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MORSE-SMALE SYSTEMS AND HORSESHOES
FOR THREE DIMENSIONAL SINGULAR FLOWS

BY SHAOBO GAN AND DaAwEI YANG

ABSTRACT. — We prove that every three-dimensional vector field can be C! accumulated by
Morse-Smale ones, or by ones with a transverse homoclinic intersection of some hyperbolic periodic
orbit. In contrast to the case of diffeomorphisms [14], the main difficulty here is that we need to deal
with singularities. We also make progress on another conjecture related to Palis in this paper.

REsuME. — Nous montrons que tout champ de vecteurs en dimension trois peut étre accumulé
en topologie C! ou bien par un champ Morse-Smale, ou bien par un champ possédant une intersec-
tion homocline transverse associée a une orbite périodique hyperbolique. Contrairement au cas des
difféomorphismes [14], la principale difficulté ici consiste a traiter les singularités. Nous progressons
également en direction d’une autre conjecture de Palis.

1. Introduction

1.1. The main result

One of the main subjects in differentiable dynamical systems is to describe the dynamics
of “most” dynamical systems. These theories were established in the last century. See [2] for
instance. An important progress is due to Peixoto [43]:

THEOREM (Peixoto). — Assume that M? is a closed surface. A C vector field on M? is C!
structurally stable iff it is Morse-Smale. Moreover, every vector field can be accumulated by
structurally stable ones in the C' topology.

D. Yang is the corresponding author. S. G. is supported by 973 project 201 1CB808002, NSFC 11025101
and 11231001. D.Y. was partially supported by NSFC 11271152, 11001101, Ministry of Education of P. R.
China 20100061120098 and A Project Funded by the Priority Academic Program Development of Jiangsu Higher
Education Institutions (PAPD).
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40 S. GAN AND D. YANG

Smale was interested in the generalization of Peixoto’s result and he asked whether Morse-
Smale vector fields are dense in the space of vector fields. Levinson wrote Smale that one
couldn’t expect Morse-Smale systems to be dense generally. Essential ideas were contained
in Levinson’s paper which was inspired by work of Cartwright and Littlewood. See [2, 48].
Smale noticed the point and he constructed his famous horseshoe (for two dimensional
diffeomorphisms or three-dimensional vector fields) [47] which shows that the dynamics
may be very complicated and Morse-Smale systems would not be dense in the space of
diffeomorphisms or vector fields. Asin [2, Page 16]: “At that moment the world turned upside
down..., and a new life began”.

Actually, Poincaré found an important phenomenon in his famous work [44] on celestial
mechanics, which was called a “doubly asymptotical solution”. Nowadays mathematicians
call it a transverse homoclinic intersection. Smale found that his horseshoe is closely related
to transverse homoclinic intersections. Three classical results are known:

— Poincaré showed that transverse homoclinic intersections can survive under small
perturbations. Moreover, if a system has one transverse homoclinic intersection, then
it has infinitely many transverse homoclinic intersections [44].

— Birkhoff showed that if a plane system has one transverse homoclinic intersection, then
it has infinitely many hyperbolic periodic orbits [5].

— Smale proved that the existence of a transverse homoclinic intersection is equivalent to
the existence of a horseshoe [47].

In this paper, a horseshoe of a vector field is a hyperbolic set that is topologically equivalent
to a suspension of full shift with two symbols. Hence there are two kinds of typical dynamical
systems: Morse-Smale systems or systems with a horseshoe. Their dynamical behaviors are
quite different:

— The dynamics of Morse-Smale systems is very simple: the chain recurrent set of a
Morse-Smale system is a set which consists in finitely many hyperbolic periodic orbits
or singularities. The topological entropy is robustly zero.

— The dynamics of a system with a horseshoe is very complicated: its chain recurrent set
contains a non-trivial basic set with dense periodic orbits. The topological entropy is
robustly positive.

Is there other typical dynamics beyond the above two ones? Palis formulated the idea for

diffeomorphisms, and he conjectured that

CoNJECTURE (Palis [40, 41, 42]). — Every system can be approximated either by Morse-
Smale systems or by systems exhibiting a horseshoe.

In this paper, we manage to prove such kind of results for three dimensional vector fields.
THEOREM A (Main Theorem). — Every three dimensional vector field can be C' approx-
imated by Morse-Smale ones or by ones exhibiting a horseshoe. In other words, Morse-Smale

vector fields and vector fields with a horseshoe form a C' open dense set in the space of three
dimensional vector fields.
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MORSE-SMALE SYSTEMS AND HORSESHOES 41

Important progresses have been made for the conjecture of Palis for diffeomorphisms: in
the C! topology, Pujals-Sambarino [45] proved it for two-dimensional diffeomorphisms (as
a corollary of a stronger result); Bonatti-Gan-Wen [9] gave a proof for three-dimensional
diffeomorphisms; and finally Crovisier [14] proved the conjecture for any dimensional diffeo-
morphisms.

Comparing with the diffeomorphism case, singularities of vector fields bring more difficul-
ties. This prevents one to use some techniques of diffeomorphisms to singular vector fields,
such as Crovisier’s central model and Pujals-Sambarino’s distortion arguments. By consid-
ering the sectional Poincaré maps of the flows, sometimes one can get some (not all) similar
properties between d-dimensional vector fields and (d — 1)-dimensional diffeomorphisms.
But singular vector field displays different dynamics, e.g., the famous Lorenz attractor [29].
In the spirit of the Lorenz attractor, geometric Lorenz attractors ([1, 17, 18]) were constructed
in a theoretical way. Roughly, a geometric Lorenz attractor is a robust attractor of a three-
dimensional vector field, and it contains a hyperbolic singularity which is accumulated by
hyperbolic periodic orbits in a robust way. The return map of a geometric Lorenz attractor
has some discontinuous points. This fact gives extra difficulties when one wants to generalize
Maiié’s classical argument [30] to singular flows O,

The Lorenz attractor is not hyperbolic because of the existence of a singularity. On the
other hand, Maiié [30] showed that a robust attractor of a surface diffeomorphism is hyper-
bolic. This implies that the dynamics of 3-dimensional singular flows are different from
2-dimensional diffeomorphisms. Morales-Pacifico-Pujals [32, 31, 33] studied geometric
Lorenz attractors in an abstract way. They found the right concept, i.e., singular hyper-
bolicity, to describe the weak hyperbolicity of the Lorenz attractor, and they proved that
a robust transitive set of a three-dimensional vector field is singular hyperbolic. But the
dynamics of singular hyperbolic sets are not as clear as hyperbolic sets. For instance, there
is no shadowing lemma of Anosov-Bowen type.

The dynamics of general transitive sets with singularities for three-dimensional vector
fields are even more unclear for us than singular hyperbolic sets, even if the transitive sets
have some dominated splitting with respect to the linear Poincaré flow. These are the main
difficulties that we encounter. For a non-trivial transitive set without singularities of a generic
any dimensional vector field, one can adapt Crovisier’s central model [14] to get a transverse
homoclinic intersection of a hyperbolic periodic orbit.

Let us be more precise. Let M¢ be a d-dimensional C*® compact Riemannian mani-
fold without boundary. Denote by ' (M9) the space of C! vector fields on M 4. Given
X € &' (M?), denote by ¢; = ¢X the C' flow generated by X and by @, = d¢, : TM¢ — TM*¢
the tangent flow on the tangent bundle TM?. If X(06) = 0, then o is called a singularity
of X. Other points are called regular. Let Sing(X) be the set of singularities of X. For a
regular point p, if ¢, (p) = p for some ¢ > 0, then p is called periodic. Let Per(X) be the set
of periodic points of X. If x € Sing(X) U Per(X), then x is called a critical point of X and
Orb(x) is called a critical orbit or critical element of X .

(U Mané’s classical argument was generalized to the case of diffeomorphisms by [45] and to the case of non-singular
flow by [4].
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42 S. GAN AND D. YANG

For an invariant set A and a ®,-invariant bundle E C To M4, we say that E is contracting
(w.r.t. the tangent flow ®,) if there are constants C > 1, A > 0 such that ||, |EG) | < Ce M
for every x € A and ¢ > 0; we say that E is expanding if it is contracting for —X.

An invariant set A of X is hyperbolic if TM ¢ has a continuous ®,-invariant splitting

TaM? = E* & (X) ® E*

(where the fiber (X (x)) at x is O-dimensional or 1-dimensional depending on if x is a singu-
larity or not), such that E° is contracting and E* is expanding. If dim £ is independent
of x € A, then dim E* is called the index of A.

For a critical point x, if Orb(x) is a hyperbolic set, then we say that x or Orb(x) is
hyperbolic. One can define its index as the index of the hyperbolic set Orb(x).

Recall that a C! vector field X is Morse-Smale if the non-wandering set Q(X) of X
consists of only finitely many hyperbolic critical elements and their stable and unstable
manifolds intersect transversely. We use oM to denote the set of Morse-Smale vector fields
in ' (M?). Fora hyperbolic periodic orbit y, define

Wiy ={x e M lim d(g(x).y) =0},
Wh(y)=1{x e M?: lim_d(g(x).y) =0}

We know ([20]) that W*(y) and W¥(y) are submanifolds, which are called the stable
and unstable manifolds of y. If W¥(y) h W¥(y) \ y # @, then one says that y has a
transverse homoclinic orbit @. One says that X has a transverse homoclinic orbit if for some
hyperbolic periodic orbit y of X, y has a transverse homoclinic orbit. Recall that: Birkhoff-
Smale theorem asserts that the existence of transverse homoclinic orbits is equivalent to the
existence of a horseshoe (non-trivial hyperbolic basic set). We denote:

IS ={X € L' (M?) : X has a transverse homoclinic orbit}.

One can restate Theorem A as:
MS U SHS is open and dense in 0 (M 3).

1.2. More on three-dimensional flows

Given a vector field X, let ¢; be the flow generated by X. For any ¢ > 0, {x¢, x1,...,X,}1s
called an e-chain(or e-pseudo-orbit) from xg to x, if there are #; > 1 such that d (¢, (x;), xi11) <&
forany 0 <i <n— 1. Forx,y € M?, one says that y is chain attainable from x if for any
€ > 0, there is an e-chain from x and y. x and y are chain bi-attainable if x is chain attainable
from y and y is chain attainable from x. If x is chain attainable from itself, then x is called a
chain recurrent point. The set of chain recurrent points is called the chain recurrent set of X,
denoted by CR(X). Chain bi-attainability is a closed equivalence relation on CR(X). For
each x € CR(X), the equivalence class containing x is called the chain recurrent class of x,
denoted by C(x) or C(Orb(x)). These are standard by Conley’s theory [12].

Bonatti and Crovisier [6] extended the C! connecting lemma to pseudo-orbits. An applica-
tion of their result gave a useful classification of chain recurrent classes for C-generic vector

@ Singularities cannot have transverse homoclinic intersections.
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MORSE-SMALE SYSTEMS AND HORSESHOES 43

fields @: if a chain recurrent class contains a periodic orbit, then it is the homoclinic class of
this periodic orbit; otherwise, it is called an aperiodic class. Here, the homoclinic class of a
hyperbolic periodic orbit is defined to be the closure of all transverse homoclinic orbits of
this periodic orbit.

Hyperbolic periodic orbits may have non-transverse homoclinic intersections, which are
called homoclinic tangencies. Newhouse [34, 35, 36] studied the bifurcations of homoclinic
tangencies crucially, which generate rich dynamics. Newhouse phenomena give typical
dynamics beyond uniformly hyperbolic dynamics. There are many results for diffeomor-
phisms far away from ones with a homoclinic tangency. One can see the introduction of [15].

In this work, we can prove that every non-trivial chain recurrent class is a homoclinic class
for C! generic vector fields which are far away from homoclinic tangencies. Here, a chain
recurrent class is called non-trivial if it is not reduced to be a critical orbit.

THEOREM B. — There is a dense Gg set R C ' (M3) such that, for every X € R, if X
cannot be accumulated by ones with a homoclinic tangency, then every non-trivial chain recurrent
class of X is a homoclinic class.

Theorem B is stronger than Theorem A. We will see this point in Section 4.

An important conjecture made by Palis for surface diffecomorphisms is: every two-
dimensional diffeomorphism can be accumulated either by ones with a homoclinic tangency,
or by uniformly hyperbolic ones. This was proved by Pujals-Sambarino [45] in the C!
topology. For three-dimensional vector fields, as mentioned in [39], excluding homoclinic
tangencies and uniform hyperbolic systems, the typical dynamics may include the homo-
clinic orbits of singularities or Lorenz-like attractors. Arroyo-Rodriguez [4] proved the
conjecture of Palis if homoclinic orbits of singularities were involved for three-dimensional
vector fields ®. It is still an open problem about the density of Lorenz-like attractors or
repellers beyond uniform hyperbolicity and homoclinic bifurcations of periodic orbits (even
in the C! topology).

Morales-Pacifico-Pujals [31, 33] defined what is “Lorenz-like” in a dynamical way. In [32],
Morales-Pacifico gave the notion of singular Axiom A without cycle. Let’s be more precise.

We say that a continuous invariant splitting TA M? = E & F w.r.t. the tangent flow over
a compact invariant set A is a dominated splitting with respect to the tangent flow ®; if there
are constants C > 1,1 > 0, such that | ®, l£G) P | F6: ) | < Ce™ forevery x € A
and ¢t > 0. For a compact invariant set A, we say that A admits a partially hyperbolic splitting
if there is a continuous invariant splitting 7 M d = ES® E° @ E¥ w.rt. ®,, where ES is
contracting, E* is expanding, and both E* & (E€ @ E*) and (E° @ E€) @ E" are dominated
splittings. In the above definition, £ or E* is allowed to be trivial.

® Their results are stated for diffeomorphisms. The proof can be adapted to the case of vector fields by a parallel
way.

@ The precise statement of the work of Arroyo-Rodriguez [4] is: any vector field can be C! approximated by one
of the following phenomena: uniformly hyperbolicity, a homoclinic tangency and a singular cycle. Even in the non-
singular case, it does not parallel to the case of diffeomorphisms: on the one hand, the reparametrization problem
of the flow gives them difficulties; on the other hand, the diffeomorphisms between sections induced by the flow are
only defined locally.
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44 S. GAN AND D. YANG

DEFINITION 1.1. — A transitive set A of X € ' (M?3) is called a singular hyperbolic
attractor if’

1. There is a neighborhood U of A such that
A=()¢:(U).

t>0
2. A contains a singularity, and every singularity in A has index 2.
3. A admits a partially hyperbolic splitting TAM3 = E* @ E*, where dim E* = 1 and
E°" is area-expanding: there are constants C > 0, A > 0 such that for any x € A and
for any t > 0, one has |det(CI>,|Ecu(x))| > CeM.

A is called a singular hyperbolic repeller if it is a singular hyperbolic attractor for —X .

One knows that the geometric Lorenz attractors as in [17, 18, 1] are singular hyperbolic
attractors. X € X' (M?3) is called singular Axiom A without cycle as in [32] if the chain
recurrent set of X contains only finitely many chain recurrent classes and if each chain
recurrent class is a hyperbolic basic set, or a singular hyperbolic attractor, or a singular
hyperbolic repeller.

Singular Axiom A flows include Lorenz-like flows. One ([4, 8, 32]) wonders if singular
Axiom A flows and flows with a homoclinic tangency are typical phenomena.

CoNJECTURE (Palis: the Conjecture 5.14 of [8]). — Every X € 5% (M?3) can be accumu-
lated either by vector fields with a homoclinic tangency, or by singular Axiom A vector fields
without cycle.

We get some progress on this conjecture.

THEOREM C. — There is a dense Gg set R C " (M?3) such that for any X € R and
any singularity o of X, if the chain recurrent class C(0) is nontrivial and admits a dominated
splitting Tc(;yM? = E @ F w.r.t. the tangent flow, then C (o) is a singular hyperbolic attractor
or a singular hyperbolic repeller.

Notice that in a joint work with C. Bonatti [10], we proved this result by adding an
additional assumption that C (o) contains a periodic orbit. So, according to this result, to
prove the above theorem, we assume that C(o) contains no periodic orbits. Then we can
consider the return map of (singular) cross-sections. After a sequence of perturbations, we
will get a contradiction. This is one of the main points of this work.

1.3. Entropy of flows

The entropy of a flow is defined to be the entropy of the time-one map of the flow. The
definition meets some problems: there are two topological equivalent flows such that one has
zero entropy and the other one has positive entropy. This pathology happens because of the
existence of singularities. See [37, 50, 49] for references. But using the main theorem of the
paper, we can prove:

THEOREM 1.2. — There is a dense open set U C S0 (M) such that for any X € U, for
any Y topologically equivalent to X, one has h(X) = 0iff h(Y) = 0.
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MORSE-SMALE SYSTEMS AND HORSESHOES 45

Proof. — By Theorem A, there is a dense open set % C ' (M?3) such that for any
X € U, either X is Morse-Smale, or X has a non-trivial hyperbolic basic set. Thus for any
X € %, one has

— either 4(X) = 0, then X is Morse-Smale, thus for any ¥ which is topologically
equivalent to X, for any point x, both the forward iteration and backward iteration
of x with respect to ¢} go to a critical element. This feature implies that h(Y) = 0.

— or h(X) > 0, then X has a non-trivial hyperbolic basic set. Since for non-singular
equivalent flows X, Y, h(X) > 0 iff 4(Y) > 0. We have that h1(Y) > 0. O

For the relationship between zero-entropy vector fields and Morse-Smale vector fields,
one has

THEOREM 1.3. — If a three-dimensional vector field X € 5% (M?) can be accumulated
by C robustly zero-entropy vector fields, then it can be C' accumulated by Morse-Smale vector
fields.

Proof. — By the assumptions, for any C! neighborhood % of X, there is an open set
 C U such that every vector field Y in % has zero-entropy. By Theorem A, by reducing %
if necessary, one can assume that for every Y € 9, either it is Morse-Smale, or it has a non-
trivial hyperbolic basic set. Since Y € 9 can only have zero-entropy, one has Y is Morse-
Smale. This ends the proof. O

1.4. Organization of this paper

The proof of the theorems is not short. In particular, for vector fields, they involve more
definitions and notations.

1. In Section 2, we give various kinds of definitions of flows associated to a vector field X .
Liao defined these flows in a very abstract way. In fact, all these flows have their
geometric meanings. We will deal with dominated splittings for the tangent flow and
the linear Poincaré flow. For the estimations stated in this section (which is crucial for
singular flow), Liao had very original ideas by a sequence of papers. We restate some
of them and give the proof by ourselves. The proof is more intuitive.

2. In Section 3, we will study the generic properties which are implied by connecting
lemmas and by the ergodic closing lemma. Bonatti and Crovisier [6] gave a C' connec-
ting lemma for pseudo-orbits which helps us to obtain generic results for chain
recurrent classes. We notice that Lyapunov stable chain recurrent classes with a crit-
ical element are robust for generic vector fields. The proof is not difficult, but it opens
a new door: Lyapunov stable chain recurrent class will survive under generic small
perturbations.

3. In Section 4 we first give the proof of Theorem A by assuming Theorem B. Then we
reduce the proofs of Theorem B and Theorem C to several sub-results.

4. In Section 5, we prove that the Lyapunov stable chain recurrent class admits a partially
hyperbolic splitting E%¥ @ E°* and every singularity in the chain recurrent class is
Lorenz-like. In this section, the main novelty of this paper is that we use some uniform
estimation on vector fields away from homoclinic tangencies and a suitable application
of Liao’s shadowing lemma.
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46 S. GAN AND D. YANG

5. In Section 6, we prove that every nontrivial partially hyperbolic chain recurrent class
with singularities contains periodic orbits for generic three-dimensional vector fields.
We notice that it contains a periodic orbit iff it is singular hyperbolic. When the chain
recurrent class is not singular hyperbolic, it is not singular hyperbolic robustly. Then
by a sequence of perturbations, the continuation of the chain recurrent class intersects
the closure of the basin of some sink. This implies that the continuation of the chain
recurrent class is not Lyapunov stable. We can get a contradiction by Lemma 3.15. The
difficulty we encounter is similar to the case of one-dimensional endomorphisms with
singularities, where “singularities” means that the points where the endomorphisms
fail to be a local diffeomorphisms. For flows, for every central unstable curve in the
cross-section, in principle we will know that its length will grow near the local stable
manifold of the singularities. But when it is cut by local stable manifold of singularities,
its image under the return map will be disconnected. This facts make the dynamics
unclear. We have a good control in this section for this phenomenon.

2. Flows associated to a vector field and dominated splittings

2.1. Tangent flow, linear Poincaré flow and their extensions
Given X € J'(M9), X generates a C! flow ¢, : M? — M?, and the tangent flow
®; = d¢p; : TM? — TM?. Denote by 7 : TM? — M¥ the bundle projection.
Denote the normal bundle of X by
HN=N = | N
xeMd\Sing(X)
where ¢V, is the orthogonal complement of the flow direction X(x), i.e.,
Ny ={veTM?: v L X(x)}.
Given x € M9 \ Sing(X) and v € ¢V,, ¥;(v) is the orthogonal projection of @, (v)

on ¢/, (x) along the flow direction, i.e.,

(@ (v), X(¢¢(x)))
Vi (v) = @ (v) X (s ()2 X(¢:(x)),

where (-, -) is the inner product on Tx M given by the Riemannian metric.

By the definition, ||1|| is uniformly bounded for ¢ in any bounded interval although it is
just defined on the regular set which is not compact in general.

This flow can also be defined in a more general way by Liao [28]. Li, Gan and Wen [23]
used the terminology of “extended linear Poincaré flow”. For every point x € M4, one can
define the sphere fiber at x by

SM ={v:veTM? |v|=1}.

The sphere bundle SM? = | J cemd SxM 4 is compact. One can define the unit tangent flow
ol smé — smd

as
@, (v)

| D¢ (v)]

@l (v) =
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MORSE-SMALE SYSTEMS AND HORSESHOES 47

forany v € SM?.
Given a compact invariant set A of X, denote by

~ X
A = Closure U (x)
x€A\Sin |X(x)|
g(X)

in SM?. Thus the essential difference between A and A is on the singularities. We have more
information on A: it tells us how regular points in A accumulate singularities.
For any x € M4, and any two orthogonal vectors vy, v, € T. M4, if |vi] # O, one can

define © o
Yo (1. v2) = (@,(01), By (13) — W@(vm.

By definition the two components of y, are still orthogonal. If one denotes
Xt = (projy (x¢), projo (1)),
then for any regular point x € M¢ and any vector v € ¢/, one has
Y1 (v) = projp ¢ (X(x), v).

