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Abstract. We give a C!-perturbation technique for ejecting an a priori given finite set of
periodic points preserving a given finite set of homo/heteroclinic intersections from a chain
recurrence class of a periodic point. The technique is first stated under a simpler setting
called a Markov iterated function system, a two-dimensional iterated function system in
which the compositions are chosen in a Markovian way. Then we apply the result to the
setting of three-dimensional partially hyperbolic diffeomorphisms.
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1. Introduction

1.1. Background. 'When we describe the global structure of dynamical systems, periodic
points play important roles. For instance, if we have a hyperbolic periodic point whose
eigenvalues all have absolute values smaller than one, then we immediately know that
there is a non-empty open region of the phase space which is attracted to the orbit of the
periodic point.

For C!-generic chaotic dynamical systems, it is known that several objects which
recapitulate the properties of the system are well approximated by periodic orbits. For
instance, for C'-generic diffeomorphisms, we have the following (see [BDV, B] for more
comprehensive accounts on backgrounds and references).

e Pugh’s closing lemma implies that the non-wandering set is equal to the closure of the
set of periodic points.

Check f
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e Mainé’s ergodic closing lemma implies that every ergodic probability measure is the
weak limit of Dirac measures supported on periodic orbits which converges to the
support of the measure in the Hausdorff distance.

e More recently, as a consequence of Hayashi’s connecting lemma, in [BC], it was
proved that the chain recurrent set is the closure of the set of periodic points. More
precisely, according to [C], every chain transitive compact set is the Hausdorff limit of
a sequence of periodic orbits. Furthermore, [BC] shows that every chain recurrence
class of a periodic orbit is indeed its homoclinic class (closure of the set of the
transverse intersections of its invariant manifolds).

However, in [BD¢, BD;], it was proved that there are open sets of Diff! (M) in which
every C!-generic diffeomorphism has uncountably many chain recurrence classes that do
not contain periodic points. This phenomenon is not exceptional in the sense that it occurs
for every C!-generic diffeomorphism having a homoclinic class that robustly fails to carry
any kind of dominated splittings. This result naturally leads to the notion of aperiodic
classes, chain recurrence classes which do not contain any periodic points.

The previously known constructions of C'-locally generic diffeomorphisms with
aperiodic classes follow essentially the same process (see for instance [BCDG]): by
performing successive perturbations of a given diffeomorphism, we first build a nested
family of periodic attracting/repelling regions whose components have diameters tending
to 0 and whose periods tend to infinity. The aperiodic class is the intersection of these
periodic regions and therefore the dynamics on it conjugates to an adding machine. In
particular, in all the known examples, the aperiodic classes of C!-generic diffeomorphisms
are minimal and uniquely ergodic.

The lack of examples of aperiodic classes is a huge hindrance for understanding the
general behavior of C!-generic diffeomorphisms, in particular, in a neighborhood of
an aperiodic class. This paper is part of a research, as the sequel to [BS;, BS;], for
building aperiodic classes with totally different behaviors: non-unique ergodicity or even
non-transitivity.

Let us briefly see what was done in the previous works. In [BS;], we defined the notion
of e-flexible periodic points and discussed their principal property: its stable manifold
in a fixed fundamental domain can be deformed into an arbitrarily prescribed shape by
performing an e-perturbation of the diffeomorphism. We also showed their C'-generic
existence among certain kinds of partially hyperbolic homoclinic classes for arbitrarily
small ¢ > 0. In [BS;], we introduced the notion of partially hyperbolic filtrating Markov
partitions which is an assembly of the information about partial hyperbolicity and the chain
recurrence in a region. In this setting, we showed that if it contains an e-flexible point with
a large stable manifold, then it can be ejected from the chain recurrence class by performing
a C'-g-small perturbation. As a consequence, assuming additional information about the
partial hyperbolicity which guarantees the abundance of flexible points, we proved that the
C!-generic diffeomorphisms in the neighborhood of a diffeomorphism having partially
hyperbolic filtrating Markov partition are wild: they admit infinitely many periodic points
with trivial homoclinic classes (saddles). With regard to this type of construction, see also
the recent progress of Wang [W], in which the creation of weak periodic orbits keeping
the connection with the initial homoclinic class was discussed.
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In this paper, based on these preparations, we discuss the main technical issues of
the project. Let us explain it. Consider a diffeomorphism of a 3-manifold admitting
a partially hyperbolic filtrating Markov partition. We assume that it contains a finite
family of e-flexible points {g;} with large stable manifolds and a finite family of
homoclinic/heteroclinic points {Q ;} among {g;}. We take another periodic point p. Then
we want to find an e-perturbation which ejects a transitive hyperbolic basic set containing
the periodic points {g;} and the chosen homo/heteroclinic orbits {Q ;} in such a way that
the chain recurrence class of the ejected hyperbolic set does not contain p. The aim of this
paper is to describe such a perturbation technique.

We want to find such a perturbation because it leads us to construct new kinds of
aperiodic classes. The ejected hyperbolic set admits a filtrating Markov partition and
admits flexible periodic points. Hence, we can inductively proceed with this construction.
We eject nested sequence of hyperbolic sets, by increasingly smaller perturbations. The
aperiodic classes will be obtained as the limit of the successively ejected hyperbolic sets.
Its dynamics depends on the choice of the ejected hyperbolic sets. By controlling the choice
of intermediate dynamics, we expect that we can produce aperiodic classes having a great
variety of different dynamical behaviors. The confirmation of such properties will be the
topic of the next paper [BS3].

1.2. Main results. Let us give the precise statement of our results. Our main result
is about the bifurcation of chain recurrence classes appearing near a system having
specific conditions. We freely use the basic notions of topological dynamical systems
such as attracting/repelling sets (we also use the phrases attracting/repelling regions), chain
recurrence classes, and filtrating sets based on the convention [BS;] (see [BS,, §2.1]).

We first review the notion of partially hyperbolic filtrating Markov partitions of saddle
type which was introduced in [BS;]. For simplicity, we use the phrase ‘filtrating Markov
partitions’ in the sense of partially hyperbolic filtrating Markov partitions. For more
information about the definition and its basic properties, see [BS;, §§1.2 and 2].

Throughout this article, M denotes a closed (compact and boundaryless) smooth
manifold of dimension 3. A compact subset C of M is said to be a rectangle if it is
C'-diffeomorphic to a cylinder D? x [0, 1]. & C denotes the subset of C corresponding
to D? x {0, 1}, called a lid boundary and 9;C to (8]])2) x [0, 1], called a side boundary.

Given a cone field on a rectangle, we have the notion of a vertical cone field. A
cone field C on a rectangle C is vertical if there is a C'-diffeomorphism ¢ which
sends C to the standard cylinder D? x [0, 1], and for which d¢(C) contains 9/dz and
is transverse to the plane (d/dx, d/dy), where (x,y,z) denote the local coordinate
functions of ¢. A cone field is said to be unstable if it is strictly invariant (that is, the
image of the closure of the cone field is contained in its interior on each fiber of the
projective bundle) and if every vector in it is uniformly expanding (see [BS;, §2.2] for
details).

Now we are ready to state the definition of filtrating Markov partitions.

Definition 1.1. Let f : M — M be a C!-diffeomorphism and let R C M be a compact set.
We say that it is a (partially hyperbolic) filtrating Markov partition if the following hold.
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e Itis afiltrating set: R = A N R for an attracting set A and a repelling set R.
It is a disjoint union of finitely many rectangles: R = | J C;.

e For each C;, its side boundary is contained in dA and its lid boundary is contained
in dR.
R has a vertical, strictly invariant unstable cone field C.
For every (i, j), we have that f(C;) N C; consists of finitely many vertical rectangles
in C ;. Roughly speaking, a sub rectangle C’ C C is called vertical if it properly crosses
C. For the precise definition, see [BS;, §2.3].

A filtrating Markov partition is a capsuled set of information about a filtrating set which
behaves in a Markovian way keeping the shape of rectangles differential-topologically.
Recall that having a filtrating Markov partition is a C!-robust property and for a filtrating
Markov partition R, we have the notion of refinements: f~"(R) N f"*(R) turns to be a
filtrating Markov partition (see [BS,, Corollary 2.14]). We call it the (m, n)-refinement of
R and denote it by R, ). See also §2 of this paper. We also use the notation Ry, ;)
when we want to indicate the map used to take the refinement.

In [BS;], we defined the notion of an e-flexible periodic point. It is a periodic point for
which we can find a convenient e-small deformation. For the precise definition, see §3.4 of
this paper. In the same article, we showed that the existence of e-flexible points is abundant
among chain recurrence classes satisfying certain conditions. Let us recall the result. In the
following, C (p) denotes the chain recurrence class of a hyperbolic periodic point p of f.

Definition 1.2. Let f be a C!-diffeomorphism of a three-dimensional manifold and p be
a hyperbolic periodic point of stable index two. Consider the following conditions for a
chain recurrence class C(p).

o There is a filtrating Markov partition containing p having a large stable manifold. We
say that a hyperbolic periodic point of stable index two in a filtrating Markov partition
has a large stable manifold if W*(p) cuts the cylinder to which p belongs, see [BS;
Definition 2.16].

e There is a hyperbolic periodic point p; homoclinically related to p such that p; has a
stable non-real eigenvalue.

e It has a robust heterodimensional cycle (see [BSy, Proposition 5.1] for the definition of
robust heterodimensional cycles).

In this paper, we say that C(p) satisfies condition (£) if it satisfies all the conditions above.

In [BS,], we showed that a diffeomorphism having a chain recurrence class satisfying
the condition (¢) is wild (see [BS,, Corollary 1.2]). We proved it by showing that
C!-generically, there is an accumulation of isolated saddles nearby. The aim of this paper
is to show that it has stronger pathological behavior. To state it, we prepare a definition.

Definition 1.3. [B] A property Q about chain recurrence classes containing a hyperbolic
periodic point is called C”-viral if for every C"-diffeomorphism f and every hyperbolic
periodic point p of f whose chain recurrence class C(p; f) satisfies property Q, the
following hold.
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e There is a C"-neighborhood U of f such that C(p; g) also satisfies property Q for
every g € U, where C(p; g) denotes the chain recurrence class of the continuation of
p for g. In other words, Q is C" -robust.

e For every C"-neighborhood V of f and every neighborhood V of C(p; f), there exists
g € V such that the following hold:
— g has a hyperbolic periodic point p’ with C(p’; g) C V and
—  C(p'; g) satisfies property Q and C(p’; g) # C(p; g).

Now let us give a main result of this paper.

THEOREM 1.4. Having a partially hyperbolic filtrating Markov partition containing a
chain recurrence class satisfying condition (£) is a C'-viral property.

By carefully investigating the proof of the result, we can obtain the following.

THEOREM 1.5. Let f € Diff'(M) have a filtrating Markov partition containing a
chain recurrence class C(p) satisfying property (£). Consider an open neighborhood
O C Diffl (M) of f where we can define the continuation of C(p) keeping the property (£).
Then, every C'-generic diffeomorphism in O has an aperiodic class.

1.3. Main result with precise information. Theorem 1.4 implies the creation of new
chain recurrence classes for filtrating Markov partitions with condition (£) up to a C'-small
perturbation. While this result is easy to understand, our construction indeed gives more
information about the structure of the chain recurrence classes ejected. In this subsection,
we formulate it.

We begin with a general definition. Let f be a C!-diffeomorphism of M. For a point
g, by O(q), we denote the orbit of g, namely, O(q) = {f?(¢)}icz. By a circuit of points,
we mean a collection of finitely many hyperbolic periodic orbits {O(g;)} and finitely many
transverse homo/heteroclinic orbits {O(Q;)} connecting among them. Let S be a circuit of
points. Consider a directed graph whose vertices are periodic orbits {O(g;)} of S and whose
edges are the collection of homo/heteroclinic orbits connecting the vertices. If we consider
a C!-diffeomorphism g sufficiently C'-close to f, then we can consider the continuation
of S, which we denote by S,.

We say that a circuit of points is transitive if its corresponding directed graph is
transitive (that is, every two vertices can be connected by a sequence of edges). In this
article, we only consider circuits which are transitive. Thus, throughout this paper, by a
circuit we mean a transitive one. We define a similar notion for filtrating sets. Given a
filtrating set R, suppose that it has finitely many connected components. This is always
the case for filtrating Markov partitions. We say that R is c-transitive if for every pair of
connected components Rj, Ry of R, there is a sequence of components (S;);=1
that S1 = Ry, Sy = Rz and f(S;) N ;41 # P holds foreveryi =1,...,k— 1.

Let f, g be C'-diffeomorphisms of M. Let A f» Ag be f, g-invariant subset of M,
respectively, and § > 0. We say that A y and A are §-similar if there is a homeomorphism
h:Ap— Ay whichis C 0_8-close to the identity (that is, for every x € A f» we have that
d(x, h(x)) < ¢ holds, where d is a distance function) such that % is a conjugacy between f
and g, thatis, ho f = goh holdson A .

