSITION 3.1. Given r > 0, there exists s > 0 such that if dist(Gn,y)
< s the following hold

1. By is a r-cu-adapted cs-subbozr in B(x).

2. If r us small enough, then any return to By is a hyperbolic return. In-

deed, |[¢'| < L for € R(BE ,A).

Let us show how the last proposition implies Theorem 3.1. In fact, we get a
contradiction to the assumption that the periodic point were not F-expanding.
To show this, take the periodic point ¢, = f*»(g,) € Bf and assume that the
period is m. Let 0 < m1 < mo < --- < my = m be the successive returns of
the point g, to By until return to itself. Then,

l
1
<= 1
_<2)<7

||Df;F7?Q7L)

a contradiction to our assumption.
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65
B(y)
B(p)
N [ss[su
y ® qn ( * )
Jg'(2)
A i
B(z)
W (p)
Bf qn
4 —- ' .
p W2 (p) r
Figure 1

In order to prove Proposition 3.1 we have to deal with arguments involving
distortion and summability. We need two lemmas.

LEMMA 3.4.3. Let B(y) be the box in Lemma 3.4.2 having distortion C.
Then,

1. There exists K > 0 such that for any cu-subbox B’ C B(y) and n > 0
such that f~F(B') C By for 0 < k <n then

SUI)) <K
=0

holds for any arc J C B’ transversal to the E-direction with endpoints in
O(B'). A similar result holds for a cs-subbox in B(x).

2. There exists Co = C2(C') such that By, is a cu-adapted cs-subbox in B(z)
having distortion Cs.

LEMMA 3.4.4. Let B’ be a cu-adapted cs-subbox of B(x) having distortion
Cy. Then, there exists K1 > 0 such that for z € B' N A,

D UTURNR)) < K
=0

whenever f~7(z) ¢ B', 1 < j <n.

Before proving Lemmas 3.4.3 and 3.4.4, let us show that they imply Propo-
sition 3.1. To prove item 1), notice that if g, is close enough to y, then B
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is a cs-subbox. Moreover, it is cu-adapted since B(y) is adapted. It remains
to prove that By is r-adapted. Take 6} = dy(e) with ¢ = r from Lemma
3.3.1. If gy is close enough to y, then Bf C By, C Bs: sv)(p) and hence By
is r-adapted. This completes the proof of item 1).

Let us prove item 2). Let C' be the distortion of B(y), and C5 the distortion
from Lemma 3.4.3. Also, consider K from Lemma 2.2.3, K; = K;(C?) from
Lemma 3.4.4, K from Lemma 3.4.3 and let L = min{¢(Jp(z)) : z € B(y) N A}.

Let r > 0 be such that

T@ exp(K0K1 + K()K) < 1
L 2
Take gy, close to y such that B* = By is an r-cs-subbox. We show that
any return to this box is hyperbolic. For this purpose, take any z € B*NA and
let m be the first return of z to the box, i.e., f~™(z) € B* and f~(z) ¢ B*
for 0 < i < m. Notice that m > k, and f*¥~"(2) € B(y). Set h = m — ky,.
Now,

—m —k, —h
IDF I <UD o IIDF I
and by Lemma 3.4.4,

((f" (I3 (2)
((J5(2))

On the other hand, by Lemma 3.4.3
(e (T8 (F(2)))

1D <

exp(KoK7).

12
HDf/_}«E(nf—h(z))H < K(Jf;%y)(f_h(z))) exp(KoK)
and
U (I5 (P = LTR(F™(2))).
Thus,

1DF 7 | SUDF s IS |
. L (T, ()
T g, (FMR)

= ("I (2)))

(f" (I3 (2)

= exp KoK
((Jg:(2))

eXp(KoKl)

((Jp:(f7"(2)))
LT (DT By (f(2)))

C 1
S’I"TQ exp(K0K1 + K()K) < 5

exp(K0K1 + K()K)

This proves that any cu-return is hyperbolic and finishes the proof of Propo-
sition 3.1. It only remains to prove Lemmas 3.4.3 and 3.4.4. We now proceed
to do it:
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Proof of Lemma 3.4.3.

Cram.  Assume that |Df gl < A1 = Az < 1 and let By be as in
Definition 3.4.1. Then, there exists C; = C1(C) such that, for any k, By has
distortion C1.

Proof of the claim. Let F° be the foliation in By which is the pull-back
foliation F° in B(y). Let JF and J§ be two arcs in By transversal to the E-
direction whose endpoints are in 9°*(By). We have to show that there exists
(' such that

1
— < I £ C
F<Imi<c
where IIj, is the projection along F¢ between JF and J§. Notice that J; =
fE(JF) and Jo = f*(JE) are also two arcs in B(y) transversal to the E-direction
with endpoints in 9°*(B(y)). For a point x € fI(JF), i = 1,2, set F(z) =
T, fi(JF), 0<j <k
By the equality
Hkof/i]]f :f_koﬂ
we conclude, for z € Jp, that
W, (f 2 )INDfE N = |DfE I (2)]-
I EDIIDEE = 1Df kTG
Hence .
1D Foean |
D@
/F (=)

Thus, to finish the proof of the lemma it suffices to find M such that

L, (f ()l =

—k
1 _ 17, ey <

M —k
DFz|
which is the same, setting z = f7%(2), as
k
M = | DfE. =
I /F(Hk(ﬂc))H

Observe that for any pair of point z1, 29 belonging to the same central leaf of
>, we get a constant A < 1 such that

dist(f7(21), 7 (22)) < Mdist(z1, 22)
for 7 < k and so, given some constant «, there is a constant A such that

SE (FI(FS () < A.
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With the same arguments as in [Sh, pp. 45-46], it is possible to prove that
there exist 7 > 0 and a > 0 such that

1DF 20| = 18 s | < 7D+ dlist (9 (i), £ (12))°

for some constant 0 < n < 1 and D whenever F lies in the central unstable
cone and dist(f7(w1), f/(w2)) < 7, 0 < j < k. (This is, roughly speaking,
a consequence of the fact that the distribution F is a-holder and any other
direction converges exponentially fast to F.)

Therefore, if the diameter of Bs. s.y(p) is less than 7, it follows that

DF-— < exp +Zdlst f(x), F (I (x)))~
/F ()

Since x and II;(x) belongs to F;°(x), we conclude that

Zdlst P (), F () < Z@ FIFS () < A.

7=0
Thus
IDfY |
D k/F(m)* eXp(ilD + A).
1D ooy -

Finally, taking M = exp( +A) we have that C1 = C.M satisfies the claim.

Let us prove item 1) of Lemma 3.4.3. Assume that ||Df, )| < A1. By
the claim, there is some C; such that Bj has distortion C7 and hence

() < e * U5, )
and so
Zf )< Ch Zé U3, @) < CLe(W5t(p) = Di.
i=0

On the other hand, assume that ||Df/ppll > A1 = Az. It follows by
the domination that HDf/}l(p)H < A1 < 1. Hence, if the box Bs 5u)(p) is
small enough, we have that HDf/}l(z)H < Ay < 1 for some Ay > A1 and any

z € B((;.g75u)(p) and any F' close to the F-direction. Therefore,

ST < YN < Tl W) = Da
1=0 1=0

Setting K = max{D1, D2} we conclude the proof of item 1).
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Now we proceed to prove item 2) of the Lemma. In case [|[Df/ )l < M
then, by the claim, we conclude setting Co = (7. On the other hand, if
IDf/E@ |l = A1 we shall argue as in the proof of the previous claim, together
with the fact that F' is expansive in a neighborhood of p. Let F;* be the foliation
in Bf which is the pull-back foliation 7 in B(y). Let J{* and J}" be two
arcs in By transversal to the E-direction whose endpoints are in 9°*(By ).
We have to show that there exists Cy such that

1

— < || <C
o < Il < G

where 1l is the projection along F;* between Jf" and Jf”. Notice that

Ji = fF(JF) and Jp = fhn(J5") are also two arcs in B(y) transversal to the
E-direction with endpoints in 0°*(B(y)). As in the proof of the claim, it is
enough to show that there exists M such that

k

U STDik S
127z, o

Again, with the same arguments as in [Sh, pp. 45—46], and the fact that F' is
expansive in a neighborhood of p, it is possible to prove that there exists 7 > 0
(and hence assume that the diameter of Bys. s5u)(p) is less than 7) such that

HDf/F(fi(wl))H - HDf/F(fa(wQ))”‘ < 77jD + diSt(fj(w1)7fj(w2))

and so
1D
1D

ff}%(z) H D J=kn . .

- < exp -7 + ) dist(f (@), £ (I, (2)))

T jin, @) 7=0

In order to conclude the proof, we only need to bound the previous sum. From
item 1), applied to Bf, C B(x), we know that there exists K such that

kn

Jj=kn J
dist(f? (x), f7 (I, (2))) < Y U(Fps(2)) < K.
7=0

<.
Il
o

Therefore, setting M = exp(% + K) and Cy = CM we finished the proof
that By has distortion C3. This finishes the proof of Lemma 3.4.3.

Proof of Lemma 3.4.4. Since B(z) is a well-adapted box, there exist a
subbox B and two disjoint vertical strip Si, S2 such that B(z) — B=S5US,
and S; is either a domain of a return or S; N A = 0.

Let z € B'NA be as in the hypothesis of the lemma, i.e.: f77(2) ¢ B’, 1 <
j<nandlet 0 <nj <ng <---<np<nbetheset {0 <j<n:fJz)e

B(x)}.
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Consider (if it exists) the sequence 0 = mg < m; < mg < --- < my < n
such that ‘ ‘
IDf) g -mepll < A3, 0<j < my, Vi=1,....L.

We claim that D exists such that
l
SO IR E)) < D.
i=0

To prove the claim, assume first that z ¢ Sy U Ss.

Notice that there exists e, such that if y € BNA (i.e., y ¢ S1 USy), then
W (y) C B(x). Set e = 5, €3 = %. For any point w € A consider a box (not
necessarily adapted) B(w) with axes Wi (w) and W (w). Since A is compact
we can cover A by a finite number of such boxes. We will denote these by
Bi,...,B,. Set C3 = 22:1 E(Wé:,lyl(wk))

For 1 <i <1llet B™ be a box with axes W (f~"(z)) and f~™ (J5(2))
contained in f~"(B’). Notice that (by arguments similar to the proof of the
claim in Lemma 3.4.3) there exists C4 such that all these boxes have distor-
tion Cjy.

It follows for ¢ # j that

B™ N B™ =).

Otherwise, we would have (if i < j) f~(™i—™)(z) € B’ which is a contradiction
since m; —m; < n, or we would contradict the fact that B is an adapted box
as well. Since Bji,..., B, covers A, we have that f~™i(z) belongs to one of
these boxes, say By, (if it belongs to more than one we choose it in an arbitrary
way). Let Jp,, = B™ N W5 (wg). It follows that for every i,

L _ T IRE)

— < (4.
Ci~  (Jm) =
Moreover, since B™ N B™ = () we conclude that
Tm; N I, = 0.