One can normalize the first component of y;: for any x € M4, and any two orthogonal
vectors vy, v € TyM 2, if |v1| = 1, one can define

(®:(v1), Dr(v2))

# Y
X7 (1, v2) = (@5 (v1), Ps(v2) — XA @ (v1)).
x# is also a continuous flow, and for any regular point x and any v € ¢V, one has
X(x) X(x)
X v) = (P ( ), Y (v)).
Xl Xl

By the continuity of y;, one can extend the definition of ¥, “to singularities”: for any
u € A, one defines (»]Vu = {v € TrayM : (u,v) = 0}. HNisa (d - 1) dimensional vector
bundle on the base space A (for a formal discussion, see [23]). For u € Aandv e o]\/u, one
can define w,(v) = prOJ2 x:(u,v). By the definition we know that proj, x; is a continuous
flow defined on A. Thus, Wt can be viewed as a compactification of ;.

2.2. Scaled linear Poincaré flow ¥/ and Liao’s estimations

The results in this subsection are in the spirit of Liao [24, 27, 28]. One can find the scaled
linear Poincaré flow ¥/ in Liao’s work. Liao used his “canonical equations” to give some
uniform estimations in a more analytical way. In this work, we first use the notations %2 and
& to study the local sectional dynamics to understand Liao’s powerful tools in a more
geometrical way. Although all the estimations (especially Lemma 2.5) cannot be seen in
Liao’s original work, we still call them Liao’s estimations.

For our purpose, we need another flow ¥, : oV — &/ (called scaled linear Poincaré flow).
Given x € M4 \ Sing(X), and v € oV,

| X () Y (v)

VO = R T 1 ol

In our case, this scaled linear Poincaré flow will help us to overcome some difficulties
produced by singularities since it gives uniform estimations on some non-compact sets.
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48 S. GAN AND D. YANG

LEmMA 2.1. — For any © > 0, there is C; > 0 such that for any t € [—1, 1],
vl < C.
where [y 1| = suptly; ()] : v e N and [o] = 1.

Proof. — Fort € [—t,1], first we know that @, is uniformly bounded from 0 and oo;
from the definition of the linear Poincaré flow, we know that v, is uniformly bounded. Thus,
Y (x) =Yy ()C)/||<I>,|<X(x)> || is uniformly bounded. O

For each 8 > 0, one can define the normal manifold N, (f) of x as the following:

Nx(B) = epr(ej\/x(ﬂ)),

where oV, (8) = {v € oV, : |v| < B}. Take B« > 0 small enough such that for any x € M,
exp, is a diffecomorphism from o/, (8+) to its image Ny (B«).

To study the dynamics in a small neighborhood of a periodic orbit of a vector field,
Poincaré defined the sectional return map of a cross section of a periodic point. By gener-
alizing this idea to every regular point, one can define the sectional Poincaré map between
any two cross sections at any two points in the same regular orbit. For our convenience, we
define the sectional Poincaré map in the normal bundle.

Given T > 0 and x € M4 \ Sing(X), the flow ¢, defines a local holonomy map Py 4. (x)
from Ny (Bx«) to Ny, (x)(B+) in a small neighborhood of x. Hence its lift map in the normal
bundle gives a map Py g, (x) : U = Ny, (x)(Bx), where U is a small neighborhood of x
in Ny (Bx) and Py gr(x) = XDy () ©Pr.gr(x) © €XPx. Note that when 7’ > T > 0, the
domain of Py ¢, (x) is contained in the domain of Py 4, (x). Usually the size of U depends
on the orbit of x: if x is very close to a singularity, then U should be very small. But after
scaling, we have the following uniform estimation for the relative size of U.

Recall the definition of the linear Poincaré flow. By the geometrical meanings of P
and ¢,, we have

LeEmMA 2.2. — For any regular point x and any time t, we have when y = 0,
Dy (ij,qbt(x) = wl(x)-

Proof. — Since the derivative of exp, (y) at y = 0 is the identity map: Do(exp,) = Id,
by the relationship between Py 4, (x) and Py 4, (x), We only have to show that Do Py 4, (x) =
¥ (x). Assume that Py 4, (x)(2) = ¢(z)(z), where T(x) = 7. Note that 7(z) isa C' function
of z. According to the chain rule, we have that

DPy g, (x)(2) = Pr(2)(2) + X(¢r(z)(2)) D (2).
Given y € oWy, write ®;(x)(¥) = ¥ (x)(¥) + rX(¢:(x)). At z = x, we have
DPy g, ) (X)(y) = P:(x)(y) + X(:(x)) DT (x)(y)
= ¥:(x)(y) + (r + D1(x)(y)) X (¢: (x)).
Since DPy g, (x)(x)(y) € N, (x) We get DPx g, ) (x)(y) = ¥ (x)(y). O

LEMMA 2.3. — Given X € Sél(Md) and T > 0, there is Bt > 0 such that for any regular
point X, Px pr(x) is well defined on N, (Br|X(x)|).
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Proof. — After taking an orthonormal basis {e1, €3, ..., e4} of T,y M, we get a coordinate
system:
Exp, : RY > M7,

such that
d

Exp,(z) = exp, (Z zi€;).
i=1
In the coordinate, the flow generated by the vector field X satisfies the following differential

equation:

dz .
— =X
dt @),

where
X(z) = DExp;1 o X(Exp,(2)).

Note that X depends on x € M.

Assume that B, is small enough such that for any x € M?, |z| < B, and any two unit
vectors v and w,

0.999 < |DExp,(z)v| < 1.001, |Z(DExp,(z)v, DExp,(z2)w) — Z(v, w)| < 0.001.

We will prove the lemma in the local coordinate. Note that Exp,(0) = x and |X(x)| =
1X0).

Denote by

K= sup {X@IIDX@I}

xeM4,|z|<px
Since DExp, and DExp;1 are uniformly bounded with respect to x, we have

K < o0.

Assume Sy < min{l, B}/(1000K). For any regular point x, take e; = X(x)/|X(x)|. Then
X(©) = (IX(x)],0,...,0). For |z| < Bo|X(x)|, according to the mean-value theorem in
integral,

1
1X(z)| = |X(0) + /0 DX (tz)zdt| > | X(x)| — KBo|X(x)| = 0.999| X(x)| > 0.

This implies that Ny (Bo| X (x)|) N Sing(X) = 4.
Denote by ¢,(z) = (¢',...,$%) the solution of )?(z) such that ¢o(z) = z. Then for
0 <1 < Bo.if |z] < 22X (x)| and |¢5(2)| < Bol X(x)| for 5 € [0.7], we have

t
)] = Iz + /0 @i = B 4100 x),

Let  be the time such that |¢s(z)| < Bo|X(x)| for s € [0,7) and |¢;(z)| = Bo|X(x)|. From
the above estimation, we have that

2 1
t> - 1.001 > —=B,.
> 3,30/ > 2130

By reducing f if necessary, for |z| < Bo|X(x)|,

X (2)] 1 S
- < T000%" sup (X (2), X(¢:(2))) < 000K
r€(=Bo.Bo) | X (¢:(2))] 1€(~Bo.Bo)
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Since e; = X(x)/|X(x)|, Ny = {z : z; = 0}, and )2(0) = (| X(x)|,0,...,0), we have
that for |z| < Bo|X(x)|, X1(z) € [0.999]X(x)|. 1.001| X (x)|].

CLAIM. — For 0 < r < Bo, forany z = (0,y), y € R4 |y| < r|X(x)|/2, for any
t € [Bo/3.2Bo/3], there exists a unique T = t(t,y) € (0, Bo] such that $-(0, y) € N¢z(x)(r),
where
Nx(r) = Exp™" (Nx(r)).

Proof of Claim.. — Since |z] < 100080K, t € [0, Bo] and By is small, Exp, is almost
an isometry, and Ny, x) is the graph of amap f = f; : R4~ — R with |%| < 0.001.
Let z = (0, y) with |y| < Bo|X(x)|. Then

. Bo , .
projy 3, (2) = /0 X1 (@e(2)dt = 0.999|X(x)]fo.

This means that z and qgﬂo (z) are on the different sides of the graph of f; fort € [Bo/3,280/3],
from which one can define t(¢, y). Notice that f is C! and X is C!, we have that (¢, y) is
C!wrt.tand y. O

Forany T > By, let n = [3T/Bo] and a partition
O=to<ti < - <th1<t,=T,

such that t; = iBo/3,i = 0,1,...,n — 1. Then we have t,, — t,—1 € [Bo/3,2B0/3]. Then we
can define 87 inductively. O

LEMMA 2.4. — Let X € ' (M%) and T > 0. By reducing Bt > 0 as in Lemma 2.3 if
necessary, for any x € M % \ Sing(X), for the sectional Poincaré map

fy)xatﬁr(x) DN (BrX(x)]) — JV¢T(x)(ﬂ*)7
D Px prx) () is uniformly continuous in the following sense: for any € > 0 there exists
8 € (0, Br] such that for any x € M? \ Sing(X) and y,y' € N (Br| X)), if |y —y'| < 8|X(x)],
then
1D Pr.pr0)(V) = D Prgr (V)] < e
(Note that D Py ¢, (x)(0) = wT|o/”v .) And hence there exists KT > 0 (independent of x)
such that
|D073x,¢7-(x)| = KT-

Proof. — We will still use the notations and terminologies as in the proof of Lemma 2.3.
We first assume that T < . Notice that we are in a local Euclidean coordinate, N, = o/V,
for each regular point z.

In the local coordinate, assume that the vector field X has the following form X (z, y) =
(f(z,y),g(z.y)), where z € R,y € R f : R - Rlandg : R — R4 ! are
continuously C ! maps such that

- X(0,0) = (f(0,0),0), where 7(0,0) > 0.
— forany (z, y) in the local coordinate, one has f(z, y) € (0.999f(0,0), 1.001£(0,0)) and
lg(z, y)I < £(0,0)/1000.
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The flow of X satisfies the following differential equations:

dz
O f(z.y),
dy
;ﬂ-——g(z,y)

Assume that the solution of these differential equations is (¢;(z, y), fﬂ\t (z,y)), where
Pi(z.y): R'xRY - R'and ¢, (z, y) : R! x RY — R4,

Now we consider the expression of the sectional Poincaré map 27 : oV, (Bo| X(x)|) —
N g7 (x)(B+) in this local coordinate. The local coordinate of x is (0, 0). Thus ¢/ (g 0)(Bx) C
{0} x R?=1. Now we consider (¢7(0, 0), @T (0,0)), whose normal manifold is contained in a
graph of an affine map 4 : R?~! — R such that |Dh| < 0.001.

For y € R4~1,

PO.y) = PG) = @(0.9). Y0 )

where the time function 7 : R9~! — R! satisfies

Ge»(0.) = h(Ye(3)(0. ).
By differentiating y in the above equality, one has

09 gt d¢ Ok 3y ar Y
a0y Ty =0y ey Ty
Notice that in the above equality, dz/dy, dp/dy and dh/dy are row vectors with d — 1
elements, 81’#\ /0t is a column vector with (d — 1) elements, 31//; Joyisa(d — 1) x (d — 1)
matrix.
By solving the above equality, one has

o0y _ 09

8_r __ 0ydy 9y

dy 99 _ ohov

t y 0t

Thus,

2 o 09\ W0V _ 30 (og
7-(E0)- (L)
N wa T\ e 3 W
9y WS i) g-n \5

By the expression of the differential equations, one has

oh 81# 3(0 o)
9P 9y oy — 9y %
dy = X(P0 ))__ahaw+ oy |-

dt dy Jt
In another form,
0P X o P(y) dohoy  op\ . (520,
7 s oy o) 2oy
Vo foPy)—g80 Py) \V oy oy 5 (0.7)

Since 0.999 < |f|/|)/(\| < 1.001 and |g|/|X| < 0.001, there is a uniform constant K>0
such that
9P

< < K.
I 3y | <
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For any ¢ > 0, since the tangent flow @, is uniformly continuous, there is § > 0 such that
forany y, y" € Nx(Br|X(x)]), if [y — y'| = 8|X(x)], one has

00 00 o U
1220.9) = 20 ) <e/4 1220, = 20,y < /4.
dy dy dy dy

Leta(y) = X o P(y) and B(y) = [ o P(y) = 3h/3y (& o P(»)), then we have
a(y) () _e@)—e() O LGN
B BOY B(LY) B(BG) '

We have the following estimation by the mean value theorem:
le(v) =)l < IDX[IIPW) = PO < KIDX Iy = 'l
By reducing § if necessary, for any y, y’ € Nx(Bo|X(x)|), if |y — y’| < 8| X(x)[, one has

a)—ay), _ o KIDXSIX)| _ oo
_— 1.00] ——— < 2§K.
=55y 1= X0l
We just need to choose § < 8/81/{\
BO») —BG) ., lleG) KIDf + KDglly — ¥/l
_— < — < ¢&/4,
s0p0n 0= T80 7 /
if we reduce § again.
Let . N
X o Py) oh oy 0¢p
F = —=<————"—§6¢° 073, G = T~ T -
») fo@—ah/ayg ) By 3y

We know that F(y) is uniformly continuous and G(y) is uniformly continuous. Thus
F(y)G(y) is uniformly continuous.

Combining all above estimations, we can know that Py 4. (x) is uniformly continuous.

Forany T > By, let n = [3T/Bo] and a partition

O=tg<ti < - <th1 <ty =T,
such that#; = ifo/3,i = 0,1,...,n — 1. Then we have t, — t,—1 € [Bo/3,2B0/3]. Then by

using the prolongation, we know the result is true. O

Sometimes one needs to consider the scaled sectional Poincaré map P which is defined

in the following way:

. _ Prgrem (X))
Preerer) =" g (o)

foreach y € o/, (B87). Thus JD;,W(X) is a map from oV, (B1) to Ny, (x)-

LEMMA 2.5. — Given X € SCI(M‘Z) and T > 0, there are constants By > 0 and Kt > 0
such that for any t € (0, T) and any regular point x € M¥¢,

1. 073;,@():) can be defined on N, (BT).
2. D JD;,% (x) s uniformly continuous: for any e > 0, there is § > 0, such that for any

v,z € No(Br). if d(y.2) <8, one has | D P5 4,0y (¥) — D Px 4,0 (2)]l <&
3. D‘ij,d)r(x)(y)ly:() = Yr(x).
4. D P54,y < K7 for any y € N (Br).
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Proof. — Ttem 1 is true because of Lemma 2.3.

For any y,z € o/ (BT), one has

| X ()l
| X (g7 (x))|
Since | X (x)|/| X (¢ (x))| is uniformly bounded, item 2 follows from Lemma 2.4.

D P 4500 (0) = D Py g (2) = (D Prsr0) 01X (X)) = D Py g0 (2| X (X))

For item 3, we have

- Prdr 0 (V1 X)) |X(x)|
Dy Pharin) = Dy (58 = Dy P XD A
Y eer e U X @r)) Y X(: ()]
Thus, when y = 0, one has
* |X(x)| Yr(x) *
Dy P b7 (1) (0) = Dy Px, = = Yrx),
PO er T T IO X Gr ()] Ty 1T
where the second equality in the formula follows from Lemma 2.2.
Item 4 holds because 7 is uniformly bounded and item 2. O

2.3. Franks’ Lemma and dominated splittings

As in the diffeomorphism case, one needs Franks’ lemma [16] to get some information
on the derivative along periodic orbits. We state a version of Franks’ lemma for flows which
is taken from [11, Theorem A.1]. Liao also had a version by using his standard differential
equations [24, Proposition 3.4].

LEMMA 2.6. — Given X € 0" (M?) and a C* neighborhood U C 90 (M) of X, there is a
neighborhood U C U of X and & > 0 such that for any Y € U, for any periodic orbit Orb(x)
of Y with period T > 1, any neighborhood U of Orb(x) and any partition of [0, T].

O=ty<thh<---<y=T, 1<tiy1—4=<2,1i =0,1,...,1 -1,
and any linear isomorphisms L; J\/(ﬁt;;(x) — JV¢Z+1(X),1 = 0,1,....,]1 — 1
. L Y . VA _ .
with || L; wti+1—fi|ejv¢,i (X)Il < ¢, there exists Z € U such that wti+'_ti|ej\/¢>ti oY = L;

and Z =Y on (M? \ U) U Orb(x).

REMARK. — For simplicity, the time length of the partition is restricted to [1,2]. We
remark that this is not a serious restriction. Sometimes, the system may contain periodic
orbits with period less than 1. But in our consideration, usually singularities are all hyper-
bolic. So there is a lower bound for the periods of periodic orbits. And after scaling, we may
assume that the lower bound is 1.

In this paper, we will use two estimations obtained by Franks’ lemma: dominated split-
tings for vector fields away from homoclinic tangencies and uniform estimation along a
sequence of periodic orbits restricted on the stable bundle.
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2.3.0.1. Dichotomy for the stable bundle.— For any hyperbolic periodic orbit y, ¢/, admits
a natural splitting o/, = o @ N" such that ¢//* is contracting and ¢/ is expanding
w.r.t. the linear Poincaré flow ;.

By using the methods of periodic linear systems as in [7, 11, 30, 52], one can have the
following dichotomy result for a hyperbolic periodic orbit with large period. An abstract
version for diffeomorphisms can be found in [30, Lemma I1.3 and Lemma I1.5].

LEMMA 2.7. — Given X € &' (M), for any CY neighborhood U of X , there are Cq; > 0,
nas > 0 and tqy > 0 and a neighborhood UV C U of X such that for any hyperbolic periodic
orbit y of index i of Y € UV with t(y) > tq, then

— either, there is Z € U such that y is a hyperbolic periodic orbit of Z of index i — 1;

— or, for any x € y, for any time partition

O=ty<t) <<ty =1(p),

verifying tiy1 —t; > tqy for 0 <i <n —1, one has
n—1
1_!) ”wt,’.»,_]—l‘[ |cj\/s(¢t[ x) ” < COU exp{—’?%f(y)}.
=
DEFINITION 2.8. — Let C > 0, n > 0 and T > 0. For a hyperbolic periodic orbit y, for a
V¢-invariant bundle E C o), we say that y is called (C,n, T, E)-contracting at the period
(w.r.t. ) if there ism € N, and for any x € y, there is some time partition

O=ty<th <<ty =mr(y),

withtiy1 —t; < T for0 <i <n—1, such that
n—1
_1'£ 1V 1] g, oy | = € XPA=mME()}-
i=
For an y;-invariant subbundle F C ¢V, we say that y is called (C,n, T, F)-expanding at
the period if it is (C, n, T, F)-contracting at the period for —X .

REMARK. — Since for a periodic orbit y, for any x € y, one has &) X(x) =
X(¢z(y)(x)) = X(x), one can give the above definition by using ;.

COROLLARY 2.9. — Given X € &' (M%), assume that A is a compact invariant set and not
reduced to a critical element. If there is a sequence of vector fields { X} such that

- limy, e Xn = X,

— each Xy, has a sink y, such that limy,_, o v, = A,

then one has the following dichotomy.

— either, there is a sequence of vector fields {Y,} such that im,_,o Y, = X, and y, is a
hyperbolic periodic orbit of Yy, of index d —2 = dim oV — 1.
— or, thereareC > 0,17 > 0andT > 0suchthat for n large enough, y, isa(C,n, T, oV)-con-

tracting at the period w.r.t. w,Y "

Proof. — Note that lim, 0 7(y,) = o0o. If the “either” case is not true, then by
Lemma 2.7, one can get constants 7q, and tq,. Then the “or” case is true by taking
C=Cq, n=nqgand T = 2iq,. O
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2.3.0.2. Vector fields away from homoclinic tangencies:— For any invariant set A (maybe not
compact) without singularities, if there are ¢t > 0 and an invariant continuous splitting ®
HNa = N @ N wor.t. ¥, satisfying ”w‘|@7v”(x)””w_‘h}vf“(qs[(x))” < 1/2forany x € A,
then we say that A admits a (-dominated splitting w.r.t. ¥;. If dim ¢¥“*(x) is independent
of x, then it is called the index of this dominated splitting. Note that for any linear flow
defined on some linear bundle, one can define the notion of dominated splitting for that linear
flow. Recall that

KT =X € " (M?) : X has a homoclinic tangency}.

By the similar arguments as diffeomorphisms and by using Franks’ lemma for flows, from
[52, 53], we have

LEMMA 2.10. — For any X € "M%\ SLT, there is a C' neighborhood U and
constants C > 0, A > 0,8 > 0 and ¢ > 0 such that for any periodic orbit y of Y € U
with period 7w (y) > .

— D@y has at most two exponents in (=8, 8), and O,y has at least one zero exponent, and
this exponent corresponds to the flow direction.

— There is an invariant splitting ¢, = G° @ G @ G* with respect to the linear Poincaré
Sflow Y, where G* is the invariant space corresponding to the exponents less than —§,
G°¢ is the invariant space corresponding to the exponents in (—38,8) and the dimension
of G€ is zero or one, G" is the invariant space corresponding to the exponents larger than
8, moreover for any x € vy, for any time partition

O=ty<ty <--- <ty =1(p),
verifying tiy1 —t; >t for 0 <i <n — 1, one has

n—1

[T1Vtsit1gsgg, ol = € expi=2t(1)},

i=0
n—1
H [/ |Gu(¢ti+1 (x))” < Cexp{—At(y)}.

— If y is hyperbolic, and N, = N° & N" is the hyperbolic splitting with respect to ¥} ,
then for any x € y and T > t, one has

1
Y Y

COROLLARY 2.11. — Let X € 0" (M) \ LT . Assume that

— there is a sequence of vector fields { X, } such that lim,_,oo X, = X,
— each X, has a hyperbolic periodic orbit y, of index i such that A = lim,_.co Yn in the
Hausdorff topology.

Then

— N a\sing(x) admits a dominated splitting of index i with respect to the linear Poincaré

Slow Y,

() Notice that the continuity may be only held on some non-compact set.
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- N a\sing(x) admits a dominated splitting of index i with respect to the scaled linear
Poincaré flow yf,
— if one considers A, then Nx admits a dominated splitting of index i with respect to the

Slow Y.

Proof. — Since X € ' (M\ KT, X — X and y, is a hyperbolic periodic orbit of X,
of index i,

C’j\/y,, = C’jvs()/n) 2] C’jvu()/n)
is an (-dominated splitting of index i w.r.t. wtx” for some uniform ¢ > 0.

Foreach x € A\Sing(X), by taking a subsequence if necessary, one can assume that there
is x, € y, such that lim, o X, = x. After taking another subsequence, one can assume that

NP (x) = limy o0 NV (x,) and V¥ (x) = limy oo N (X5).

Thus eV a\sing(x) = N @ N is an i-dominated splitting of index i. One can see [23]
for more details.