.....
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Suppose that we have a hyperbolic set A C C(p). We say that A is e-coarsely expulsible
from C(p) if the following holds: for any 8 > 0, there is a C'-diffeomorphism g = g5
which is C'-g-close to f such that the following hold:

e thereis a g-invariant set A, such that A y and Ay are §-similar;
e there is a filtrating set R” containing A, such that R” does not contain p.

We say that A is e-expulsible from C(p) if R’ can be chosen arbitrarily close to A, that
is, for any neighborhood U’ of A, we can choose g in such a way that R’ is contained in U’.

We introduce one more definition about filtrating Markov partitions. It is called the
robustness. Roughly speaking, a filtrating Markov partition is said to be a-robust if it
persists for every C!-diffeomorphism g which is a-close to f and coincides with f outside
the filtrating Markov partition. We give the precise definition in the next section, see
Definition 2.23.

Then, our refined statement is the following.

THEOREM 1.6. Let f be a C'-diffeomorphism of a closed three manifold having a chain
recurrence class C(p) contained in a filtrating Markov partition R which is «-robust. Let
S C R be a circuit of points which does not contain O(p). Assume that every periodic
orbit of S is e-flexible (where ¢ satisfies 2¢ < «) and has a large stable manifold. Then,
S is 2e-expulsible with a filtrating set R’ which is also a filtrating Markov partition.
Furthermore, R’ can be chosen in such a way that it is c-transitive, (o — 2¢)-robust, and
every periodic orbit of S is e-flexible with a large stable manifold in R'.

We give one more statement of an expulsion result containing more information about
the new filtrating Markov partition and the process of the perturbation. In the following,
given a filtrating Markov partition, we often consider not the whole set of rectangles but
a sub family of rectangles. We call them a sub Markov partition of R. Note that a sub
Markov partition may fail to be a filtrating set. We are mainly interested in the sub Markov
partition R(S), where R(S) denotes the set of rectangles having non-empty intersection
with the circuit of points S.

In §2, we define the notion of affine Markov partitions. It roughly means that the
dynamics restricted to there is given by affine maps and the shape of the cylinders respects
the affine structures. It enables us to investigate the bifurcation of the dynamical systems
there in terms of two-dimensional dynamics. For the precise definition, see Definition 2.22.

In the following, by the support of a diffeomorphism g with respect to f, denoted by
supp(g, f), we denote the closure of the set {x € M | f(x) # g(x)}. The next result is the
first step of the proof.

THEOREM 1.7. Let f be a C'-diffeomorphism having a filtrating Markov partition R

containing a circuit of points S such that every periodic orbit of S has a large stable

manifold. Then for any neighborhood W of S and any C'-neighborhood U of f. there is

a diffeomorphism f1 € U such that the following hold.

o The support supp( fi1, f) is contained in W.

e For fi, all the orbits of Sy, have the same orbit with the same derivatives along the
orbits as S.
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e [For every sufficiently large m and n, (to be precise, there are mg, ng such that if
m > mq and n > no, then) Ry, 7,)(S) (see the discussion before Definition 1.2 for
the definition of Rn ;1)) is an affine Markov partition.

Thus, roughly speaking, up to an arbitrarily small perturbation which preserves the local
dynamics along the periodic orbits, we may assume that for a sufficiently fine refinement,
we have the affine property.

The following is one of the main steps of the proof of Theorem 1.6. For a filtrating
Markov partition R, we say that it is generating if for any two rectangles Ci, Ca of R,
f(C1) N C7 has at most one connected component. See §2.3 for more information.

THEOREM 1.8. Assume that f € Diff!(M) has a circuit of points S in a generating

filtrating Markov partition R such that every periodic orbit in S is e-flexible and has a

large stable manifold in R. Assume that R is o-robust for a > 2¢ and R(S) is an affine

Markov partition. Then for every sufficiently large n, there is a diffeomorphism f, which

is 2e-close to f and whose support supp( f,, f) is contained in the interior of R(S) such

that the following hold.

e f, has a transitive filtrating Markov partition R], containing a circuit of points S,
which is §-similar to S for some § > 0 (see the beginning of this subsection for the
definition of being §-similar) and satisfying the following:

—  we have R(S) = R(S),) and we can require that the points of S and S, which are
conjugated under the conjugacy belong to the same rectangle;

— all the periodic orbits of S, have large stable manifolds in R), and they are all
e-flexible;

—  the periodic orbits of S,, have the same orbits as S.

For R}, we have the following.

- Eachrectangle of R}, is a vertical sub rectangle of some rectangle of R n; 1,,)(Sp).
In particular, R}, is contained in R £,) (Sn).

- Each rectangle of R(o ;1) (Sn) contains one and only one rectangle of R),.

—  The cone field of R, is the restriction of the one of R . f,). In particular, R}, is
(a — 2¢&)-robust.

Note that, in general, f, is so C!-far from f that we may fail to have a continuation of S.
This theorem claims the non-trivial existence of the continuation of S.

This result, together with the abundance result of the flexible points with large stable
manifolds, implies Theorem 1.4. We will discuss the derivation of Theorem 1.4 in §4.

Let us briefly see the idea of the proof. The proof is divided into two steps. In the
first part, we describe such perturbation results in the context of Markov iterated function
systems (referred as Markov IFSs), which are the abstraction of the information of affine
Markov partitions. Theorem 3.24 (see §3) is the technical core of this paper. It states that
the ejection described above is possible in the level of IFSs: given a circuit consisting of
e-flexible periodic orbits with large stable manifolds related by heteroclinic/homoclinic
orbits, one can eject a hyperbolic set containing this circuit away from a given class by
an e¢-perturbation. In the second part, we transfer the result for iterated function systems
to filtrating Markov partitions by giving a perturbation technique which reduces to the
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original problem for the study of Markov IFSs. We will discuss more about the proof of
Theorem 3.24 later (see §5.1).

1.4. Organization of this paper.  Finally, let us explain the structure of this paper. In §2,
we introduce several notions related to rectangles of filtrating Markov partitions containing
a circuit of points. We discuss the effect of taking refinements for such rectangles. We also
give a linearization result (Theorem 1.7) for the dynamics around them. This enables us to
reduce the proof of Theorems 1.4 and 1.6 into the problem of two-dimensional dynamics.
In §3, we introduce the definition of Markov IFSs and discuss their elementary properties
such as their periodic orbits, refinements, attracting/repelling regions. Based on these
preparations, we give the statement of Theorem 3.24, the main perturbation result stated in
terms of Markov IFSs. In §4, after preparing several preliminary perturbation techniques
which are essentially given in the past papers [BS;, BS;], we prove Theorems 1.6
and 1.8 assuming Theorem 3.24. We also see how we derive Theorems 1.4 and 1.5 from
Theorems 1.6 and 1.8. The rest of the paper is dedicated to the proof of Theorem 3.24.
We first prove Theorem 3.25, which is a simplified version of Theorem 3.24. In §5,
we introduce several notions such as retarded families, wells, and obstructions. They
are extractions of some important information of the Markov IFSs for the proof of
Theorem 3.25. In §6, we complete the proof of Theorem 3.25. Finally, in §7, we explain
how to deduce Theorem 3.24 from the proof of Theorem 3.25.

2. Local linearization of Markov partitions
In this section, we prove several elementary results which reduce the investigation of
Markov partitions into a simpler one up to small perturbations.

2.1. Basic notions and refinements. For a filtrating Markov partition R = | C; and a
point x € R, we denote the (unique) rectangle containing x by Cy.

Consider a periodic point contained in R. Note that the assumption that R is a filtrating
set implies that the orbit is contained in the interior of R. In general, a periodic orbit may
contain two points which belong to the same rectangle. For us, it would be convenient if
each point belongs to different rectangles. To formulate this, we prepare a definition. In the
following, for a hyperbolic periodic point ¢ in R, by W (q) (respectively W} (q)), we
denote the connected component of W*(g) N C, (respectively W*(g) N C,) containing q.

Definition 2.1. Let R = | J C; be a filtrating Markov partition. Suppose that R contains a

,,,,,

for g if {C i (4 }i=0,....r—1 are mutually different.

In the following, we use the alphabet K to notify that it is a rectangle in a cycle of
periodic rectangles. Let us define a similar notion for homo/heteroclinic points.

Definition 2.2. Let R be a filtrating Markov partition satisfying the following:
e R contains a periodic point g; and there is a cycle of periodic rectangles

,,,,,
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e there is a point Q € W{(‘)c(fd(ql)) N W*(g2), where d is some integer, such
that {f1(Q)}i=1..7—1 is disjoint from any rectangles {Ki(g,;)} and fr) e
Wit (f4q2)) N W (fT*+4(g1)) holds for some integer a and T > 0.

We say that the family of rectangles {C fi(Q)}izl,m,T,l is a path of transition rectangles if

they are all distinct. The integer T is called its transition time.

We call K fa(,, the departure rectangle and K ya(g,) the arrival rectangle. Note that we
do not exclude the case where ¢ and g» have the same orbit.

In the following, we consider the set of periodic rectangles connected by paths of
transition rectangles. Let us formulate it.

Definition 2.3. Let S be a circuit of points consisting of a set of periodic points {g;} and
homo/heteroclinic points { Q;} contained in a filtrating Markov partition R. We say that the
sub Markov partition R(S) (see §1.3 for the definition) is a circuit of rectangles for S if the
set of rectangles {K fi(qj)}ofi <n;—1 are mutually disjoint cycles of periodic rectangles and
the rectangles {L fi(p,)}1<i<7,—1 are paths of transition rectangles.

Remark 2.4. When we consider a circuit of rectangles, it may be that two paths have
common rectangles. We only require that for each path, the rectangles are distinct, and we
do not require such conditions among two different paths.

Recall that for a filtrating Markov partition R, we can define a new one by taking
refinements. Let R = AN R, where A is an attracting set and R a repelling set. Then,
the set (i—_,, / K(R) turns to be a filtrating Markov partition with an attracting set
f"(A) and a repelling set f~"(R) (see [BS;, Corollary 2.14]). In this paper, we call
it an (m, n)-refinement of R and denote it by Ry, or R when we do not need to
indicate (m, n). We write R, ,.r) when we want to indicate with which map we took
the refinement.

If R has a cycle of periodic rectangles or a path of transition rectangles, then one
can naturally associate new ones for R’. Suppose we have a cycle of periodic rectangles
refinement, there are rectangles containing f’(g) (i =0, ..., — 1) and one can check
that they form a cycle of periodic rectangles for g as well. We call it the corresponding
cycle of periodic rectangles in the refinement. We denote the corresponding rectangles by
{K’; .}.Similarly, consider a filtrating Markov partition with cycles of periodic rectangles

fi@
{K}i(qj)}j:o ,,,,, 7i—1 (j = 1, 2) and a path of transition rectangles {Lf,-(Q)},-Zl ,,,,, 7—1 with
respect to a homo/heteroclinic point Q having the departure rectangle K }d @ and the

arrival rectangle Kj%a @) For the (m, n)-refinement, by considering homo/heteroclinic
points f~"(Q), we have transition rectangles with transition time T + m + n, with the
departure rectangle (K l)/fd_m @) and the arrival rectangle (K?2) fatn(gy)” We call such
rectangles corresponding transition rectangles. Note that a similar construction holds for

a circuit of rectangles.
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2.2. Choosing rectangles. In this subsection, we prove that for a circuit of points in
a filtrating Markov partition, by taking some refinements, we can obtain a circuit of
rectangles if every periodic point has a large stable manifold (see Definition 1.2 for the
definition of the largeness of the stable manifold).

PROPOSITION 2.5. Let R = | C; be a filtrating Markov partition and S be a circuit of
points such that every periodic point has a large stable manifold. Then for every sufficiently
large m and n, Ry, ) (S) is a circuit of rectangles.

Proof. We first prove that in every sufficiently fine refinement, the periodic points in the
periodic orbit are in distinct rectangles.

Notice that taking backward refinements makes the height of the rectangles uniformly
(exponentially) small. Also, the largeness of the stable manifold of periodic points ensures
that taking forward refinement makes the width of the rectangles to which the periodic
points belong uniformly small. Thus, by taking sufficiently large (both in forward and
backward) refinements, we can assume that the rectangles which contain a point of an
orbit of a periodic point are uniformly small. In particular, none of them can coincide.