Hence l l
S LTI (2)) € Cal(Jm,) < C3Cy.
i=0 i=0

If SiNA=0and SoNA =0, we are done. If not, we consider the case
such that z € S1 U Sy. Notice that, in this situation S; and/or Sy are domains
of return v, = f/_S’jT r = 1,2, as in the definition of a well-adapted box.

Let 49 = min{i : f7"(2) ¢ S1 U S}, and let jo = min{j : m; > n;,}. As
before, we can conclude that

l

DU (IB(2)) < CsCa.

J=Jjo
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Fix some z; € S1NA and zo € SoNA. Take i < 5. Then f~"(2z) € S;USs.
Let B(n;) be the connected component of f~"™(B’)N(S; U S2) which contains
f7"(z). Assume, for instance, that f~"(z) is in Si. Then, for every m; such
that n; < mj < nj;1, consider the box B™ = f_(mj_”'i)(B(ni)), and Jp,, =
B™s 1 fmmmd (Jg(21)).

As before, we have that B™ has distortion Cy and B™ N B™ = () for
every 0 < mj, my < ny,. Thus Jy,, N Jp, = (. Therefore

Jo—1 Jo—1

Ze Fma (TG Z@e ) <204 M

where M is such that Zj;o (f9(JG(21))) < M. Set D = C5Cy + 2C,4 M.
Then,

!
> UfT™M(IE(R) < D,
=0

and the claim is proved.

Now, to complete the proof of the lemma, we must control the sum be-
tween consecutive m;s (or when the m/s do not exist). To do that we use a
reformulation of a lemma due to Pliss [Pl] which we include here for the sake
of completeness:

Priss’ LEMMA. There exist N = N (A1, A2, f) with the following property:
given © € A such that for some n > N we have

1Dl < AT
then there exist 0 < ni < ng < --- < n; < n such that
HDf/E(fn (x)) H</\] e =1,...,1 ny < j <n,
similarly, for f~' and the F-direction.

Continuing with the proof of our lemma, consider M7 = sup{||Df7] : 1 <
j < N}. There are two possibilities: m;11 —m; < N or m;y1 —m; > N. If
mi+1 —my; < N, then

M1 — 1

Z (s (2))) < NML(f~™(Jpi(2)))-
On the other hand, if mjy1 —m; > N, then
\|Df;E(f—mi—j(z))|| > ] for N < j < myq —my
Thus, by the dominated splitting,
"folg(f—mi(z))|| < )\{ for N <j<myy —
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By Pliss’ lemma, there exists n;,7; — m; < N such that
HDf/_p]*(ffm(z))H < )\% for 0 <j < Mip1 — Ny

and so, for any y € f~(J%(2)) we have for some A3, A2 < A3 < 1, setting

F(y) =T,/ ™(J(2)), that

1D 2 <M for 0 j < misy — s

Hence
mip1—1 fi—1 . mip1—1 .
DUFTITREN) D USTIIREN) + Y W)
j=m; j=m; J=m;
SNM(f™ (T (2)))
mip1—n;—1
+ T MU IR (R))N,
< (W0 30 ) R
Therefore

mi+171

D ATIUREEN =] D UFTTE(2)
j=0 T j=m,
) Zﬂ FmIE(2)))

>D:M2.

<NM1 + M1

<|[NM;+ M
_< 1+ 11_)\3

Finally, if the sequence m/s does not exist, the same argument shows that

Zz I(J(2))) < (NM1+M11_1A3>5(Jc9(z))

S(NM1+M1 >L=M3

1—-MXs3

where L = sup{{(J3}(2)) : z € B'NA}. Taking K = max{M>, M3} we conclude
the proof of Lemma 3.4.4. O

The proof of Theorem 3.1 is complete. O
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4. Proof of Theorem B and the Spectral Decomposition Theorem

Regarding Theorem A, we know that the period of the nonhyperbolic
periodic points are bounded in a set of dominated splitting. This turns out to
be very helpful in giving a better description of the central stable and unstable
manifolds from the dynamic point of view.

4.1. Central stable and unstable manifolds 111. Let p be a nonhyperbolic
periodic point. Assume also that it is an F-nonhyperbolic periodic point of
saddle-node type. In this case (recall Lemma 3.2.1) we have that, for some
0 = Y0(p), one component of W< (p)—{p}, say W5,"" (p), is in fact an unstable
manifold, and on the other one, points converge to p in the future or there is
a sequence in it of periodic points (in this case, W5," (p) is an invariant arc
normally attractive). For " < 7o and §° consider the box Bs: s.)(p) as in
Definition 3.3.1. Call B(Jgsm)(p) the connected component of Bs: 5u)(p) —
W (p) that contains Wi, " (p). Notice that points on the other component
converge in the future to a point in W5™ (p). Similar properties and notation
hold for an E-nonhyperbolic periodic point of saddle-node type.

We recall the definition of local stable and unstable sets:

W2 (2) = {y € M : limysod (7" (2). () = 0.
andd(f" (), f"(y)) <&, n >0}

Wi(z)={y € M : lim,_,_cd(f"(z), f"(y)) =0,
andd(f"(z), f"(y)) <&, n <0}

THEOREM 4.1. Let f : M — M be a C? diffeomorphism and A be a
set having dominated splitting which is also 2-dominated and without closed
curves supporting an irrational rotation and having no sink or sink-type peri-
odic points. Assume that A has only finitely many nonhyperbolic periodic points
and let p1,...,pr be the F-saddle-node type nonhyperbolic periodic points, and
let q1,...,q: be the E-saddle-node ones. Let N = Ni(A) from Theorem A
and set N = 2Nj. Then, given € < &y there exist 0" = §"(¢),0° = 0°(e) and
v = (6%, 0% €) such that for any x € A satisfying that neither w(x) nor a(x)
s a periodic orbit with period < N, the following hold:

L If v & U_ B(s: 5u)(pi) then WS (z) C W ().
2. Ifz € B('gsﬁu)(pi) then Jgi™ (x) € W2(x).
3. If & ¢ Ul_| B 5u)(qi) then WS (x) C WE(x).
4. If x € B(fssm)(q@-) then Jgsf(x) C Wi(x).
Proof. We will prove the theorem only for the central unstable mani-

folds (i.e. items 1 and 2). We claim first that there exists an admissible com-
pact neighborhood V of A such that if p is a nonhyperbolic periodic point in
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A(V) = Npezf™(V) then its period is < Nj. Otherwise, there exist a sequence
Vi, MV, = A and a sequence of nonhyperbolic periodic points p, € A(V},)
with periods greater than N; (but uniformly bounded by Theorem A applied
to A(V1)). Let p be an accumulation point of p,. Then p € A and it is a non-
hyperbolic period point (and hence per(p) < Nj). On the other hand, since
p is accumulated by periodic points with bounded periods, it follows that p
is either of sink-node or saddle-node type. The former is not possible since
A does not contain sink-node periodic points. Thus p is of saddle-node type.
Then, for large n we have per(p,,) = per(p) < Nj, a contradiction. This proves
our claim.

Assume that ¢ < §p and also that {x : dist(z, A) < ¢} C V. Take §° = 65(¢)
and 0" = 0¥(e) from Lemma 3.3.1. Assume that they are small enough such
that B((Ss’éu)(i) N B(5576u)(j) = () for 1] =DlyeveyDrsQly---, Gt

Let x € A, and assume that z ¢ Uj_; B(s: 5u)(p;). Set § = d(¢) from
Corollary 2.2.1. We show first that there is some v such that

(Wit (z))) <4, n>0.

If such a v does not exist, then there are sequences x, ¢ Uj_; Bs: su)(pi),
Yo — 0 and m, — oo such that, for 0 < j < my,

((f7 W3 (a))) <0

and
(= (W (n))) = 6.
)

Letting I,, = f~™ (W3 %(x,)) we can assume (taking a subsequence if
necessary) that I, — I and f~™(x,) — 2,2 € A,z € I (the closure of I).

Now, we have that ¢(f™(I)) < § < §p for all positive n, and since I C
W (2), we conclude that I is a d-E-interval. Thus, w(z) is a periodic orbit
p because z € I. Since z € A we conclude that p € A. We claim that
E, is contractive. Otherwise, we conclude that one of the components of
W*(p) — {p} has length less than dp, which contradicts (if dp is assumed small
enough) Corollary 2.2.2, proving our claim. Hence z € W*(p).

If the point p is hyperbolic, we conclude that, at least, one of the compo-
nents of W*(p) — {p} has length less than . Thus, in case

frm (W) N W2 (p) # 0,

we get a contradiction to the inclination lemma (or A-lemma, see [P]) because
this intersection is transversal and

(T (W5 (n))) = €W () — 0.
On the other hand, if
ST (W) nWe(p) =0
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it follows, for sufficiently large n, that w(f~"(x,)) is the other endpoint
(say q) of the component of W*(p) — {p} having length less than ¢. By Lemma
3.3.1 of [PS1], it is a sink or a nonhyperbolic periodic point. This implies that
w(f~" (zp)) = w(zpn) = q for n large enough, and by theorem A the period of
q is < Nj contradicting the assumption in the theorem.

In case p is a nonhyperbolic period point of saddle type, the same argument
as before also applies and we also get a contradiction. Assume now that p = p;
is a saddle node. Then, it follows that f™~(f~""(x,)) is arbitrarily near p and
80 Ty, € B(s: 5u)(pi) contradicting our assumption that x,, ¢ U_; B(ss 5u)(ps)-

To finish the proof of item 1) it remains to prove that

(W) — 0

for = ¢ U]_; B(s 5u)(pi). Arguing by contradiction, assume that this is not the
case. Then, there exist 7 > 0 and a sequence n; — oo such that

(W () >

for some z ¢ Uj_ B(s: 5.)(pi)

Letting I, = f~" (Wy"(z)) we can assume that I,, — I and f~"(x) —
z € I,z € A. As above, we get that I is a p-E-interval, and so w(z) is a
periodic point p € A. Again, F(p) must be contractive.

Assume that the point p is hyperbolic. If z € int(/), then, since I is
transversal to W#(p), it follows, by the inclination lemma, that ((W"(p)) < ¢
and hence the endpoints ¢1, g2 of W*(p) are not hyperbolic periodic points of
saddle type. Therefore, they have periods less than N; and so the period of
p is at most 2N; = N. On the other hand, for large n, w(f~""(z)) = w(x) C
{p, 1,42}, a contradiction.

On the other hand, if z ¢ int(/), again, the inclination lemma implies that
one of the components of W*(p) — {p} has length less than . As above, the
case

fT W) nWe(p) = 0
leads to a contradiction. Now,

SIS () NS (p) # 0.

By the inclination lemma, the fact that £(f7(f~™(WS"(z)))) <6, 0 < j < ny,
together with f~"(z) — z imply that x € W"(p). Therefore a(z) = p, a
periodic point with period < N, which is, as before, a contradiction.

Now assume that p is not hyperbolic. It follows that p cannot be either
sink or sink-node type, otherwise (as before) w(z) is a periodic point of period
less than N. Thus, p is saddle-type or saddle-node type. The case saddle-
type is similar to the hyperbolic case discussed above. So, assume that p is
of saddle-node type. It follows that z € W*(p). In case z € int(I) it is not
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difficult to see that again w(z) is a periodic point with period less than Ny,
a contradiction. Also, arguing as before, in case z ¢ int(I) we get that w(x)
is periodic point with period less than Ny, or a(z) = p. Both cases lead to a
contradiction.