Since
Ve (x)

Y/ (x) =
1P7] - gy |

’

any dominated splitting of v, is also a dominated splitting of ;"

The dominated splitting of the linear Poincaré flow can be extended to the closure of its
representation in the sphere bundle. See [23] for more details. O

LEMMA 2.12. — For every X € ' (M9) \ KT, therearet > 0, C > 0, n > O and a
C! neighborhood U of X such that for any Y € U, if y is a periodic sink of Y with period
©(y) >, then

— either, )V, admits an i-dominated splitting of index d — 2 with respect to vy,
— ory is (C,n,2t, oN)-contracting at the period w.r.t. ¥} .

Proof. — Let C and(be asin Lemma 2.10. If the conclusion is not true, there exist n,, — 0,
X, — X and a periodic sink y, of X, with t(y,) > ¢, neither item 1 nor item 2 is satisfied.
Then according to Franks’ Lemma, after a small perturbation of X, of size n,, we geta ¥,
such that y, is a periodic orbit of index d — 2. Since Y, — X, for n large enough, wty " has an
(-dominated splitting over y, of index d — 2, and then we get a dominated splitting for the
extended linear Poincaré flow over the limit. But the limits of X, and Y,, are the same since
Xn lyy = Y, Ly, By the continuity of dominated splitting of the extended linear Poincaré flow,
we know that for n large enough, X,, has also an (-dominated splitting over y,, of index d —2,

which gives a contradiction. O
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2.4. Mixed dominated splittings: from linear Poincaré flow to tangent flow

For two linear normed spaces E and F', and a linear operator A : E — F, the mini-norm
m(A) is defined by
m(A) = inf |Av|.

veE, |v|=1
We use L(E, F) to denote the space of bounded linear maps from E to F.
The following lemma concerns how we can get the dominated splitting of the tangent flow
from the dominated splitting of the linear Poincaré flow. This kind of ideas is also used in [23,
Lemma 5.5, Lemma 5.6]. Here we give a general version.

LEMMA 2.13. — Let A € SM9 bea compact invariant set ofCDzI. Suppose

- FJVK = A% & A is a dominated splitting w.r.t. %.
— There are C > 0 and A > 0 such that for any u € ;\\,for any t > 0, one has

[z -
[Pl —
Then the projection JT(K) admits a dominated splitting Tn(K)Md = E @ F w.rt the tangent
flow ©;, where dim E = dim A°S.

Proof. — For each point u € A C SM4, the direct-sum splitting Ty M d = A @
<u> @ A is continuous w.r.t. u. With respect to this decomposition, the tangent flow
@7 has the following form:

wT'A”(u) 0 0
Bw) ®r|__ C)
0 O VT peuqu

By the definitions of y; and % (see Subsection 2.1), one has that F(u) = <u>® A (u) is
an invariant sub-bundle of ®,. Let’s find another invariant sub-bundle of ®,.

CLAIM. — There is C; > 0 and A1 > 0 such that for any u € A and anyt > 0, one has

||¢t |A(‘S(u) ” -

Cie 7,
m(@t !

lFay

Proof of the claim. — By enlarging T if necessary, one can assume that for any
ueAcSM?, onehas
VT pesall 1 VT pesgpl

< =

<5 —= <.
||(DT|<u>” 2 m(wT|AC“(u)) 2

Since @7 is bounded, by the continuity of the splitting, thereis K > 0such that |®7|| < K
and m(®7) > 1/K. Denote by

0 YT |pugy)
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For any n € N, one has

n—1
161 I - I
CnT| ity = | | D7 (@ir (@ () = D7 (@7 ().
i=0

Since
n—1 ) 7 ~
D"(u) = CDnT|<”> 2i=0 ®("_1_’)T|<<I>{ij—1)r(u)>c(q>iT(”))1/flT|Acu(u) )
0 W”T|Acu(u)
we have
n—1 ) I ~
P lof - Zise Q(_I_Z)T|<‘I’<'f+1>r(u)>C((DiT(”)W(’—")T|Acu(<1>£r(u))

DT (@ ())) = KL
0 Iﬂ—nT|A- I
U (D, (u))

n

This implies
—n iond
”D |¢£T(“)” S ||q)_nT|<<I>lLT(u)>” + ||w—nT|Acu(q>’11T(u)) ”
n—1
7 ~
+1Y P1-0T] s = OO VG| geuor uy|
i=0
1 n—1

R e —— N [ YR Vi ‘

< Tt ;n 10T <oy, 0o VG scucar,
9—n+1 n—1 2=@+1) 9i—n

N ||1//nT|AL-S(u)” i=0 ”w(i"'l)TlAcs(u)” ||1//(n—i)T|A(;S(qu[T(u))”
o—n+1 ) n—1 y—n—1

- ||WnT|Acs(u) || i=0 ||WiT |ACS(u) ” ”w("_i)T|A”(<I>i’T(u)) ”
2—n+1 nz—n—l

< — e~ .

Thus, when n large enough, one has

19T | pesl 1

< -.

This inequality implies the claim. O

Now we will start to find a ®;-invariant bundle E(u) and T’ > 0 such that for any u € A,
197 gl _ 1
(@ | p,y) 2

By the claim above, there is Ty > 0 such that

|| 1//TO |Ac_\~(u) ” <

N =

4¢ SERIE - TOME 51 —2018 —N° 1



MORSE-SMALE SYSTEMS AND HORSESHOES 59

Let L(K) = [l,ea L(A®(u), F(u)). For each IT € L(f\\), one can define the norm
[TT]| = sup, & ITI(w)[|. Under this norm, one knows that L(X) is a Banach space. For any

Ile L(K), one has

wTo |Acs(u) 0 ( A°S (14) ) _ I;[/T() |A” (u) A (M)

Bu) &g, IT(u) A (u) Bu)A® (u) + o7, IT(u)A°S(u)

|F(u) |F(u)

Thus, if we want to find an invariant bundle w.r.t. ®,, we need to require that
B)A® () + @1y | o T A () = TUDT W)V Ty |y A ().

In the spirit of the above equality, one can define a map &7 : L(K) — L(X) by the
following form:

FM(u) = (é_ro|F(¢§ou)>(n<<b’ro(u)>%o|Am(,,) — B(u)).
Given ITy,I1, € L(X), one has
I = Mz = (P-1y) g ) (T - M) (U7 s -
Thus,

~ 1
” gnl - (’?HZH =< ”q)_T0|F(<I>§-0u)””H1 - H2||||I/ITO|A(‘X(M)|| =< 5

So, of is a contracting map. By the contraction mapping principle, o has a unique fixed
point IT € L(A), i.e.,

B)AS (u) + @1y o, I A (1) = THOT, M)VTy | 5y A (10)-

As a corollary, E = (id, IT) A“ is an invariant bundle of &7, .

Since E, F and A’ are continuous bundles w.r.t. u € ;\\, there is L > 0, which depends on
the angles between each two bundles, such that for any non-zero vector vg € E, v € A5,
if vg = (id, IT)v®s, then

[[TT; — I,

vEl < 71|

Thus, for each n, one has
1 ~ 11
1®n7o] g | = 7 1VnTo ] pes |l = 7 55 (®PnTo| ,,)-
From these, we get a ®,-invariant splitting £ @ F over A, which satisfies the condition of
the dominated splitting. O

2.5. The existence of invariant manifolds

Assume that A is a compact invariant set and c/V 5\sing(x) admits a dominated splitting
with respect to the linear Poincaré flow. If A NSing(X) = @, then A will have a plaque family
([20, Theorem 5.5]) as in the case of diffeomorphisms. If A NSing(X) # @, then A won’t have
uniform size of plaque family: the plaque family is defined on a non-compact set and the size
is scaled by the norm of the vector field.

The scaled Poincaré sectional map D" can be defined in a uniform neighborhood of the
zero section of ¢//. Moreover, we have uniform estimations on D jD;,ch(x) (y) by Lemma 2.5.
For getting plaque families of dominated splittings, one needs the following abstract lemma.
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2.5.0.1. Notation.— For a linear normed space A and r, A(r) = {v € A4, |v| <r}.

LEmMaA 2.14. — Foranyd e N,L > 0,r > 0, ando > 0, thereis yp > 0,&9 > 0 such that:
for any y < o, there exists 8§ > 0, if a sequence of C' diffeomorphisms

fiRY(r)>RY, i€l

satisfies the following properties:

1. f;(0) =0,

2. sup;ez max{| Dfi (0)]. [DTHO)} < L

3. There is a sequence of invariant decompositions R® = E; @ F; with the following
properties.

e Dfi(0)(Ei) = Ei+1, Dfi(0)(Fi) = Fiy1,
o /(E;i, F;)>a,
IO, 1
mDGO[,) = 2"
4. Lip(f;i — Df;(0)) < &o.
Then there are two sequences of embedding maps ¢f* € Emb(E;(y), F;) and ¢f* €
Emb(F;(y), E;) such that
° ¢ics/cu (0) =0, D¢ics/cu(0) =0,
. fiWics/cu ) C Wff{cu (y), where WES(y) is the graph of ¢f° restricted to E;(y) and
W (y) is the graph of ¢ restricted to Fi(y).
Moreover, the invariant manifolds are continuous with respect to the sequence of f = (f;).
Precisely, for two sequences [ = (f;), g = (gi), define their metric as

. <

(o]

| fi = &i|ca
lf =8l =‘Z 2li] :
i=—00
Then both WSS (y, f) and WS (y, f) are continuous with respect to f, i.e., for everyi € Z,
i f® - f,xys € W, fP), xp — x, then x € Wy, f), and T, WS (y, f®) —

TxWE(y /)

The proof of Lemma 2.14 needs to adapt the argument of [20, Theorem 5.5]. We omit the
proof here.

For diffeomorphisms, we know that plaque family of compact invariant set with domi-
nated splittings exists. For vector fields, if a compact invariant singular set has a dominated
splitting w.r.t. the linear Poincaré flow, we also have some similar results, but the form is
changed: one should modify the size of the manifolds. Recall that Py 4, () is the sectional
Poincaré map between Ny and Ny, (x).

LEmMA 2.15. — Let A be a compact invariant set of X € SCl(Md). Assume that
A\ Sing(X) admits a dominated splitting N a\sing(x)y = A & A of index i with
respect to the linear Poincaré flow ;. For any T > 0, there exists &y > 0 and two families
of continuous C' maps n°5(x) : AS(x)(§0) — N(x) and n°(x) : A%(x)(&y) — N (x),
x € A\ Sing(X), verifying the following properties.

1. n°5(x)(0y) = Oy and n°*(x)(0x) = O, where Oy is the origin of Tx M.

2. n°(x) and n°*(x) are C' embeddings.
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3. Dn®(x) and Dn*(x) are continuous: for any ¢ > 0 there exists § > 0 such that if
d(x,x") <8andd(y,y') <§6,d(z,z") < 6 then

|Dn (x)(») = D (X)) <& [Dn™(x)(z) = D™ (XN ("] <&,

where y,y" € A (x)(&p),z,z" € A% (x)(&o).
4. For any £ € (0, &), we define two sub-manifolds by

Weix o) (¥) = expx (IX ()7 (x) (A (x)(§)))
and Wi ) (¥) = exp, (| X(x)[n (x) (A (x)(§))).

then one has

o Ty W§c|§((x)|(x) = A (x) and T WECI1;((x)I(x) = A%(x),
o for any ¢ > 0, there is § > 0 such that for any regular point x € A, one
has Px,¢T(x)(Wgc\§((x)|(x)) C W€C|§((¢T(x))\(¢T(x)) and Px,¢T(x)(Wgc\L;((x)|(x)) -

Welx@r o) (PT (X))-

Proof. — We will mainly use Lemma 2.14 to prove this lemma. For each point x, o/Vy is
isomorphic to R¢~!. Since A \ Sing(X) admits a dominated splitting of index i w.r.t. the
linear Poincaré flow, there is T > 0 such that

1F s o

1
" < =, Vx e A\ Sing(X).
ML peuiey) 2

For each i € Z, one takes f; = CC/D;’iT(x)a¢(i+l)T(x) on Oj‘/d)ir(x)' By Lemma 2.5, all
assumptions of Lemma 2.14 are satisfied. Then by Lemma 2.14, we get the existence of
plaque family: 7¢s/¢% (x) = qbgs/c". O

WS (x) and W<*(x) are called central stable plaques and central unstable plaques respec-
tively.

COROLLARY 2.16. — Let A be a compact invariant set of X € I (M. Assume that
A\ Sing(X) admits a dominated splitting N a\sing(x) = A ® A of index i with respect
to the linear Poincaré flow y. Then for any T > 0,& > 0, > 0, there is § > 0 such
that for any x,y € A, if d(x,y) < 6, d(x,Sing(X)) > ¢, d(y,Sing(X)) > &, then
WES ) 0 g rr (W () # 0.

The proof of this corollary is based on the uniform continuity of plaque families when

points are far away from singularities.

2.6. Estimations on the size of stable/unstable manifolds

DEFINITION 2.17. — Let A be aninvariant set and E C eV p\sing(x) an invariant subbundle
of the linear Poincaré flow yry. For C > 0,1 > 0and T > 0, x € A \ Sing(X) is called
(C,n, T, E)-y;-contracting if there exists a partition: 0 = tg <t} < --- <ty < --- verifying
the1 —tn < T foranyn € Nandt, — oo asn — oo, and for any n € N,

n—1
[T, |E@, (apll = €eTm
i=0
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x € A\ Sing(X) is called (C,n, T, E)-y/-expanding if it’s (C,n, T, E)-y[-contracting
for —X.

An increasing homeomorphism 6 : R — R is called a reparametrization if 6(0) = 0. For
any orbit Orb(x), one defines

W*(Orb(x)) = {y € M?,3 a reparametrization 6 s.t., tlim d(Pe) (), ¢:(x)) = 0},
—>00

WH¥(Orb(x)) ={y € M Ja reparametrization 6 s.t., , lim d(¢e@)(y). ¢:(x)) = 0}.
——00

In above definitions, we need to use the reparametrization 6 because the stable/unstable set
of the sectional Poincaré maps along an orbit is in the stable/unstable set of the flow ¢, after
a reparametrization.

LEmMA 2.18. — Let A be a compact invariant set of X € SCI(Md). Assume that
A\ Sing(X) admits a dominated splitting N p\sing(x)y = A & A of index i with
respect to the linear Poincaré flow yry. For C > 0, n > 0and T > 0, there is § > 0 such that

— For any regular point x € A, if x is (C,n, T, A°)-y;-contracting, then W80|§((x)| C

W#(Orb(x));
— For any regular point x € A, if x is (C,n, T, A)-y/-expanding, then WSC\I;((x)| C
WH*(Orb(x)).

Proof. — We need to prove that there is § > 0 such that
: : * cs cs _
lim_diam (2,0 (1 (A ) = 0.

By the uniform continuity of D (@;(ﬁl (x) In Lemma 2.5, we have a uniform linearized neigh-
borhood of 0, in ¢V, for each regular point z. Then the proof parallels to [45, Corollary 3.3].
O

COROLLARY 2.19. — Under the assumption of Lemma 2.18, for any compact set Ay C
A\ Sing(X), there is € > 0 such that for any x,y € Ay, if

o d(x,y) <e

o xis (C,n, T, A)-y[-contracting and y is (C,n, T, A°")-y}-expanding;

then W*(Orb(x)) N W¥*(Orb(y)) # @.

Similar to the proof of Lemma 2.18, we have

LEMMA 2.20. — Let X € SCI(Md). Forany C > 0,n > Qand T > O, there is
§ = 8(X,C,n,T) > 0 such that if a regular point x € M? is (C,n, T, N)-y*-contracting,
then
lim diam (Py g, (x)(Nx (8| X(x)]))) = 0.

t—>+o00

In other words, Ny s\x(x)) C W*(Orb(x)).

Notice that not only x may be close to a singularity, but also w(x) may contain singular-
ities.

THEOREM 2.21 ([28, Theorem 4.1, Proposition 6.2]). — Given X € &' (M?) and a hyper-

bolic singularity o of X, for any C > 0,n > 0and T > 1, there exists a neighborhood U of o
such that there is no (C,n, T, oN)-y*-contracting periodic point in U.
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The proof of Theorem 2.21 is not short and it is contained in [28]. Now we give some idea
of Theorem 2.21: if Theorem 2.21 is not true, then there is a sequence of (C, n, T, ¢N)-y *-con-
tracting periodic points { p,} such that lim,_,, p, = o. This holds only if ¢ is a saddle. By
the property of {p, }, we have

o T, M? admits a dominated splitting T, M¢ = E°S @ E** w.r.t. the tangent flow, where
dim E** = 1 and E"¥ is strong unstable,
e thereis é > 0, Np, (8| X(pn)]) C W¥(pn).

Then by a careful estimation (which is not obvious), one has for n large enough,
wWH (o) N WS(p,) # @, where W**(o) is the strong unstable manifold corresponding
to E¥¥*. But W"* (o) \ {0} contains only two orbits, and p,, are distinct periodic orbits. This
gives us a contradiction.

An available proof can be found in [57].

2.7. Pliss Lemma

We use the following lemma of Pliss type to get the points which can have uniform
estimations to infinity.

LeEMMA 2.22. — Given X € SCI(Md), C>0,T >0andn >0, foranyn' € (0,n), there is
N = N(C,T,n,n') > 0, such that if y is a periodic orbit with period t(y) > N, E C ¢V, isan
invariant bundle w.r.t. Wy, and if y is (C,n, T, E)-contracting at the period w.r.t. y;, then there
is x € y such that x is (1,7, T, E)-y[-contracting.

Proof. — Since y is (C, n, T, E)-contracting at the period w.r.t. ¥, thereism € N and a
time partition
O=ty<ty <--+ <ty =mt(y),
withti41 —#; < T for 0 <i <n — 1, such that

n—1

[T1V0s-t1 5, opll < € expi=nmz()}.
i=0 !

Since @) (X (x)) = X(¢z¢y)(x)) = X(x), the above estimation is also true for v/;:
n—1
[T 5, opll = € expl=nmz(y)}.
i=0 !

When ' < p, if ©(y) is large enough, one can cancel the constant C. Following [15,
Lemma 2.14], one can get a (1, 7/, T, E)-y/-contracting point x. O

LEMMA 2.23. — Assume that every critical element of X € 0" (M?) is hyperbolic. For any
C >0,T >0andn > 0, X can only have finitely many (C,n, T, o/V)-contracting periodic

orbits.
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Proof. — If the conclusion is not true, then X has infinitely many distinct periodic orbits
{yn} such that each y, is (C,n, T, o/V)-contracting at the period w.r.t. ¥;. We claim that
lim, o 7(yn) = oco. Indeed, by taking a subsequence if necessary, assume that lim, o yn = A.
If ©(y,) are uniformly bounded, then every point in A is a critical point. Since we assume
that every critical element of X is hyperbolic, every (critical) orbit in A is hyperbolic. It is
easy to show that A consists of finitely many orbits. Since A is connected, it reduces to a
single orbit. Since a hyperbolic critical orbit is isolated, there is no other periodic orbits
contained in a neighborhood of A.

By Lemma 2.22, for each n large enough, there is x, € y, such that x, is a
(1,n/2,T, N)-y;-contracting point. Thus, there is § =46(X,n, T) >0 such that
Ny, (8| X(x)|) is contained in the stable manifold of x,. If x, accumulates on singular-
ities, then one can get a contradiction by Theorem 2.21. If x,, dose not accumulate on
singularities, then the basin of y, covers an open set with uniform size. This also gives a
contradiction because the volume of M¥ is finite and {y, } are distinct periodic orbits. [

2.8. Liao’s shadowing lemma for v/ and Liao’s sifting lemma

DEFINITION 2.24. — Letn > 0 and T > 0. For any x € M? \ Sing(X) and Ty > T, the
orbit arc Ppo,1,1(x) is called (n, T)-y [ -quasi hyperbolic with respect to a direct sum splitting
Ny = E(x) ® F(x) if there is a partition

O=ty<ti <<ty =T, tiyx1—4 =T,

such that fork =0,1,...,1 — 1, we have

k—1
[TV ity oyl <€
i=0 !
-1
l_[ m(Wy v, (F(x))) z T,
i=k '

*
|| wtk+1*tk |1/frk (E(x)) ”

_ < e Mk+1-1k)
MW ieni—tcly, (F)

REMARK. — The third inequality is usually satisfied in an invariant set with a 7*-domi-
nated splitting in the normal bundle with respect to the linear Poincaré flow.

Note that this definition is similar to the usual quasi hyperbolic orbit arc for linear
Poincaré flow, while the only difference is that now we use the scaled linear Poincaré flow v/
instead of linear Poincaré flow v,. Let d7 be the metric in TM 4 induced by the Riemannian
metric. For x, y € M4 and two linear subspaces E(x) and F(y), one defines
d(E(x), F(y)) = max{ sup inf ~ {dr(u,v)}, sup inf ~ {dr(u,v)}}.

u€E (x),lul=1vEF (),lv|=1 VEF (y),lv]=14€E (x),lul=1

The following shadowing lemma for singular flows was given by Liao [27]. We restate it
by using modern languages.
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THEOREM 2.25 ([27]). — Let X € ' M4, A c M4 \ Sing(X) be a compact set, and
n>0,T > 1. For any ¢ > 0 there exists § > 0, such that for any (n, T)-v; -quasi hyperbolic
orbit arc ¢po,1(x) with respect to some direct sum splitting N, = E(x) @ F(x) satisfying x,
¢r(x) € A and d~(E(x), Yr(E(x))) < 8 and d(F(x), Yr(F(x))) < 48, there exists a point
p € M? and a C strictly increasing function 0 : [0, T] — R such that
0(0)=0and1 —e<0'(t) <1+e,

p is periodic: ¢o(T)(p) = P,
d(¢t ()C), ¢9(t)(p)) =< 8|X(¢t(x))|’ t e [Ov T])
there is a direct-sum splitting o, = E(p) & F(p) such that 1//5‘(T)(E(p)) = E(p),

Vi (F(p)) = F(p), and for any t € [0.T),

d (Y} (E(X)). Yoy (E(p))) <e.
Ay} (F(x)). Y30, (F(p) <&

REMARK. — If we consider an invariant set with a dominated splitting in the normal
bundle w.r.t. the linear Poincaré flow, we can replace d (E(x), Y7 (E(x))) < é by d(x, ¢7(x)) < 4.

Note that in this version of shadowing lemma, we only need that the head and tail of orbit
arc are far from singularities, while other part of the orbit arc can approximate singularities.
This enables us to deal with some problems where regular orbits approximate singularities.

We also need Liao’s sifting lemma [25, 26], whose aim is to find quasi-hyperbolic orbit
segments. One can see [54] for a proof.