Now let us see how to construct the paths of transition rectangles. First, by the argument
of the first step, we can assume that for each rectangle of a cycle of periodic rectangles,
they contain homo/heteroclinic points only in the local stable/unstable manifolds by
taking sufficiently fine refinements. Then, notice that while taking refinements increases
the number of rectangles, such newly created rectangles are contained in the initial
periodic rectangles and they contain at most one homo/heteroclinic point of a given
homo/heteroclinic orbit. Thus, we only need to prove that by taking refinements, we can
separate the points of homo/heteroclinic points outside the periodic rectangles. Since the
diameters of periodic rectangles tend to zero by taking refinements and the transition
rectangles in the refinements are images of periodic rectangles, we can assume that
the diameters of rectangles containing the point of homo/heteroclinic points outside the
periodic rectangles also tend to zero as we take finer refinements. Thus, they are separated
into different rectangles for every sufficiently fine refinements.

This completes the proof. O

Remark 2.6. This proof shows that if every periodic point of S has a large stable
manifold, then given a neighborhood W of §, for every sufficiently large (m, n), we have
R(m’n)(S) cWw.

2.3. Refinements and itinerary. Let S be a circuit of points contained in a filtrating
Markov partition R such that R(S) is a circuit of rectangles. As in Remark 2.4, it may be
that two paths of transition rectangles of R(S) share some rectangles. In this subsection,
we show that two different homo/heteroclinic points cannot have totally the same itinerary
under a mild condition.

First, let us recall the definition of the generating property which we defined in §1.

Definition 2.7. Let R be a filtrating Markov partition. We say that R is generating if for
any two rectangles C1, C; of R, f(C1) N C; has at most one connected component.
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LEMMA 2.8. For a filtrating Markov partition, its refinement is generating.

Proof. We prove it for (0, 1)-refinement. The general case is similar. Let C{, C} be
rectangles in RN f(R) and assume f(C}) N C} # @. We will show f_l(f(Ci) NCh) =
C; N f~1(Ch) is connected. Let us take a rectangle Cy of R which contains C|. Then, C|
is a vertical subrectangle of C| and f -1 (Cé) is a horizontal subrectangle of C; (see [BS,,
§2.3] for the details). Thus, they intersect and there is a unique connected component. [

LEMMA 2.9. Let S be a circuit of points contained in a generating filtrating Markov
partition R. Let x, y be its homo/heteroclinic orbits from q to q», where q1, q2 are periodic
points in S. If the transition time of x and y are the same and f'(x) and f'(y) belong to the
same rectangle for every 0 <i < T, where T is the common transition time, then x = y.
In other words, two different homo/heteroclinic orbits must have different itineraries.

Proof. Let o be the local unstable manifold of f9(g;). It contains x and y. Let C; be the
rectangle which contains f?(x) and f?(y) fori =0, ..., T.By using the invariance of the
cone field and the generating property of R, we see that the part of o whose image under f
is in Cy is a connected curve. Inductively, the part of  whose image under f' is in C; for
every 0 < i < k is a connected curve for every 0 < k < T. Let us denote the curve by oy,
and consider or. By definition, we know x, y € or and f T(o7) has unique intersection
with the local stable manifold of f%(g7) due to the invariance of the cone field. Thus, we
know fT(x) = fT(y) and consequently x = y. O

2.4. Linearization of periodic rectangles. In this and the next subsections, we discuss
perturbation techniques which transform the dynamics near a circuit of rectangles into a
simpler one.

Let us prepare some definitions. We say that a compact set in R? is a product rectangle
if it contains the origin in the interior and has the form D x I, where D C R2isa compact
set C!-diffeomorphic to the round disc D? and [ is a closed interval.

Definition 2.10. Let R = | C; be a filtrating Markov partition of a diffeomorphism f and
{K fi(4)} be a cycle of periodic rectangles of a periodic point g of period 7. We say that

.....

e For each 0 <i <m — 1, there exists a coordinate neighborhood (U;, ¢;) contain-
ing K i(,) such that ¢; (K si(,)) is a product rectangle D; x I; C R? x R. We set
Uz, ¢z) = (Uo, ¢0).

e For each 0<i<m—1, let in(q) be the connected component of Kfi(q) N
f! (K fi+1(4y) containing fi(g). Thenthe map ¢; 11 o f o ¢i_l restricted to ¢; (J fi ;)
is an affine map preserving the product structure R? x R in such a way that R?, R
corresponds to £, E* directions, respectively.

Remark 2.11. For a linearized cycle, if we take a refinement, then the corresponding cycle
is also linearized.

The following result says that, up to an arbitrarily C'-small perturbation and a
refinement, one can make a cycle of periodic rectangles having large stable manifolds
being linearized.
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PROPOSITION 2.12. Let R = | C; be a filtrating Markov partition of a diffeomorphism
fand {K i)} be a cycle of periodic rectangles of a periodic point q. Suppose that q has
a large stable manifold. Then, for every C'-neighborhood U of f and every neighborhood
W of O(q), there exists a diffeomorphism g € U such that the following hold:
e ¢ is a periodic point of g with the same orbit as for f, and the derivatives of f and g
along O(q) are the same;
the support supp(g, f) is contained in W;
e for g, R is a filtrating Markov partition such that for every sufficiently large (m, n),
the corresponding cycle of periodic rectangles in Ry n.g) is linearized.

For the proof, we need Franks’ lemma, which enables us to linearize the dynamics
locally. See for instance [BD3] for more information.

LEMMA 2.13. (Local linearization by Franks’ lemma) Let f € Diffl (M), dim M = m,
x€Mand ¢ : U — R", ¥ : V- R" be two coordinate neighborhoods of x, f(x),
respectively, such that ¢(x), ¥ (f(x)) are the origin of R™. Then for any ¢ > 0 and
any neighborhood U’ of x, there exists a neighborhood U of x contained in U’ and
f € Diffl(M) such that f is e-C'-close to f, f coincides with fon M \ U’, and the map
Vo f o ¢~ coincides with a linear map given by d( o f o ¢~ 1) on ¢ (U).

Proof of Proposition 2.12. The proof is similar to [BD3, Proposition 3.6].

First, we apply Franks’ lemma along the orbit of g. More precisely, we take a
diffeomorphism f; that satisfies the following.

e For each j € Z, flj (q9) = f7(q). In particular, ¢ is a periodic point for f; with the
same orbit.

e supp(fi, f) CW. ‘

e For each j, there exists a coordinate neighborhood V; of f; 1] (q9) = f7(q) such that the
dynamics of f| on V; is given by the linear map df (f/(g)).

We fix such f; € U. This is the only part where we perform the perturbation along O(q).

Note that this does not change the derivatives along O(q).

By choosing f; sufficiently close to f, we may assume that R is still a filtrating Markov
partition and ¢ has a large stable manifold for f; as well. Now let us take the refinements.
As we take finer refinements, due to the fact that g has a large stable manifold, the rectangle
to which fli (g) belongs shrinks to { fli (g)}. Thus, we may assume that each corresponding
periodic rectangle is contained in the linearized coordinates. Notice that in this coordinate
system, fli (g) is mapped to the origin. We assume that the xy-plane coincides with the
E“* direction and the z-axis coincides with the E* direction.

We show that by taking the refinement and slightly perturbing fj, we have that the
periodic rectangles are product rectangles in the linearized coordinates. First, let us see
how to make the lid boundary flat. For each i, the intersection between W ( ff (¢)) and
91 (K fiq) consists of two points. We denote them by y; 4 and y;—. Now we perform a
C!-perturbation whose support is contained in a small neighborhood of fi(y; +) so that
for f> (the perturbed diffeomorphism), the preimage of the image of the lid boundary
near y;+ is parallel to the xy-plane. Note that the size of the perturbation can be chosen
arbitrarily small by taking refinement (due to the partial hyperbolicity near the periodic
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point), and by taking sufficiently fine refinement in advance, we can guarantee that the
support of the perturbation is contained in W.

Since the periodic rectangles converges to Wy ( fzi (¢)) by taking the forward refinement
and the property that the lid boundary is flat near y; + is not affected by taking the forward
refinement (note that taking the forward refinement does not change the repelling set but
just replace the attracting set), we have that the periodic rectangles for { fzi (g)} has a flat
lid boundary by taking a sufficiently fine refinement.

Next, let us see how to make the side boundary flat. The argument is essentially the
same. Let us consider the rectangle K £ in the linearized coordinates. Then in the

linearized coordinates, Wy ( fzi (g)) is a flat plane which coincides with the xy-plane
locally. For Kf'zi(q)’ we fix a Cl-circle B; := 8SKf{(q) N Wi .(f5(q)). Now near fz_l(B,-),
we perform a C'-small perturbation so that for f3 (the perturbed map), the image of the
preimage of the side boundary near B; is flat. Now we take backward refinement: notice
that taking backward refinement does not destroy the flatness of the lid boundary. However,
by the uniform contraction property, we know that as the number of the refinement tends to

infinity, we have that the rectangle containing K Fi(g) cOnverges to the local stable manifold
of f3i (g). Thus, at some moment, all the side boundaries of {K Fic q)} turn to be flat. In

particular, the rectangle containing f3i (g) is now flat.
Thus, letting g = f3, we obtain the conclusion. O

Remark 2.14. In the above construction, we take refinements and add perturbations several
times. One may wonder whether the refinement of R with respect to g consists of the
rectangles we constructed. This is true as long as the support of the perturbation is
contained in the interior of the rectangles. More precisely, let us consider the refinement
R ;) and a perturbation g of f. If supp(g, f) C Ry, f), then for m’, n” > 0, we have

[R(m,n;f)](m@n’;g) = [R(m,n;g)](m/,n/;g) = R(m+m/,n+n/;g)-

Thus, assuming this holds at each step, we can conclude the coincidence of two
refinements. To be precise, to obtain it, we need to confirm this property but since it is
easy and appears many times, we omit this kind of argument for simplicity.

2.5. Linearization of transition rectangles. Let us discuss the linearization for paths of
transition rectangles.

Definition 2.15. Let R = C; be a filtrating Markov partition of a diffeomorphism f

and {Kfz(qj)} (j=1,2,i=0,...,m; — 1, where ; is the period of g;) be a cycle of

periodic rectangles of a periodic point ¢;. Let O be a homo/heteroclinic point from g to
g2 and {Lfk(Q)}k:l ,,,,, 7—1 be a path of transition rectangles of Q, where T is the transition
time of Q. We assume that {K fi (q,—)} are linearized with the local coordinates {(U; ;, ¢;;)}.

We say that the path {L s« (o)} is linearized if the following hold.

e Foreach k=1,...,T — 1, there exists a coordinate neighborhood (Vj, ) con-
taining L sk () such that Y (L sx(py) is a product rectangle. In the following, we set
Vo, ¥0) = (Ua 1, @a.1) and (V7, Y1) = (Us2, ¢a2), where d, a are the integers for
the departure and the arrival rectangles of Q, respectively (see Definition 2.2).
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e Foreach k=0,...,T —1, let Jfk(Q) be the connected component of Lfk(Q) N
F UL fk+1()) containing *(Q), where we set Ly to be the departure rectangle
and Lt the arrival rectangle of Q. Then the map Y410 f o !is an affine map
preserving the product structure R x R on . (J fk(@)) In such a way that R2, R
corresponds to E<*, E* directions, respectively.

Remark 2.16. For a path of transition rectangles which is linearized, if we take a
refinement, then the corresponding path is also linearized.

PROPOSITION 2.17. Let R = | J C; be a filtrating Markov partition of a diffeomorphism f
and S be a circuit of points in R. Suppose that every periodic point of S has a large stable
manifold, R(S) is a circuit of rectangles for S, and every cycle of periodic rectangles is
linearized. Then, for any neighborhood W of the orbits of homo/heteroclinic points and
any C'-neighborhood U of f, there exists g € U such that the following hold.
o supp(g, f) C W and it is disjoint from the orbits of the periodic points in S. In
particular, the derivatives Df and Dg are the same along every periodic orbit of S.
f = gonS. In particular, S is a circuit of points for g as well.
For every sufficiently large m and n, Ry, 5.)(S) is a circuit of rectangles for S and
every cycle of periodic rectangles is linearized.
e Every path of transition rectangles of Ry n;¢)(S) is linearized.

To prove this, we first prove the following.

PROPOSITION 2.18. Let R = | J C; be a filtrating Markov partition of a diffeomorphism
fand {K i (llj)} be a linearized cycle of periodic rectangles of the periodic point q; for
Jj=1,2. Let Q be a homo/heteroclinic point from qi to gz with a path of transition
rectangles {Lfk(Q)}k:] ,,,,, T—1-

Suppose that q1 and q> have large stable manifolds. Then, for every C'-neighborhood
U of f and every neighborhood W of O(Q), there exists a diffeomorphism g € U satisfying
the following.

o The support supp(g, f) is disjoint from O(q;) and contained in W.
e [ =gon0(q1)UO(q2) UO(Q).
e For every sufficiently large (m, n), the refinement Ry, n:¢) satisfies the following:
— the corresponding cycle of periodic rectangles for q; in Ry n.¢) is linearized for
j=1,2and
—  the corresponding path of transition rectangles for Q in Ry u.¢) is also linearized.