To prove item 2), notice that, by Lemma 3.3.1, we know that

UM (5T (@) < 6(e).

To finish the proof of the theorem it remains to prove that
(T () — 0.

The arguments are very similar to those already done and so we leave the proof
to the reader. ]

Remark 4.1.1. It is not assumed in the previous theorem that A C Q(f).

COROLLARY 4.1.1. Let A be as in Theorem 4.1. Then, there exists n > 0
such that if z1 and zo are two hyperbolic periodic points in A with period greater
than N and d(z1, z2) < n then there is a transverse intersection between W*(z1)
and W"(z3).

Proof.  Let ¢ be small and take 0% 6" and ~(6%/2,0°/2,¢) from the
previous theorem. Let > 0 be such that for any z,y € A and d(z,y) < n
then Wi%(z) and Wi*(y) have a (unique) nonempty transverse intersection.
Moreover, assume that 7 is small enough so that if © € Bis: /2 5u/2) (pi) for
some i then y € B(s: 5u)(pi), the same for the points g;.

Let z1 and z9 be as in the statement of the lemma. In case

21,29 & Uiy Bse .60 y2) (pi) | Ulz1 Bse 2,6 /2 (¢1)

then W1*(z1) and Wit (22) have a nonempty intersection and since Wy*(z1) C
W?(z1) and Wi%(z2) C W*"(22) the result follows. On the other hand, if
z1 € B(55/276u/2)(qi) (OI‘ 22 € B(55/275u/2)(pi)) then z1,29 € B(és’(su)(qi) (resp.
21,22 € B(s: 5u)(pi)). Since the periods of z1 and 2 are greater than N, it
follows that z1,z9 € B(Jgsm)(qi) (resp. 21,29 € B(Jgsm)(pi)) and the result
follows from the theorem. |

An important consequence of Theorem 4.1 is that the central stable and
unstable manifolds are locally unique (or coherent):

LEMMA 4.1.1. Let A be a set having dominated splitting and let € > 0.
Assume that for some x € A there is some 7y such that Wi*(x) C W2(z),n > 0.
Then, if W is any 1-submanifold containing x, T, W = E(x), and W C W2(x),
we get that W 0 W3(z) is relatively open for both W and Wi*(z).
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Proof. We just sketch the proof; details are left to the reader. We
may assume (taking a forward iterate of x if necessary) that ¢ is arbitrarily
small. If W N WZ*(x) is not relatively open, then there are points z € W,y €
W33(x), z # y such that they can be joined by an arc A = a(z,y) transverse
to the E-direction. Moreover, dist(z,y) ~ ¢(a(z,y)). Since the forward iterate
of an arc transverse to the FE-direction is also tranverse to the FE-direction
(as long as remains of small length), we conclude that A, = f"(a(z,y)) is
an arc transverse to the E-direction joining f"(z) and f™(y) and such that
((f"(a(z,y)) = dist(f"(2), ["(y))-

Pick ¢ > 0 so that (14 ¢)?\ < 1. Then, if ¢ is small enough, for any large
n, there is w € A, = f™(a(z,y)) such that

AV =IDF 74 1A < (1 " IDF 2 o (A
<L+ )"DS ) g oo IEL™ (W) + KU (W (2)))
< (14 O IDF 7 o 11+ 1D Sy | (L) + €W ().
Therefore, by the domination,

((A)
2K max{¢(W), ((W5*(x))}

(
(

0< < (1+4¢6)?"\" =, 0,

a contradiction. O

Let 3 > 0 and A be a set having dominated splitting. We denote by Ag
the maximal invariant set in a [-neighborhood of A, i.e. Ag = Npez f"({z :
d(z,A) < (}). Also, denote by Ag (Ag) the set of points that remain in
{z : d(z,A) < B} under positive (resp. negative) iteration.

THEOREM 4.2. Let ¢ > 0 and let A, p1,...,0r,q1,---,qt, N, 0% = §%(¢),
0% = 0%(e) be as in Theorem 4.1. Then, there exists By such that for any
0 < B < By the following hold:
L. If p is a nonhyperbolic periodic point in Ag\A then p € Bs: suy(w) for
some w = pP1,...,Dry q1,--.,qt and per(p) < N.
2. There ezists v = v(6%,0%,¢) such that for any y where neither w(y) nor
a(y) is a periodic orbit with period < N the following are true:
(a) Ify ¢ UI_ IB((;S 5u)(pi) and y € A_ then WC“( ) C Wi(y).
(b) Ify & Ui_1B(ss 5v)(a) fmclyGA+ then Wi™(y) C WE(y).
3. Forxz € A such that x ¢ Uj_, B(s 5u)(pi) U U B sy (:) and y satisfies
that d(f™(x), f™(y)) < B for n >0 (n <0) the following are true:
(a) Ifw(z) (resp. a(x)) in none of the periodic points pi,...,pr,q1,---,qt
then y € W3(x) (resp. Wit (x)).
(b) If w(x) is one of the points p;,q; and x,y are non-wandering then
y € Wi(z) (resp. Wit(z)).
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Proof. (1) follows as the beginning of the proof of Theorem 4.1. Indeed,
arguing by contradiction, assume that for 8, — 0 there exist nonhyperbolic
periodic points p, € Ag \A and p, ¢ Uj_; Bs: 5u)(pi) U Ul B(ss 50y (¢i). Let
p be an accumulation point of the sequence p,. It follows that p € A is a
nonhyperbolic periodic point of saddle-node type but

p ¢ U_; B(ss 50y (pi) U Ui B(ss 5u)(a),

is a contradiction.

The proof of item (2) goes along the same lines as the proof of Theorem
4.1 and we leave it to the reader.

To prove item (3a), let v = v(6%,0%, ) be as in item (2). Notice, from
Corollary 2.2.1, that there exists n such that, for any w € A, if z € Wi (w)
but f~1(z) ¢ W(f~H(w)) then d(z,w) > n. Let y1 < ~(6%,6%,1/2), i.e., for
any z ¢ Uj_; Bs: 50y (i) UUj—1 B(se 50y (i) and z € AF then £(f"(WSP(w))) <
n/2, n > 0. We may assume that 3y is small enough so that § < 7n/2 and
such that if d(z,w) < fo,2 € A,w € A; then Wil(z) and WiP(w) have a
nonempty intersection. Let z and y be as in the statement (3a). Since w(x)
is none of the points p; or ¢;, it follow that there is a sequence np — oo
such that f™ () ¢ UJ_; B(ss 6u)(pi) U UL B(ss 641(qi). Now, assume that the
conclusion is not true. Then, the point z = Wi3(y) N Wit (x) is different
from x (otherwise, z € Wi3(y) and itfollows that T, W< (y) = E(x) and by
Lemma 4.1.1 this would imply that y € Wi3(z) as we wish). Hence, for ny
large enough, we get 2 ¢ f~"* (WU (f"*(x))). Let m > 0 be the least positive
integer such that

2 & [T WE (@)

Therefore,

B>d(f" N (x), fm N y) =
>d(f™ N (@), f7H (=) —d(F =), N ) =
>n—mn/2>f,

a contradiction.

The proof of item (3b) is very similar. Assume that w(x) = p;. Since
x is non-wandering, x € W*(p;). Using the same notation as above, if z €
f7(WEH(f™(x))) for any positive integer m it follows, for m large enough,
that f™(z) (and so f™(y)) belongs to B(}S,éu)(pi). But all the points in B~ are
wandering and so will y be, a contradiction. O

COROLLARY 4.1.2. Let A be as in Theorem 4.1 and let © € A be such
that neither w(x) nor a(x) is a periodic orbit with period less than N. Then
there are 3(x),y(z),€ such that W5(z) C Wi(x) C W*(z) and so W*(x) is a
smooth manifold tangent to E(x) at x. If w(x) is a periodic orbit p of period
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< N and p is of saddle type (hyperbolic or not) then W#(x) is also a smooth
manifold tangent to E(z) at .

4.2. Proof of Theorem B. We say that a compact invariant set A C L(f)
admits a spectral decomposition if A=A U---UA, such that A;,i=1,...,r,
are compact invariant and transitive sets and A; N A; = 0 for ¢ # j and
furthermore A; = A; U--- U A;  such that f(A;;) = A;, (mod(n;)) and
f/”A ,j=1,...,ny, is topologically mixing. The sets A; are called basic pieces
and the sets are called A;, the subbasic pieces.

On the other hand, recall that for a hyperbolic periodic point p of saddle
type, the Homoclinic class of p is defined as

Hy, = {W3(p) hWu(p)}.

In order to prove Theorem B we have to show that for some positive
integer N the following hold:

1. PerhN (f) has at most finitely many nonhyperbolic periodic points.

2. PerhN (f) admits a spectral decomposition such that the subbasic pieces
are homoclinic classes.

3. f ) is expansive.

Let us prove item (1): Since Pery(f) has dominated splitting, by theorem
A we conclude that there exists some N7 such that any nonhyperbolic point
in Pery(f) has period at most Nj. Set N > 2N; and now show that the
number of nonhyperbolic periodic points in Per (f) is finite. Arguing by
contradiction, assume that this is not the case, and let p, be a sequence of
nonhyperbolic periodic points. Take ¢ as an accumulation of this sequence.
Since the periods of p, are bounded by Ny, it follows that ¢ is a periodic point
(and a nonhyperbolic one). Since the points p,, are accumulated by periodic
points with periods greater than N = 2N7, using Corollary 3.2.1, we conclude
that ¢ must be of saddle-node type (say F-saddle node). In this case the
sequence py,, for large n, belongs to W5 (p), and also any point in B~ (p) is
asymptotic to a periodic point in W~ with period at most 2/N;. This is a
contradiction, because p, € Perflv (f). This completes the proof of item (1).

To prove item (2) notice that, taking N > 2N, large enough, we may (and
will) assume, by Theorem 2.2 and Lemma 2.2.1, that the dominated splitting
over Perd (f) is also 2-dominated. In particular, A = Perl (f) satisfies the
hypothesis of Theorem 4.1.

Now, we shall proceed as in the hyperbolic case. For p,q € PerhN (f) define
the equivalence relation

p~ qiff W*(p) AW"(g) # 0 and W*(p) MW (q) # 0.
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Denote by H(p) the closure of the equivalent class of p. We claim that, for
p,q € Per)(f) we have H(p) N H(q) = O or H(p) = H(p). Assume that
H(p) N H(q) # 0 and let  be a point in this intersection. Let p, € H(p) and
qn € H(q) be two sequences of periodic points converging to z. From Corollary
4.1.1, since p, and ¢, have periods > N, we get that the stable and unstable
manifolds of p, and ¢, have, for sufficiently large n, nonempty intersection.
Thus, p € H(q) and ¢ € H(p) and so H(p) = H(q). The same argument
also shows that there are only finitely many equivalent classes. The rest of
the proof of the spectral decomposition is similar to the hyperbolic case (see,
for example [Sh]). Indeed, the subbasic pieces are exactly the sets H(p) (the
closure of the equivalent class defined above) and it is well known that H(p)
coincides with the homoclinic class H,.