LEmMMA 2.26. — Let ¢; : A — A be a continuous flow on a compact metric space A and
f: A — R a continuous function. Let n, > 11 > 0and T > 0. Assume that
— there is b € A such that for any n € N,

n—1

Y f(gir (b)) = 0;

i=0

— for any c € A verifying for any n € N,

n—1
> f(@ir(e) = —nn.
i=0

there is g € w(c) such that for any n € N,

n—1
> f(¢ir(g) < —nna.
i=0
Then for any ns, ng verifying n, > n3 > n4 > 01, for any k € N, there is y in the positive
orbit of x and integers 0 = ng < ny < --- < ng such that for each integer i € [0,k — 1], for
any integer m € [1,n;4+1 — n;] one has

m—1

> @1 (bn,T(9)) < —mna,

Jj=0
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nit1—n;—1
Y f@ir (@ +m-nT) = —(it1 —ni —m + Diga.
j=m—1
We need the following folklore lemma to prove hyperbolicity for compact sets. Its proof
mainly uses some compact arguments. Hence we omit the proof.

LEmMMA 2.27. — Let ¢; : A — A be a continuous flow on a compact metric space A and
f: A — R a continuous function. Given T > 0, if for any x € A, there is ny € N such that

ny—1

> f@ir(x)) <0.
i=0

then there are C > 0 and A < 0 such that for any x € A and any n € N, one has
n—1

Zf(¢iT(x)) <C +na.

i=0

3. Chain recurrence and genericity

3.1. Conley theory

A chain recurrent class is called non-trivial if it is not reduced to a critical element; other-
wise, it is called trivial. For each hyperbolic critical element p of X, since Orb(p) has a well-
defined continuation Orb(py) for Y close to X, C(p) also has a well-defined continuation
C(py.Y).

A compact invariant set A of X (if it has a continuation) is called lower semi-continuous if
for any sequence of vector fields { X, } verifying lim,_,o X, = X, one has liminf, ., Ax, D A.
A compact invariant set A of X (if it has a continuation) is called upper semi-continuous if for
any sequence of vector fields { X, } verifying lim, ., X, = X, onehaslimsup,_,, Ax, C A.
It is well known that the closure of hyperbolic periodic orbits is lower semi-continuous and
the chain recurrent set is upper semi-continuous. There is a classical result saying that lower
semi-continuous sets and upper semi-continuous sets are continuous for generic vector
fields.

LEMMA 3.1. — For a hyperbolic critical element p, C(p) is upper semi-continuous. As a
corollary, if p1 and p, are two critical elements of X with the property C(p1) N C(p2) = 0,
then there is a neighborhood U of X such that for any Y € U, one has C(p1,y)NC(pa,y) = 9.

Proof. — The fact that C(p) is upper semi-continuous because of the continuity of the
flows with respect to the vector fields.

By [12], if we have two chain recurrent classes C(p1) and C(p,) satisfying C(p;) N C(p3) = 0,
then there is an open set U such that

e $;(U)CUfort > 0;
e C(p1) CUand C(py) C Int(M \ U) or C(p) C U and C(p;) C Int(M \ U).

Then by the continuity of vector fields, there is a C! neighborhood %/ of X such that
for any Y € 9/, one has C(p1y) C U and C(pay) C Int(M \ U) or C(p2y) C U and
C(p1y) C Int(M \ U). As a corollary, one has C(py.y) N C(pa2y) = 0. O
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For each point x € M4, one can define the strong stable manifold W**(x) and the strong
unstable manifold W*¥(x) as

Wo@) Ely e M lim d(@i(x). 9(v) = 0.

W) £y e MY Tim_d(@(x), () = 0}.

But for flows, this definition is not enough in many cases. By the difference with diffeo-
morphisms, sometimes we need to reparametrize the time variable. This leads us to give the
definition of W*(Orb(x)) and W*(Orb(x)) as in Section 2.

By the definitions, one has that W9 (Orb(x)) and W¥(Orb(x)) are invariant sets. The proof
of the following lemma is forklore.

LEMMA 3.2. — For any hyperbolic critical point p, one has

1. for any critical element p, one has W?5(Orb(p)) = Utzo WSS(¢,(p)) and
W*(Orb(p)) = U0 W""(¢:(p)).

2. If C(p) is  non-trivial, then C(p) N W3(Orb(p)) \ Orb(p) #@0  and
C(p) N W*(Orb(p)) \ Orb(p) # @.

Proof. — For a critical element p, W5 (p) coincides with the stable manifold of p for
the time-one map ¢;. p is a hyperbolic point of ¢; when p is a singularity and Orb(p) is
a normally hyperbolic circle when p is periodic. In any case, | J,., W**(¢¢(p)) is the set of
point whose w-limit is the orbit of p. Item 1 follows from this fact.

One can find a proof of Item 2 in [10, Lemma 2.7]. O

For a compact invariant set A, one says that A is Lyapunov stable for X if for any
neighborhood U of A, there is a neighborhood V of A such that ¢, (V) C U for any ¢ > 0.

LemMma 3.3. — If A is Lyapunov stable, then W¥*(Orb(x)) C A for each x € A.

Proof. — Given any y € W¥(Orb(x)), for any neighborhood U of A, since A is
Lyapunov stable, there is a neighborhood V of A such that ¢,(V) C U for any t > 0.
For any y € W¥(Orb(x)), there is an increasing homeomorphism 8 : R — R such that
d(¢:(x), po)(y)) = 0ast — —oo. Thus there is fy > 0 such that ¢g,) € V. By the
Lyapunov stability one has y = ¢_g(—+,,)(Pa(—1,,)(y)) € U. By the arbitrary property of U,
one has y € A. O

By the definition, if A is not Lyapunov stable, then there is a neighborhood Uy of A such
that there is a sequence of neighborhoods {V,,} of A such that

-VMo>VWD>---DV, D ,andﬂnZOVn = A.

= ¢1, (Va) C Up for some ¢, > 0.
Since A is an invariant set, one has that lim,_, #, = 0o. Hence, if A is not Lyapunov stable,
then there are {#,} C R and a sequence of points {x,} such that

— limy, 00 xp € A.

- lim, o0ty = +00.

— limy 00 ¢P1, (xp) exists and limy, o0 Py, (Xn) € A.
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For x € M?, one can define the chain unstable set W"*(x) of x and the chain stable set
Wehs (x) of x in the following way:
weht(x) = {y e M? : Ve >0, 3an & — pseudo orbit {xi}_p st.xo =X, x, = ¥},
Wers(x) = {y e M? : Ve >0, Jan & — pseudo orbit {x;}7_, s.t. Xo = y, X, = x}.

Using the notation of chain (un)stable set, we have that y is chain attainable from x iff
y € Weh (x), and x, y are chain bi-attainable iff y € Weh¥(x) N W (x).

3.2. The C! connecting lemmas and the ergodic closing lemma for flows

Arnaud, Wen and Xia [3, 55] gave the following extension of Hayashi’s C! connecting
lemma [19]. We will use it in Section 6.

LEMMA 3.4. — For any vector field X € 5% (M), for any point z ¢ Per(X) U Sing(X),
for any e > 0, there are L > 0 and two neighborhoods W, C W, of z such that
— one can choose W, and W to be arbitrarily small neighborhoods of z,
— forany p and q in M2, if the positive orbit of p and the negative orbit of q enter Wy, but
the orbit segments {¢;(p) : 0 <t < L} and {¢;(q) : —L <t <0} don’t intersect W,
then there is a vector field Y e-C'-close to X such that

— q is in the positive orbit of p with respect to the flow ¢} generated by Y,
- Y(x) = X(x) for any x € M4 \ Wy, where Wy, , = Uo<r<L dX(W,).

Maiié’s ergodic closing lemma [30] is also useful in this paper. First we state a flow version
of Mané’s ergodic closing lemma taken from [51].

DEFINITION 3.5. — Let X € 0" (MY). A regular point x € M is called strongly closable
if for any C! neighborhood U of X, there is L > 0, and any ¢ > 0, there are Y € U and a
periodic point y € M? of Y with period t(y) such that

- X(2) =Y(2) forany z € M4\ <Uze[0,L] ¢,(B(x,£))),

- d(¢f (x), ¢ () < & foreacht € [0,7(y)].
Denote by (X)) the set of strongly closable points of X .

The ergodic closing lemma [30, 51] states:

LEMMA 3.6. — We have u(X(X) U Sing(X)) = 1 for every T > 0 and every ¢7¥—invariant
probability Borel measure L.

One needs the following corollary which asserts that one can get a periodic orbit with some
additional properties after a small perturbation which preserves a compact invariant subset
in a transitive set. For the applications in this paper, one takes the compact invariant subset
as the union of finitely homoclinic orbits of singularities. See Section 6.

COROLLARY 3.7. — Let f : M? — R be a continuous function. Let p be an ergodic
measure of a flow ¢, generated by X € SCI(M 4 which is not supported on a singularity.
Assume that A is a compact invariant set such that w(A) = 0. Then for any ¢ > 0, for any
C neighborhood U of X, and any neighborhood U of supp(i), there exists Y € U and a
periodic orbit y C U of Y such that
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e A is a compact invariant set of Y .
o | [ fds, — [ fdu| < &, where 8, is the uniform distribution measure on v, i.e., for any
continuous function g : M d _ R,

1 (y)
[ st = = [ e
where p € .

Proof. — Without loss of generality, one can assume that u is not supported on a periodic
orbit. Since pu is not supported on a singularity, one has (X (X)) = 1. Also choose x € X
with x ¢ A satisfying

Th—r>noo Sx.1 = 1L,
where 8,7 is the uniform distribution measure supported on ¢ 71(x), i.e., for any contin-
uous function g : M4 — R,

T
/awwmmo=;ﬁ (G (L.

For any € > 0, there is Ty > 0 such that for any T > T, one has

[ rasn— [ rau

Take § > 0 small enough such that for any d(y,z) < §, one has | f(y) — f(z)| < &/2. By
reducing § if necessary, one can assume that B(x,§) N A = @. Since A is invariant, one has
that ¢;(B(x,8)) N A = @ for any t € R. By Lemma 3.6, there is Y € 9/ which has a periodic
point p with period z(p) such that

- Orb(p,Y) C U;
— A is a compact invariant set of V;
— d(@¥ (x). 9} () < § foreach 1 € [0, 7(p)).

<¢g/2.

x is not periodic because we assume that p is not supported on a periodic orbit. Thus, one
can assume that t(p) > Ty. Let y = Orb(p, Y). Then
+‘/fd8x,r(y)_/fdﬂ‘

‘/ﬂm_/fww'/ﬂm_/f%ﬂw

- 1 (y) v . )
‘RBA )ﬂ@@D—ﬂ%@Mm+§

<8+8
-+ -=c
272 u

IA

A vector field X e "(M?) is called Kupka-Smale if every critical element of X is
hyperbolic, and the stable manifold of any critical element intersects the unstable manifold
of any critical element transversely. A classical generic result is: Kupka-Smale vector fields
form a residual set in " (M ?). We need the following weak terminology:

DEFINITION 3.8. — A vector field X € 0" (M%) is called weak Kupka-Smale if every
critical element of X is hyperbolic.
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Since Kupka-Smale is C” generic in (" (M%), we have that weak Kupka-Smale is also a
C” generic property in " (M?).

We will state a connecting lemma for pseudo orbits, which was proved in [6]. Bonatti and
Crovisier studied the connecting lemma for pseudo-orbits for weak Kupka-Smale diffeomor-
phisms. The assumption of weak Kupka-Smale is used since

— by using A-lemma, for every non-periodic point x which is not in the stable/unstable
manifold of a periodic point, the positive/negative iteration of x will be in a topological
tower.

Now we give the definition of a topological tower for a vector field. For any L > 0, denote
by
Crit(X) = {x: 3 €0, L], s.t. ¢;(x) = x, Orb(x) is hyperbolic}.

Given a vector field X, for § > 0 and L > 0, a sequence of cross sections {; }lNz | is called
a topological tower, if

- {gi}fil are mutually disjoint, where s = 0,014,
- if x is not contained in | J,ecy, (x) W5 (Orb(p)), then the forward orbit of x will
intersect Y, =;,
— if x is not contained in J,ecriy, (x) Ws' (Orb(p)), then the backward orbit of x will
intersect |, =;.
A flow version of [6, Théoréme 3.1] states that such a topological tower exists for small § > 0
and large L > 0 when X is weak Kupka-Smale. Moreover, one can require that

— the diameter of each X; is as small as we want;
— each X; is almost orthogonal to the vector field X.

When L is large enough, the perturbation for connecting orbit as in [6, Théorme 1.2] will
be realized in Y., =;.

For flows, A-lemma is true for both hyperbolic singularities and hyperbolic periodic orbits.
The orbit structure is clear near hyperbolic critical elements. So the connecting lemma for
pseudo-orbits is true for vector fields.

LEMMA 3.9 ([6, Theorem 1.2]). — Let X € " (M?) be a weak Kupka-Smale vector field,
Given any finite set F of periodic orbits of X ,, for any C' neighborhood U of X, and for any
X,y € M2, if y is chain attainable from x, then there are Y € U, some neighborhood U of F
and t > 0 such that ¢¥ (x) = y and Y(z) = X(z) forany z € U.

Moreover, if X is CT, we can require that Y is also C”.

The statement here is a little bit different from [6], but it is essentially contained there. See
[6, Remarque 1.1].

REMARK. — When we prove Theorem C, we first consider some generic vector field. And
then we consider some new vector field in a small neighborhood of the original one. Thus
we need Lemma 3.9 to do some perturbations when the new one is weak Kupka-Smale. See
Lemma 3.15 and Section 6 for more details.
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Sometimes, one needs to perturb a vector field to be a weak Kupka-Smale vector field
while preserving some non-transverse connection. This was used by Palis [38]. One can see
R. Xi’s master thesis [56] for a proof.

THEOREM 3.10 ([38, 56]). — For any vector field X € " (M%), any n € N and any
hyperbolic critical elements { Py, Q1, ..., Py, Qn}, if Orb(x;) C W*S(P;) N W¥(Q;) is a non-
transverse orbit for 1 < i < n, then for any C" neighborhood U of X there exists Y € U,

— Orb(x;) € W*S(P;) N W¥(Q;) is still a non-transverse orbit of Y,
— any other critical element of Y is hyperbolic, i.e., Y is weak Kupka-Smale.

3.3. Generic results

Recall that R C ' (M9) is residual if it contains a dense Gy subsets of ' (M?).
A property of vector fields is called C! generic if it holds for vector fields in a residual set
in '(M?). Sometimes we use the terminology “for C'! generic X which is equivalent to
say that “there is a residual set R C 5% (M%) and X € R”. Since 5% (M?) is a Banach
space, every countable intersection of open dense subsets of 0! (M?) is dense. Usually we
can get a dense open property via a generic way.

One knows that lower semi-continuous maps and upper semi-continuous maps defined on
a complete metric space are continuous on a residual set.

LeEMMA 3.11. — For C! generic X € T (M9, for every critical element p, C(p, X) is
continuous at X. This means, if {X,} is a sequence of vector fields and limy, o X,, = X in the
C! topology, then lim, . C(px, . Xn) = C(p, X) in the Hausdor{f topology.

Proof. — The proof of this lemma just uses the upper semi-continuity of chain recurrent
class. O

LEMMA 3.12. — For C! generic X € Sél(Md), if p1 and p, are two different critical
elements such that C(py) = C(p2), then there is a C' neighborhood U of X such that for
any Y € U, one has C(p1,y,Y) = C(p2y,Y).

Proof. — Let C be the metric space of all compact subsets of M¢, endowed with the
Hausdorff metric. C is a compact metric space. Let B, B2, ..., Bu. ..., be a countable
basis of C. Let Oy, Oa, ..., O,,..., be the list of finite unions of elements of the countable
basis. For each n and m, we define the sets ¢/, ,, and ¢V, , of vector fields as following:

- X € &My m iff there is a neighborhood % of X such that for any ¥ € <%/, for any
hyperbolic critical element p, € C, and any hyperbolic critical element p,, € C,, one
has C(pn) = C(pm) for Y,

- X € oW, m iff there is a hyperbolic critical element p, € C, and a hyperbolic critical
element p,, € Oy, such that C(p,) N C(pm) = @. Since the chain recurrent class of any
hyperbolic critical element is upper semi-continuous, one knows that ¢/, ,, is open.
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From the definitions, ¢#, ,, U ¢y, is open and dense in I (M9). Let
% = m (Cglfn,m U (’jvn,m)~

n,meN
R is a residual subset. We will verify that every X € R satisfies the conclusion of the
lemma. Let X € R. Thus, for each n and m one has X € &/, U Ny p. For any two
hyperbolic critical elements p; and p», there are/ € Nand k € Nand a C! neighborhood %
of X such that

— forany Y € %, p1,y and p,y are the maximal compact invariant sets in Oy and Ok
respectively.

If C(p1) = C(p2) for X, then X ¢ Ny ;. This implies that X € &Hy ;. Let Uy =
UN . Foreach Y € Uy,

— since Y € &y, thereis a critical element pj € C; and a critical element p} € O of Y,
one has C(p}) = C(p3),

— since Y € %, the unique critical element in 0y is p; y and the unique critical element
in O is pa,y. As a corollary, p1y = pj and poy = pj.

Thus, one has C(p1,y) = C(pa,y) forany Y € U. O

LeMMA 3.13. — For C! generic X € 5% (M%), and any hyperbolic critical element p of X ,
if W¥(p) C C(p), then there is a C' neighborhood U of X such that W¥(py.Y) C C(py.Y).

Proof. — Let C be the metric space of all compact subsets of M?, endowed with the
Hausdorff metric. C is a compact metric space. Let 81, B2,.-., Bns--., be a countable
basis of C. Let Oy, Oa,..., On,..., be the list of finite unions of elements of the countable
basis. For each n, one can define sets ¢#, and ¢/, as following:

- X € &H, iff there is a C! neighborhood % of X such that for any Y € %, every
hyperbolic critical element py € O, of Y satisfies W*(py,Y) C C(py.,Y). By
definition, ¢/, is open,

— X € oW, iff X has a hyperbolic critical element p € O, such that W¥(p, X) C(p, X).
W¥(p, X) varies lower semi-continuously with respect to X and C(p, X) varies upper
semi-continuously with respect to X. Soif W¥(p, X) C(p, X), thereis a neighborhood
% of X such that W¥(py,Y) C(py.Y) forany Y € 9. This implies that ¢/, is an
open set in ' (M9).

It is clear that §, U oV, is open and dense in 0" (M 7). Let

09?/: m(é%n U C’jvn)

neN

R is a residual subset of ' (M9). Take X € R.If p is a hyperbolic critical element
of X, then there are n and a neighborhood </ of X such that for each Y € U, py is the
unique hyperbolic critical element in C,. Since W¥#(p) C C(p), onec has X ¢ oV,. Asa
corollary, X € &#,. Let Uy = UN H,. Forany Y € Uy,

— since Y € &4, every hyperbolic critical element ¢ € 0, of Y, one has W¥(q,Y) C

C(g.Y),
— since Y € %, the unique critical element in 0, is py.
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Thus, W*(py,Y) C C(py,Y) forany Y € Uy. O

LEMMA 3.14. — For C! generic X € ' (M?), let p be a hyperbolic critical element of X .
If W¥(p) C C(p), then C(p) is Lyapunov stable.

Lemma 3.14 is folklore. The proof'is based on the connecting lemma for pseudo orbits [6].
The following lemma claims that for C! generic vector fields, Lyapunov stability is a
robust property under perturbations.

LEMMA 3.15. — For C! generic X € " (M?), let p be a hyperbolic critical element of X .
If C(p, X) is Lyapunov stable, then there is a C' neighborhood U of X such that for any weak
Kupka-Smale vector field Y € U, C(py,Y) is also Lyapunov stable.

Proof. — Let R C &' (M%) be the residual subset as in Lemma 3.13: X € R iff for any
hyperbolic critical element p of X, if W¥(p, X) C C(p, X), then thereis a C! neighborhood
U = “Ux,psuchthat W¥(py,Y) C C(py.Y)foranyY € U. We will prove that C(py,Y)is
Lyapunov stable for each weak Kupka-Smale Y € /. If not, there is a weak Kupka-Smale
vector field Xy € % such that C(px,. Xo) is not Lyapunov stable. Thus we have

— W(pxy Xo) C Clpxy: Xo).

— thereis y ¢ C(px,, Xo) such that y € We*(C(px,, Xo)).

Then, thereisa C ! neighborhood %y C U of X¢ such thatforany Y € %,y ¢ C(py.Y)
by the upper semi-continuity of chain recurrent classes. Choose z € W¥(px,. Xo) \ {px,}-
Since z € C(px,. Xo), y is chain attainable from z.

Take a small neighborhood U of px,. One can assume that the negative orbit of z is
contained in U. By Lemma 3.9, there is a vector field Y € /g such that

e Y(x) = Xo(x) forany x e U,
e y is in the positive orbit of z with respect to ¢ .

As a corollary, y is in the unstable manifold of py with respect to Y. This fact gives a
contradiction. O

The following lemma asserts that for a generic vector field, if the perturbed system has
a periodic orbit which is (C, n,d, ¢//)-contracting at the period, then the original generic
system already have by relaxing the constants.

LEMMA 3.16. — There is a dense Gg set § C I (M9 such that for any X € (, given two
open sets U,V C M withU C V, and given three number K € N, n > 0and T > 0, if
for any C neighborhood U of X such that if there is some Y € U has a hyperbolic periodic
orbit yy which is (K, n, T, o/N)-contracting at the period w.r.t. th satisfying yy NU # 0, then
X has a periodic orbit y whichis (K, n/2,2T, ¢)N)-contracting at the period w.r.t. Vr; satisfying
ynNV #£40.

Proof. — The proof of this lemma is still an application of fundamental tricks for generic
properties. Thus we just give a sketch. Let Oy, O», ..., O,,--- be a topological basis of M¢.
Let {n,} and {d,} be the sets of positive rational numbers. Foreachn e N, K € Nym € N
and £ € N, one defines:

— X € &y gk m iff X has a hyperbolic periodic orbit y such that
e yNO, #£0.
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o Thereis x € y and a time partition 0 = fp < #; < -++ < t; = an(y) for some
positive integer « satisfying t; 41 —t; < d; for 0 <i < g — 1 such that
qg—1
R < Ke Mmoan(y)
-1, 1 < Ke

- X € oWy k.my iff there is a neighborhood % of X such that for any ¥ € %/, one has
e cither Y has no hyperbolic periodic orbit intersecting Oy,;
e Or, Y has a hyperbolic periodic orbit y such that y N O, # @ and for any x € y
and any time partition 0 =ty < #; < -+ < t; = an(y) for any positive integer
o satisfying t; 1 — t; < dy for0 <i < g — 1, one has
qg—1
Y —Nm
il:!) ||Wz,~+1—t,«|d»v¢§(x)” > Ke mtman(¥)

By the definitions, ¢#, xm.¢ U eNn k m.¢ is @ dense open set in F'(M9). Thus,
g’ = m ((g’fn,K,m,Z U ijn,K,m,Z)

n,K,mLeN

is a residual subset of ' (M?). Now we check that every X € ( satisfies the properties of
the lemma.