Proof. The proof is very similar to the proof of Proposition 2.12, but it requires some extra
care.

Step 1. A perturbation along the transition map. First, we give an auxiliary perturbation.
Let us consider the (m, n)-refinement of R. Then Q is substituted by f~"(Q) and its
transition time is T 4 m + n. Then consider a perturbation whose support is contained in
a small neighborhood of £~ (Q) and fM+"~1(Q) such that D(f"™TM+")(Q) preserves
the center stable direction and the strong unstable direction of the linearized coordinates.
Note that, by letting m and n be large, the C'-size of the perturbation tends to zero, thanks
to the hyperbolicity near the periodic orbits. Thus, by giving this perturbation, we may
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assume that the transition map Df T (Q) preserves the center stable direction and the strong
unstable direction of the linearized coordinates from the very beginning. Note that this
property is preserved by taking refinements.

By applying Franks’ lemma along { f¥(Q)}, we obtain a diffeomorphism f; close to f for
which we have linearized coordinates around { f, lk(Q)} for every k. By taking the support
sufficiently small, we may assume that the support is contained in W and the perturbation
does not disturb the linearization property of the periodic rectangles. We also assume
that in the linearized coordinates, flk (Q) is mapped to the origin, the xy-plane coincides
with the center-stable direction, and the z-axis coincides with the unstable direction. Note
that since Df” (Q) preserves the strong unstable and the center-stable direction in the
linearized coordinates (see Step 1), these new coordinates are compatible with those in the
periodic rectangles.

Step 3. Obtaining the product rectangles. Then we take refinements. Due to the largeness
of the stable manifolds of g, the diameter of transition rectangles goes to zero as we take
refinements. Thus, by taking sufficiently fine refinements, we have that the corresponding
transition rectangles outside the periodic rectangles (those before the refinement) are
contained in the domain of linearized coordinates. In particular, we may assume that they
are in W.

One thing which is different from the proof of Proposition 2.12 is that taking refinements
increases the number of transition rectangles. Notice that these new rectangles are
contained in the periodic rectangles (those before the refinement). Thus for these newly
produced rectangles, we can furnish linearized coordinates just by restricting the linearized
coordinates for the cycle of periodic rectangles and thus the increase of rectangles does not
cause any problem for constructing linearized coordinates.

Now let us see how to make the lid and the side boundaries of the rectangles flat. The
argument is almost the same as the proof of Proposition 2.12, so we discuss only for the
lid boundary. First, for each L ey We take the intersection of Wy! ( flk(Q)) and the lid
boundary. There are two such points. Then we slightly perturb f; so that the lid boundary
near the intersection points is flat plane.

Then we take a forward refinement. Notice that taking (0, n)-refinement increases the
number of transition rectangles by n. However, the rectangles which are newly created
are included in the linearized region of the periodic rectangles. Thus, we know that
their lid boundaries are flat. For the rest of the rectangles, since taking the forward
refinement shrinks the cylinders in the center stable direction, we know that up to some
sufficiently large forward refinement, we have that all of the transition rectangles have flat
lid boundaries.

By the same argument, we can make the side boundary of the transition rectangles flat
as well. O

Now let us discuss the proof of Proposition 2.17.

Proof of Proposition 2.17. For a circuit of rectangles R(S), by applying Proposition 2.18
to each path one by one, we linearize all the homo/heteroclinic orbits. For that, we need to
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confirm that we can apply Proposition 2.18 without destroying the linearized coordinates
which are already obtained. Let us explain how to avoid the interference.

First, in the very beginning, we apply the perturbation along each homo/heteroclinic
orbit so that the derivative of each transition map preserves the center-stable and the
unstable direction of the linearized coordinates for periodic rectangles.

Then, let us consider a path of transition rectangles {L f j(Q)}]S j<r—1 for a
homo/heteroclinic point Q. If {Lj o)} does not contain any transition rectangles
which are already linearized, then by applying Proposition 2.18, we can linearize the
homo/heteroclinic orbit { £/ (Q)}.

If not, we consider the refinements. Since we assume that every periodic point of the
circuit has a large stable manifold, as we take refinements, every rectangle shrinks to a
point. Thus, we may assume that the (finitely many) rectangles L/Q, ceey L/fT ) (these
Q and T are the same as the initial ones, we do not take the corresponding points and
transition times) are distinct and none of them contain any other homo/heteroclinic points
of the circuit.

Then, we follow the procedure of Proposition 2.18. By applying Franks’ lemma along
0, ..., fT(Q), we linearize the local dynamics along Q. Note that taking refinements
increases the number of transition rectangles, but by assumption we know that for these
newly created rectangles, we can endow linearized coordinates just by taking restrictions.
Thus, at this moment, the dynamics along the orbit of Q is linearized. Then we need to
make the boundaries of the transition rectangles flat, but this can be done in the same way
as in the proof of Proposition 2.18.

Repeating this argument, we can obtain the desired coordinates for every rectangle of
the circuit. O

2.6. On the shape of other rectangles. In this subsection, we discuss perturbation
techniques which make the shape of rectangles easier to handle. We begin with a definition.

Definition 2.19. Let R = | J C; be a filtrating Markov partition of a diffeomorphism f.
Let N be a rectangle of R which is linearized (that is, it is either a rectangle in a cycle of
periodic rectangles or a path of transition rectangles which is linearized). We say that it is
adapted if every connected component of f(R) N N is a product rectangle in the linearized
coordinates.

Remark 2.20. Let f € Diff (M), Rbe a filtrating Markov partition and {K fi (q)} be acycle
of periodic rectangles. If every rectangle in {K i)} is adapted, then the same holds for the
corresponding rectangles in the refinements: it is obvious for backward refinements. For
forward refinements, it follows since the rectangles and image rectangles in the refinements
are images of rectangles and image rectangles, respectively.

Similarly, suppose there is a linearized path of transition rectangles between two cycles
of periodic linearized rectangles such that all the rectangles involved are adapted. Then,
the same is true for the corresponding path of transition rectangles in the refinements.

PROPOSITION 2.21. Let R = | C; be a filtrating Markov partition of a diffeomorphism f
and S be a circuit of points consisting of periodic points {q j} and homo/heteroclinic points
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{Qk} in R. Suppose that R(S) is a circuit of rectangles for S, every q; has a large stable
manifold, and every cycle of periodic rectangles and every path of transition rectangles
are linearized.

Then, given a neighborhood W of S and a C'-neighborhood U of f, there is g € U such
that the following hold:
o supp(g, f) C W and it is disjoint from {O(q;)} and {O(Qy)};
e for every sufficiently large (m,n), every rectangle in Ry, (S) is adapted (and

linearized).

Proof. Letus see the perturbations which make rectangles in a cycle of periodic rectangles
and a path of transition rectangles adapted. Then applying these perturbations one by one,
we obtain the conclusion.

First, note that due to the largeness of the stable manifolds of periodic points in S, every
sufficiently fine refinement R’ satisfies R’(S) C W. Thus, we may assume that this holds
from the very beginning.

Let us see how to make the cycles of periodic rectangles adapted. Let {K yi(,)} be a
cycle of periodic rectangles for g. We consider f(R) N K ji ). Recall that as we take
backward refinements, the height of the rectangle to which f'(g) belongs decreases and
tends to zero, while Wi (¢) does not change. By assumption, the image rectangles f(R) N
K ti(,) containing a point of § are product rectangles. For the other image rectangles, they
automatically have flat lid boundaries but possibly with non-flat side boundary. Note that
if we take enough forward refinement, each rectangle in f(R") N K’
thanks to the partial hyperbolicity near O(q).

Then by giving a C'-small perturbation, we can construct a diffeomorphism £ close
to f such that each connected component of fj(R)N K’ has flat boundaries near

;.. is almost vertical
(@)

1 (@)
Wi ( f{ (g)). Since these perturbations are only for the boundary of rectangles which
are not periodic rectangles and transition rectangles, we may assume that the support is
contained in W and disjoint from S. Also, we may assume that these perturbations do not
disturb the linearization property on the periodic rectangles and transition rectangles.

Now, by taking backward refinement, we have the product property for f1(R”) N K ;i @
Thus, we can obtain the adaptedness for a cycle of periodic rectangles. By repeatinglthis
perturbation, we may assume that every cycle of periodic rectangles is adapted.

The proof for the transition rectangles can be done similarly. The only thing to which we
need to pay extra attention is that by taking refinements, the number of transition rectangles
increases. Meanwhile, once we have the adaptedness for periodic rectangles, this does not
bring any problem for the following reasons.

e Taking the (0, n)-refinement increases the number of transition rectangles by ». It adds
n rectangles to the tail of the path. However, the first » transition rectangles are images
of periodic rectangles which are adapted. Thus the number of rectangles which are not
adapted are the same.

e Taking (m, 0)-refinement increases the number of transition rectangles by m. It adds
m rectangles in the head. However, the first m transition rectangles are contained in
periodic rectangles which are adapted. Thus, the number of rectangles which are not
adapted are the same.
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In short, some of newly added rectangles are automatically adapted. Hence, to obtain
the adaptedness for transitions, we only need to repeat the argument for finitely many
rectangles. O

Now we are ready to state the definition of affine Markov partitions.

Definition 2.22. Let f € Diff' (M), R be a filtrating Markov partition and S be a circuit

of points contained in R. We say that R(S) is an affine Markov partition if we have the

following:

e R(S) is acircuit of rectangles for S (see Definition 2.3);

e every cycle of periodic rectangles in R(S) is linearized and adapted (see Definitions
2.10 and 2.19);

e every path of transition rectangles in R(S) is linearized and adapted (see Definitions
2.15 and 2.19).

Note that the arguments in this section, more precisely, Propositions 2.5, 2.12, 2.17,

and 2.21, conclude Theorem 1.7. Indeed:

e Proposition 2.5 guarantees that if we take sufficiently fine refinements then R(S) is a
circuit of rectangles;

e by applying Proposition 2.12 to each cycle of periodic rectangles, by an arbitrarily
small perturbation, we can linearize the cycle, up to some refinements;

e by applying Proposition 2.17, by an arbitrarily small perturbation, we can linearize all
the paths, up to some refinements;

e finally, by Proposition 2.21, by an arbitrarily small perturbation, we obtain the
adaptedness for every rectangle, up to some refinements.

Thus we obtain the conclusion.

2.7. Robustness of filtrating Markov partitions. In this subsection, we clarify the

definition of the robustness of a filtrating Markov partition which we gave in §1. Also, we

discuss the relation between the perturbation techniques in this section and the robustness.
Let us begin with the definition.

Definition 2.23. Let R be a filtrating Markov partition of f € Diff' (M). We say that R is
a-robust if there is a cone field C over R which satisfies the definition of filtrating Markov
partition (see Definition 1.1) and for any C!-diffeomorphism g which is C!-a-close to f,
the cone field C is strictly invariant and unstable.

Note that in the definition of a filtrating Markov partition (see Definition 1.1), every
condition except the last one refers some properties about the behavior of f on R. Thus, if
R is a-robust, then for every g which is C'-a-close to f and whose support is contained
in the interior of R, we know that R is a filtrating Markov partition for g with the same
coordinates and the same cone field.

The a-robustness gives a sufficient condition for the persistence of a filtrating Markov
partition, but a priori it may be that R persists under a perturbation whose C!-size is larger
than .
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Remark 2.24. Let us discuss the robustness of refinements of filtrating Markov

partitions.

e Suppose that R is a-robust. Then recall that for the refinement Ry, ;) the cone field
for R also satisfies the assumption of Definition 1.1. Thus, we know that Ry, ,) is also
a-robust with the same cone field (see [BS,, Proposition 2.10]).

e Consider a filtrating Markov partition R which is «-robust and suppose that for a
refinement Ry, ,), the rectangles Ry, »)(S) are affine for some circuit of points S.
Then, each rectangle in R, ,)(S) has a linearized coordinate. In general, we do
not know if the restriction of the cone field for R, ,)(S) satisfies the condition
of Definition 1.1 with respect to the linearized coordinates. However, by the partial
hyperbolicity on the circuit, we know that the cone field must contain z-direction and
does not contain x, y-direction over the points of S. Then, by the continuity of the
cone field, we know that if the linearized coordinates are defined in a sufficiently small
neighborhood of S, then we have the compatibility between the linearized coordinates
and the cone field. Thus, by taking a sufficiently fine refinement, we know that the
restriction of the cone field of R to R, ) (S) gives a vertical, strictly invariant unstable
cone field with respect to the linearizing coordinates.

2.8. Realizing two-dimensional perturbation in dimension 3. In this subsection, we
consider the following perturbation result.