It remains to prove item (3), that is, f P () is expansive. We have to
h

show that there exists o > such that if x,y € Perl (f) and d(f7(z), f(y)) <
a Vj € Z then x = y. We shall argue by contradiction. Assume that f is not
expansive, i.e., there exist o, — 0 and x,, Yy, € PerhN (f)s @n # yn such that
d(fj(xn)v fj(yn)) <oy Vj €L

Recall that there are only finitely many nonhyperbolic periodic points in
PerhN (f), and hence finitely many periodic point with periods less than N.
Moreover there are small neighborhoods of these periodic points such that any
other orbit in PerhN (f), must leave them in the future or in the past. Therefore,
we may assume that x,, is not one of these periodic points, and there is no loss
of generality if we assume that x,, is far from the nonhyperbolic periodic points;
that is,

2 & Uiy B(se 50y (i) U UiZ; Bse 50)(@:)

where p; and ¢; are saddle-node periodic points in PerhN (f). Let B be as in
Theorem 4.2. Then, from items (3a) and (3b) of that theorem and «a,, < 3 we
conclude that

Yn € WH(xy) NWIN(20) = T,

a contradiction. This completes the proof of Theorem B.

4.3. Isolated periodic points. Throughout this subsection, we shall assume
that L(f) has dominated splitting, and let A\ be the constant of domination
and choose 1 > A2 > A\; = Az. Since the periodic points are in L(f) we know,

from Theorem B, that for some N, Per}]y (f) admits a spectral decomposition.

Definition 4.3.1. We say that a periodic point p is Q\ P-isolated if it is an
interior point of Per(f)\{Q(f)—Per(f)}, that is, if there is a neighborhood U,
such that U, N Q(f) C Per(f).

LEMMA 4.3.1. The periods of the Q\P isolated points are bounded.
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Proof.  1f the period of a Q\P isolated point p is greater that N, then

p € PerlY (f). Moreover, p is an isolated basic piece of Pery (f). Since there are
finitely many basic pieces, we conclude the proof. |

Let A = L(f) and consider V' an admissible neighborhood and let U be
another neighborhood such that U ¢ U C V. Let A1,AT, and A~ as in the
beginning of section 2.4.

Definition 4.3.2. Let I be a closed arc or a simple closed curve. We say
that I € AT is an (E, P.)-arc (or (E, P.) simple closed curve) if for some m
we have f™(I) C I, fi(I)NI =0, 1< j < m, is transversal to the E direction
and the periodic points in I are e-dense; that is, any subinterval of I of length
€ contains a periodic point. We call m > 1 the period of such an arc. In a
similar way, we define (F, P:)-arcs and (F, P:) a simple closed curve.

LEMMA 4.3.2. There exist £,C > 0 and A3 < 1 such that if I is an
(E, P.)-arc or simple closed curve then it is (C,A3)-normally hyperbolic
(attractive); i.e., for each v € I, TyM = E® T,I and HDf;E | <CX, j=>0.

Proof. First notice that there exists Ny such that if I C AT is an arc (or
simple closed curve not supporting an irrational rotation) transversal to the
E-direction and f™(I) C I, f/(I)NI=0,1<j <m, then m < N.

Indeed, let Ny be from Theorem A applied to A = L(f). Since f™(I) C I
then I contains a periodic point. Moreover, for any periodic point p € I, T,,] =
F(p) holds since [ is transversal to the E-direction. Also, not all the periodic
points in I can be repelling (within I), and hence there is a periodic point
p € I that is either a sink or not hyperbolic of saddle type, and therefore the
period of p is bounded by Nj. Since m < per(p) (in fact m = per(p) if I is an
arc or per(p) is a multiple of m if I is a simple closed curve not supporting
an irrational rotation), we conclude that m < Nj. Furthermore, it follows that
the period of any periodic point in I is bounded by N = 2N; (indeed they are
< Nj unless f™ : I — I reverses orientation in I).

Let € be such that if p is a periodic point of period less than N and
|’Df/_Fan) || < A" (m is the period of p) then ¢(WW"(p)) > 2¢. Assume also that
g is such if z,y € AT, d(z,y) < € and 1D f iy | < AT then [|D 75 [ < AT

Let I be an (E, P.) arc or simple closed curve. Let p be a periodic point
in /. Since the periodic points in I are e-dense, it follows that ||.D ffF"(lp) | > AT
Otherwise, W"(p) C I and ¢(W"(p)) > 2¢, and hence some component of
W1 (p) —{p} has length greater than € and does not contains a periodic point,
contradicting that the periodic points in I are e-dense.

By the domination, we conclude that

1Dl < AT
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Since for any point x € I there is a periodic point p such that d(x,p) < e we
get
1D @l < Az

This, together with the periodicity of I, implies that there exist C' > 0 and
A3 < 1 such that

IDfl gl < CN, 5 =0. O

Remark 4.3.1. A similar result holds for an (F, P.) arc or simple closed
curve.

COROLLARY 4.3.1. If I is an (E, P.) arc or simple closed curve (¢ from
the previous lemma) then for any x € I there is a local strong stable manifold
= (x) which is tangent to E at x of uniform size. Moreover any point in

WS (I) = UgerWiS (x) is asymptotic to a periodic point in I. In particular

any periodic point p in the interior of I is Q\P isolated.

LEMMA 4.3.3. There exist n > 0 such that if p and q are Q\P isolated
and d(p, q) < n then p and q belong to either an (E, P:) or (F, P.) arc or simple
closed curve.

Proof. Assume that the conclusion of the lemma is false. Then, there exist
sequences 1, — 0, pp, g, 2\ P-isolated periodic points with d(p,, ¢,) < 7, and
Dn, @n does not belong to any such arc or simple closed curves.

By Lemma 4.3.1, the periods of p, and ¢, are bounded. We may assume
(taking a subsequence if necessary) that p, and g, converge. They must con-
verge to a periodic point p, and since the periods of p,, and ¢, are bounded, p is
a nonhyperbolic periodic point. Assume that p is F-nonhyperbolic (the other
case is similar). From Corollary 3.2.1 we conclude that p is of saddle-node type
or sink-node type. In any case we conclude that, given v < ¢, for large n, p,
and g, belong to Wi%(p). If pp, ¢, accumulate to p at one branch of W5 (p)
then, for some p,, in this branch, it follows that for large n, py,, ¢, belong to
the arc in this branch determined by p,, and p. This arc is an (E, P:)-arc,
which contradicts our assumption. If p,, and ¢, accumulate to p from different
branches of chu(p) then the arc is determined by p,, and ¢,, and again we
get a contradiction. This completes the proof of the lemma. O

Definition 4.3.3. We say that an (E, P.) arc is mazimal if it is not a
proper sub-arc of a (E, P.)-arc or simple closed curve. Similarly, define (F, P;)
as a mazimal arc.

Notice that any (E, P.) arc which is not contained in an (F, P.) simple
closed curve, is contained in a (unique) maximal (F, P.)-arc. Moreover any
two maximal (F, P.) arcs are disjoint or coincide.
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LEMMA 4.3.4. There are finitely many mazimal (E, P.) ((F, P:)) arcs and
(E, P.) ((F,P.)) simple closed curves.

Proof.  Assume that the assertion of the lemma is not true, that is,
there are infinitely many distinct maximal (E, P.) arcs I,,. For each n, choose
a periodic point p, € I,,. Then there exist n; and ngy such that d(py,,pn,) <7
(n from Lemma 4.3.3). Therefore I,, N I,, # 0, a contradiction. O

We are able to state the main consequence of the results in this section.
We denote by Z the set of Q\ P isolated periodic points.

THEOREM 4.3. Assume that L(f) has dominated splitting and let T be
the set of Q\P isolated periodic points. Then the periods of the periodic points
in Z are bounded and I is a subset of disjoint unions of periodic points and
normally hyperbolic arcs and closed curves, i.e.

IcTiu...uT,,

where Ty, =1,...,7 is compact invariant and I';NT'; = 0,1 # j. MoreoverT'; is
a periodic point or a normally hyperbolic (attractive or repelling) 1-dimensional
manifold (closed arc or simple closed curve).

Proof. Let n be from Lemma 4.3.3. We say that a periodic point p is
n-isolated if B, (p) NQ(f) = {p}. It is not difficult to see that there are finitely
many 7-isolated points. From Lemma 4.3.3 it follows that if a periodic point
is not n-isolated then it is in a normally hyperbolic ((E, P.) or (F, P:)) arc
or simple closed curve. By Lemma 4.3.4 there are finitely many such arcs or
closed curves, and they are disjoint or coincide. O

4.4. Proof of the spectral decomposition theorem. Recall that 7 denotes
the set of Q\P-isolated periodic points. From the definition, Z is open in
L(f) (but may not be compact). On the other hand, we denote by R the set
of periodic simple closed curves, normally hyperbolic supporting an irrational
rotation. Notice that these curves are isolated, i.e., they are open in L(f). We
define L(f) to be the complement in L(f) of Z and R; that is,

L(f) = L(f)\(ZUR).

It follows that L(f) is compact and invariant. Notice that this definition does
not assume that L(f) has dominated splitting.

From now on, assume that L(f) has dominated splitting and set about
proving our Spectral Decomposition Theorem. In Section 3.1 of [PS1] it is
shown that there are finitely many curves in R. Also, in Theorem 4.3, the
decomposition claimed on 7 is proved.

On the other hand, we have that Per(f) C L(f) and so Pery(f) has
dominated splitting. From Theorem B we conclude that there is some N
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such that Perfzv (f) has spectral decomposition where each subbasic piece is the
homoclinic class of a hyperbolic periodic point, contains at most finitely many
nonhyperbolic periodic points and moreover f PN () is expansive.

Therefore, to finish the proof of the Spectral Decomposition Theorem it
is enough to show that L(f) C Perl (f).

LEMMA 4.4.1. Let p € L(f) be a periodic point. Then there exists a
sequence of periodic points p, converging to p whose periods are unbounded,
i.e., p€E Per;y(f) for any positive integer M.

Proof.  Consider a box Bss 5u)(p). Since p € L(f) it follows that p is not
Q\ P-isolated and there is a sequence of points y, € L(f) converging to p. This
sequence converges to p through a nonisolated quadrant BZ 5 5u)(p). Moreover,
there is no loss of generality if we assume that y, € w(x,) for some point
Zn. Let W (p) and Wi " (p) be the branches that bound this nonisolated
quadrant and recall that (no matter whether p is hyperbolic or not) they are
included in the stable and unstable manifolds of p respectively. Consider V a
compact admissible neighborhood of L(f) and let L; be the maximal invariant
set in V' and Lf the points that remains in V in the future. Set x = x,, for n
large enough. There is some positive integer mg so that f™(x) € L] for any
m > mg. Now, we may find mo < m; < mg such that f(z) € Béésﬁu)(p), j=

1,2. Let w; = Wb (p) N () (S (2)). Tt follows that ™27 (wy) € Bi(p).
Therefore the point wy = W (p) N Jg:(p)(fmrml(wl)) is a point of trans-
verse intersection of the stable and unstable manifolds of the point p. The
result follows from standard arguments about the existence of periodic orbits

associated to transversal homoclinic orbits. O

Now, to prove that L(f) C Perflv(f), it is enough to prove that for any x
such that w(z) is not contained in Z U R, w(x) C Pery (f) holds.