For any n > 0, T > 0, one can take a rational number 1, € (1/2,n) and Ty, € (T,2T).
If there is a sequence of vector fields { X} such that

o limy o0 Xy = X,

e cach X, has a hyperbolic periodic orbit y, which is (K, n, T, ¢/V)-contracting at the

period such that y, N U # 0.

There is x € U such that x is an accumulating point of y,. Thus, there is ny such that
X € Opy CV.Since X € O C Hnykmorto Y MNng.Kmoty» ON€ has X € Sy gm0, DY the
definitions. Thus X itself has a periodic orbit in Oy, which is (K, np,, T¢,. ¢/V)-contracting
at the period w.r.t. ¥, . It’s (K, n/2, 2T, ¢/¥)-contracting at the period w.r.t. ¥, in V. O

LEMMA 3.17. — There is a dense Gs set ¢ € ' (M?) such that for any X € ( and
X € Md,foranyK eN,n>0andd > 0, one has

— either, x is contained in a periodic sink which is (K, n/2,2d, oV)-contracting at the period
W.EL Yy

— or, there is a C' neighborhood U of X and a neighborhood U of x such that for any
Y € U, Y has no periodic sink which is (K, n,d, oV)-contracting at the period w.r.t. th,
and intersects U.

Proof. — Let { be as in Lemma 3.16. If the conclusion of this lemma is not true, one has
that

e x isnot contained in a periodic sink which is (K, /2, 2d, ¢/V)-contracting at the period
w.r.t. ¥y,

e for any C! neighborhood % of X and any neighborhood U of x, some Y € % has
a periodic sink, which is (K, 7, d, ¢/V)-contracting at the period w.r.t. th , and inter-
sects U.

4¢ SERIE - TOME 51 —2018 —N° 1



MORSE-SMALE SYSTEMS AND HORSESHOES 75

Thus, by Lemma 3.16, for any neighborhood U of x, X itself has a periodic sink inter-
sects U, which is (K, n/2,2d, ¢/V)-contracting at the period w.r.t. ¥;. In other words, there
is a sequence of periodic points x, such that

e limy, oo x, = X,
e X, is contained in a period sink y,, which is (K, n, d, ¢/V)-contracting at the period for
each n. Moreover, {y,} are distinct.

We assert that t(y,) — oo as n — oco. Otherwise, by taking a limit, x would be in a peri-
odic sink which is (K, 1, d, o/V)-contracting at the period. Thus one can get a contradiction
by Lemma 2.23. O

COROLLARY 3.18. — Assume that dim M3 = 3. There is a residual set (. C ' (M3)\ T
such that for any X € (, there exists 1 > 0 such that for any o € Sing(X), there is a C! neigh-
borhood U of X and a neighborhood U of o such that for any periodic orbit y of Y, if
y N U # @, then &V, admits an 1-dominated splitting of index 1 w.r.t. the linear Poincaré

Slow Yy

Proof. — If ind(y) = 1, then it is done by Lemma 2.10. Thus, one can assume that y is
a sink or source. Without loss of generality, assume that it is a sink. By Lemma 2.12, if y
dose not admits an (-dominated splitting for some ¢, then there are C > 0,7 > 0and 7 > 0
such that y is (C, n, T, ¢/V)-contracting at the period w.r.t. ;. Since o is a singularity, not a
periodic point, by Lemma 3.17, one can get a contradiction. O

We would like to list some other generic results we need in this paper.

LEMMA 3.19. — There is a dense Gg set ( C " (M?) such that for each X € (, one has

1. For any non-trivial chain recurrent class C(o), where o is a hyperbolic singularity of
index d — 1, then every separatrix of W*(o) is dense in C(0). In particular, C(0) is
transitive and Lyapunov stable.

2. Leti € [0,dim M — 1]. If there is a sequence of vector fields { X} such that

o limy oo X; = X,

o each X, has a hyperbolic periodic orbits yx,, of index i such thatlim, .« yx, = A.

Then there is a sequence of hyperbolic periodic orbits y, of index i of X such that
limy, 00 yn = A.

3. There exists a neighborhood U of X such that for any Y € U, Y has only finitely
many singularities. Moreover, for every singularity o of Y, the eigenvalues A1, Aa, ..., Ag
of DY (o) satisfy:

Re(A;) + Re(A;) #0,
forany1<i,j <d.

4. For any hyperbolic periodic orbit P of X, C(P) = H(P), where H(P) is the homoclinic
class of P.

S. Every non-trivial chain transitive set is the limit of a sequence of periodic orbits in the
Hausdorff topology.

6. X is Kupka-Smale.

7. Given a critical element p of X, if for any neighborhood U of X, there is Y € U such
that C(py) is singular hyperbolic, then C(p) is singular hyperbolic itself.
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REMARK. — Item 1 is a corollary of the connecting lemma for pseudo-orbits [6]. There is
no explicit version like this. [32, Section 4] gave some ideas about the proof of Item 1 without
using the terminology of chain recurrence. Item 2 is fundamental (see [53] for instance).
Item 3 is fundamental. It is true because generic X can only have finitely many singularities.
Moreover, the eigenvalues of the singularities have some continuous property. Item 4 is also
a result in [6]. Item 5 is the main result in [13]. Item 6 is the classical Kupka-Smale theorem
[21, 22, 46]. Singular hyperbolicity is an open property. Thus, by using a standard generic
argument, we know that Item 7 is true.

Let ( be a dense Gg set of 361(Md) such that if X € (@ then X satisfies all generic
properties mentioned in this subsection.

4. Reduction of the main theorems

4.1. Prove Theorem A from Theorem B

Proof of Theorem A. — Now we give the proof of Theorem A by assuming the result of
Theorem B. Suppose on the contrary that ' (M3) \ M5 U SS is not empty. Choose a
C! generic X € J (M3 \ MS> U &M Since every homoclinic tangency of a hyperbolic
periodic orbit can be perturbed to be a transverse homoclinic intersection by an arbitrarily
small perturbation, we have that X is far away from ones with a homoclinic tangency. Thus,
by Theorem B, every non-trivial chain recurrent class is a homoclinic class. Since we assume
that Theorem A is not true, one has that every chain recurrent class is trivial: it is reduced to
be a critical element. If there are finitely many chain recurrent classes, then we have that X is
Morse-Smale. Thus, one can assume that X has infinitely many chain recurrent classes, and
each chain recurrent class is a hyperbolic critical element. It is known that a C! generic vector
field can only have finitely many singularities since it is Kupka-Smale. Thus X has countably
many distinct hyperbolic periodic orbits {y,}. By taking a subsequence if necessary, we can
assume that {y, } converges in the Hausdorff topology. Let A be the limit. Then, A is chain
transitive, which implies that A is contained in a chain recurrent class. Because we know that
every chain recurrent class of X is a hyperbolic critical element, A is a hyperbolic critical
element. This cannot happen because hyperbolic critical elements are locally maximal. [

4.2. The reduction of the proofs of Theorem B and Theorem C
To prove Theorem B, we need to focus on non-trivial singular chain recurrent classes
without periodic orbits.

We need the following theorem to guarantee the existence of the dominated splitting for
the tangent flow. The proof will be completed later.

THEOREM 4.1. — Fora C! generic X € 5% (M3)\ SIS, for the non-trivial chain recurrent
class C(0) of some singularity o, if C (o) is not a homoclinic class, then C (o) admits a dominated

splitting TcyM?> = E @ F w.r.t. the tangent flow.
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In fact, we have the following theorem from [10, Theorem B] where it is proved that one
bundle is uniform hyperbolic: ©

THEOREM 4.2. — For a C! generic X € 5% (M?), and a non-trivial chain recurrent
class C (o) of some singularity o, if C (o) admits a dominated splitting Tc(;yM>® = E® F w.r.t.
the tangent flow, then C(0) admits a partially hyperbolic splitting; more precisely, ind(c) = 2
iff dim E = 1 and E is contracting.

In general, we give the definition of singular hyperbolic sets as the following: (/)

DEFINITION 4.3. — Let A be a compact invariant set of X € ' (M3), E C TyM?3 be a
two dimensional invariant sub-bundle, we say that E is area-contracting, if there are C > 0,
A > 0 such that for any x € A and any t > 0, |det<I>t|E(x)| < Ce ™ we say that E is area-
expanding if it is area-contracting for —X .

A compact invariant set A of X € ' (M3) is called singular hyperbolic, if

— either, A admits a partially hyperbolic splitting Ta M3 = E*S @ E*, where dim E** = 1,
E*S is contracting and E°¥ is area-expanding,

— or, A admits a partially hyperbolic splitting TAM?3 = E°* @ E**, where dim E¥* = 1,
EY" is expanding and ES is area-contracting.

Note that in the above definition, we don’t require A contains a singularity or not. So every
non-trivial hyperbolic set which is disjoint from the singular set is singular hyperbolic.

We have the next theorem which is mainly proven in Section 6:

THEOREM 4.4. — For a C' generic X € 5% (M?) and a non-trivial chain recurrent
class C(o) of some singularity o, if C(c) admits a partially hyperbolic splitting TcyM?> =
ES @ F w.r.t. the tangent flow, where dim E* = 1, and if C (o) contains no periodic orbits, then
C(o) is singular hyperbolic.

Morales and Pacifico [32] proved the following results:

THEOREM 4.5. — For a C! generic X € 5% (M?3) and a singularity o of X, if C(0) is
singular hyperbolic and Lyapunov stable, then C (o) is an attractor. As a corollary, C (o) contains
periodic orbits.

We also needs the following two results from [10]. The version of the first one is the
Proposition 3.1 of [10]. It essentially follows the elegant works of Pujals-Sambarino [45] and
Arroyo-Rodriguez Hertz [4].

THEOREM 4.6. — For a C! generic X € SCI(M3), if A is a non-singular chain transitive
set and admits a dominated splitting N p = AS @ A¥ with respect to Y, then A is hyperbolic.

(©) The statement is a little bit stronger than [10]. But the proof is contained there.
(M) We postpone to give the definition because we want the introduction to be easier to read.
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THEOREM 4.7. — For a C' generic X € ' (M3), if the chain recurrent class C(co) of a
singularity o contains a periodic orbit and admits a dominated splitting TcyM = E @ F
with respect to ®;, then C (o) is singular hyperbolic. Consequently, C(o) is an attractor or a
repeller depending if the index of o equals to 2 or 1.

Proof of Theorem B. — If Theorem B is not true, then there is a C! generic
X e J'(M?) \ ST and a non-trivial chain recurrent class C of X such that C is not
a homoclinic class. Now we have two cases:

4.2.0.1. C contains no singularity. — Since C is chain transitive, there is a sequence of
periodic orbits {y,} such that y, — Casn — oo in the Hausdorff metric. Since C is
not reduced to a periodic orbit, one can assume that {y, } are distinct periodic orbits and
7(yn) — o0. By Corollary 2.9, if we cannot perturb y, to be a hyperbolic periodic orbit of
index 1 for n large enough, then there are constants C > 0, T > 0, n > 0 such that y, are
(C,n, T, ¢V)-contracting at the period w.r.t. ¥; for X or —X. Then by Lemma 2.23, one can
get a contradiction.

Thus, one can assume that the index of every y, is 1. From this, we have that C admits a
dominated splitting Ve = A @ A* of index 1 w.r.t. ;. By Theorem 4.6, we have that
C is hyperbolic. This fact shows that C is a homoclinic class, which gives a contradiction.

4.2.0.2. C contains a singularity o. — Since C is not a homoclinic class, by Theorem 4.1,
C admits a dominated splitting Tc M3 = E @ F w.r.t. the tangent flow ®,. Moreover, by
Theorem 4.2, it is a partially hyperbolic splitting. If C contains a singularity and contains
no periodic orbits, by Theorem 4.4, C is singular hyperbolic. By the theorem of Morales-
Pacifico (Theorem 4.5), C is a homoclinic class, which gives a contradiction. O

Proof of Theorem C. — Given a C! generic X € &0(M?3), assume that C(c) admits a
dominated splitting w.r.t. the tangent flow. If C contains a periodic orbit, Theorem 4.7
implies C is a singular hyperbolic attractor or repeller. To prove that C contains a periodic
orbit, suppose on the contrary that C contains no periodic orbits. Then by Theorem 4.2, the
dominated splitting is a partially hyperbolic splitting. And then by Theorem 4.4, C is singular
hyperbolic and hence Theorem 4.5 implies C is a homoclinic class. This contradiction proves
that C contains a periodic orbit. O

4.3. Proof of Theorem 4.1

The proof of Theorem 4.1 can be divided into the following two propositions:

PROPOSITION 4.8. — There is adense Gg set (. C 0 (M3)\ UG such that forany X € (,
if o is a hyperbolic saddle of X and C (o) is Lyapunov stable, then every singularity p € C(0) is
Lorenz-like, i.e., the eigenvalues A1, A2, A3 of DX(p) satisfy:

A1<12<0<—Az<l3.

Moreover, there is a C' neighborhood Uy of X such that for any Y € Ux and any
p € C(0) N Sing(X), one has py € C(oy,Y) and W5 (py) N C(oy,Y) = {pr}-.

Proposition 4.8 will be proven in Subsection 5.1.
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PROPOSITION 4.9. — Let A be a compact invariant set of X € ' (M?) verifying the
following properties:

- A\ Sing(X) admits an index i dominated splitting N p\sing(x)y = A @ A in the
normal bundle w.r.t. the linear Poincaré flow v,

— every singularity o € A is hyperbolic and ind(c) > i. Moreover, T, M¢ admits a
partially hyperbolic splitting T, M? = E* @& E* with respect to the tangent flow,
where dim E®* = i and for the corresponding strong stable manifolds W*° (o), one has
W) N A = {o},

— forevery x € A, one has w(x) N Sing(X) # 0.

Then one has

— either A admits a partially hyperbolic splitting T M? = E*5 & F with respect to the
tangent flow ®;, where dim E*S = |,
— or, A intersects a homoclinic class.

Proposition 4.9 will be proven in Subsection 5.2.

Now one can give a proof of Theorem 4.1 by Proposition 4.8 and Proposition 4.9.

Proof of Theorem 4.1. — Since dim M3 = 3, without loss generality, one can assume that
ind(c) = 2. Otherwise, one considers —X. By Lemma 3.19, C(o) is Lyapunov stable. By
Proposition 4.8, every singularity p in C(0) is Lorenz-like and W*S(p) N C(0) = {p}. Since
X e M3\ ST, one has

— the normal bundle of C (o) \ Sing(X) admits a dominated splitting with respect to the
linear Poincaré flow (See more details from Corollary 3.18),

— since X is C! generic and C(o) is not a homoclinic class, C (o) contains no periodic
orbit. As a corollary, for every regular point x € C(0), w(x) contains a singularity.
Otherwise, if w(x) contains no singularity, then by Theorem 4.6, w(x) is hyperbolic.
Then one can get a periodic orbit in C (o) by the shadowing lemma, which is a contra-
diction.

By Proposition 4.9, either C (o) admits a partially hyperbolic splitting, or C(c) N H(y) # @
for some hyperbolic saddle y. But the fact that C(o) N H(y) # @ gives a contradiction. [

4.4. Comments on Theorem 4.4

The proof of Theorem 4.4 will use more notations and definitions. We will give the proof
in Section 6.
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5. Partial hyperbolicity: the proof of Theorem 4.1

5.1. Lorenz-like singularities

The goal of this subsection is to prove Proposition 4.8.

LEmMA 5.1. — Let A be a non-trivial chain transitive set of X € SGl(Md). Assume
e cvery singularity in A is hyperbolic,
o N a\sing(x) admits a dominated splitting of index i w.r.t the linear Poincaré flow ;.

Then for every hyperbolic singularity o € A with ind(¢) > i, Ty M? admits a dominated
splitting TyM? = E*S @ E with respect to the tangent flow ®;, where dim E*S = i.

Proof. — For a hyperbolic singularity o € A, since A is a non-trivial chain transitive set,
one has W*(e) N A\ {o} # @ and W*(o) N A\ {o} # @. One can see [10, Lemma 2.6] for
more details about the proof. Recall the definition of A: the lift of A in the sphere bundle as
in Subsection 2.1. One has that thereis v € E¥(o) N A.

Since o/ p\sing(x) admits a dominated splitting of index i with respect to the linear
Poincaré flow, fJVK admits a dominated splitting of index i with respect to the extended linear
Poincaré flow % by Corollary 2.11. We will consider the negative limit set «(v) with respect
to the flow ®/.

By changing the Riemannian metric in a small neighborhood of o, without loss of gener-
ality, one can assume ES(o) L E¥(cg). Thus,

° fjva(v) admits a dominated splitting A°® @& A* of index i w.r.t % since o/ A\sing(X)
admits a dominated splitting of index i with respect to ¥,,

e the hyperbolic splitting on T, M¢ implies that: Ja(v) admits a dominated splitting
E*® F of index dim E* for some F w.r.t. fl/;;, since o is hyperbolicand E* (o) L E*(0).

Thus by the properties of dominated splittings, one has A°(«(v)) C E*(o). Thus, there
are C > 0 and A > 0 such that for any u € E* N S, M ¢, there is a splitting A®* @ A% =
J(U,u) with the following property:

— By the natural hyperbolic splitting on the singularity o, we have

”‘ﬁt |A"5(u) || S
1 _|
— By extending the dominated splitting to the sphere bundle, we have

1Vt | pes
MWt | yeuguy)

Ce ™™, Vi>0.

<Ce™, Vi>0.

Then by Lemma 2.13, we know that o admits a dominated splitting T, M¢ = E @ F
w.r.t. the tangent flow ®,;, where dim £ = i. Since indo > i, one can get the splitting as
required. 0

LEMMA 5.2. — There is a residual subset (, C I (M3) \% such that for any hyperbolic
singularity o of index 2 of X € (, if C (o) is non-trivial, then T, M ® admits a dominated splitting
T,M3 = E*S & F w.rt. the tangent flow ®;, where dim E** = 1, ESS is contracting, and
W (o) N C(o) = {o}.

Similarly, if ind(o) = 1 and C(0) is non-trivial, then W**(a) N C(0) = {o}.
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Proof. — Assume that X satisfies all generic properties in §3. We focus on the case
of ind(c) = 2. By Lemma 3.19, there is a sequence of periodic orbit y, such that
lim,—o0 y» = C(0) in the Hausdorff topology. By Corollary 3.18, there is ¢ > 0 such
that each y, admits an (-dominated splitting in ¢V, w.r.t. the linear Poincaré flow.
Then by Corollary 2.11, V¢ (o)\sing(x) admits a dominated splitting of index 1 with
respect to the linear Poincaré flow ;. As a corollary of Lemma 5.1, T, M has domi-
nated splitting T, M = ES° & F w.ur.t. the tangent flow ®,. Thus what we need to prove
now is W9 (o) N C(o) = {o}. We will prove this by absurd. If this is not true, there is
xo € W (a) N C(o) \ {o}. One also notice that C (o) is Lyapunov stable since ind(c) = 2 by
Lemma 3.19. Hence W¥*(o) C C(o) and W" (o) is dense in C (o). By changing the Rieman-
nian metric in a small neighborhood, we may assume that E%(o), E°(0) and E¥(0) are
mutually orthogonal, where E¢* (o) = ES(o) N F.

Thus, by using the C! connecting lemma (Lemma 3.4), there is an arbitrarily small
perturbation Y of X such that

e Y has a strong connection with respect to o: there is y € M3 such that y € W*(o) N

W(o) \ {o},

e Y(x) = X(x) if x is in a small neighborhood of .

By an extra small perturbation, one can assume that ¥ has the following extra properties:

e Y is linear in a small neighborhood of ¢ in some local chart;

e E(0,Y), E(0,Y) and E¥(0,Y) are still mutually orthogonal.

Let P be the plane spanned by E** and E* in the local chart. One has that P is locally
invariant: there is a neighborhood O; of ¢ such that for any x € P N Oy, if ¢[’(’),t](x) € 04,
then qb,Y (x) € P. Now for Y, by an extra perturbation, there is a sequence of vector fields Y,
and a smaller neighborhood O, of ¢ such that

o im0 Yy =7;
e foreachn, Y, =Y in Oy;
e Y, has a periodic orbit y, such that y,, N O, C P and lim,_,o ¥, = Orb(y, Y)U{oy}.

By Corollary 3.18, one has

e there are t = ((X) such that ¢/¥,, has an -dominated splitting A* & A* of index 1

with respect to the linear Poincaré flow 1//,Y .

Thus, ¢ orb(y,y) admits an (-dominated splitting w.r.t. yY. Let Ty = Orb(y,Y) Uoy.
It is a compact invariant set. Over the lift I'y (see Subsection 2.1), there exists a dominated
splitting o7, = A @ A w.r.t. ¥, such that

e forv* € E¥(o) N Ty, one has A (v*) = E*S and A% (v¥*) = E°°,

e For v’ € E%*(0) N I'y, one has A% (v®S) = E° and A% (v®S) = E¥.

By the continuity of the dominated splitting of % over fj\/fy, one can choose 1 > 0 and
t, > 0 large enough such that

* ¢ () € Wiee(oy) and ¢, (y) € Wig (oy),

o A% (¢p_s,(y))isclose to E**(oy) and AS(¢;, (¥)) is close to E*(oy).

Then we take a point p, € y, and ¢, > 0 such that

e pniscloseto¢?, (y) and ¥, (p,) is close to ¢ (y),
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ES(ay)
E*(oy) O—ta(¥)
E=5(oy) s - o
b ) J _____.——-‘____ Pn € ¥n \
-~ \
|
Ess
&1, (v) ‘
Y, (E*) |
/ _ [
: : e )
[ Y to(Prn) = 0%, (Pn) ;"I
I', /
S y
T o

FI1GURE 1. Local dynamics near a strong connection

. qﬁ[Y_ 1n.01(Pn) 1s contained in the plane P spanned by E** and E" in the local chart,
e ¢Y(pn) = ,Y" (pn) for any t € [—t,, 0] by the construction of Y.

Thus we have that A°S(p,,) is close to E%°(oy) and A€’ (¢Z,n (pn)) is close to E¢(oy).
In other words, in the local linearized chart, if we extend E*S, E¢® and E¥ to every point
in a small neighborhood of oy, we have E** is contained in a cone (with a prescribed
small size) of AS(p,). By the invariance of cs-cone field by backward iterations, we have
Y, (E*S(py)) is also contained in the cone of A“*(¢_,, (p»)) With a prescribed small size.