PROPOSITION 2.25. Given a filtrating Markov partition R = | J C;, suppose that there
are rectangles N; (i = 1,2) which are linearized. Let ¢; be the linearization coordinates,
¢i (N;) = D; x I; and assume that N1 N f_l(Nz) # (. Let F : D{ — D> be the corre-
sponding two-dimensional maps on a connected component of Ny N f~1(N»). More pre-
cisely, let D1 x J be one of the connected components of Ny N f~V(N») and assume that
themap ¢ o f o ¢f1 over D1 x J is given by the form (x, y, z) — (F(x, ), A(2)), where
F(x, y) and A(2) are some affine maps.

Suppose that we have a C'-diffeomorphism G : D1 — D> and constants gg, €1 > 0
such that:
e G coincides with F near the boundary of Dy,
o the CO-distance between F and G is less than g9, and
o the Cl-distance between F and G is less than ;.
Then, if o, €0 are sufficiently small, there exists a C'-diffeomorphism g which is
(e1 4+ Keg)-C'-close to f (where K is some constant which depends only on the choice
of rectangles) such that the following hold:
e the support supp(g, f) is contained in the interior of Ni;
e g keeps the product structure for ¢; and the two-dimensional map over D1 x J is given

by G.

Proof. The construction of g can be done by standard arguments involving the partition of
unity and the closeness of G to F in the C!-distance. We just give a sketch of the proof.
Assume that on D; x J,the map ¢ o f o ¢1_1 is given by

(x,y,2) = (F(x, ), A2)
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in some neighborhood of D x J. Then, we choose a C !_function p defined in the interval
J’ which contains J in the interior and satisfies the following:

e 0=<px)=L

e p(@y=lonl;

e p(z) = 0 near the endpoints of J'.

Then, given G, consider the following map:

(x,y,2) = (1 = p@)F(x,y) + p(2)G(x, y), A2).

Considering the fact that F = G near the boundary of Di, this map is equal to ¢; o
F o ¢1_1 near the boundary of Dj x J/, thus extends to outside Dj x J' so that it
coincides with the unperturbed map. If g9 and ¢ are sufficiently small, then one can
check that this defines a diffeomorphism on each slice by the xy-plane. The surjectivity of
the map is the consequence of a standard algebraic topological argument. The injectivity
follows if we choose F sufficiently close to G.

Now we measure the C!-size of this perturbation. By a direct calculation, the difference
of the derivatives of f and g in the local coordinates is given by

<,0(Z)Dx,y(G(x9 y) = F(x,y)) 0)
p'@(G(x,y) = F(x,y) 0/’

where Dy, denotes the Jacobi matrix with respect to x and y. This calculation
shows that the C'-distance is given by two terms |p(z) Dy (G (x,y) — F(x, y))| and
|0’ (z)(G(x, y) — F(x, y))|. The supremum norm of the first one is proportional to the
C'-distance between F and G, and the second one is to |p’(z)| times the CP-distance
between F and G. Thus, the C!-distance of the perturbation itself is given by the form
€1 + Keo, where K is determined by p’, which depends only on the shape of J'. O

3. Markov IFS

To prove Theorem 1.6, we investigate two-dimensional iterated function systems (IFSs)
where the iteration is chosen in a Markovian way. In this section, we give the precise
definition and discuss their elementary properties. In §3.5, we discuss the relation between
Markov IFSs and affine Markov partitions. This enables us to use Markov IFSs for the
investigation of the bifurcation of filtrating Markov partitions.

3.1. Definition. Recall that by a disc, we mean a subset of R? which is C!-diffeomorphic
to a two-dimensional round disc. Let D = [ [/~ D;, the disjoint union of a finite set
of discs D;. We denote the boundary of D; by dD;, put Int(D;) = D; \ dD; and call it
(geometric) interior.

Remark 3.1. We introduce the topology induced from R? for each D;. Accordingly, each
D, itself is an open set and the topological boundary of D; is empty. This seemingly strange
topology will be convenient for instance when we define the notion of relatively repelling
regions, see §3.6.

The following is the formal definition of a Markov IFS, see also Figure 1.
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FIGURE 1. An example of Markov IFS. It consists of two discs D = D; || D, and five diffeomorphisms
F={fi,..., f5} on their images. The non-trivial restriction on Markov IFS is that the images of discs have
empty overlaps.

Definition 3.2. A Markov IFS on D =[]/, D; is a family of finitely many local
diffeomorphisms (where a local diffeomorphism means a diffeomorphism on its image)
F = {fj}1<j<k such that the following hold:

e for every integer j € [1, k], there are integers dom(j) € [1, m] and im(j) € [1, m]
such that Dgom(j) is the domain of the definition of f; (called the domain disc of
fj) and im(f;) := f;(Ddom(j)) (called the image of f;) is contained in Int(Djmj))
(Dim(j) is called the target disc of f});

o the images {im( fi)};c[1,k) are pairwise disjoint.

Remark 3.3. We put F(D) := ]_[lfjfk im(f;). The collection {fjfl}lsjsk defines a
uniquely defined inverse map from F (D) to D. We denote it by F~!.

3.2. Periodic points and homo/heteroclinic orbits. In this subsection, we introduce
several basic definitions related to Markov IFSs.

3.2.1. Periodic points. Let (D =[]i, D;, F = {f;}i<j<t) be a Markov IFS. We con-
sider words whose letters are in J = [1, k]. We say that a non-empty word w = ji - - - ji
is admissible if f;, (Ddom(j,)) C Ddom(j,,,) holds for every m =1,...,n — 1. For an
admissible word w, we put F,, := f;, o---o f;. We say that a point p € D is periodic if
F,(p) = p holds for some admissible w. The period of p is the least length of non-empty
word w for which f,(p) = p holds. As a straightforward consequence of Remark 3.3, we
have the following.

Remark 3.4. 1If p is a periodic point of period n, there is a unique word w(p) of length n
such that p is a fixed point of F,,(,). We call w(p) the itinerary of p. If p is a fixed point of
F,y where ' is another word, then o’ is a concatenation of several copies of @ (p).

The periodic orbit of the periodic point p, denoted by orb(p), is the set of points
pi = fjo---ofj(p)ie€fl,...,n(p)}, where m(p) is the period of p and we put
@(p) = j1-- jup)- We set po=p and f; , = fj. In the following, by abuse of
notation, we write F(p) in the sense of p;.

Remark 3.5. Since F~' is a well-defined map, we have p; = F~*(P)ti(p) for
1 <i <m(p).
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For x € D, we denote the disc of D which contains x by D,. A periodic point p € D
is called a hyperbolic periodic point if it is a hyperbolic fixed point of F,(p) : Dp — D,
and its s-index is the dimension of its stable manifold. Suppose that D F, p)|7p D, has
two eigenvalues 0 < A1 < 1, A1 < A2 (we allow the case A, < 1). Then the local strong
stable manifold of p, denoted by W}" (p), is the strong stable manifold of p of Fy,(p) in
D, tangent to the eigenspace of Ay at p. A periodic orbit orb(p) is called separated if
{Dp,}i=o0,...x(p)—1 are all distinct. We say that p is separated if orb(p) is. For a separated
periodic point p, by F),, we denote the map on [[ D), — [[ D), defined by Fp|p, =
Fjiyr (recall that we put f; ., = fj;). Let p’ be another periodic point whose orbit is
not equal to that of p. We say that p and p’ are mutually separated if there is no disc in D
which contains both points of orb(p) and orb(p’).

We say that a periodic point p € D), has a large stable manifold if the whole disc D),
is contained in the local stable set Wy .(p) for Fy,(p), where we put Wi (p) :={y € D, |
(Fop)" () = p (1 — c0)}.

3.2.2. Homo/heteroclinic points. Let p be a separated periodic point. A point
P e Wi .(pi)\ fji_(Dp,_;) (where we put p_i = pr(p)—1) is called a u-homoclinic
point of p if there is an integer k > 0 such that F~%(P) = p; holds for some /. If p has the
strong stable manifold W (p), then P is a u-strong homoclinic point of p if P € W} (p;)
for some i and it is a u-homoclinic point of p, too. For a u-homoclinic point P, there exists
a word w such that (Fw)_1 (P) = p; holds. One can check that there is a unique shortest
word among such words. We denote it by w (P) and call it the itinerary of P. For u-(strong)
homoclinic points, the backward orbit —i (P) makes sense for i > 0. Also, fori > 0, we
define FI(P) := (Fp)i(P). We put orb(P) := {F!(P)} and call it the homoclinic orbit
of P. Given two periodic points p; and p, having different orbits, we also define the notion
of u-heteroclinic points in a similar way. The notions of the itinerary and the heteroclinic
orbit are defined similarly.

Let P € W (p) be a u-homo/heteroclinic point of a periodic point p. We say that P
is p-free if the following holds: let k be the smallest positive integer such that F~*(P) e

orb(p). Then foreveryi = 1,...,k — 1, we have F~/(P) ¢ UOS-EN(’,)_I Dy,.

3.2.3. Perturbations of IFSs. Given a Markov IFS (D, F = {fi}i=1...x), consider a

family of C'-diffeomorphisms F = {f;};—|_._x such that the following hold:

e near the boundary of the domain disc, f; = f; for every i.

e Each f, isa Cl-diffeomorphism with the same image as f; for 1 <i <«k.

Then, (D, F) is also a Markov IFS with the same set of admissible words. We call it a

perturbation of (D, F). For each i, we define supp( f,-) to be the closure of the set {x €

Dgom(i) | f,-(x) # fi(x)} and call it the support off,-. We put supp(I:") = Ule supp(f,-).
Let G := {g;} be a perturbation of F and p be a periodic point of F. Here, G is called a

perturbation along the orbit of p if and only if they only differ for { £}, }i—

Ji 1s some letter appearing in w(p).

.....

7(p)» Where

.....

3.3. Refinement of a Markov IFS. Let (D =]][; D;, F = {f;}) be a Markov IFS. For
n > 0, consider the disjoint union of the images of the discs
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F'@):= [] FoDu),

|w|=n,
@:admissible

where |w| denotes the length of the word w and D, denotes the domain of F,. Now,
consider the collection of local diffeomorphisms

Al = {fi|Fw(Dw) | lw|=n, w: admissible, F,(D,) C Ddom(i)}~
Then the pair (F"* (D), A, F) defines a Markov IFS. We call it an n-refinement of (D, F).

Remark 3.6

e (A, F)7!is the restriction of F~! to F"(D).

e A point x € F"(D) is a periodic point of A, F if and only if it is periodic for F. In
such a case, the periods of x for F' and A, F are the same.

e A periodic point x € D has a large stable manifold for A, F if and only if it has a large
stable manifold for F. The equivalence follows by noticing that the disc in F" (D)
which contains x is the image of the disc in 9 which contains F'~"(x).

e Suppose we have a u-homoclinic point P of a separated periodic point p with a large
stable manifold. Then for the refinement (A1 F), we take the point f;,(P) (where jp
is the letter of w(p) such that P € dom(f},) holds) and call it the u-homoclinic point
corresponding to P for (A1F). Inductively we define the corresponding homoclinic
point for (A, F). We define the same notion for heteroclinic points.

3.4. Flexible periodic points. In [BS;], we defined the notion of an e-flexible periodic
point. It is a periodic point of a diffeomorphism whose invariant manifold is so flexible that
its configuration in a prescribed fundamental domain can be deformed into an arbitrarily
chosen shape by an e-small perturbation. Let us recall the precise definition (see [BS;] for
further information).

Definition 3.7. Let (A;)i=0,..n—1 be a two-dimensional linear cocycle, that is, let
A; € GL(2, R) for every i. We say that (A;) is an e-flexible cocycle if there exists a
continuous path of linear cocycles A; = (A; ;)re[—1,1] such that the following hold:
o diam(A;) < e, thatis, for every i, we have max_j<s<;<1 |[Ais — Aisll <&
o A;o=A; forevery i;
e for every t € (—1, 1), the product A; := A,_1,--- Ao, has two distinct positive
contracting eigenvalues;
e A_j is a contracting homothety;
let A, be the smallest eigenvalue of A;. Then, max_j<;<1 A; < I
e Aj has an eigenvalue equal to 1.

With regard to Markov IFSs, a periodic point p of a Markov IFS (D, F = {f;}) is called
e-flexible if the linear cocycle of linear maps (Df};);i=1,...x(p) between tangent spaces over
the orbit of p is e-flexible, where we put w(p) = j1 - - - jz(p)-

3.5. Affine circuits and Markov IFSs. Let us clarify the relation between Markov IFSs
and affine Markov partitions.

https://doi.org/10.1017/etds.2023.76 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2023.76

Ejecting a horseshoe from a partially hyperbolic chain recurrence class 2103

Definition 3.8. Suppose that we have a filtrating Markov partition R with a circuit of points

S such that R(S) is an affine Markov partition. Assume that:

e cach (linearized) rectangle has the form D; x I; in the linearized coordinates;

e for each connected component of C; N f~!(C j) containing a point of S, where C;,
C; are rectangles of R(S), the dynamics in the two-dimensional direction is given
by a map F(; jyx : Di — D; (where k is a subscript to distinguish the connected
components);

e for each C;, every image rectangle in C; N f(R) which does not contain any point of
S has the form E;; x I; in the linearized coordinates, where E;; is a two-dimensional
disc (where [ is a subscript to distinguish different connected components) and /; is an
interval.