Let z € w(z). We shall prove that z € PerY (f). In order to prove this,
assume first that w(z) contains a periodic point p. In particular p is not Q\P-
isolated, and hence, no matter whether p is hyperbolic or not, by the previous
lemma, there are hyperbolic periodic points ¢, arbitrarily near p. On the
other hand, there is a sequence njy — oo such that f™(z) — p. Consider V'
a compact admissible neighborhood of L(f) and let L; and Lf be as above.
In particular, there is some mq such that f™(z) € Li. Notice that if g, is
close enough to p and ny, is large enough, then there is a transverse intersection
wy between the local stable manifold of ¢, and the local unstable manifold of
f™(2). On the other hand, since f™(z) € L] for m > my, there is a nonempty
transverse intersection ws between the local unstable manifold of ¢, and the
local stable one of f*(z). Notice that wi,ws € Li. So, f~™ (w;) is close to
z and for some [ > 0, f!(ws) is also close to z. In particular W,;:u(fl(wz))
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and WZ(f 7" (w1)) have a transverse intersection (near z). Since Wi%(ws) C
W*(gm) and W*(w1) C W?9(gm) we conclude that the stable and unstable
manifolds of some iterate of ¢, have a nonempty transverse intersection near z,
and therefore there are periodic points near z. Thus z € Perév (f)-

In case w(z) does not contain periodic points then, by Theorem 2.1, it
follows that w(z) is a hyperbolic set. Now, w(z) C Perd (f). We can apply the

same argument as before, and also conclude that z € Per,]ZV (f). This completes
the proof of the Spectral Decomposition Theorem.

Moreover, from the proof we get the following corollary (where it is not
assumed that L(f) has dominated splitting).

COROLLARY 4.4.1. If A C L(f) and has dominated splitting then for any
U neighborhood of A we get that

AC PerhN(f) N Nnez f*(U).

4.5. More on the basic pieces of i(f) and the spectral decomposition the-
orem restated.. Regarding the basic pieces of L(f), there are some questions
(and answers) that we want to address. Are these basic pieces locally maximal?
Do they have local product structure? Do they have the shadowing property?
Do they exhibit Markov partitions?.

Definition 4.5.1. A set A having dominated splitting is said to have local
product structure if there exist v > 0 and n > O such that if x,y € A, d(z,y) <7
then W3s(z) N Wit (y) € A

Notice that if v and 7 are small enough the above intersection is transversal
and consists of one single point.

LEMMA 4.5.1. Let A be a basic piece of f/(f) Then, A has local product
structure.

Proof. Since A is a basic piece of L(f), the hyperbolic periodic points
are dense. Thus, it is enough to show the local product structure among the
hyperbolic periodic points.

If A does not contain any saddle-node point, then the local stable and
unstable manifolds have uniform size (by Theorem 4.1), and the local product
structure follows by standard arguments.

On the other hand, assume A contains saddle-node type periodic points.
Consider boxes around these points Bs: 5«)(p) small enough such that for the
F-saddle node (resp. E-saddle-node) one component of B(s: 5u)(p) — WgZ(p)
(resp. B(s: 5u)(p) — Wii'(p)) contains (at most) only Q\ P periodic points. Con-
sider 7 (less than 6% /2 and 6% /2) from Theorem 4.1. Let > 0 such that for any
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two points x,y such that d(z,y) < n the local center stable manifold Wi*(x)
and the local center unstable manifold W{"(y) have a (unique) nonempty (and
transverse) intersection. Now, if x and y are hyperbolic periodic points in A
and they are far from the saddle-node points, these local center stable and
unstable manifolds are contained in the stable and unstable manifold, and the
result follows by standard arguments. On the other hand if one (and hence
both) of the points x,y are near a saddle-node point, since they are not iso-
lated, the point of intersection of the central stable and unstable manifolds of
x and y respectively lies in the stable and unstable manifolds of z and y (resp.)
and hence, the result holds. O

Remark 4.5.1. Observe that in the above lemma the local stable and un-
stable manifolds may not have uniform size.

Definition 4.5.2. Let A C L(f) be a compact and invariant set having
dominated splitting. A Markov partition of A is a collection of rectangles, i.e.
diffeomorphic images of the square Q = [~1,1]%, say R; = ¥1(Q),..., R =
(@) such that:

1. AC UR;,
2. int(R;) Nint(R;) = 0 if ¢ # j, where int(R;) denotes the interior of R;,
3. f(aSRZ') C Ujast and f_l(auRi) C UjauRj where
OsRi = ¢i({(z,y) : ~1 <2 < 1|yl =1})
and

Wl = i({(z,y) : =1 <y < 1,[z] = 1}),
4. there is a positive integer n such that f"(R;)) NR; # 0V 1 <1i,j <L

Moreover, we define the size of the Markov partition as the maximum of
the diameters of R;.

Notice that item 3) means that the boxes are “adapted”; i.e., for any
r € R; and n > 0, either f7"(Jg') N R; = 0 or f7"(JR') C R; for any j,
similar to J in the future. The proof of existence of Markov partitions in
[PT] (Appendix 2) without major modifications also proves the next lemma.

LEMMA 4.5.2. Let A be a basic piece off/(f). Then, there exists a Markov
partition of A of arbitrarily small size.

Fathi [Fa] has proved that an expansive homeomorphism on a compact
space has an adapted metric (not necessarily coming from a riemannian struc-
ture) compatible with the topology. Indeed, there is some e > 0 and 0 < A < 1
such that if dist(f™(z), f) < e ¥n > 0 then dist(f"(x), f"(y)) < A"dist(z,y),
similarly for backward iterates. Therefore, the same proof of the shadowing
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lemma for hyperbolic sets with local product structure can be carried out in
our case, since the basic pieces are expansive and have local product structure.

LEMMA 4.5.3. Let A be a basic piece of L(f). Then, it has the shadowing
property; that is, given B > 0 there exists a > 0 such that any a-pseudo-orbit
in A is B- shadowed by a true orbit in A.

By the previous lemma and Theorem 4.2 (item 3a) we obtain the following:

COROLLARY 4.5.1. Let A be a basic piece of L(f). Then, if w(x) C A then
there exists y € A such that x € W*(y); i.e., d(f™(z), f"(y)) —=n—oco 0.

In the hyperbolic theory, local product structure is equivalent to maximal
invariant. For a basic piece in L(f) this may not be the case.

LEMMA 4.5.4. Let A be a basic piece of L(f). Then, A is locally mazimal
if and only if A does not contain saddle-node points.

Proof. If A does not contain saddle-node points, then the stable and
unstable manifolds of any points have size bounded away from zero. From the
local product structure and the shadowing lemma the result follows. On the
other hand if A does contain saddle-node points it is not difficult to see that
it is not locally maximal. |

Definition 4.5.3. An invariant set A is an attractor if
1. there exists U a neighborhood of A such that f(U) C U and Ny>0f"(U)
=A.

2. A is transitive.

The next lemma follows with the same arguments as in the hyperbolic
case.

LEMMA 4.5.5. A basic piece A of L(f) is an attractor if and only if
W¥(x) C A for any x € A.

Remark 4.5.2. When A is a transitive hyperbolic set the above definition
of attractor is equivalent to saying that there is a neighborhood U of A such
that w(z) C A for any € U. This is not true in our case.

Now, we summarize all the above results (see also Figure 2).

THEOREM 4.4 (Spectral Decomposition Theorem restated). Let f €
Diff?(M?) and assume that L(f) has a dominated splitting. Then L(f) can
be decomposed into L(f) =T U L(f) UR such that

1. 7 is the set of Q\ P-isolated periodic points. The periods of the points in
I are bounded and Z C I’y U--- U, where I';,i = 1,...,7 is compact
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periodic arc

quaseperiodic motion

F-saddle node
N
( E-saddle node
—
basic piece with periodic arc attached basic piece
Figure 2
invariant and T'; NT; = 0,4 # j. Moreover T'; is a periodic point or

a normally hyperbolic (attractive or repelling) 1-dimensional manifold
(closed arc or simple closed curve).

2. R is a finite union of normally hyperbolic periodic simple closed curves
supporting an irrational rotation.

3. f/L(f) is expansive and admits a spectral decomposition L(f) = AyU- - -U
A;. Each set A; is compact, transitive and Ay NV Aj = O for i # j. These
sets A; are the (union of) homoclinic classes associated to hyperbolic
periodic points. The hyperbolic periodic points are dense and A; contains
at most finitely many nonhyperbolic periodic points. A; has local product
structure, admits a Markov partition of arbitrary small size and is locally
mazimal if and only if does not contain saddle-node type periodic points.

Furthermore, M = U,ep 5y Wo(@) = Uzerpy W*(z) and for any z € L(f)
that is neither saddle-node nor sink-node, W*(x) is a smooth manifold.

5. Proof of Theorems C and D

It is well known that a hyperbolic set A of a diffeomorphism f has an
analytic continuation, meaning that for any diffeomorphism ¢ close enough
to f there is a hyperbolic set A4 for g close to A (i.e. it is contained in a
neighborhood of it) and moreover they are homeomorphic and their respective
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dynamics are conjugated. This property turns out to be false for sets having
dominated splitting, even when the set is a homoclinic class of a hyperbolic
periodic point. Although the hyperbolic periodic point persists in a neighbor-
hood of the diffeomorphism, for a certain diffeomorphism arbitrarily close, the
homoclinic class of the continuation is no longer contained in a neighborhood
of the original one and furthermore what remains in a neighborhood is no
longer conjugated to the original one. For instance, take a “horseshoe” where
instead of a hyperbolic fixed point p we have a saddle-node fixed one -but this
horseshoe is the homoclinic class of another hyperbolic periodic point- (see
Figure 3a below) and, after the disappearance of the saddle-node fixed point,
the homoclinic class “moves” towards the point ¢ in the referred figure. Fur-
thermore, more pathological behavior could appear in the case of Figure 3b
(see [DRV], [C)).

TN

N

\\g/ ¥_—//

Figure 3a Figure 3b

However, in these examples if we perturb the saddle-node in such a way
that it has a hyperbolic continuation, the “horseshoe” becomes hyperbolic.
Here is the way to prove Theorem C: perturb the diffeomorphism f in such a
way that the nonhyperbolic periodic points in a basic piece of f)( f) (which are
finitely many) have a hyperbolic continuation. To show that this is enough, we
must guarantee that no other nonhyperbolic periodic point appears after the
perturbation. This is the content of the following section.

5.1.  Theorem 3.1 revisited. Throughout this section A will denote an
f-compact invariant set with dominated splitting and A C L(f).