Recall that we assume the dynamics is linear in a small neighborhood of oy and P is
spanned by E*® & EY, we have W—Yt,, (E*S(pp)) is also contained in P; in other words,
it is almost orthogonal to E¢*(oy). This shows that A (¢_;,(p,)) is almost orthogonal
to ES(oy). We get a contradiction since we have A* (d)th (pn)) is close to E€*(oy).

One can also see the analysis in the proof of Lemma 4.3 in [23, page 255-256)]. O

COROLLARY 5.3. — There is a residual subset () C X M3\ SIS such that if a chain
recurrent class contains singularities, then all the singularities in the chain recurrent class have
the same index.

Proof. — Let ¢ = (, \ HT, where (o 1s as in the end of Subsection 3.3. We will prove
this corollary by absurd. Ifit’s not true, then thereis X € ( and a chain recurrent class C of X
such that C contains singularities of different indices. Thus, one can assume that C contains
two singularities o1 and o, satisfying ind(o;) = 1 and ind(o,) = 2. By Lemma 5.2,
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Ts, M3 = E° @ E** is a dominated splitting w.r.t. ®;, where dim E** = 1, and for the
corresponding strong unstable manifold W**(o;) N C = {o1}. Since o, is codimension 1,
by Item 1 of Lemma 3.19, W¥(0,) C C. This fact implies that C is Lyapunov stable by
Lemma 3.14. As a corollary, one has W¥¥ (o) C C. This gives us a contradiction. O

COROLLARY 5.4. — There is a residual subset (, C J(M3)\ ST such that for any
hyperbolic singularity o of index 2 of X € G, there is a C! neighborhood U of X such that for
any Y € U and for any singularity p € C(0), one has

e ind(p) = 2 and py € C(oy),

o T,M? = E @ E is a dominated splitting w.r.t. ®,, where dim E** = 1,

e for the corresponding stable manifolds of E*S, one has W5 (py,Y) N C(oy) = {py }.

Proof. — Thisis true just because X is C ! generic and the continuous property of the local
strong stable manifolds. O

Furthermore, we have

THEOREM 5.5. — For a generic X € '(M3) \ K&, and a hyperbolic singularity o
of index 2, if C(o) is non trivial, then o is Lorenz-like for X, i.e., the eigenvalues A1, Az, A3
of DX (o) are all real and satisfy

(*) A1<Az<0<—kz<k3.

Proof. — First by Lemma 5.2, for the three eigenvalues A1, A5, A3 of DX (0), they are all
real and
Al <Ay <0< Az,

What'’s left is to prove that A, + A3 > 0. The three corresponding eigenspaces are denoted
by E*(0), E€*(0) and E*(0). By changing the Riemannian metric in a small neighborhood
of o, we can assume that they are mutually orthogonal. We will prove this by absurd, i.e.,
assume that A, + A3 < 0. Since X is C! generic, by Lemma 3.19 one has 1, + A3 < 0.
Moreover,

e WH(g) C C(0) and W (o) is dense in C (o) by Lemma 3.19,

e WS()NC(o)\ {o} # 0 since C(o) is non-trivial.

By using Lemma 3.4 (the C'! connecting lemma), for any C ! neighborhood %/ of X, there
is Y € % such that

e Y has a homoclinic orbit I" associated to oy,

e for the three eigenvalues A} < 1Y < 0 < AY of DY (oy), one still has 1Y + 1Y <0,

e W5 (oy) N C(oy) = {oy} by Corollary 5.4.

By simple perturbations, there is a sequence of vector fields Y, such that

o lim, .o Yy =Y,

e cach Y, has a hyperbolic periodic orbit y, such that lim, . y» =T Uo.

Under our assumption, {y,} can be sinks or saddles. Let C > 0,5 > 0,¢ > 0 be as in
Lemma 2.12. By Corollary 3.18 ¢/,, admits an (-dominated splitting of index 1 with respect
to wty " for n large enough.

As a corollary, o/ admits an (-dominated splitting w.r.t. Y. Thus, ’c\f\/m admits an
t-dominated splitting ;}‘i\/w(r = A @ A wrt. ).
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CLAIM. — Foreveryv € T,M3 N (FD/U), one has A°(v) = E**(0).

Proof. — Foreachv e T,M3,ifv ¢ m, thenv € E°* (o) orv € E*(0). Since E**(0),
E(0) and EY(0) are mutually orthogonal, one has

- if v € E°(0), since ;7\/,) = E%(0) ® E*(0) is a dominated splitting w.r.t. ¥, one has
A% () = E¥(0);

- if v € E¥(0), since JU = E*(0) @ ES(0) is a dominated splitting w.r.t. ¥/, one has
A (v) = ESS(0). O

Since the unique ergodic measure is supported on {o} for ¢, , one has that there are

|FUO
C > 0and A > 0 such that for any 7 > 0 and any (x,v) e [ U0,

[Zer
E

¢ |<v>

By Lemma 2.13, T U o admits a dominated splitting Trus M3 = E @ F w.r.t. the tangent
flow ®;, where dim £ = 1. Thus E(o) = E*(0) by the uniqueness of dominated split-
tings. Since the unique ergodic measure is supported on {¢}, one has that E is uniformly
contracting. Thus y, isalso (C, n, d, ¢/V)-contracting at the period w.r.t. 1//,Y " forsome C > 0,
d > 0and n € (0,—(A2 + A3)) which depends on X since y,, stays in a small neighborhood
of the singularity for most time. This also gives a contradiction by Lemma 3.17. O

Now we are ready to conclude Proposition 4.8.

Proof of Proposition 4.8. — Since o i3 a hyperbolic saddle, we have ind(c) = 1 or
ind(o) = 2. Ifind(o) = 1, by Lemma 5.2, we have W**(g) N C(c) = {o}. The Lyapunov
stability of C (o) implies C(0) D W¥ (o) D W"¥(o). Thus we get a contradiction.

So we have ind(o) = 2. By Corollary 5.3, every singularity p contained in C(0) is of
index 2. By Theorem 5.5, p is Lorenz-like, i.e., the eigenvalues A1, A, A3 of DX(p) satisfy:

),1<Az<0<—),2<l3.

By Lemma 5.2, for any p € C(0), we have W*(p) N C(c) = {p}.

The above properties also hold in a small neighborhood of X. Now we give the proof.
Since there are only finitely many singularities, by Lemma 3.12, for any p € C(0), its continu-
ation py is also contained in C(oy) for Y close to X. The inequality of eigenvalues is a robust
property. For the strong stable manifold, we assume by contradiction there is a sequence of
vector fields {X,} such that lim,—.c X, = X and one separatrix of W**(px,) is contained
in C(oy, ). Since there is some uniform ¢ > 0 such that W (px,) — W;S*(p) forn — oo,
there is one separatrix of W;*(p) is contained in C(c). Thus we get a contradiction. O
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5.2. Proof of Proposition 4.9

Proof of Proposition 4.9. — For proving this proposition, one assumes that the second
case of the conclusion cannot occur.

By changing the Riemannian metric in a small neighborhood of singularities, one can
assume that E** (o) L E(o) for any singularity o € A. Thereis T* > 0 such that

e for any o € A and any unit vector v € E¥(0), one has

17+ ol
| D7 (v)]

o N arsing(x) = A @ A isa T*-dominated splitting w.r.t. ¥,.

We consider A, the lift of A in the sphere bundle as in Subsection 2.1. By considering
the dynamics of y;, one has JVK = A% @ A is a T*-dominated splitting of index i
w.r.t. % = proj,(y,) verifying the following property: A°*(x) = A\C/S(X(x)/lX(x)D and
A" (x) = A (X(x)/| X (x)]|) for any regular point x € A.

Since W*(o) N A = {0}, one hasifv € ANTyM9, thenv € E* (0). On A, one defines
the function gby

1
<_7
=3

'5: A — R,
v 10g U7+ g5 | = log [ @7+ (V)]

Since A°S is a continuous bundle, Eis a continuous function.
On A \ Sing(X), one can define the function £ by

£: A\ Sing(X) - R,
x > log [|yr7+ |Acs(x) | = log || 7+ |<X(x)> I

By the definitions, for every regular point x € A, £(x) = § (X)) /1X(x)))- Eis defined on
a compact set and £ is defined on a non-compact set.

Cram. — Thereis C > 1 and 0 < A < 1 such that for any v € A andn €N, one has
Por sl
|Pur= ()]

Proof of the Claim. — The claim is equivalent to the following statement: There are C > 1
and 0 < A < 1 such that forany v € A andn € N,

cA™.

n—1

ZE(CDI-IT* (v)) <logC +nlogh.
i=0

If the claim is not true, by Lemma 2.27, for any n € N, there is v, € A such that for any
integer £ € [1,n], one has

-1
> E(@f7e(v)) = 0.
j=0
Let b € A be an accumulation point of {v,}. Then for anyn € N,

n—1
Y E(@[r (b)) = 0.

i=0
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Since we assume that (o) L E*(0), one has for any v € T, M? N A, K‘;E(v) = E%(0)
and v € E°*. As a corollary, one has for any n € N,

n—1

Y &0 (v) < —nlog4.

i=0
For every point x € A, by our assumptlons w(x) contains a hyperbolic singularity. Thus for
its lift A, for any point ¢ € A, there is a smgularlty o € A and a unit vector v € E%(0)
such that v € w(c). Thus for the function E and the flow gb the conditions of Lemma 2.26
(Liao’s sifting lemma) are satisfied.

For any four numbers A1, A5, A3 and A4 satisfying —log4/2 < A; <A, < A3 < A4 <O.
Let
Riy ={veh: E(@Lr () = 22},

Since there are only finite many singularities, there is g = &¢(A2) > 0, such that for any
singularity o € A, and any unit vector v € T, M? N K, dr (v, K)Q) > go. By Lemma 2.26,
for any k € N, there is u in the positive orbit of b and integers 0 = ng < ny < --- < ng such
that for each integer £ € [0, k — 1], for any integer m € [1,ny4; — ny] one has

Z E(@) 1 (O] 7 (u))) < mAs,

ngyi1—ne—1

D E@ (P mryre (W) = (g1 —ng—m + DAy,
j=m—1

Thus CI>1 T (u) € KAZ for 1 < ¢ < k. Assume that b = X(x)/|X(x)| (i.e., m(u) = x) and

U= <I>I (b). Thus,
d(@n, 1+ (P1(x)), Sing(X)) = &o.

There exists ¢ > 0 small enough such that for any regular point 8 € A, for any point
0 € B(B.e|X(B)|), forany T’ € [(1 —&)T*, (1 4 &)T*], for any two subspaces G(B) C cNg
and G(0) C Ny satisfying d (G(B), G(0)) < &, one has

A=Az < 10g [V g | = 108 V7] gy | < Aa = R,
W7 gl MU l6s) V3

max{ ’ S_
T lo . MW g 2

For this ¢ > 0, there is § = §(¢) as in Theorem 2.25 (Liao’s shadowing). There is ks € N
such that for any ks points {x1, x2,..., Xk} C K,xz, there are 1 < i; < ip < kg such that
d(x;,,xi,) < &. For this ks, there are ny < np < -+ < ng, and a point y’ € Orb™ (x) such
that for the function £ and 0 < ¢ < ks — 1l and m € [1,ny4; — ny], one has

m—1
> &+ Gnor+ () < mAs,

J=0

ne41—ne—1

Y E@T Guerm-nre (V) = (nepr —ng—m + Dl

j=m—1
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Let y¢ = ¢n,r+()’). By the dominated properties, one has for each y,, for any integer
m € [1,n;4+1 — n;], one has

m—1

[T 15| er @jr= GO < €2,
j=0
nl+1—ng—1 1
* < (Z\re+1—ng—mo—(ng41—ng—m)da
1_[ ||1/[—T*|Acu(¢j+1(ye))” — (4) € .

j=m—1
Let n = min{—A3,log4 + A,}. One has that

® D0,(npy1—noT*1(Ve) is an (n, T*)-¥ [ -quasi hyperbolic strings.
® d(y¢.Sing(X)) = &o.

By the choice of ks, there are y, and yg such that d(y«, yg) < 8. Thus by Theorem 2.25,
the orbit segment from y, to yg can be shadowed: there is a periodic orbit P, with period
7(P;) and p, € P, and a monotone increasing function ,(z), 6,(0) = 0 such that

o d(P9.t)(Pe). 1 (Vo)) < €|l X(pt(ya))| forany 0 <7 < (ng —na)T™.

o 1 —e=<0/(t) <1+eand b ((ng —ny)T*) = t(Py),

e there is a direct-sum splitting o/,, = E(p.) ® F(p,) such that
w;((nﬁ—na)T*)(E(pS)) = E(pé‘)’
1/fg((nﬂ_na)r*)(F(Pes)) = F(pe).

and forany ¢t € [0, (ng —ng)T*],

AW (EGa), Vi (E(pe))) <&,
AW} (F(ya)). Vi) (F(pe))) < &

Let ¥ = min{—A4,log2 + A1} and T’ = (1 + &)T. By the choosing of ¢, one has that P,
is an (', T)-y;-quasi hyperbolic string. For each ¢ and ¢ = 1/¢, there is a periodic orbit
Py 4 with period 7(Py/4) such that

e limsup,_,., P1/q CA,

e there is py/; € P4 such that d(py,,. Sing(X)) > €o, p1/q is (1,7, T’, E)-y/-con-
tracting and (1, 7', T/, F)-y[ -expanding,

o Py, admits a T*-dominated splitting w.r.t. ¥/.

Without loss of generality, one can assume that {p; /4 }¢gen converges. By Lemma 2.18 ®),
for any two w, m € N large enough, one has

W2 (Prjw) D WH(Prym) # 0, WH*(Prjw) h WP (Prym) # 0.

In other words, they are homoclinically related. Thus for w large enough, one has
A N H(Pyy) # 0. Thus we have the second case of Proposition 4.9. This contradiction
proves the claim. O

® This is the part that we need the existence of central plaques as in Section 2.
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By Lemma 2.13, and the claim above, one has A admits a dominated splitting
TaM = E & F w.ur.t. the tangent flow, where dim E = i and X(x) C F(x) for any
regular point x € A. Assume that it is a 7-dominated splitting. We define the function

f i A—Rby f(x) =log ||cI)T|E(x)”'

CLAIM. — We have
1 n—1
liminf = > f(¢er(x)) <0, Vx €A.

Proof. — For every point x € A, there are two cases: either w(x) C Sing(X), or w(x)
contains a regular pointa € A. In the first case, since every singularity in A admits a partially
hyperbolic splitting, one has that the claim is true. Now we consider the second case: w(x)
contains a regular point a. We fix a neighborhood U, of a such that for any z, y € U,, one

has
L_IXQI_,
271Xyl
Let fo(z) = log ||<I>T|E(Z)|| —log ||d>T|<X(Z)>|| for every regular point z € A. Since Ty M4 =

E & F is a dominated splitting and X(z) C F(z) for every regular point z € A, one has
fo(z) < —log2 for any regular point z. Since a € w(x), one can take xo € Orb™ (x) such
that xo € U, and there is a sequence of times {t, },en such that lim,_, ¢, (xo) = a and
limy, o0 t, = 00.
For n large enough, assume that ¢, = kT + ¢, where ¢t € [0, T']. Thus we have
k—1

LS f@ur(xo)) < —log2 + ~(og | o7 |- log 97|, I).

k = - k <X (@1 (x0))> X(x0)
Since k — oo asn — 00, one has

n—1
..
lim inf — E f(per(x0)) <O.
nee n £=0

Thus the same inequality holds for x. O
By the above claim, one has that for any x € A, there exists ny € N such that
Zigl f(per(x)) < 0. By Lemma 2.27, we have that E is uniformly contracting. This

ends the proof Proposition 4.9. O

6. Perturbations in partially hyperbolic Lyapunov stable chain recurrent classes

The purpose of this section is to prove Theorem 4.4: for a C! generic X € ' (M?) and
a non-trivial chain recurrent class C(o) of some singularity o, if C(o) admits a partially
hyperbolic splitting Tc;)M> = E* & F w.r.t. the tangent flow, where dim ES = 1, and
if C (o) contains no periodic orbits, then C(o) is singular hyperbolic.

What'’s left is to prove that F is area-expanding. We will prove Theorem 4.4 by absurd, i.e.,
F is not area-expanding. It suffices to consider three-dimensional vector fields in ¢, ({, was
defined at the end of Section 3). We assume that thereis X € {, such that X has a non-trivial
chain recurrent class C (o) with a partially hyperbolic splitting Tce)M> = E* & F w.r.t.
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the tangent flow, where E*° is one-dimensional and contracting, C (o) contains no periodic
orbits and F is not area-expanding. Hereafter, we will fix this X. By the discussions before,
there is a neighborhood %y of X such that:

A.l

A2

A3

A4

A.S

C(oy) is not singular hyperbolic for any ¥ € %y (Lemma 3.19). Notice that
C(oy) may contain periodic orbits for non-generic Y.

For every singularity p € C(oy) of any Y € Uy, one has that p is Lorenz-like and
Wss(p) N C(oy) = {p} (Proposition 4.8).

For every weak Kupka-Smale Y € %y, C(oy) is Lyapunov stable (Lemma 3.15). As
a corollary, for any sink y of Y, we have Basin(y) N C(oy) = @.

There are g9 > 0 and a neighborhood U of C(o), such that for any Y € %y and any
x € U, the strong stable manifold W, (x, ) exists (e.g., see [8, page 289]).

A singularity py is contained in C(oy) if and only if it is the continuation of a singu-
larity p € C(0) (Lemma 3.12).

The strategy of the proof of Theorem 4.4 is to construct some “good” cross sections and
some “good” return maps. It follows the steps below:

1.

We construct some cross sections and some return map with good properties. For
example, we can choose each cross section is to be thin and the boundary of the cross
section is to be disjoint from C (o). Notice that this is not true for the geometric Lorenz
attractor. When the cross section of a geometric Lorenz attractor is thin, then the stable
boundary of the cross section will intersect the attractor. Moreover, the properties
of cross sections and return maps are robust. C(oy) is not singular hyperbolic for
Y € 9y, but C(oy) may contain periodic orbits.

By considering some special C? weak Kupka-Smale vector field Y close to X and by
considering some special sets and measures of Y, we can get better properties of the
return map of the cross sections.

. By doing some extra perturbation if necessary, one can get some sink whose basin

accumulates to C(oy) and get a contradiction to the robustness of Lyapunov stability.
To get a sink by perturbation, it is always easy by Maiié’s ergodic closing lemma. But
we don’t have the control of the basin. Here, the basin can be small by size; but it is
enough to achieve the class.

We have the following three subsections to detail the three steps above.

6.1. Cross sections of partially hyperbolic Lyapunov stable chain recurrent classes

DEFINITION 6.1. — For Z € &' (M?), S is called a cross-section of Z if

S is a C' surface which is homeomorphic to (—1, 1),
L(TyS,<Z(x)>)>n/4, Vx €S.

DEFINITION 6.2. — Let p be a Lorenz-like singularity in some partially hyperbolic
Lyapunov stable chain recurrent class. A cross section S is called a singular cross-section
associated to p if the following conditions are satisfied:

1. There is a homeomorphism h = h(x, y) : [=1,1]> — S such that h((—=1,1)?) = S.
2. There is some uniform a > 0 such that h(x, ) = W3 (P[—a,q1(h(x,0))) N S.

3.5 W

loc

foc(P) = h({0} x (=1, 1)).
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In fact, (h, [—1, 1]?) (or & for short) is a coordinate system of the surface S.

Denote by £ = S N W) (p)and § \ £ = S! U 87, i.e., the local stable manifold of the
singularity (in fact £) cut the S into two pieces: the left part S’ and the right part S” (see
Figure 2).

F1GURE 2. Cross-section

For every Lorenz-like singularity p, we will take two singular cross-sections S*, S, which
are on the opposite sides of E%(p) @ E*(p). Denote by £+ = W (p) N SijE for + € {+,—}.

For every Lorenz-like singularity p, there is an orientation 7 defined in a neighborhood
of p. More precisely, one can define the bundle E¥(p) and the unstable cone C* (of some
size) in a neighborhood of p continuously. We say an orientated curve y tangent to the cone
field C* has the orientation n, if 7%(y(t1)) > 7% (y(t9)) for any 1 > 1; > t9 > 0, where 7% is
the projection to E* in a local chart. Since each separatrix of the local unstable manifold is
a curve tangent to the cone field ", we will say one separatrix of local unstable manifold is
in the direction 7, and the other one is in the direction —.

For Y € Uy, put C(oy) N Sing(Y) = {o1,y...., 0y} and

Y= U (ST U s,

1<i<k
where Sl.Jr and S;” are two singular cross-sections associated to o,y . SiJr and S;” are disjoint
since they are on the opposite sides of E*%(0;,y ) ® E*(0;,y). The partially hyperbolic splitting
on C(oy) induces two cone fields on X: the strong stable cone field C*° and the center-
unstable cone field C*. A curve is called an ss curve if it is tangent to C*°; it is called a
cu-curve if it is tangent to C*. Notice that by choosing Sii is small and almost orthogonal
to Y, and by choosing the width of C* small enough, we have that the C* (defined in
the two-dimensional space) is contained in C" (defined in the three-dimensional space). The
boundary of ¥ is composed by ss curves and cu-curves, which are called ss-boundaries and

cu-boundaries. L
For each Sii, let hijE 1,172 = SijE be the homeomorphism in the definition of
singular cross-section. For every p € X, there exists a unique coordinate system hijE for some
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ie{l,2,....,k}and + € {+, —}. We denote hl.i by h,. For each p € X, one can associate it

to (xp, yp) € [—1,1]% such that h,((x,, y»)) = p. Note that for every p, p’ € Sii, hp = hp.

Foreach p € X,if {r > 0 : ¢;(p) € £} # 0, we can define the first return time
tp = min{t > 0 : ¢;(p) € X} and define R(p) = ¢;,(p). R : Dom(R) — X is called
the first return map associated to X, where

Dom(R) = {p e X:3t >0s.t.¢ (p) e ).

Notice that one should denote them by Xy and Ry. When there is no confusion, we just
denote them by ¥ and R for simplicity.

REMARK. — In the above definition, the local stable manifolds of the singularities also
have the exponentially contracting property with respect to the flow ¢;. Thus,

U U U maaxeEnn

1<i<k +e{+,—-} xe(-1,1)

can be regarded as a stable foliation of the first return map.

Since S is transverse to the vector field, Dom(R) is open and z, is upper semi-continuous
with x.