Then, we can define a Markov IFS as follows.

e The set of discs are {D;} U {E;;} (note that while E;; is a subset of D;, we consider
them as different objects).

e The set of maps are {F; j)«} U {id;;}, where id; ; : E;; — D; is the restriction of the
identity map.

This Markov IFS is called the corresponding Markov IFS of R(S) and we denote it by

MR(S)).

In the proof of Theorem 1.6, the information of f on the adapted rectangles is not
important. The only information we need is the shape of the image of the rectangles. Thus,
for the maps on {E;;}, we put the identity maps.

We can also define the periodic points {g;} and homo/heteroclinic points {Q;} for
M(R(S)). For {g;}, we just take the projections of them in the above Markov IFS. For
homo/heteroclinic points, instead of dealing with {Q}, we consider the projections of
(rli(Q j)}, where T; is the transition time of Q;. Then they give u-homo/heteroclinic
points in the Markov IFS.

o If{g;} are e-flexible or have large stable manifolds, then the same property holds for the
projected periodic points. Here, we say that a periodic point ¢g; in a filtrating Markov
partition is e-flexible if the differential cocycle along E “(q ) is sO.

e If R(S) is a circuit of rectangles, then for the associated Markov IFS, every periodic
orbit is separated, every pair of periodic orbits are mutually separated, and every
homo/heteroclinic orbits are free from every periodic orbit (see §3.2.1 for the
definitions). Furthermore, if R is generating, then each pair of homo/heteroclinic orbits
has different itineraries (see Lemma 2.9).

e The operation of taking forward refinements is functorial with respect to the operation
M. More precisely, if R(S) is affine, then we have

M(R(O,n) (S)) = /\nM(R(S))

3.6. Relatively repelling regions. We are interested in constructing a repelling region
by giving small perturbations to a Markov IFS. Since what we deal with is not a single
diffeomorphism but an IFS, the formulation of the notion of repelling/attracting sets
requires extra care. In the following subsections, we will discuss their definitions.
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Q&_ II// f2 {(RN f2(D))
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FIGURE 2. An example of a relatively repelling region. The Markov IFS consists of one disc D and two
diffeomorphisms F = { f1, f2} on their images. The relatively repelling region R has an attracting property for
ffl restricted to f1(D) N R and for f{l to f2(D) N R.

Definition 3.9. Let (D, F) be a Markov IFS. We say that a compact set R C D is a
relatively repelling region if we have

F Y (RN F(D)) C In;(R),

where Int; (R) denotes the topological interior of R with respect to the topology of D, see
Figure 2.

The definition may look strange, but since F~! is a well-defined map, it is natural to
define the repelling property as an attracting property for F~!.

While we do not use the following lemmas in this paper, to have better understanding
of the notion of relatively repelling regions, let us prove the following.

LEMMA 3.10. If R C D is a relatively repelling region, then R, := F™"(RN F"(D)) C
D is a relatively repelling region for (D, F).

Proof. We prove the case n = 1, that is, F LRy N F(D)) C Int;(Ry). The general case
follows by induction. Notice that

Ryt = F~'(F7"(RN F" (D))
= FY(F7™ (RN F"(D) N (F"TY(D))) = F~'(R, N F(D)).
Consider a point x € F (RN F(D)). By definition, there is a point y € D such that
x = F_z(y). Then consider the point F_l(y), which belongs to R} N F (D). We know
F~1(y) € F(D). By the fact that R is a relatively repelling region and F~!(y) € Ry, we

deduce that F~! (y) € Int;(R). Then, by taking the inverse image, we have x = F _2(y) €
Int;(F~"(R N F(D))) = Int;(R}). O

LEMMA 3.11. If R C F"(D) is a relatively repelling region for the n-refinement
(F"(D), \pF) of (D, F), then RU (D \ F"(D)) is a relatively repelling region for
(D, F), where X denotes the closure of X.

Proof. We prove the case n = 1. Then the general case follows by induction. Consider the
set R := RU (D\ F(9D)) and take a point x € R. If x ¢ F (D), then there is nothing we
need to prove. Suppose x € F (D). Then, we have either x € F2(D) or not. For the first

https://doi.org/10.1017/etds.2023.76 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2023.76

Ejecting a horseshoe from a partially hyperbolic chain recurrence class 2105

case, by the definition of a relatively repelling region, we know that F~!(x) € Int;(R) C
Int,(R). For the latter case, F~'(x) € D\ F(D) C Int;(R). This shows the relatively
repelling property of R. O

3.7. Contracting invariant curves. In this subsection, we formulate the notion of
(normally repelling/attracting) contracting invariant curves and discuss some related
notions.

In this article, by a curve we mean the image of a C'-embedding of an interval to D
satisfying the following two conditions:
e the image intersects with the boundary of the disc transversely at the endpoints;
e except the endpoints, the image has no intersection with the boundary of the disc.
By a family of curves, we mean a union of finitely many C'-curves (some of them may
have non-empty intersections to the others).

Definition 3.12. Let (D =[] D;, F ={f;}) be aMarkovIFSand ' =Jy; C D be a
family of curves. We say that I is a family of invariant curves if the following holds:

I' is invariant under F_l; forevery x € I' N F(D), we have F_l(x) erl.

Furthermore, we say that I" is contracting if the following holds: there is ko > O such that
foreveryx e 'NF ko (D), we have

IDF™ |7, ol > 1,

where D F %o |7y, (x) denotes the differential map restricted to 7'y; and y; is any curve of
" containing x.

We say that I" is univalent if for every D;, the curve D; N T" is empty or consists of a
single regular (unbranched) curve.

We prepare a definition.

Definition 3.13. A family of invariant curves I' in a Markov IFS (D, F) is normally
contracting (respectively repelling) if there is k; > O such that T F —ki Ny; can be chosen
uniformly greater (respectively smaller) than one at every point where F ! is defined.
In this definition, the normal derivative is the linear map induced on the quotient bundle
Ny =TD/Ty;.

Since a family of normally repelling invariant curves is expanding in the normal
direction, one can see the following.

Remark 3.14. If T" is a family of univalent normally repelling contracting curves, then
there exists a neighborhood R C D of I' which is a relatively repelling region.

Definition 3.15. Let 0 < n < 1. A family of invariant curves I" for (D, F) is n-weak if
there exists k1 > 0 such that the normal derivative 7 F %1 Ny; belongs to the open interval
(I n)kl, (1— n)_kl) at every point where F —k1 s defined. We refer to the number n as
the normal strength of T.
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In the following, we want to construct a family of invariant curves with arbitrarily weak
normal strength (close to 0). Roughly speaking, the importance of weak normal strength is
that, by adding n-C-perturbation, we can produce attracting/repelling behavior.

Let us formulate the notion of an attracting region.

Definition 3.16. Let (D, F) be a Markov IFS and R C D arelatively repelling region. We
say that a compact set A C D is an attracting region with respect to R if for any i and for
any connected component A ; of A contained in Dgom(;), either f;(A;) is contained in the
interior of A or f;(A;) N R = ¢ holds.

This definition may seem tricky. Its importance can be seen when we discuss
three-dimensional systems, see §4.2.

Remark 3.17. If A is an attracting region with respect to R contained in the interior of R
and its connected components are all discs, then the family of restrictions fi|4; satisfying
fi(Aj) C R defines a Markov IFS.

3.8. Constructions for weak invariant curves. In the following, we discuss the construc-
tion of a relatively repelling region and an attracting region with respect to it near a family
of univalent, contracting invariant curves with small normal strength.

We prepare one fundamental perturbation result.

PROPOSITION 3.18. Suppose that (D, F) is a Markov IFS having a family of univalent

invariant curves I' and let k be some real number. Then there exists a set of diffeomor-

phisms {§; : D; — D;} which is C1-|K|-close to the identity map such that the following

hold:

e the support of &; is contained in the interior of D;;

o &ily, =id|y,, where y; is the connected component of I in D;;

e the support of &; is contained in an arbitrarily small neighborhood of y; in D;. In
particular, if ' N D; = (, then §&; is the identity map on Dj;

o ony;, D&i|ny, = 1+ k except some small neighborhood of the endpoints of y;. This
neighborhood can be chosen arbitrarily small.

Furthermore, we can choose the C°-distance between &; and the identity map arbitrarily

small.

Proof. For each connected component y; of I', we take a smooth vector field satisfying

the following:

e it is perpendicular to y; and has the form dx/dt = [log(l 4+ k)]x except near the
endpoints;

e the support of the vector field is in a small neighborhood of y;;

e the vector field is null near the endpoints.

Choosing the vector field adequately, the time-1 map of this vector field satisfies the

conclusion. O
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Remark 3.19. In the proof of Proposition 3.18, the size of the perturbation depends only
on the normal strength and it is independent of the geometry of I', since we are working
on the C'-topology.

Now, let us state a perturbation result in the form of a proposition.

PROPOSITION 3.20. Let (D, F = {f;}) be a Markov IFS having a family of univalent
invariant contracting curves I" with normal strength n > 0, where 1 is sufficiently close to
zero. Then, there exists a set of diffeomorphisms t; : D; — D; satisfying that:

e cach 1 is 6n-close to the identity map in the C'-topology and

e arbitrarily CO-close to the identity

such that the new Markov IFS with the discs D and the maps F= {Tim(s)) o fj} satisfy the

following:

o [ is a family of univalent, contracting invariant curves for F, too;

o there exists a relatively repelling region R C D containing U'. Here, R can be chosen
in such a way that it is contained in an arbitrarily small neighborhood of T';

e there is an attracting region A = | A; with respect to R such that each A; is a
C'-disc which contains exactly one component of T' and A contains T. Furthermore,
the Markov IFS (A =] A;, F= F|7) (see Remark 3.17) is uniformly contracting in
the sense that there exists ki > 1 such that for every admissible words w with || = ki,
the inequality ||DI:"w|| < 1 holds.

Remark 3.21. The uniform contraction property of F implies that every periodic orbit in
(A, F) has a large stable manifold.

Proof. The proof consists of two steps.

Step 1. Construction of a relatively repelling region. We apply Proposition 3.18 to I’
letting ¥ = 2. We obtain a family of diffeomorphisms {&;} satisfying the conclusion.
Then, by direct calculation, one can check that for F} := {Sim(f,-) o fj}, I' is a family of
normally repelling curves with normal strength at most 37, if 7 is sufficiently close to 0.
Notice that the condition that &; is not necessarily expanding near the endpoints does not
affect the conclusion, since the points near the endpoints go out from the discs by the
backward iteration. By Remark 3.14, this gives us a repelling region R near I" and it can be
chosen arbitrarily close to I".

Step 2. Construction of an attracting region in R. Then, for this Fj, we apply
Proposition 3.18 letting x = —3. It gives another set of diffeomorphisms {6;} such that
for the Markov IFS F; := {Oim(f_/) o Sim(f_,) ofjl fj € F}, T is a family of univalent,
normally attracting, contracting invariant curves. We choose {6;} in such a way that its
support is contained in the relatively repelling region R which we constructed in Step 1.
Since I' is contracting in the tangential direction, for each y;, we can find a disc A; in R
containing y; such that | J A; is a relative attracting region with respect to R and F; is
uniformly contracting. Thus by letting 7; := 6; o &;, we complete the proof. O

Remark 3.22. 1In the application of Proposition 3.20, we add one more perturbation to {z;}
(see §4.2). Suppose I contains several periodic orbits {g; } which has large stable manifolds
for F. Then, we may choose 7; which is 65-close to 7; such that the following hold.
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e The support of 7; is arbitrarily close to y; and the CY-distance between 7; and 7; can
be arbitrarily small.

e ForF = {Tim(s;) © fj}. gi are still periodic points and they have large stable manifold.

e Near g;, 7; is the identity map.

Such 7; can be obtained just by composing the inverse of t; near ¢;. Since ¢; has a large

stable manifold for F and 7; is just a contraction perpendicular to I, one can make such a

local deformation keeping the largeness of the stable manifold.

3.9. Coordinate change of Markov IFS. In the following sections, for simplifying the
presentation, we perform change of the coordinates of Markov IFSs. Let us briefly discuss
what it exactly means.