Definition 5.1.1. Let p be a periodic point in A and let V be a connected
subset of Diff2(M), f € V. We say that p has a continuation on V provided
there exists a continuous map 7 : )V — M such that

L w(f)=p.
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2. For g € V, 7(g) is a g-periodic point with the same f-period of p.
3. 7(g) is not Q\ P-isolated.

For g € V the point w(g) will be called an analytic continuation of p and
will be denoted by p(g).

THEOREM 5.1. Let f be a C?—diffeomorphism of a compact surface M?,
and let A C i(f) be a compact invariant set exhibiting dominated splitting
and p € A be a nonhyperbolic periodic point. Denote its period by n,. Assume
that p has a continuation on V. Then, there exist a neighborhood U, of p, a
neighborhood V' of A, and a neighborhood U such that for any g € VNU and
any g-periodic point g with period greater than 2n, and whose orbit is contained
in V' and intersecting Uy is a hyperbolic periodic point of saddle type.

Proof of Theorem 5.1. The proof goes along the same lines as the proof of
Theorem 3.1, because all the estimates involved in the proof of this theorem
hold for diffeomorphisms close to f contained in V. To begin with, take V a
small compact admissible neighborhood of A and a neighborhood U(f) such
that for g € U, the set N,¢g" (V) has dominated splitting. In the sequel we
shall set Ay (g) = Nypg" (V). The following result can be found in [HPS].

LEMMA 5.1.1. Let f € Diff>(M?) and A a compact invariant set exhibit-
ing dominated splitting and being 2-dominated. Then there existU and a neigh-
borhood V' of A such that for any g € U there exist two continuous functions
¢S+ Ay(9) — Emb*(I1, M) and ¢" : Ay(g9) — Emb*(I1, M) such that if
define Wes(z, g) = ¢g°(x) 1z and W (x,g) = ¢g(z)Ic the following properties
hold:

a) TmW;S(wag) = Eg(w) CLTLd wascu(wag) = Fg(x)a
b) for all 0 < g1 < 1 there exists eo such that

g(We(x,9)) € Wei(g(x), 9)
and

g (W5 (. 9)) € WEH (g™ (@), 9)-

Moreover, these central manifolds depend continuously on g; i.e., given g — g,
rr € Av(gr) converging to x € Ay(g) it follows that ¢35 (z) — ¢g°(z) and
Uxg) — ¢S (x) (in Emb?(I1, M)).

From the previous result it follows that a Lipschitz constant of log(Df)
along the central manifolds can be chosen uniformly in a neighborhood of f,
and hence we get the following lemma.

LEMMA 5.1.2. Let f € Diff>(M?) and A a compact invariant set exhibit-
ing dominated splitting. Then there exist Ko, U and a neighborhood V of A
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such that for any g € U if O(xz) C V and any arc J C WSz, g) such that,
g(J) C WENg ™ (,9)) for 0<j <n then

1Dg 2 | nl i -
L ﬁéew(% S0 gD v, 2€ T, Fy(y) =T, J, Fy(z)=T.J.

2. |1Dg N < U exp(Ko Y575 tg ™ ())).

Remark 5.1.1. Let p be as in Theorem 5.1, having a continuation on V.
From now on, we fix the continuation 7 : V — M of p. Moreover, after change
of coordinates for g € VYV NU we may assume:

L. p(g) = p;
2. We(p(g)) = WE(p);
3. Wet(p(g)) = Wet(p).

Recall that for a nonhyperbolic periodic point p and for any positive num-
bers §°,6* small enough, we have defined the box B(s. 5.)(p) (see Definition
3.3.1). This is also a box for any g € VNU if U is small enough. Let Béés,du)(p)
be a quadrant of the above box and V' a compact neighborhood of A. For
geEVNU and = € Béésﬁu)(p) NAvy(g) we define J5,"" (2, g) to be the connected
component of WS (x, g) N Bf557 5u)(p) that contains z. Analogously, we define
Jgf’i(x, g).

The following lemma is a version of Lemma 3.3.1 for diffeomorphisms close
to f. The proof is similar and we leave it to the reader.

LEMMA 5.1.3. Let A C L(f) be a set having dominated splitting without
closed curves supporting irrational rotations and let p € A be a nonhyperbolic
periodic point. Let Bs 5uy(p) be a small box and let Bfés’(su)(p) be a nonisolated
quadrant for f. Then, for any e, 0 < & < dg, there exist 6% = §¥(g) < ",
U = U(e) and a neighborhood V' of A such that for any g € VNU and x €
BE&%(S;‘)(p) N Av(g) different from p we get that

g " (J5 (@, 9)) C W (g " (), 9)

holds for any n > 0.

A similar statement also holds for the central stable manifolds; more pre-
cisely: there is 05 = 05(e) < 0° such that for any x € Bgéiﬁu)(p) NAv(g)
different from p we get that

9" (J5 " (,9)) € WE(g" (x), 9)
holds for any n > 0.
In order to prove Theorem 5.1 we shall argue by contradiction. So, we as-

sume that the conclusion of the theorem is false; that is, there exist a sequence
of open neighborhoods V,, of A, N,V,, = A, a sequence of diffeomorphisms
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gn € V NU converging to f and a sequence of periodic points {g,} of g,
with O(¢,) C Vi, accumulating at p with periods greater than 2n, (and hence
increasing to infinity) such that they are not hyperbolic of saddle type; i.e.,
either

.
1Dg:."" E,. (a. o (0

where m,, is the g,-period of ¢,. We may (and will) assume that

1Dg,"™ " 1k, (q) |l = 1

holds for any n. We will show that is not the case for sufficiently large n,
leading to a contradiction.

This sequence of g,-periodic points accumulates (we take a subsequence if
necessary) through a quadrant Bé 5. 5u)(p). It is not difficult to see that this is

a nonisolated quadrant for f. Denote by W (p) and Wi (p) the branches
that bound this quadrant and recall that they are contained in the stable and
unstable manifolds respectively of p (with respect to f). It follows (recall Re-
mark 5.1.1) that g,(Ws>" (p)) € WP ¥ (p) and g, " (W5 (p)) € Wi F(p). A
(maximal) interval in Wy. " (p) such that forward iterates under g, are pair-
wise disjoint will be called a fundamental domain of g, in W (p). In a
similar way, we define the fundamental domain of g, in Wi (p). Take points
x € W§S’+(p) N{O(gn) : n >0} and y € W™ (p) N {O(gn) : n > 0}. It follows
that these points belong to A.

By corollary 4.4.1, the points x and y are accumulated by hyperbolic
f-periodic points whose orbits are arbitrarily close to A. As in the proof of
Lemma 3.4.1, one way is to take hyperbolic periodic points pi, p2, p3 such
that the box B(z) determined by the arcs Wi" (p), W (p1); W% (ps) and
W (ps3) is a well cu-adapted box such that

1. x belongs to a component of 9°“(B(z)) which is also contained in a

Il =1 or [Dgp™ g, (gl =1

fundamental domain of W™ (p).

2. For any large n, the g,-orbits O(g,) have nonempty intersection with
B(x).

Since the points p1, p2, ps have an analytic continuation in some neigh-
borhood of f and also p has an analytic continuation p(g) in V, we can define
the box By(x) bounded by the respective local stable and unstable manifolds
of p(g), p1(9), p2(g) and p3(g) as the box B(x) = Bf(x). These boxes are also
well cu-adapted and satisfy

1. = belongs to a component of 90°(Bgy(x)) which is also contained in a

fundamental of g, in WS> (p).

2. For any large n, the g,-orbits O(g,) have nonempty intersection with
By(z).

In a similar way we construct cu-adapted boxes By(y) satisfying
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1. y belongs to a component of 9°(By(y)) which is also contained in a

fundamental of g, in W™ (p).

2. For any large n, the g,-orbits O(g,) have nonempty intersection with
By(y).

Definition 5.1.2. Bozes III. Let ¢ € YV NU. Set Bf = By(y) and for
k > 1 define B} as the connected component of g~*(Bj_,) N Bys: 5.)(p(g)) that
contains g k(y)

Moreover, given the point ¢, of the g,-orbit of ¢, accumulating at y and
belonging to By(y), let k, = min{k > 0 : g, **(4,) € By(z)}. We define B’
as the component of B{ N Bgy(x) that contains g,*(g,) (the boxes By defined
as above).

PROPOSITION 5.1. Given r > 0, there exists s > 0 and U such that if
gn €V NU and dist(Gn,y) < s the following hold:
L. By is an r-cu-adapted cs-subbox in By(x).

2. If r is small enough, then any return to BZT’LQ 18 a hyperbolic return.
Indeed, for any return ¢ € R (B, Ay, (9)), ' < 5 holds.

Theorem 5.1 follows from this proposition. Indeed, take n large enough
so that there is a point ¢, € B(y) in the g,-orbit of g, close enough to y so

that the above proposition applies. Set ¢, = gﬁ"(dn) € Bz;g" and assume that
the period is m. Let 0 < m1 < mg < -+ < my = m be the successive returns
of the point g, to By ?" until return to itself. Then,

1 l
D90 5,1 < (5) <1

This contradicts the assumption made over the points g,,.
To prove Proposition 5.1, again, we have to deal with arguments involving
distortion and summability.

LEMMA 5.1.4. Let Cy > 0. Then, there exists K1 = K1(C) > 0 such that
for any cu-adapted cs-subbox By of By(z) (previously defined) having distortion
Cy and any z € B'NA,

S U IR () < Ky
j=0

whenever g~1(z) ¢ B, 1 <j <n.

Proof. This is a straightforward adaptation of Lemma 3.4.4, since all the
constants involved in the proof can be chosen uniformly on g. O
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For each g € VNU, we may choose a foliation on Bgy(y) such that the
g-distortion is bounded uniformly on g by some C.

LEMMA 5.1.5. Let C' > 0 be such that the box By(y) has g-distortion C
for any g € VNU. Then,

L. There exists K = K(C) > 0 such that for any cu-subbox B, C By(y) and
m > 0 such that g~*(B') C B,‘Z for 0 < k < m then

Y U)K
1=0

holds for any arc J C B; transverse to the E4-direction with endpoints
in O°(B'). A similar result holds for a cs-subbox in By(x).

2. There exists C1 = C1(C) such that B2 is a cu-adapted cs-subbox in
By, (z) having distortion Ci.

Proof. This is a straightforward adaptation of the proof of Lemma 3.4.3.
|

Finally, Proposition 5.1 can be proved in the same way as Proposition 3.1.
This completes the proof of Theorem 5.1. O

Remark 5.1.2. Notice that if the point p in the statement of Theorem 5.1
is not of saddle-node type, i.e., it is of saddle type, then it has a continuation
on a neighborhood of f. In particular, Theorem 5.1 can be restated without
mentioning the set V.

5.2. The set A;. From now on let A be as in Theorem C, that is, a basic
piece of L(f). In this section we will define the set V and the candidate A,
that will satisfy the thesis of Theorem C.

We shall assume, replacing f by f2, that the eigenvalue of a nonhyperbolic
periodic point with modulus one is 1.