DEFINITION 6.3. — In the notations above, (X, R) is a cross-section system of (C(oy),Y)
if the following conditions are satisfied:
1. 0¥ N C(oy) = @, where 0% is the boundary of X.
2. For each p € X, there is ¢ > 0 such that W3 (¢(—e,e)(p)) N T C hp({xp} x (=1,1)),
where hy(xp, yp) = p.
3. Foreach1 <i <k, and x € W} (0i,y) N C(oy) \ {0i,y}. there exists t € R such that
o (x) € Kl?t and if t > 0, then ¢po,.(x) C Wi (0iy) andif t < 0,¢p,01(x) C W, (0i,y).
4. The ss-adapted property: there is ag € (0,1) such that for any p = h,((xp,yp)) €
Dom(R), ¢ = R(p) = hy((xq,yq)), we have that h,((xp,t)) is in the domain of R for
any t € [—1,1] and R(hy({xp} x [—1,1])) C hy({x4} X (—o. 2t0)).
5. For any x € C(oy) \ Uj<j<k Wi (0i,y), the positive orbit of x will intersect X. In
particular, o
Cloy) N\ | J Wic(oiy) C Dom(R).

1<i<k

REMARK. — In the above definition, Item 1 will help us to define all positive iterations of
the return map R. The geometric Lorenz attractor has cross sections with this property. But
for general singular hyperbolic attractors, we don’t know this is true or not. Item 4 implies
some adapted property: the iteration of each stable leaf under the first return map is totally
contained in the cross section. Usually we don’t have the adapted property in the cu direction.

Recall that X is a C! generic three-dimensional vector field, C(c) is a non-trivial chain
recurrent class of X, C (o) admits a partially hyperbolic splitting Tc(s)M > = E** @ F with
dim F = 2, and C(0) contains no periodic orbits. Thus, we have the properties (A.1)-(A.5)
mentioned before.

PRrROPOSITION 6.4. — For X, C(o) admits a cross-section system (X, R).
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Proof. The preparation: curves in the stable manifolds. — Assume that
C(o) NSing(X) = {o01,02,...,0%}.
For each singularity o;, one can choose a local chart ¢; : R? — W3 (0i) such that

o ¢j (R x{0}) = Wiee (o),

loc
e ¢ ({0} x R) is an invariant central manifold.

Take two curves y;,1, ¥i2 : R — W¥(0;) as the images of y = x and y = —x under ¢7 such
that y; ;(0) = o; for j =1,2.

CLAIM. — There is p; > 0 such that C(o) N3 ([—pi, pi]*) C ¢ ({(x.y) 1 |x| < [y]}). Asa
corollary, yi1([=pi, pi]) N C(0) = {oi} and yi »([—pi, pi]) N C(0) = {oi}.

Proof of the claim. — If the claim is not true, there are x,, € ¢7 ({(x, y) : |x| = |y[}))NC(0)
such that lim,—,» X, = 0; and x,, # o0;. The negative iterations of x, arestillin C(o). Choose
a small neighborhood B; of ;. Let

ty = supf{t: ¢_s(xn) € B;, VO <s <t}.

We have that #, — oo as x, — 0;. Let a be an accumulation point of ¢_;, (x,). Then
¢i(a) € {(x,y) : |x| = |y|} fort > 0. Hence a € C(o) N W**(0;) N dB;. This contradicts the
fact that W*(0;) N C(0) = {0;} (Property (A.2)). One can also see [23, Lemma 4.4]. O

The first step of the construction. — Let p = min{p; : 1 < i < k}. For each o;, there are
two connected components ®l?t of W3 (0i) \ W23 (0;). In the following, we will use ®ZT" to
construct Si+, while S;” can be constructed similarly.

There are two points x; 1 € y;,1 N @;r and x; 5 € yio N @;” such that

® x;1,Xi2 & C(0),
o X1 € Wii(xip).

Thus there is a cross-section §;+ = hi+((—l, 1)?), where h;” D [=1,12 — §;+ is a
homeomorphism, such that

e 1 ((0,—1)) = xi1, A} ((0,1)) = x; and h;F ({0} x (—1,1)) is a connected part of a
strong stable manifold of ¢;,

o i (-1, 1) x{~1,1}) N C(0) = 9,

. §;+ is foliated by strong stable foliation in the following sense: for each x € §l.+, one
defines ¢7” (x) to be the connected component of Urs-r.m @« (W (x)N 3‘? (for some
T > 0), §i+ can be foliated by ¢°. Moreover, h; ({z} x (=1, 1)) is a leaf of the strong
stable foliation,

e For any arbitrarily small number @ > 0, one can require that the horizontal width
of SiJr (the cu-diameter) is less than «. This implies the cu-boundary of §;+ is disjoint
from C(o),

° Uxe(—l,l) h;r({x} x (=1,1)) is a family of C! curves, and as a C! family, it varies
continuously with respect to x.

One can construct E;— in ®; similarly.
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6.1.0.1. Refine the construction:— We take a neighborhood U = Bs(C(co)) with § small
enough such that Bs(o;) and Bj(o;) are disjoint for i # j and U is disjoint from
hE((—Bo, Bo) x {—1,1}) for any i and any + € {+,—}.

Denote by Sii(,B) = hfc((—ﬂ, B) x (—1,1)) for B € (0, Bo], and denote by

S(B) = U sEe.
1<i<k, +e{+,-}

As before, we consider the first return map R with respect to X(8).

CrLAM. — Thereisag € (0, 1) such that if B is small enough, for any p € Dom(R) N X (B),
q = R(p), we have R(hy,({xp} x [—1,1])) C hy(x4 X (—ao, o)), where hy,((xp, yp)) = p and
hq((xq,¥4)) = q-

"

FI1GURE 3. Cross-section and return map: A does not intersect the shaded area
and the image of any strong stable leaf under the return map does not intersect the
shaded area.

Proof of the claim. — By the construction of k, for each point p € X(1), F*(p) is
uniformly close to the strong stable manifold of p by the time-one map ¢;. If 8 is small, the
orbit of p € X(p) will intersect a small neighborhood of a singularity and then return to the
cross section X (1). This implies the return time is long. Thus the stable foliation of p in the
cross section will be contracted a lot. O

Since X is a C! generic vector field, C(o) can be accumulated by periodic orbits. By
assumptions, C (o) contains no hyperbolic periodic orbit. We will use this fact (C (o) contains
no periodic orbits) to prove that the left and the right boundary of ¥ have empty intersection
with C (o).

Cram. — Given B € (0, Bo], for everyi = 1,2,...,k and + € {+,—},
J =1z € (=B.B) - hf (iz} x (~1,1)) N C(0) = 0}
is open and dense in (—B, B).
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Proof of the claim. — We only have to prove that: Given a,b € (—f,8),a < b, there
exists z € (a,b) such that hfc({z} x (—1,1)) N C(o) = @. Otherwise, since C(o) can be
accumulated by periodic orbits by Lemma 3.19, there is a periodic point p € Sl.ﬂE close
to hfc({(a + b)/2} x (=1, 1)). Thus Wi (p) N C(o) # 9. This contradicts the fact that
C(o) NPer(X) = 0. O

For 8 > 0 small enough,

G= () ©OpNIEnE-IH)
1<i<k,te{+,-}
is open and dense in (0, B).

So, take B/ € G and let ¥ = X(B’). For this cross section X(8’), we define the
return map R. Notice the return time is longer. After scaling, we may assume coordinate
mappings hlrJC are defined on (=1, 1)2. Then (T, R) satisfies item 1)-4) in the definition of
cross-section system.

6.1.0.2. The domain of R:— For any x € C(0), if w(x) contains no singularity, then w(x) is
a (non-singular) hyperbolic set by Theorem 4.6. By using the shadowing lemma, w(x) is
shadowed by periodic orbits in the same homoclinic class. Thus, C (o) contains periodic
orbits. This will contradict our assumption that C (o) contains no periodic orbits. Now for
every x € C(0), if x is not in the local stable manifold of some singularity, then the positive
iterations of x will be close to stable manifold of some singularity in C(c). Some of its
iterations will close to the intersection ¥ and local stable manifolds of singularities. This
finishes the proof of the existence of the cross-section system. O

By summarizing the construction as in the above proof, we first find some “large” cross-
section X (1), then we just take some smaller part X (8’) which is modified by the strong stable
foliation. Since the local strong stable manifolds are continuous with respect to the vector
fields, for any ¥ C' close to X, the intersection of the strong stable manifolds W5 (z,Y)
of z € Z(B) and X(1) is close to X (B’). The cross-section system has some continuous

property.

PROPOSITION 6.5. — By reducing Uy if necessary, C(oy) admits a cross-section system
(Zy. Ry) for Y € %Uyx. Moreover, one can require that Xy is close to Xx : it is just obtained by
modifying the boundary of Xx slightly.

Proof. — As explained above, we take

Ty = (| e e Mz Y))) n 2D,
ZEXY
where (Xx, Ry) is constructed as in Proposition 6.4. Moreover, one can define the first return
map Ry by using this cross section.

By the continuity of the local strong stable manifolds w.r.t. the vector fields, we have that
Yy iscloseto X = Xy when Y isclose to X. Since C(oy) is continuous w.r.t. Y, we have that
C(oy) N 0Xy = @. By the definition of Xy, Item 2 of the cross section system is satisfied.
Item 3 is true because C(oy) N W3 (oy) is continuous w.r.t. Y. Item 4 is true if the return
time is long, which can be guaranteed if the cross section is thin. We have Item 5 because
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— the return time is uniformly continuous when the point is not close to the local stable
manifolds of the singularities,

— when the point is close to the local stable manifolds of the singularities, the return will
follow the unstable manifolds of the singularities, which are stably contained in the new
cross-section. ]

By using the Lyapunov stability for the chain recurrent class, we have the following lemma:

LEMMA 6.6. — For any weak Kupka-SmaleY € Uy, there is a neighborhood U of Eii such
that for any cu-curve y C U, we have

— either, thereis N € N such that R (y) is a connected cu-curve foranyn < N, and R}JY )
intersects chfor somei €{1,...,k}and + € {+,—};
— or, R} (y) is a connected cu-curve that is contained in Ty for any n € N.

Proof. — Since Y € Uy is weak Kupka-Smale, we have that C(oy) is Lyapunov stable.
Since the boundary of Xy is disjoint from C(oy), there is a neighborhood U of C(o) such
that the closure of U is disjoint from the boundary of Xy. By reducing U if necessary, for
any point x € U, either it is contained in the local stable manifold of some singularity, or its
forward iteration will intersect Xy .

By the Lyapunov stability, there is a neighborhood V of C(oy) such that ¢,(V) C U.
By choosing a small neighborhood Uy of Kl?t, we know that the iteration of U; will be close
to 0;,y. Hence the iteration of U will be contained in V.

Now for a cu-curve y C Uy, we know that all its positive iteration will be contained in U .
Thus for any N € N, if Ry (y) doesn’t intersect some El.i, then it is a cu-curve and in the
domain of Ry. Thus one can define R}IY *1(y) by Lyapunov stability. The conclusion follows
from an inductive argument. O

We can give more details about the structure of the return map R for points close to Kii.
For each singularity o;, we can fix two points z; and z, in the left and right separatrix of the
local unstable manifold of o; y. At these two points, we put two cross sections E:.‘, ; and X
at z; and z,, respectively. Then, we have

e for points close to Kii but not in Kl?t, the flow induces a map R; from ¥ to XY, U X¥ |
e if the diameters of £, and X, are small enough, then the flow induces a map R» from
XY, U XY, to X. The times used to define R is uniformly bounded,

e finally, R = R, o R; for points in a small neighborhood of E;r U

From the proof of Proposition 6.4 and Proposition 6.5, in fact we have the following
additional information:

LEMMA 6.7. — For any Y € Uy, for any sequence of points {x,} in C(oy) such that
xn & W (oy) for anyn € Nand x, — z € Wi (0y) \ {oy}, denoting t, = supi{t < 0|¢Y (xn) € =},
any limit point ofqbt); (xy) is contained in Elf Ul
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I

FIGURE 4. The composition of the return map

Proof. — We first show that ¢, is well-defined for n large enough. Take a small enough
closed neighborhood U of oy so that if ¢>tY (x) € Ufort > 0, then x € W} (oy). Let
sp =inf{t <0 | qb[’;o](xn) C U}. Since x, — z € WY (oy), we have that s, — —co. Let y be
a limit point of¢s’; (xn). Then ¢Y (y) € U foranyt > 0. Hence y € Wi (oy) NoU NC(oy).
According to the construction of ¥ in Proposition 6.4, we have that for some v < 0 such that
#Y (y) € £ U €; . Hence 1, is well-defined for n large enough.

By taking a subsequence, we may assume that lim,— ¢ZI (xn) = y.

Since x, — z € Wz (oY), t, — —oo. Hence y € W (o) N X N C(oy). According to the
construction of X in Proposition 6.4, we have that y € Ki+ Ut . O

We have the following uniform continuity for the return map R:

LEmMMA 6.8. — Forany e > 0, there is § > 0 such that for any cu-curve y C X, if the length
of y is less than §, and y does not intersect the local stable manifold of singularities, then the
length of R(y) is less than e.

Proof. — We first prove that forany i € {1,2,...,k}, forany ¢ > 0 there exists § > 0 such
that for any cu-curve y C Sl.+’r, if the length of y is less than &, then the length of Ry (y) is less
than . Suppose on the contrary, for some ¢ > 0, there is a sequence of cu-curves y, C S;“r
such that the length of y, tend to zero, but the length of Ry (y») C Z}, equals ¢. By taking
a subsequence, we may assume that R;(y,) tends to y’. Then both two ends of y, tend to
some point on /;" and at least one end of y’ is not z,, where z; is the point chosen in the right
separatrix of the local unstable manifold. This contradiction finishes the proof.

Since R is a sectional map of bounded times, the conclusion holds for R. O

Near the stable manifolds of singularities, we have the expansion for the return map:

4¢ SERIE - TOME 51 — 2018 —N° 1



MORSE-SMALE SYSTEMS AND HORSESHOES 97

LEMMA 6.9. — For any K > 0, there is § > 0 such that for any cu-curve y C X in the
8-neighborhood ofUEii, then ||DR|T y|| > K forany x € y.

Proof. — We prove this lemma for cu-curves close to £;£. For the singularity o;, we choose
two points z; and z, in the local unstable manifold of o; such that they are in the different
separatices. There is a time 7' > 0 such that ¢(9 77(z;) and ¢jo,7(z,) intersect . Thus there
is a constant C such that for any cu-curves in ¥¥, we have the derivative of DR, along to
this curve is larger than C'. Since o; is Lorenz-like, there exists a partially hyperbolic splitting
To,M = E* @ E such that E°* is area-expanding (o; is Lorenz-like). Assume that
R1(X) = ¢y(x)(x). Then 7(x) — oo as x — {F. So, if the cu-curve y is arbitrarily close
to El.i, we have that | DR, |Txy| can be arbitrarily large. Since R = R, o Ry and R; is defined

by using bounded times, we get the conclusion. O

6.2. Vector fields close to X

In this subsection, we will consider the properties of some vector fields close to X and to
realize the Step 2 of the strategy.

DEFINITION 6.10. — A nonempty compact invariant set A is called an oJN-set, if F is not
area-expanding on A, and F is area-expanding on every proper compact invariant set of A.

As in the case of minimally non-hyperbolic set, by Zorn’s lemma, for any compact
invariant set A, if F is not area-expanding on A, then A contains an ¢/V-set.

LEMMA 6.11. — C(oy) contains a transitive oJN-set Ay forany Y € Uy.

Proof. — By Properties (A.1)-(A.4), C(oy, Y) is not singular hyperbolic. Hence by Zorn’s
lemma, there exists an ¢/-set Ay C C(oy).

We will prove that Ay is transitive. Notice that C(oy, Y) admits a partially hyperbolic
splitting Tc(oy ,y)yM>® = ES @ F, where dim E* = 1. If Ay is not transitive, for every
x € Ay, a(x) is a proper subset of Ay. As a consequence, F is area-expanding on «(x) for
every x € Ay. This implies lim sup,_, o, log |Det®Y | < 0. Since every x € Ay has

t|F(x)
this property, by a compact argument (e.g., see Lemma 2.27), one can prove that F is area-
expanding on Ay. This contradicts the assumption that Ay is an o/V-set. O

COROLLARY 6.12. — Under the assumption of Lemma 6.11, for every oN-set Ay, there is
an ergodic measure |Ly of ¢>tY such that the support of wy is Ay, and for any t > 0, one has

/log|Detd>t|F(x)|d,uY <0.

Proof. — By Lemma 2.27, there is a point x € Ay such that log |Det®, |F(x)| < 0 for any

t > 0. By using a standard method, we can have an invariant measure v such that for any
t > 0, one has

/10g|Det<I>t|F(x)|dv <0.

By using the ergodic decomposition theorem, there is an ergodic component py of v such
that

/log|Det<I>,|F(x)|duy <0.
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supp(uy) = Ay: otherwise, supp(iy) is a proper compact invariant set of Ay; hence F is
area-expanding on supp(uy ), which implies that the inequality above is false. O

We know some structures about minimally non-hyperbolic non-singular set for C? vector
fields when the set admits a dominated splitting w.r.t. the linear Poincaré flow, which is the
main theorem in [4].

THEOREM 6.13. — Let Z € 562(M3). For a compact invariant transitive set A of Z, if

e ANSing(Z) =0,
e the linear Poincaré flow 1,//tZ admits a dominated splitting on o/ p,
e every periodic point in A is hyperbolic, but A is not hyperbolic.

Then A is a normally hyperbolic 2-dimensional torus with respect to ®Z, and ¢tZ| A S
equivalent to an irrational flow.

COROLLARY 6.14. — Under the assumption of Lemma 6.11, every oN-set Ay contains a
singularity for every C? weak Kupka-Smale vector field Y € 9Ux. Moreover, Ay is not reduced
to a singularity.

Proof. — Notice that C(oy) cannot contain a normally hyperbolic torus without a singu-
larity. If not, one assumes that C(oy) contains a normally hyperbolic torus without a singu-
larity. Y is a three-dimensional vector field, the torus is normally contracting or normally
expanding. Without loss of generality, we assume that the torus is normally contracting. As
a corollary, oy is not chain attainable from any point in the torus. But C(oy) is chain recur-
rent, every two points in C (o) are chain bi-attainable. This is a contradiction.

Consequently, Ay is not a normally hyperbolic torus without a singularity. If Ay contains
no singularity, then by Theorem 6.13, Ay is hyperbolic since Y is weak Kupka-Smale. This
contradicts the definition of Ay. Hence Ay contains a singularity. Since every singularity is
Lorenz-like, so F is area-expanding on every singularity. Thus we have that Ay is not reduced
to a singularity. O

REMARK. — This is another place that we need to use the assumption of “weak Kupka-
Smale” besides the usage of the connecting lemma for pseudo orbits.

We choose another neighborhood %y of X such that the closure of Wy is contained in the
interior of Uy . For each Y € %y, one defines n(Y) to be the number of homoclinic orbits
of singularities contained in C(oy). Since there are only k singularities in C(o), n(Y) < 2k.
Let

n=max{n(Y): Y € Vx, Y is C? and is weak Kupka-Smale}.
Let oM, C Vx be the set of C? weak Kupka-Smale vector fields Y with n(Y) = n.

LEMMA 6.15. — For Y € M, and the transitive ¢)V-set Ay C C(oy) as in Lemma 6.11,
then any singularity o;y € Ay has a homoclinic orbit Fii.
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Proof. — Suppose on the contrary, Ay contains a singularity o; y, but C(oy) does not
contain a homoclinic orbit of 0,y . Since Ay is transitive and A is not reduced to a singularity
by Corollary 6.14, Ay N W3(o;,y) \ {oi,y} # @ and Ay N W¥(oiy) \ {0i,y} # 0. Take
x* e Ay N W¥(oi,y) \ {oi,y} and x* € Ay N W¥(0;,y) \ {0i,y }. By the assumptions, x* and
x* are not in a homoclinic orbit.

6.2.0.1. Construction of perturbation boxes.— For Y € oM,, one can choose ¢ > 0, such that
B(Y,¢) C Vx. By Lemma 3.4, one can choose L* = L(x*) > 0 and L* = L*(x") (related
to ¢) and neighborhoods I/I~/xs C Wys of x5, qu C Wyu of x* as in Lemma 3.4 such that by
taking L = max{L*, L%},

WL xs N WL xu = 0.

AY \ (WL,xs ) WL,x“) 7é a.

WL xs U W _xu is disjoint from any other homoclinic orbits of singularities in C(oy).
Wi xs U Wp_xu is disjoint from o; y .

6.2.0.2. Choosing the orbits.— Since Ay is transitive, thereisz € Ay \ (WL xs U WL xu) such
thata(z) = w(z) = A. Choose t1,t, > 0 such that ¢, (2) € Wis and qbt (z) € Wyu. Choose
ts > 0 and t, > 0 such that ¢z (x*) & Wp xs U W xu and qbftu (x*) & Wp xs UWp xu.

6.2.0.3. Connecting the orbit from ¢, (z) to ¢} (x*).~ Since the negative orbit of ¢} (x*)
and the positive orbit of ¢¥ _(z) both enter Wys, by using Lemma 3.4, there is Y; which is
e-close to Y such that

e thereis 77 > 0 such that ¢ (¢ts (x%)) = _,2 (2),
o Yi(x) =Y(x)foranyx € M3 \ Wp xs.

—t>

As a corollary, we have

e any homoclinic orbit of Y is still a homoclinic orbit of Y7,
e 0,y is still a singularity of Y;, ¢}: (x®) is still in the stable manifold of o;y and
¢f,u (x*) is still in the unstable manifold of 0; y with respect to Y;.

6.2.0.4. Connecting the orbit from ¢Ztu (x*) to ¢t{ (x*).— Since ¢ (¢t3 (x%)) = (]5_,2 (z) is
contained in Wy, by using Lemma 3.4 again, there is ¥ which is &- close to Y; such that

e there is 7, > 0 such that q,') (<,1>tY (x%)) = ¢>Y,u (x"),
e Y5(x) = Yi(x) forany x € M3 \ Wp xu.

As a corollary, we have

e Y(x) = Ya(x) forany x € M3\ (WL xs U Wp su),.
e ¢ (x*) is in a homoclinic orbit of o; y .

The meaning of Y € ¢/, is that ¥ has n homoclinic orbits of singularities in C(oy).
By Property (A.5), any singularity C(oy) has its continuation in C(oy,). Thus, if I'y is a
homoclinic orbit of py € C(oy), by the choice of Wz, xs U W xu (which is disjoint from
I'y U py), we have that py, = py is still contained in C(oy,) and I'y is still a homoclinic
orbit of py, = py. Since I'y U py, is a chain transitive set, it is contained in C(oy) =
C(py,). This implies that any homoclinic orbit of Y is still a homoclinic orbit of ¥,. Now
by perturbation we have one more homoclinic orbit of oy,. Since Y, € Uy and we have that
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Y, has n 4+ 1 homoclinic orbits of singularities in C(oy ), which contradicts the maximality
of n. O]

By Lemma 6.15, one knows that 0; y € Ay contains a homoclinic orbit. However, we
don’t know whether this homoclinic orbit is contained in Ay in advance.
However, with some additional assumption, we have

LEMMA 6.16. — ForY € oM, ifoi,y € Ay has only one homoclinic orbit, then

— this homoclinic orbit is contained in Ay ;
— if moreover, the other separatrix of W (o;y) is contained in Ay, then Ay intersects
¢ U L7 at only one point.