Definition 3.23. Let (D = ][ D;, F = {fj}) be a Markov IFS. Suppose that we have
a family of diffeomorphisms ¢ : Dy — D; for each k. Then, we can check that the
following also define a Markov IFS:

o O =][Dj

o {fj =)o fio (baomi) '}

We refer to the map ([ [ ¢x) : D — D' as a coordinate change between Markov IFSs
(D, F)and (D', F').

Notice that coordinate change preserves information of dynamical systems. For
example:

e if R’ is a relatively repelling region for (2, {fj{}), then ([ [ ¢x)~!(R’) is a relatively
repelling region for (D, {f;}), where ([ ¢x) : D — D' is the map which is defined
by (¢x) in a natural way;

e if I is a family of normally repelling curves for (2, {f]f}), then (][ ¢x)~ (") is a
family of relative repelling curves for (D, { f;});

e if {g;,,} is a sequence of perturbations converging to {f]f}, then {(¢im(j)) ' o g}’m o
®dom(;j)} 1s a sequence of perturbations converging to { f;}.

3.10. Statement of the main perturbation result. Now we are ready to state our main
result.

THEOREM 3.24. Let (D, F) be a Markov IFS and ¢ > 0, n > 0 be given. Assume that

(D, F) has the following objects:

o e-flexible points {q;}ic[1 k) with large stable manifolds. Each q; is separated and for
any pair of q; and q; (i # j), they have different orbits and are mutually separated
(see §3.2.1);

o {Q¢leeli,m) afinite set of u-homo/heteroclinic points between gy ) and g (1) for some
£(0), £(1) € [1, k] (£(0) and £(1) may coincide). Each Q; is g;-free for all q; (see
§3.2.2) and any pair of homo/heteroclinic orbits have different itineraries.

Then, for any o > 0 and every sufficiently large integer m, there is a C'-g-perturbation

G = {gi} of F which is o-C-close to F such that we have the following.
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o {g;} are s-index 1 periodic points for G whose orbits coincide with that of F. For each
gi, the derivatives (DG,) (see §3.2.1 for the definition of G, ) along q; coincide with
(Bi;j1) where (B;. ) is some e-flexible cocycle (see §3.4). Thus, it has one contracting
eigenvalue and the other is equal to one.

e cach q; has a large stable manifold (it is not uniformly contracting but just topologi-
cally attracting).

o {Qy} are still u-homo/heteroclinic points between the same periodic points with the
same itineraries as for F.

o  There is a family of invariant curves I' containing {q;} and {Q} such that:

— T is of normal strength n;
— T is contracting and contains Wy, (q;) for every g;.

Furthermore, we have the following:

e I'N(G)™(D) is univalent;

e the discs in (G)™ (D) which have non-empty intersection with I" contain a point of
orbits of {q;} or the homo/heteroclinic points {Q,} (see §3.2.2 for the definition of the
orbit of a homo/heteroclinic point).

3.11. A simplified result. The proof of Theorem 3.24 is one of the main topics of this
paper. It involves several flexible points and homo/heteroclinic points. Because of the
plurality of the objects, a direct proof of Theorem 3.24 will be complicated. Thus, for
the sake of simplicity, we only give the proof of the case where only one flexible point and
only one homoclinic point are involved. Below we give it in the form of a theorem. In §7,
we explain how we deduce Theorem 3.24 by the proof of Theorem 3.25.

THEOREM 3.25. Let (D, F) be a Markov IFS and ¢ > 0, n > 0 be given. Assume that it
has the following objects:
e g, a separated, e-flexible point with a large stable manifold;
e (O, au-homoclinic point of q such that it is q-free.
Then, given go > 0 and every sufficiently large integer m, there is a C'-g-perturbation G
of F which is C°-gq-close to F such that:
e g is an s-index 1 periodic point for G with the same orbit as F. The derivative cocycle
(DGy) along the orbit of q is (B;,1) of some e-flexible cocycle (B; ;). Furthermore, q
has a large stable manifold for G;
the point Q is a u-homoclinic point of g with the same itinerary for G;
there is a family of n-weak, contracting invariant curves I' = | y; which contains g,
Wi (@), and Q.
Furthermore, I' N (G)™ (D) is univalent and each disc in (G)™ (D) having non-empty
intersection with I contains a point of orbit of q or that of Q.

4. Expulsion in dimension three
In this section, we complete the proof of theorems which we presented in §1 assuming the
main technical result Theorem 3.24.

In §4.1, we give some auxiliary perturbation results, which are essentially proved in
papers such as [BCDG, BS;, BS;]. In §4.2, we prove Theorem 1.8. The proof goes
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as follows. First we reduce the problem into the one about Markov IFSs. We apply
Theorem 3.24 to the reduced problem and, by applying Proposition 2.25, we realize the
perturbation in Theorem 3.24 in dimension three, which concludes Theorem 1.8. In §4.3,
we prove Theorems 1.6 and 1.4 using Theorems 1.7, 1.8, and the results in §4.1. Finally, in
§4.4, we complete the proof of Theorem 1.5 by improving the proof of Theorem 1.4.

4.1. Auxiliary results. In this subsection, we prepare some preparatory results.

4.1.1. Abundance of flexible points. In [BS;], we proved a result about the existence of
flexible points with large stable manifolds. We cite it with a small modification. To state it,
we prepare some definitions. Let U be a subset of a closed three-dimensional manifold M
and p, g be two hyperbolic periodic points of the same s-index whose orbits are contained
in U. We say that p, g are homoclinically related in U if there are heteroclinic orbits
contained in U from p to g and vice versa. The relative homoclinic class H(p, U) is the
closure of the set of the periodic points in U which are homoclinically related to p in U.
For a hyperbolic periodic point p of s-index 2, we say that it is e-flexible if the linear
cocycle obtained by restricting the derivative cocycle to the stable direction along O(p) is
e-flexible, see §3.4 for the definition of e-flexible cocycles.
Let p be an s-index two hyperbolic periodic point of f € Diff! (M). We say that p has
a robust heterodimensional cycle in U if the following holds (see also [BSy, Proposition
5.1]). There are hyperbolic basic sets A and X in U such that:
e A is s-index two and X is s-index one;
e there is a C!-neighborhood U of f such that for every g € U, the continuations Pg>
Ag, and X, are defined and contained in U. Furthermore, p, € A, holds;
e for every g € U, there are heteroclinic points in W*(A) N W*(X) and W5 (X) N
WH"(A) whose orbits are contained in U.

Now we are ready to state the result.

Definition 4.1. Let f be a C'-diffeomorphism of a three-dimensional manifold having a

filtrating Markov partition R. Let W be a sub Markov partition of R (that is, a collection of

rectangles of R) such that there is a hyperbolic periodic point p whose orbit is contained

in W. We say that the relative homoclinic class H(p, W) satisfies property (£w) if the

following hold:

e p has alarge stable manifold in R;

e there is a hyperbolic periodic point p; whose orbit is contained in W such that p and
p1 are homoclinically related in W and p; has a stable non-real eigenvalue;

e p has arobust heterodimensional cycle in W.

Now let us give the result.

PROPOSITION 4.2. (See [BS;, Proposition 5.1] and [BS;, Lemma 3.8]) Let R = | J C; be
a filtrating Markov partition of a diffeomorphism f and U a C'-neighborhood of f in which
one can find a continuation of R. Assume that there are a hyperbolic periodic point p € R
and a sub Markov partition W of R such that for every f € U, the relative homoclinic
class H(pf, Ww; f) satisfies condition (lw).
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Then, for any € > 0, there is a C'-open and dense subset D of U such that every
diffeomorphism g € O has a hyperbolic periodic point x € H(pgy, W; g) of s-index two
satisfying the following:

e X has a large stable manifold in R;

o xis e-flexible;

e xis homoclinically related with pg in W;
o the orbit of x is e-dense in H(pg, W; g).

Remark 4.3. In Proposition 4.2, we may assume that for any N > 0, the flexible point x
has period larger than N (choose x letting ¢ be sufficiently small).

The difference from the original statement is that the assumption of the condition (/) is
stated for relative homoclinic classes and the conclusion holds for the relative homoclinic
classes. Since the argument used in the proof is local, one can obtain this result just by
following the proof line-by-line, including the result [BS;, Proposition 5.2].

By adding a small modification, we obtain the following.

COROLLARY 4.4. Let f, R, and H(p, W; f) be as in the assumption of Proposition 4.2.
Then, there is a C'-diffeomorphism h which is C'-arbitrarily close to f such that h satisfies
the conclusion of Proposition 4.2 and h = f holds outside W.

Proof. First, by applying Proposition 4.2, we take a sequence of diffeomorphisms (f;)
which converges to f such that each f, satisfies the conclusion. Then, (f,) "' o f is a
C!-diffeomorphism which converges to the identity map in the C'-topology. For R, we
take a (1, 1)-refinement R' := f(R) N f~!(R) and set W = R’ N'W. Note that due to the
filtrating property of R, W’ contains H(py,, W; f,) for sufficiently large n.

Then, we consider the diffeomorphism (f,)~! o f for sufficiently large n. In the
following, we will show that for n sufficiently large, we can find a diffeomorphism g,
satisfying the following:

e on W/, g, is the identity map;

e g,=(f"'o foutside W;

e (gn) converges to the identity map in the C'-topology as n — oo.

For the time being, assuming the existence of such g, let us conclude the proof. Consider
the diffeomorphism h, := f;, o g,. By definition, one can see that h, = f, o ( fn)*‘ o
f = f outside W. Furthermore, on W’, we have h, = f,. Since the relative homoclinic
class H(p, W; h,) is determined by the behavior of the dynamics on W/, we know that
H(p,W; h,) = H(p, W; f,). Note that e-flexibility is a local property and the largeness
of the stable manifold can be determined by the behavior on W’. Thus for A, we still
have the periodic point which is e-flexible, having a large stable manifold and e-dense in
H(p, W: hy).

Now let us construct (g,,). For that, we first fix a smooth bump function « : M — [0, 1]
which takes value 1 outside W and 0 on W’. Now, we follow the classical construction of
representing a diffeomorphism close to the identity map by a vector field, for instance, see
[L]. We fix a smooth Riemannian metric. Then we consider a map TM — M x M
which sends (x,v) e M x T.M to (x,exp,(v)). This is a diffeomorphism in the
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neighborhood of the image of the zero section in 7M. Now given a C!-diffeomorphism
f which is sufficiently C'-close to the identity, we can associate a C!-vector field F such
that for every x € M, we have exp, (F(x)) = f(x) holds.

By applying this construction to (g,), we take a sequence of C L vector fields (G,)
whose image under the exponential map is (g,). Now consider the vector field kG,
and take its image under the above correspondence. Note that applying exp(-) is
continuous with respect to the C'-topology. Thus, this defines the desired sequence of
diffeomorphisms #,,. O

Remark 4.5. In general, a relative homoclinic class H(p, U) may behave badly under
perturbation. In this article, we deal with the case where U is a sub Markov partition W of
a filtrating Markov partition R. In such a case, due to the filtrating property of R, we know
that every point of H(p, W) has uniform distance from the boundary of U and it enables
us to treat H (p, W) as if it is a homoclinic class in an ambient manifold.

4.1.2. Flexibility implies condition (£). We present a result which recovers the property
(£) for an invariant set containing a flexible periodic point. We prove it under a local setting
(that is, for property (£w)). For the purpose of this paper, the version for property (¢) is
enough, but for the future use, we provide the proof under more general settings.

The following result can be proved by arguments based on the results in [BCDG, BS;].

PROPOSITION 4.6. Let f € Diff' (M) having an e-flexible periodic point p in a filtrating

Markov partition R with a large stable manifold. Let W be a sub Markov partition of

R. Assume that R is 4e-robust and H (p, W) is non-trivial. Then, given § > 0, there is

g = gs € Diff' (M) which is C'-4e-close to f such that the following hold:

e pis still an e-flexible point with the same orbit for g;

o  H(pg, W; g) satisfies condition (Ew);

o the support of g is contained in W. In particular, R is still a filtrating Markov partition
and W is its sub Markov partition;

e suppose that p is contained in a circuit K. Then, for appropriately chosen g = gs, there
is a circuit K which is 5-similar to K.

Proof. For the proof, we need to construct several objects (a periodic point with non-real
eigenvalue and a robust heterodimensional cycle) by a small perturbation keeping the
largeness of the stable manifold and the smallness of the similarity of the circuit. Such
a process is already well described for instance in [BCDG, proof of Proposition 5.2
and Corollary 5.4]. Thus, we only give the sketch of the proof. First, we explain how to
construct these objects. At the end of the proof, we will see how to guarantee the largeness
of the stable manifold and the smallness of the similarity of the circuit.