LEMMA 5.2.1. Let p be a nonhyperbolic periodic point in o basic piece
of L(f). Then, there exist a connected open set V(p, f) C Diff>(M) and a
continuous map m: V(p, f) — M such that

1. feV(p, f) and n(f) =

2. ForgeV(p, f), m(g) is a hyperbolic periodic point of saddle type of the
same period as p.

3. m(g) is the unique periodic point with the same period as p in a neigh-
borhood of p which is not Q\ P-isolated.

The point w(g) will be called the hyperbolic continuation of p and will be
denoted by p(g).
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Proof. It is not difficult to see that there is a one parameter family
ft, fo = f such that for ¢ > 0 there is a unique nonisolated hyperbolic periodic
point p; with the same period as p, p; —+_0 p. For each f; consider an open
neighborhood V; such that p; has an analytic continuation. For the set V =
Usso Ve it is straightforward to prove the lemma. |

Let p be a nonhyperbolic periodic point and let V(p, f) be the maximal
open connected set such that p has a hyperbolic continuation (that exists by
the previous lemma). Given any neighborhood U = U(f) let

V(f,p,U) = V(f,p) NU(S).

Moreover, consider {p1, p2, . ..., pn} the set of nonhyperbolic periodic points
in A. Let

Notice that V(f, A,U) is nonempty.

Consider V' a compact admissible neighborhood of A. Let U(f) be such
that, for g € U(f), any g-invariant compact set in V' has dominated splitting.
For g € V(f, A,U) consider A, = Ng"(V) N L(g). We shall prove that this A,
satisfies the thesis of Theorem C. This will be done in two steps: first we will
show that Ay is hyperbolic and secondly that A, is homeomorphic to A and
J/A is conjugated to g,y .

5.3. Hyperbolicity of Ay. By Theorem 2.1, to show that A, is hyperbolic
it is enough to show that the periodic points in A, are hyperbolic.

Let {p1,...,pn} be the nonhyperbolic periodic points in A. For each non-
hyperbolic point, take U;, N;, V; and U; given by Theorem 5.1 for A = A.
On the other hand, take a compact neighborhood V' C N;V; of A such that
Npf™(V \ U;U;) is hyperbolic (by Theorem 2.1). Let & C N;U4; be such that
for g € U, the set N, g"(V \ U;U;) is also hyperbolic. Let ¢ be any g-periodic
point in Ay, g € V(f,A,U). Either the orbit O(q) intersects some U; or not.
If not, then ¢ € N,g"(V \ U;U;) and so ¢ is hyperbolic. In the other case, if
O(q) intersects some U;, either we get that the period of ¢ is greater than the
double of the period of p and so it is hyperbolic by Theorem 5.1, or it is the
point p(g) which is hyperbolic. This shows that A4 is hyperbolic.

5.4. Conjugacy between f;n and gsp,. The idea in constructing the con-
jugacy is to use the shadowing property. Indeed, if g is near f, every g-orbit
in A, projects to an f-pseudo orbit in A and hence can be shadowed by an
J-orbit in A. Moreover, by the expansiveness of f,y the f-orbit that shadows
it is unique. Hence, there is a map h : A; — A such that h(z) is the point such
that its f-orbit shadows the g-orbit through x. By the uniqueness, it follows
that foh = hog, and the map h is continuous. Since these last arguments
are quite standard, we shall omit the details.



THE DYNAMICS OF DOMINATED SPLITTING 731

However, we have to prove that A is a homeomorphism. For this, it is
enough to prove that h is injective and surjective. The invectiveness of h follows
from the fact that the expansive constant of g, can be chosen uniformly on g.
We need the following results. The first one is a uniform version of Theorem 4.1
for Ay4. The proof follows from the uniformity of Denjoy’s property (Theorem
2.3) and from the fact that the g-periodic points in A4 are of saddle type.

THEOREM 5.2. Let A be a basic piece of f, and let p1,...,pr be the
F-saddle-node type nonhyperbolic periodic points for f in A. Also, let q1, ..., q
be the E-saddle-node ones. Then, there exist U(f) and an admissible neigh-
borhood V' such that for any g € V(f, A,U) the following holds: given & < &y
there exist 0" = §"(¢),8° = 0°(e) and v = (0%, 0%, ¢) such that for any x € Ag
we have that
L If o & Ui, Bise 5v) (pi(g)) then W' (z,g) C Wi (z, g).

2. Ifx e B(S ) ( i(9)) then J3v " (z,9) C Wi(x,g)
3. If v ¢ Ui_ B 50y (qi(g)) then W (x,g) C WE(x,g).
4. If x € B, (6°.6v) ( i(9)) then Jgit(x,9) € Wi(z,g).

Proof. The proof is quite similar to the proof of Theorem 4.1 so we only
give an outline of it. We shall prove just item 1.

Assume that ¢ < §p. Take 6° = §;(e) and 0* = 6¥(¢) from Lemma 5.1.3.
Assume that they are small enough such that Bs. suy(i) N Bss 5u)(j) = 0 for
U] =Pl Pryqly- -5 Gt

Let z € Ay and assume that = ¢ UI_; B 5u)(pi(g)). Let show first that
there is some « such that

Lg " (Wi(z))) <6, n>0.

If such a v does not exist, then there are sequences ., € Uj_; B(s: 5u) (i), Yn —0
and m, — oo such that, for 0 < j < m,,

(W5 (a))) <0

and

(g™ (W5 @) = 6.

Letting I, = g~ (W3%(zn)) we can assume (taking a subsequence if neces-
sary) that I,, — I and g~ (z,) — 2,2 € Ay, z € I (the closure of I).

Now, we have that ¢(¢g"(I)) < § < dp for all positive n, and since I C
W (z), we conclude that I is a §-E-interval. Thus, w(z) is a periodic orbit p
because z € I. Since z € A, we conclude that p € A, and hence is hyperbolic
of saddle type. Hence z € W*(p).

Then one of the components of W*(p) — {p} has length less than e. Thus,
in case

g~ " (W5 (zn)) NW2(p) # 0
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we get a contradiction to the inclination lemma (or A-lemma, see [P]) because
this intersection is transversal and

g™ (g~ (Wi an)))) = LW (xn)) — 0.
On the other hand, if
g " (WHH () N W (p) =0

it follows, for sufficiently large n, that w(g~"™"(x,,)) is the other endpoint (say q)
of the component of W*(p) — {p} having length less than ¢. By the lemma
3.3.1 of [PS1], it is a sink or a nonhyperbolic periodic point. This implies that
w(f~™ (xy)) = w(xy) = q for n large enough and ¢ € Ay, a contradiction.

To finish the proof of item 1) it remains to prove that

g™ (W3 (2))) = 0

for x ¢ UJ_; B(s s54)(pi(g)). Arguing by contradiction, assume that this is not
the case. Then, there exist n > 0 and a sequence nj; — oo such that

Ly (W3 (x))) > n

for some x ¢ U[_; B(s5: 5v)(pi(g)). Letting I,,, = g™ (W3"(x)) we can assume
that I,, — I and f~™(x) — 2z € I,z € A. As above, we get that I is a
do- E-interval, and so w(z) is a hyperbolic periodic point p € A,. If z € int([),
then, since [ is transverse to W?*(p), it follows, by the inclination lemma, that
(W (p)) < ¢ and hence the endpoints g1, ga of W*(p) are not hyperbolic peri-
odic points of saddle type. Therefore, p € A4 is Q\ P-isolated, a contradiction
ot the definiton of A,.

On the other hand, if z ¢ int([), again, the inclination lemma implies that
one of the components of W*(p) — {p} has length less than ¢. As we did above,
the case

g (W) N W (p) =0

leads to a contradiction. Thus,
g " (W) N W*(p) # 0.

By the inclination lemma, the fact that £(g’ (g~ (WS"(2)))) <6, 0 < j <y
together with ¢7"*(x) — z imply that € W} _(p). Moreover, p should be one
of the p;(g). Hence = € Bys: 54)(pi(9)), a contradiction. O

LEMMA 5.4.1. Let A be a basic piece of f, and let p1,...,p, be the F-saddle-
node type nonhyperbolic periodic points for f in A, and let q1,...,q be the
E-saddle-node ones. Then, there exists U(f) such that for any g € V(f,A,U)
the following holds: given v > 0,6°,0" there exists 3 such that if x,y € Ay and

x ¢ Ui_; B(s: 501 (pi(9)) U Ui_; Bse 50y(ai(9))
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and d(¢’(y), ¢’ (x)) < B, j > 0 (resp. j < 0) theny € Wis(x, g) (resp. y €
Wz, g))-

Proof. The same proof of Theorem 4.2, item (3) works without major
modifications. O

Now, we are ready to prove that the expansivity constant is uniform.
Arguing by contradiction, assume that this is not the case; that is, there are
sequences g, € V(f, A,U) converging to f, o, — 0 and zy,yn € Ay, Tn # Yn
such that d(gh(zn), gn(yn)) < oy, Vi € Z.

Recall that there are only finitely many nonhyperbolic f-periodic points
in A. For each nonhyperbolic f-periodic point, there is a small neighborhood
such that, since g € V(f, A,U), there is only one g,-periodic orbit in A, that
remains in this neighborhood, namely the hyperbolic continuation, and any
other g,-orbit in A, must leave this neighborhood in the future or in the past.
Therefore, we may assume that x, is not one of these periodic points, and
there is no loss of generality if we assume that

Ty & Uiy B(se 50y (i(gn)) U UiZ| Biss 5v)(qi(gn))

where p; and ¢; are as in the previous lemma. Let 3 also be from the previous
lemma. Then, for a,, < § we conclude that

UYn € Wss(xmgn) N W,;fu(xn,gn) = Tn,

a contradiction. This proves the uniformity of the expansivity constant.

The injectiveness of the map h follows now by standard arguments. It
remains to prove that h is surjective. A classical argument for this is that
the shadowing property holds uniformly. However, we shall pursue a different
argument. For this it is enough to show that h(Ag) is dense in A. Recall that we
have a Markov partition of arbitrary small size for A (and so contained in the
admissible neighborhood V'). The rectangles R; of this Markov partition are
bounded by compact arcs of (central) stable and unstable manifolds of finitely
many periodic points (see [PT]). Hence these rectangles have a continuation
Ri(g) (in fact, they form a Markov partition for Ay). On the other hand,
the f-periodic points are dense in A, each one is in some R; and they persist
for g (by Theorem 5.1). Furthermore, these continuations cannot cross the
boundary of the rectangles R;(g) and thus they are in Ag4. In particular h(Ay)
is dense in A and so h is surjective.

Furthermore, A4 is hyperbolic and has local product structure (by the
conjugacy), hence it is maximal invariant and a basic set.

Remark 5.4.1. If the basic piece A does not contain saddle-node periodic
points (in particular it is maximal invariant), the following can be proved with
similar methods: there are a neighborhood U and a neighborhood V of A such
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that Ay = N,g™(V) is a g-compact invariant set and there is a semiconjugacy
h: Ay — A between g and f.

5.5. Proof of Theorem D. Let M be the 2-torus. We claim that there
exists f : M — M such that

1. M has dominated splitting, TM = E & F.

2. [ has just one nonhyperbolic fixed point p and D f/p(,) = 1. Any other
periodic point is hyperbolic.