Proof. — Ifthefirstitem is not true, we know that Ay will intersect other orbit in the stable
manifold and the unstable manifold of o;,y . Similar to the proof of Lemma 6.15, by using the
connecting lemma, we get one more homoclinic orbit. This contradicts the maximality of the
number of homoclinic orbits.

The other item can be proven similarly. Notice that since the homoclinic orbit is contained
in Ay, the intersection point of this homoclinic orbit and 6;“ U £; is contained in Ay.
Now we assume that the other separatrix I' of W*(o;y) is contained in Ay. We argue by
contradiction. If Ay intersects £;” U £; at least two points, i.e., there is a point z € £; U £;
such that z is not contained in the homoclinic orbit. One chooses a point w € I'\ {o; v }. Since
A is transitive, there is a sequence of points {w,} C Ay and {z,} such that lim, e wy, = w
and limy, o0 ¢,’; (wy,) = z. Then one can choose perturbation tubes around w and z such that
they are disjoint from all homoclinic orbits of singularities as in Lemma 6.15. By applying
the connecting lemma, after a perturbation, one have that the other separatrix is also a
homoclinic orbit; meanwhile, all homoclinic orbits of Y are preserved. Thus, one gets one
more homoclinic orbit. This contradicts the maximality of n. O

6.3. Infinitesimal cu adapted returns via homoclinic orbits of singularities

We will define the notion of infinitesimal cu adapted returns (infinitesimal adapted for
short). We will prove (Proposition 6.20) that every C? weak Kupka-Smale vector field
in ?x has no infinitesimal adapted returns for the cross section in Proposition 6.5. On the
other hand, for any Y € oM, we will prove (Proposition 6.25) that there is Z arbitrarily
close to Y such that Z has an infinitesimal adapted return. A contradiction is got.

The idea of defining the infinitesimal adapted property is to find some local stable mani-
fold of the singularity in the cross section (some Zii) such that any small cu-curve which starts
from £; can be iterated infinitely many times by the return map Ry .

Recall the cross section system (Xy, Ry) for Y € Ux C Uy as in Proposition 6.5. For a
cu-curve y : [0,1] — S, we define its representation 7 : [0, 1] — [—1, 1] by

7=0) "oy

Recall that one can define an orientation 7 in a neighborhood of a Lorenz-like singularity,
i.e., one can define the orientation for any curve tangent to the unstable cone field C* for
the ambient manifold M 3. From the construction of the cross section, by choosing the cross
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section carefully and the center-unstable cone field (with smaller width) of the cross section,
one can assume that the center-unstable cone field in the cross section is contained in C¥.

n -1

FIGURE 5. The local orientations in a neighborhood of a Lorenz-like singularity

DEFINITION 6.17 (Orientation). — For a cu-curve y : [0,1] — SijE (and its representa-
tion'y), if the first coordinate of V(1) is strictly larger than the first coordinate of (o) for any
1 >t > tyg > 0, then we say that the orientation of y is 1, otherwise, the orientation of y is —1.
By defining the equivalent class, each point x € X has two orientations: n and —n. We use 1y
and —ny to emphasize the orientation at x.

If x,y € X can be connected by a cu-curve y such that y(0) = x and y(1) = y, then we use
[x, y] to denote the orientation of y.

Furthermore, for a stable manifold W3 (z) (of the return map), denote by [x, W5(z)] the
orientation of cu-curves which start at x and end at W*(z).

Notice that this orientation coincides with the orientation in a neighborhood of the
Lorenz-like singularity and we have defined the direction of a separatrix of the unstable
manifold of the Lorenz-like singularity.

For a point x € Xy and a direction £, € {1y, —nx}, we say a sequence of points {x,} C Xy
accumulates x in the direction ¢y if [x, W5 (x,)] = ¢, for n large enough.

By local dynamics of Lorenz-like singularities, we have the following lemma:
LEMMA 6.18. — ForY € Uy, there is a sequence of points {x, } which accumulates a point
in Z;L (or L7 ) in the direction { € {n,—n} if and only if there is a sequence of times {t,} such

that {¢y, (xn)} accumulates the separatrix of the unstable manifold of o,y in the direction ¢.
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Proof. — For a small neighborhood U of a; v, we take t, = sup{t : ¢po,)(x») C U}. By
the hyperbolicity of o; y, after taking a subsequence if necessary, we have limy, o @1, (X) is
a point contained in the local unstable manifold of o; y. The accumulation point will be
contained in the separatrix in the direction ¢: the local orbit cannot cross W3 _(oiy). The
other part comes from Lemma 6.7. O

Recall the definition of the orientations at each point in a neighborhood of a Lorenz-like
singularity. Every point x € X has two orientations {7, —1, } which are given by the oriented
cu-curves starting at x. Now we can define the iteration on the orientations. For any point
x € ©\U; « £, the map DR induces a map on the orientations naturally. However, one can
also define the iteration for any points in X. For any point x € X, take a small cu-curve y
started at x, whose orientation is {, the orientation of R(y) is defined to be ®(n,). Notice
that for a point x ¢ Zii, we have ©(—C,) = —0O(Cy); but we do not have this property for
points in £,

o———
I \
.'II \‘\I ;l," II\-..
.l.l"l \ J.,-' Y
V) ?
i by
e(ny) =Tz G(Th) =Nz
e(fh) = TNz e(ny) = Nz

FI1GURE 6. The possibilities of the iterations of the orientations

© may have periodic orbits. {({x,, {x,, - - - {xy )} isa periodic orbit of @ if O(Ly;) = {x;
for 1 < j < N, where by convention {x_, = {x,.

For a periodic orbit {({x,, {xys - - -+ Lxy )} 0F ©,if x1 € £F andifx; ¢ Ut <m<k,+ei+,—} 1%
forany 1 < j < N, then the vector field Y has a homoclinic orbit containing x;. But ® may
not have a periodic orbit when the vector field has a homoclinic orbit.

Recall that we are considering the chain recurrent class C(o) of the vector field X . oy is
the continuation of ¢ for ¥ in some neighborhood of X.
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DEFINITION 6.19 (The infinitesimal adapted return). — For Y € %Ux, we say that the
cross-section system (Zy, Ry) has an infinitesimal adapted return (or infinitesimal cu
adapted return) if ® has a periodic orbit {({x,, lx,. - .., Cxy )} Such that

1. x1 is contained in the stable manifold Zii forsomei € {1,...,k}and = € {+,-},

2. for j # 1, if x; is in the cross section S;; \Eljj: and if [x;, Z;L] is §x,, then there is a sink

contained in the region bounded by W*(x;) and Ef;

FIGURE 7. An infinitesimal adapted return

PROPOSITION 6.20. — Any weak Kupka-Smale Y € ©“Vx has no infinitesimal adapted
return.

Proof. — We will prove this by contradiction. Assume that there is a weak Kupka-Smale
Y € %y having an infinitesimal adapted return as in Definition 6.19 (the periodic orbit
of ®is {{x,.lx,,. ... {xy}). Without loss of generality, we take x; € Ei+ and {y, = 7x,-
In the following, we want to represent the dynamics in the standard rectangle.

For the standard rectangle [—1, 1]2, the two canonical projections p. and p; are given by

pe((x.y)) =x, ps((x.y)) = y.

Now we consider the map R(x,y) = pe o (h)™' o RN o i (x,y) if hf (x, y) is in the
domain of RY. Note that (h;")™! o RV o " is the representation of RY in the standard
rectangle. Since hiJr (x,-)isa stable leaf of R, R(x, y) is constant with respect to y. This allows
us to define the map R°“ by R (x) = pco(h) 1o RN oh;f (x,0)if i} (x,0) is in the domain
of RV,

By Lemma 6.8, R°* is uniformly continuous in a small neighborhood of 0. Thus, R°* can
be extended to be a continuous function at 0, which is still denoted by R°*. We have 0 is a
fixed point of R,
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Moreover, by Lemma 6.9, there is 8y > 0 such that for any g € (0, By], thereis N(8) € N
such that (R°*)N®)(0, B) > (0. By].

From this fact, we have that the fixed point 0 of R* is “topologically expanding”: there
is By such that for any x € (0, By), we have (R*)~!(x) is defined, (R*)~!(x) < x and
(R")™(x) —> 0 asn — oo.

Consider the set / which is the connected component of {x : R(x) > x} that
contains By. By the definition of 7, we have for any z € I, (R**)™(z) — Oasn — oo.
Notice that 0 is contained in the closure of /.

By Lemma 6.6, for any cu-curve y satisfying pc(h;")~1(y) = (0, 8,), By < By, we have
that either there is N(y) € N such that Rijy(y)(y) intersects some Eii, or RY (y) is defined for
any n. Denote by y; C y such that pc((h;r)_l(ys)) = (0, s) for any s € (0, B,). we have:

— FEither, thereis y € (0, 8, ) such that one point of{R(hiJr(y, 0)),...,RN™! ((hiJr (y,0))}is
contained in the stable manifold of singularity. By Item 2 of Definition 6.19, there is
1 < L < N such that there is a sink in the region bounded by ZiiL and W¥(xp) and
the orientation [xL,Ki] is {x, . Thus there is z € (0, y) such that RL(hl.Jr((z, -)) is
in the stable manifold of the sink. By the choice of By, for any s > 0, there is
N(s) such that (R°)¥®)((0,5)) D (0, By]. Thus, there is No(s) < N(s) such that
(RE)YNG)((0,5)) D (0,y) D {z}. This implies that RNoGN+L () cuts the stable
manifold of the sink, for all s. Thus x; can be accumulated by the basin of the sink.
This contradicts the Property (A.3).

- Or, (R)"(By) < (R*)"*1(B,) for any n € N. This implies the limit point y
of {(R*)*(By)} is a fixed point of the map R°*. Moreover, y is not topologically
expanded. By the ss adapted property, we have RY (hi+({ v} x [—1,1])) is contained
in the interior of hl.+({ v} x[—1,1]). Since Y is weak Kupka-Smale, we have hi+ (y,0)is
a stable manifold of a sink. This also implies that x; can be accumulated by the basin
of the sink. It contradicts the Property (A.3) again. O

To get a contradiction, we will manage to prove that for any Y € o, there is a
perturbation of Y such that the perturbation is weak Kupka-Smale, and has an infinitesimal
adapted return.

DEFINITION 6.21. — A point p € M is called a typical point of a probability ergodic
measure | of a vector field Y, if the following conditions are satisfied:

1. p is strongly closable;

2. o(p) = supp(u);
3. for every continuous function f : M — R,

. 1
Iim —
T—+oco T

T
| 1@t onan= [ reoduc.

According to Ergodic Closing Lemma and Birkhoff Ergodic Theorem, the set of typical
points of u has u-full measure.

Recall Ay and py asin Lemma 6.11 and Corollary 6.12. We have the following definition:
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DEFINITION 6.22. — We say a point x € Ay is accumulated by (Ay, juy) if there is a
sequence of wy -typical points {x,} such that lim, . X, = Xx.

Forapoint x € Xy andadirection &y € {nx, —nx}, we say that it is accumulated by (Ay, 1y)
in the direction x € {nx, —Nx} if there is a sequence of wy-typical points {x,} C Xy such that
limy,— 00 X, = x and [x, W5 (x,)] = Cx.

PROPOSITION 6.23. — For any C? weak Kupka-SmaleY € Vx,ando;y € Ay NSing(Y),
denoting by uy the ergodic measure as in Corollary 6.12, assume that
1. There is a periodic point {{x,,lx,. ..., lx,} of © such that x, is contained in Kii, where
{x; € {'lx,-, _UXj}fOV l<j<n
2. (Ay. py) accumulates xy in the direction .
Then there is a weak Kupka-Smale vector field Z arbitrarily close to Y such that
(X2, Rz) has an infinitesimal adapted return.

Proof. — Assume that x; is contained in the cross section Sif,y. We need to find a weak
Kupka-Smale vector field Z arbitrarily C!-close to Y such that
— {Cx;+Cxas -+ -+ xy ) I8 @ periodic orbit of ©7 such that x; is contained in ¢, where
{xj €4nx; =y pfor 1 < j < n.
— thereisasink y, y N SiY = {p;} such that [x;, W¥(p;)] is {x; .

Given T > 0, define f7(x) = log |Det<1>¥|F(x
continuous function on C (o). Since F can be extended continuously in a small neighborhood
of C(0), fr can be also extended continuously. Denote by F and ]‘; the extension of F' and
fr respectively. Note that we don’t require that F is invariant. By the property of uy, one
has fde/LY <0

Since py is ergodic and supp(iy) = Ay, one has that the set of homoclinic orbits of
singularities has zero measure w.r.t. uy. By the assumption, there is a typical point x of uy
that is close to x; and in the direction {,. Thus, the forward orbit of x will be very close
to x; in the direction {y; . Since x is typical, we have that x is a strongly closable point. Now
by Corollary 3.7, for any ¢ > 0, there is Z e-close to Y such that

) | forany x € C(oy). One knows that frisa

e Z(w) is the same as Y(w) when w in an arbitrary small neighborhood of prescribed
piece of orbit of x. Thus, ¥ and Z coincide on a neighborhood of the closure of the
orbits of the points x1, x2,. .., X,.

e Z has a periodic orbit y such that

[ Fras,~ [ Franr

e y contains a point y; such that the orientation from x; to y; is {x;.

<é&.

As a corollary of the first item, we have that {{x,,{x,,...,{x,} is a periodic orbit of ©z
such that x; is still contained in Kl.i. Moreover, the orbit y intersects an arbitrarily small
neighborhood of x; in the direction {x; forany 1 < j < n.In other words, forany 1 < j <n,
for any neighborhood U; C X of x;, by choosing the pertubation Z close to Y, there is
¢j € y U U; such that the orientation [x;, W¥(c;)] is ;.

Since y is close to Ay, one knows that y admits a partially hyperbolic splitting 7\, M3 =
EsSZ @ FZ. By the property of dominated splittings, for any x € y, one has that, for the
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distance between two bundles, Zz’v(f’\(x), FZ(x)) = o(1), where o(1) — 0 ase — 0. Thus, one
has that | [ log |Det®%|Em‘Z|d8y — [ frduy| = o(1). As a consequence,

/log|Det¢%|Ecu,Z|d8y <o(l).

Thus, by using the Franks Lemma (Lemma 2.6), by an extra small perturbation in an
arbitrarily small neighborhood of y, one gets that y is a periodic sink. By the construction
of y, y contains a point p; that is very close to y;. Finally, by Theorem 3.10, one can assume
that Z is weak Kupka-Smale. Thus Z has an infinitesimal adapted return. O

PROPOSITION 6.24. — Forany Y € oM, if o,y € Ay has two homoclinic orbits, then for
any neighborhood U of Y, there is Z € U such that (Xz, Rz) has an infinitesimal adapted
return.

Proof. — Recall that by Lemma 6.11, Ay is transitive; by Corollary 6.14, Ay is not
reduced to a single singularity. Thus, at least one of the separatrice of 0; y is contained in Ay
for 0y € Ay.

Without loss of generality, we assume that the separatrix of the local unstable manifold
in the direction 1 and the stable manifold Z;L form a homoclinic orbit. Moreover, this homo-
clinic orbit can be accumulated by (Ay, py). Assume that x € Zi+ is contained in this homo-
clinic orbit and this homoclinic orbit intersect the cross section X at N times.

If {ny....,ON (n,)} is periodic and (Ay, uy) accumulates x in the direction of 7, then
by Proposition 6.23, we get the conclusion. Thus, one can assume this will not happen.

If (Ay,puy) accumulates x in the direction 7., then ®V () = —n, by the previous
discussion. This implies that (Ay, iy) also accumulates x in the direction —n,. In any case
(Ay, py) accumulates x in the direction —7,. In particular, by Lemma 6.18, the separatrix
of W¥(o;y) in the direction —ny is contained in Ay.

From our assumption, the separatrix of W*(o0;,y) in the direction —7, is a homoclinic
orbit of o; y . Since we know that it is contained in Ay, the argument above also applies to this
orbit. It intersects ¥ in L points and intersects £;” U £; in a (unique) point y. The argument
above also applies and shows that y is accumulated by A in the direction 7,,.

Now we can assume the following possibilities:

1. Both are orientation reversing: ®V (1) = —n, and (Ay, uy) accumulates x in the
directions —1x; ®F(—ny) = n, and (Ay, ty) accumulates y in the direction 7,

2. Both are orientation preserving: ®V (n,) = 7y and (Ay, uy) accumulates x in the
direction —ny; ©L(—n,) = —n, and (Ay, sy) accumulates y in the direction 7, .

3. Orientation preserving at x and orientation reversing at y: OV () = n, and (Ay, uy)
accumulates x in the direction —n; ®(—ny) = 1, and (Ay, j1y) accumulates y in the
direction 7y,.

4. Orientation reversing at x and orientation preserving at y: ®¥(n,) = -7, and
(Ay. ny) accumulates x in the direction —n,; ©F (—=ny) = —ny and (Ay, uy) accu-
mulates y in the direction 7,,.
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In Case 1, notice that

Mxs-e e, ®N(7’x) = —1x. O(—=1Nx), ..., ®L(_77x) = ®N+L(nx) = Ty,
O(=1y). ... O (=ny) = 1y..... 0N (ny) = ©*NTD (31}
is periodic by ©.
From the previous discussion, —1, is periodic for ®. Since x is accumulated by (Ay, uy)
in the direction —ny, one concludes by applying Proposition 6.23.

The other cases are proven similarly. For the completeness of the proof, we give the
periodic orbit of ® and accumulation direction.

— Case 2: the periodic orbit of © is:
=My e ees ®L(_77x) =My>---» ®L(’ly) = ®N+L(_77x)}

is periodic by ®; x can be accumulated by (Ay, py) in the direction —ny.
— Case 3: the periodic orbit of © is:

{=Nxee o O (=) = =y O (=ny) = ny.....ON () = =1
x can be accumulated by (Ay, py) in the direction —7,.
— Case 4: the periodic orbit of © is:

{ny,'--,@N(ny) = 77X7~~v®N(7lx) = —nx,~.-,®L(—77x) = Ny;

y can be accumulated by (Ay, py) in the direction 7,,. O

PROPOSITION 6.25. — Forany Y € oM, and any neighborhood U of Y, there is a weak
Kupka-Smale Z € U such that (X7, Rz) has an infinitesimal adapted return.

Proof. — We will prove this by absurd, i.e., we assume that there is a neighborhood
Uy C Uy of Y such that (X2, Rz) has no infinitesimal adapted return for any Z € Uy.
Now we consider the set Ay. By Lemma 6.15, every singularity o; y has one homoclinic
orbit. By Proposition 6.24, 03,y has only one homoclinic orbit. By Lemma 6.16, this homo-
clinic orbit is contained in Ay.

Without loss of generality, we assume that the separatrix of W¥*(o;,y) in the direction 7 is
a homoclinic orbit I'; of oy 7, I N 6;” = {x} and I'; intersects Xy in N-points.

There are two cases: the periodic case ® (17,) = 1, or the non-periodic case OV (17,) = —7,.

Now we show the non-periodic case is impossible. Assume by contradiction that we
have ®% (1) = —n,. In this case, we always have that (Ay, sty ) accumulates x in the direc-
tions —1),, and a priori may or may not accumulates x in the direction 7, . Thus the separatrix
of W¥(o0;,y) in the direction —n is contained in Ay by Lemma 6.18. By Lemma 6.16, Ay
intersects £; U £; at only one point and the homoclinic orbit is contained in Ay. Choose a
point z in the local unstable manifold W*(o;,y) in the direction 7. The point z is contained
in the homoclinic orbit. Thus, there is a sequence of uy typical points {z,} such that
limy, 00 zn = z. Choose a minimal t,, such that ¢_., (z,) is contained in Xy . The limit point
of {x, = ¢_,(z,)} isin A and is contained in E;L U £ . Since they only intersect at x, the
limit point is x. So there is a sequence of uy typical points {x,} which accumulates x in
the direction 7, by Lemma 6.18. There is 7 > 0 such that {¢_7(x,)} accumulates the local
unstable manifold of 0; y in the direction 7. Thus, there is a sequence of times {s, } such that
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FIGURE 8. The position of the points

® ¢_r_s,(x,) accumulates £;" U ¢; in the direction 7.
e ¢_s_7(xy) is contained in the local neighborhood of o; y for any s € [0, s,].

By the choice of s,, we have RN (¢_s, —7(x,)) = x,. By Lemma 6.16, {¢p_, —7(x,)}
accumulates x. By Lemma 6.18, it accumulates x in the direction 7 (See Figure 8). But this
implies that ©®V (1) = n,. We also get a contradiction.

Thus we are in the periodic case OV (1x) = 1.

By Proposition 6.23, (Ay, ny) can only accumulate x in the direction —7,.. By Lemma 6.11
and its proof, there is a point x* € Ay such that a(x*) = Ay. Thus, Ay is not reduced
to the closure of a homoclinic orbit. Thus, x is accumulated by points outside of £;. This
means that there is a sequence of typical points {x,} of ny such that lim,. x, = x and
the orientation [x,, K;r | coincides with 1. By Lemma 6.18, the separatrix of W*(o;,y) in the
direction —n is also contained in Ay.

By the choice of {x,}, there is a sequence of times {z,} that tends to oo such that the limit
im0 ¢4, (xn) € Wb .(0i,y). Since x, is puy-typical, we have w(x,) = Ay. As a corol-
lary, there is another sequence of times {s,} that tends to oo such that lim,_, o ¢z, +s, (Xn)
exists and is contained in the local stable manifold of o; y. Without loss of generality, by
Lemma 6.7, the accumulation point is contained in K;r U {;. By Lemma 6.16, Ay intersects
(;r U £; at only one point. Since there is no other choice, this point is x. This implies there
is T > 0 such that {¢s, ++,—7 (x)} accumulates the local separatrix unstable manifold in the
direction 7. As a corollary, there is a time sequence {t,} such that {¢s, ++,—7—z, (x»)} accu-
mulates ¢;” U{; in the direction 1, by Lemma 6.18. Thus, the sequence accumulate £;" in the
direction 7ny. This is also a contradiction to the assumption that (Ay, py) can only accumu-
late x in the direction —7y. O
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Proposition 6.25 and Proposition 6.20 give a contradiction together. The proof is
complete.
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