3. f is conjugated to an Anosov linear diffeomorphism.

Indeed, a one parameter family f, can be constructed such that f, is
Anosov for p < 0 and f, is derived from Ansosov (DA) for p > 0. This is
done through the bifurcation of the fixed point p (see for instance [R]). The
diffeomorphism f = fjy satisfies our claim. Since f is conjugated to an Anosov
diffeomorphism, there is a sequence of periodic points p,, such that their orbits
spend most of the time near p. It follows, when m,, is the period of p,, that

(101735, 1) ™ = 1.

In other words, p, has a normalized eigenvalue arbitrarily close to 1.

Since p is of saddle-type, it has a continuation in a neighborhood V =
Ui(f) of f. Let U, and U C U, be as in Theorem 5.1. Since the maximal
invariant set in M\U, is hyperbolic for f we may assume that the same holds
for any g € U.

Finally we see that f and U satisfy the conclusion of Theorem D. Let
g € U and let ¢ be a g-periodic point of period > 2. If the g-orbit of ¢ does
not intersects U, then it is hyperbolic. On the other hand, if the orbit of ¢
intersects Uy, since the period of ¢ is > 2 (indeed, the period will be very large)
it follows from Theorem 5.1 that ¢ is hyperbolic.

5.6. On the impossibility of a C? Franks lemma. In [F], Franks proved
the following simple yet powerful lemma:

FrANKS’ LEMMA. Let 6 be a finite set of points in M, let QQ = Dol M,
and let Q' = ©rcoT My (). If € is small (independent of 0) and G : Q — Q' is
an ismorphism such that |G —df|| < {5 = 0 then there exists a diffeomorphism
g: M — M, e-close to f in the C' topology, such that dg, = G,TM, for any
x €6 (and g = f in 0). Moreover if R is a compact subset of M disjoint from
0 we can require f(x) = g(x) for x € R.

When 6 is a periodic orbit, the previous lemma implies that we can perturb
the tangent map of f along the periodic orbit and find a diffeomorphism g
close to f having the same periodic orbit and the tangent map of g along
this orbit realizes that perturbation. One may ask if the above lemma can be
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proved within the C? topology (without any requirement on the support of the
perturbation) for some § > 0 (much smaller than £/10). Theorem D implies
that this is impossible. Indeed, if such a statement could be proved, then it
would be possible to perturb a diffeomorphism f having a periodic orbit with
(normalized) eigenvalue close to 1 to obtain a diffeomorphism close to f having
this periodic orbit nonhyperbolic.

6. Proof of Theorems E and F

Theorem E is similar to the proof of the (2-stability theorem for Axiom A
systems satisfying the no-cycle condition. The classical argument is through
the neighborhood construction of a filtration (see [Sh]). In our case we cannot
build a filtration in the classical sense. For this reason, we push another
argument (that also works in the hyperbolic case).

Recall from the Spectral Decomposition Theorem that if L(f) has domi-
nated decomposition, then

L(f)y=THU---ulL,UCGQU---UCGUA U---UA,

where I';,4 = 1,...,r, is a periodic point or it is contained in a normally
hyperbolic periodic arc or closed curve (containing periodic points), C;,i =
1,...,1, is a normally hyperbolic curve supporting an irrational rotation and
A;,i=1,...,n,is a basic piece of f/(f)

Definition 6.0.1. Saddle sets. We will consider the following sets:
1. The T'; sets which consist of a single periodic orbit and are either of
saddle-type or saddle-node type.

2. The endpoints of the arcs I'; which are periodic points of saddle-type or
saddle-node type.

3. The basic pieces of L(f) which are neither attractor nor repeller.

We shall denote these sets by K;,i =1,...,s, and denote by P its collec-
tion.

For a periodic point p of saddle type, we denote by W9 (p) the stable
manifold of p. For a saddle-node periodic point p we denote by W (p) the
strong stable manifold. And for basic set A whose F-saddle nodes pq,...,p:
we define

WS (A) = Upeny o W (@) U UL, WS(00).

In a similar form, define W"".

Definition 6.0.2. Strong cycles. For two pieces of P, K;, K;, we say that
K; < Kj if and only if

Wuu(Ki) —K;N WSS(KJ') — Kj 75 0.
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We say that there is a (strong) cycle in L(f), if there are i1, 12, ..., 4 such that
K < Ki, << K;, < Kj,.

Let p1,...,pm be the nonhyperbolic periodic points in some K; in P.
Given a neighborhood U of f, consider

as in Section 5.2.

Now, assuming that there is no (strong) cycle, we shall prove Theorem E
for V(f,U) for some U small enough. That is, for g € V(f,U) we get that L(g)
is hyperbolic and f/i(f) is conjugated to 9/ig)"

THEOREM 6.1. Let f € Diff>(M) such that L(f) ‘has dominated splitting
and without strong cycles. Let'V bg a neighborhood of L(f). Then, there exists
U such that if g € V(f,U) we get L(g) C V.

We wish to show that Theorem 6.1 implies Theorem E. In fact, by the
Spectral Decomposition Theorem, we get that f/( f) can be decomposed into
a finite number of disjoint basic pieces A1 ...A,. Let A; be one of these basic
pieces and consider V; a neighborhood of A; as in (the proof of) Theorem C.
Recall that there exists U; such that if g € V(f, A;,U;) then the set

Aiyg = Nnezg™(V) NL(9)

is hyperbolic for g and f/A; and g/A; 4 are conjugated.

Let V. = Vi U---UV, and take Y from the above theorem such that
U c NiU;. For g € V(f,U),

L(g) = Al,g U---u An,g
and Theorem E follows.

Now let us prove Theorem 6.1. We shall argue by contradiction; i.e., if
the statement is false then we will be able to show the existence of a strong
cycle in L(f). So, let V be a neighborhood of L(f) and assume that there
exists a decreasing sequence of neighborhoods U,, such that N, = {f} and
gn € V(f,Uy,) such that L(g,) Z V.

For each n take y,, € L(g,)\V. We may assume that 3, — z for some z.
There is no loss of generality if we assume that y, belongs to w(zy,gy) for
some point x, and also that x, — 2. We need the following lemma.

LEMMA 6.0.1. Let w ¢ L(f) be such that either w(w, f) NP = 0 or
w € W3 (p)\W*(p) where p is a saddle node in some set of P. Then there exist
U(f) and U(w) such that for any x € U(w) and g € V(f,U), w(x,g)NU(w) =0
holds.

Proof. Notice that if w(w, f) NP = () then it is a subset of:
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1. an attractor basic piece of L(f),
2. the interior of an (E, P.)-arc or an (F, P:)-arc,

3. a closed curve normally hyperbolic.

In each of these cases, the proof of the lemma is straightforward. On
the other hand, if w € W#(p)\W*™(p), since g € V(f,U) for U small, then w
belongs to the basin of attraction of a sink (of g) and the lemma follows. O

Continuing with the proof of Theorem 6.1, from the last lemma, we con-
clude that w(z, f) NP # 0, and z does not belongs to W#(p)\W(p) where p
is a saddle node in some set of P. That is, w(z, f) C K;, and z € W*(Kj,).
We need another lemma.

LEMMA 6.0.2. Let w ¢ L(f) such that w(w, f) C K; for some K; in P.
Let U; be a small neighborhood of K; such that Ui N K; =0, j # i, K; in P
and let U be a neighborhood of f. Assume that there are sequences u, — w,
V(f,U) 3 gn — [ such that w(un,gn) € U;. Then there exists wy ¢ U; such
that wi € Upw(un, gn) and moreover wy € W (K;).

Proof.  Notice that mq exists such that f™(w) € U; Ym > mg. Then,
there is ng such that for n > ng, g/ (u,) € U;. For each n > ng consider
m, = min{m > mgy : g7 (u,) ¢ U;}. Let w1 be an accumulation point of
g (uy,). It follows that f~"(wy) € U; for n > 0. Thus, applying Lemma 6.0.1
for 1, we get that a(wy, f)NP # 0, so that a(wy, f) C K; and wy; € W(K;).

|

Now, continuing with the proof of Theorem 6.1, apply the previous lemma
to z = w and take z; = w;. Repeating the previous arguments to z; = z we
conclude that there is K, in P such that w(z1, f) C Kj,. Therefore

Kil < Ki2 .

Inductively we get K;, < K;, < K;, < ... . Since there are finitely many
sets K; we conclude that it must be a (strong) cycle, a contradiction. This
completes the proof of Theorem 6.1 and Theorem E.

Let us consider a diffeomorphism f such that (f) has dominated split-
ting. In particular L(f) C Q(f) has dominated splitting. Assume that there
is x € Q(f)\L(f) and it is outside of a neighborhood of L(f). Then, by Theo-
rem 4.1, WSt (z) C W*(x) and W$*(z) C W*(z) and they intersects transver-
sally at . Arguing as in the proof of Theorem 6.1 we may construct a cycle
in L(f). This observation and the proof of Theorem 1 in [NP] followed ezactly
yielding the following corollary:

COROLLARY 6.0.1. Let f € Diff>(M?) and assume that Q(f) has domi-
nated splitting. Then Q(f) = L(f).
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6.1. Proof of Theorem F. We first recall the definition of topological en-
tropy (see for example [M]).

Given a metric space X and a transformation T : X — X, we say that a
subset S C X is an (n,)-generator if for every z € X there is y € S such that
d(T?(x), T/ (y)) < e for all 0 < j < n. Let 7(n,e) = min{cardinal(9) : S is an
(n, e)-generator}.

We define the topological entropy hiop(T') as

1
htop (T) = hmsﬂohmsupnﬂoo Elog[r(m 5)]

Now, to prove Theorem F, we note that the map f — hiop(f) is continuous
in the C*°-topology (see [N2]). On the other hand, it is well known that
hiop(f) = htop(frar))- If Q(f) has dominated splitting, it follows that

hiop(f) = heop (fra(r) = Puon(fL(r)) = Pton(f /i (5))-

Next, if Q(f) has dominated splitting for f € U, it follows from Theorem E
that there exists an open set V;y C U such that for g € V, i}(g) is conjugated to
L(f) and hence htop(9) = htop(f). Therefore, if the topological entropy is not
constant in ¢/, the image of the map U 5 f — hyop(f) contains an interval [a, b].
For each t € [a,b] let f € U such that hiop(f) = t. It follows that there is an
open set V; such that hiop(g) =t for g € V;. Thus, the collection V;, t € [a, b]
is not enumerable and V, NV = 0 if ¢t # t'. This contradicts the fact that
Diff>°(M?) is a separable space.

Remark 6.1.1. Theorem F remains valid if we assume for
feuc Diffoo(Mz)

that L(f) has dominated splitting. In fact, if L(f) has dominated splitting for
f in a open set, it can be proved that L(f) = Q(f) with similar arguments as
in [NP].

Remark 6.1.2. Theorem F applies for example to Figure 3a of the previous
section when the saddle-node is destroyed: Although many new bifurcations
(of periodic points) could appear, the topological entropy remains constant.
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