First, let us see how to construct a periodic point with complex eigenvalues. Recall
that the flexibility of p guarantees the existence of a path of linear hyperbolic cocycles
which connects (Df (f(p))) and a cocycle whose product has non-real eigenvalues. Thus,
if we deform f along p which gradually realizes the path, we can change p so that it
has non-real eigenvalues into the E“-direction. It guarantees the existence of f; which
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is an e-perturbation along O(p) such that p has the same orbit and the eigenvalues to
the E-direction are non-real, keeping the non-triviality of the relative homoclinic class.
Note that due to the existence of such p, we know that H(p, W; f1) does not admit any
dominated splitting in the E“*-direction.

Now we add a perturbation whose C'!-size can be chosen arbitrarily small such that in
the relative homoclinic class H (p, W), there is a hyperbolic periodic point which is not
(the continuation of) p and has non-real eigenvalues in the E“*-direction. This process is
explained in [BCDG, proof of Proposition 5.2]. The only difference is again that we work
on relative homoclinic classes, but the local feature of the argument enables us to prove
this. We denote the perturbed diffeomorphism by f>.

Now, we give another perturbation around p to obtain a diffeomorphism f3 which
returns p into an e-flexible point, keeping the existence of periodic points with non-real
eigenvalues. Such a perturbation can be done by following the path of cocycles used
in the previous step in the opposite direction. Up to now, the amount of the size of the
perturbation is 2¢.

In the following, we give another sequence of perturbations to obtain a robust
heterodimensional cycle. First, using the e-flexibility of the periodic point p, we obtain
a diffeomorphism f4 such that p is almost an s-index 1 hyperbolic periodic point. This
can be done by following the path of cocycles to the direction of # = 1. Then, by [BS;
Proposition 5.2], we know that, up to an arbitrarily small perturbation, we can find an
¢’-flexible point homoclinically related to p in W, say r, where ¢’ can be chosen arbitrarily
close to zero.

Then, as we obtained f3 from f>, we give an e-perturbation around p to obtain a
diffeomorphism fs such that p is again e-flexible, without disturbing the existence of a
periodic orbit having complex eigenvalues and the ¢’-flexible periodic point r. The size of
the perturbation from f3 to f5 is also bounded by 2¢.

Now, we construct a robust heterodimensional cycle. Using the &’-flexibility of r, we
give an ¢&’-perturbation around r such that r is a stable index 1 periodic point whose
strong stable manifold has a non-empty intersection with the unstable manifold of some
hyperbolic periodic point of s-index 2, say p’, homoclinically related to p. Such a
perturbation is possible due to the flexibility, see [BS;, Theorem 1.1].

Then, by [BD,], we may assume that the heterodimensional cycle turns to be robust
up to an arbitrarily small perturbation (since the homoclinic class of p’ is non-trivial, we
can apply [BD;, Theorem 5.3]). Thus, the relative homoclinic class of p now C'-robustly
satisfies the condition (£y). The size of the last perturbation is &’ and it can be chosen
arbitrarily close to zero. As a result, the total amount of the size of the perturbation is less
than 2¢ 4 2¢ = 4e.

Finally, let us see how to obtain the similarity of the circuit and the largeness of
the periodic points after perturbation. For the §-similarity of the circuit, notice that the
perturbation we performed is either arbitrarily small or a perturbation around the periodic
point using the flexibility of the point. For the first one, by decreasing the size of the
perturbation, we can guarantee the §-similarity by continuity. For the second one, we use
the ‘adapted perturbation’ (see [G] and [BCDG, §3 and the proof of the Corollary 5.4]),
which preserves the bounded part of the invariant manifolds.
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A circuit consists of periodic orbits and hetero/homoclinic orbits. The periodic orbits are
preserved under perturbation based on the flexibility property. For the other perturbation,
the size can be chosen arbitrarily small, thus the change of the orbits can be made
arbitrarily small, too. For the hetero/homoclinic points, note that they converge to
periodic orbits (both forwardly and backwardly). Thus, the effect of the perturbation
on the homo/heteroclinic orbits near the periodic orbits is always bounded. As a result,
we see that the invariance of bounded part of the invariant manifold is enough to
guarantee the smallness of the variation of the position of the orbits. Thus, by requiring the
invariance of the invariant manifold in the fixed region, we can guarantee the §-similarity
of the circuit.

Also, notice that the largeness of the stable manifold is determined by the information
of the invariant manifold contained in a bounded part. Thus, by using the adapted
perturbation, we can keep the largeness of the manifold.

This concludes the proof. O

By using the same argument in the proof of Corollary 4.4, we have the following.

COROLLARY 4.7. Under the same hypothesis as in Proposition 4.6, we can choose a
C-diffeomorphism h which is 4e-close to f and coincides with f outside W such that
H (pn, W; h) satisfies the conclusion.

4.1.3. Recovering the flexibility. ~The following result is used to recover the flexibility of
the periodic points.

PROPOSITION 4.8. Let p be a periodic point of a Markov IFS (D, F = {f;}) having a
large stable manifold. Suppose that the cocycle of the differentials (D F),) coincides with
(Bi.1) where (B;;) is some g-flexible cocycle. Then, there exists an e-perturbation G of F
along the orbit of p such that the following hold:
e the support of the perturbation is contained in an arbitrarily small neighborhood
of {pi};
e pisa periodic point for G with the same itinerary;
p has a large stable manifold for G, too;
e DGy, = Big foreveryi.

The proof can be done by repeating the argument in [BS;, proof of Proposition 4.1],
which also appeared in the proof of Proposition 4.2. Thus, we just give a short account of
the proof. For the details, see [BSy, §4].

By the definition of the e-flexible cocycle, there is a path of cocycles (B;;) which
connects (B; o) and (B; 1) such that it is uniformly hyperbolic for 0 < ¢t < 1 and has the
size smaller than ¢. Then, by realizing this path slowly, we can deform (B; ;) into (B;p),
keeping the largeness of the stable manifold. It gives the perturbation G we desired.

4.2. Expulsion of the circuit. Using the results in §4.1, together with the linearization
result, we prove Theorem 1.8.
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Proof of Theorem 1.8.

Step 1. Reduction to Markov IFSs. Let f € Diff'(M) having a filtrating Markov
partition R of robustness «, and suppose that we have a circuit of points S in R consisting of
e-flexible periodic orbits {O(g;)} with large stable manifolds and homo/heteroclinic orbits
{O(Q )} such that R(S) is an affine Markov partition.

Then, as is explained in §3.5, we construct a Markov IFS M(R(S)). We denote it by
(D, F). We have corresponding periodic points and homo/heteroclinic points for it. Recall
that these periodic points are separated, any pair of them are mutually separated, and every
homo/heteroclinic orbit is free from the periodic orbits (see §3.5). Also, the generating
property of the Markov partition ensures that every pair of homo/heteroclinic points has
different itineraries (see Lemma 2.9).

Step 2. Solving the two-dimensional problem. Then we apply Theorem 3.24. We set ¢
to be the size of the flexibility of {g;} and 7 to be a sufficiently small number (which we
will fix later). Then for every sufficiently large integer n, we can find an e-perturbation
Go,n = Gy of the two-dimensional maps F such that:

e {g;} are still periodic points with the same orbits;

there is a family of contracting invariant curves I" containing ¢; and Q j;

I is univalent in the n-refinement G (D);

the normal strength of I" is smaller than 7;

the CO-size of the perturbation is less than gy, which can be chosen arbitrarily small.

Now we apply Proposition 3.20 to this family in the (0, n)-refinement. Then, for
(G3(D), AnGo), we can find a family of diffeomorphisms {z;} which is 6n-close to the
identity map such that G := {Tim(g;) o f;} has a relatively repelling region R and an
attracting region A = | A; with respect to R such that (A, G1) defines a new Markov
IFS containing {g;} and {Q;}. Since G is contracting on A, we have that each g; has a
large stable manifold in A.

Remark 3.22 tells us that by performing another 67-C!-small perturbation, we may
assume that 7; is the identity map near the orbit of g;, keeping the largeness of the stable
manifold. We denote the perturbed IFS by G». Finally, using Proposition 4.8, we perform
another e-small perturbation which makes ¢; e-flexible, keeping the largeness of the stable
manifold. We denote the obtained IFS by H,. Note that the support of H,, is contained in
Gg (D). Thus, one can consider H,, as a perturbation of F as well. Then the amount of the
size of the perturbation between F and H, is less than

e+6n+46n+e =2+ 12n,

and n can be arbitrarily small. Thus, letting n be sufficiently small, the size of the
perturbation is less than 2¢. Note that the C°-distance between F and H,, can be chosen to
be arbitrarily small. We denote it by §.

Step 3. Expulsion in dimension 3. Let f denote the three-dimensional map in Step 1. Now
we perform a perturbation to the three-dimensional diffeomorphism f by Proposition 2.25.
We apply Proposition 2.25 to the Markov IFS (D, H,) which we obtained in Step 2: we
can find &, which is (2e + K §)-close to f such that &, still keeps the product structure
on the rectangles and the corresponding Markov IFS is given by H,. Since the size of
the perturbation in the C°-distance can be made arbitrarily small and K is already fixed,
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we may assume that /,, is indeed 2¢-C'-close to f. Throughout this proof, this is the last
part where we perform the perturbation.

Note that by the property of H,, we have:

the support supp(h,, f) is contained in R(S);
e 1}, has the continuation of the circuit S, whose periodic orbits has the same orbits as
inS;
the periodic orbits of S, are all e-flexible;
S, is &-similar to S for some §; for the homo/heteroclinic points of S, we only need
to collect the points which corresponds to f7/ (Q j)- Since the points { f Ti=k(Q k>0
does not get any change under the perturbation and {(hn)Tf' +k(Q i)}k=0 belong to the
local stable manifold of some periodic points, we can choose the conjugacy in such a
way that the corresponding points in § and S, belong to the same rectangle.
For this h,, we can construct a new filtrating set. First, recall that the filtrating Markov
partition R= [ J C; has an attracting set A and a repelling set R such that | JC; = ANR.
Then we consider its (0, n)-refinement R,y with respect to k,, which has the form
(h)"(A) N R. We denote the rectangles in it by {D;}.

The two-dimensional dynamics of h, on these rectangles is given by the iterated
function system H,,. Recall that H,, has a relative repelling region for the (0, n)-refinement.
Thus, for each D, there is a corresponding three-dimensional set which projects to the
relatively repelling region. We denote it by 5; .

Now we define a repelling set as follows:

- (0 (U)o (UP)
By construction, one can check that R’ is a repelling set for h,,. Thus, (h,)"(A) N R is a
filtrating set containing Sj,.

Now we choose the attracting set. Recall that for H,, we have an attracting set with
respect to the repelling set corresponding to {5;} contained in {D;}. We denote them by
{A;}, take the corresponding three-dimensional sets and denote them by {;\; .

Then, one can see that

A= ((hn)"(A) V(U ﬁ)) u(U®)

is an attracting set for /1,,. Now, after smoothing the corners of R’ and A" appropriately, one
can see that " = R'N A" = ;17 satisfies the condition of filtrating Markov partitions
except the existence of the cone field. To confirm the existence of the cone field, we need
to consider the robustness of R. Note that for R(,) and f, there is an invariant cone
field inherited from R whose robustness is o which is greater than 2¢. Then, since each
rectangle in {Z; } is a product rectangle in the linearized coordinate of Rq ), together with
Remark 2.24, we see that the restriction of the cone field of R to R” gives the vertical cone
field of robustness o — 2¢.

Now we conclude that R” is a filtrating Markov partition. Recall that the attracting
region in the Markov IFS is obtained as the neighborhood of the family of normally
contracting invariant curves I" in the Markov IFS and it is univalent in the n-refinement,
that is, it has one and only one connected component. This shows that each R ) (S,)
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contains one and only one rectangle in {AAj}. Also note that by the property of H,, all the
periodic orbits in S, have large stable manifolds in R’ N A’.

Let us confirm the c-transitivity of the rectangles. For that we only need to confirm for
each pair of rectangles C, C; containing a periodic point, we can find a path of connected
components connecting them (for the other rectangles, it must contain a homo/heteroclinic
point but they can be connected to rectangles having periodic rectangles). Let g1, g2 be
the periodic points which Cy, C» contain, respectively. If they have the same orbit, the
conclusion is straightforward. If not, by the definition of the transitivity of the circuit of
points (recall that we assume that every circuit of points is transitive), there are sequences
of homo/heteroclinic points {x;;} and periodic points {g;;} contained in the circuit
connecting C and C». Then, by following these connections, we can find the desired chain
of connected components. It concludes the proof. O

4.3. Proof of the viralness. In this subsection, let us see how to obtain Theorem 1.6
using Theorems 1.7 and 1.8.

Proof of Theorem 1.6. Let C(p) be a chain recurrence class in the assumption. Then
there is a circuit of points S contained in the filtrating Markov partition R satisfying
the assumption. First we apply Theorem 1.7 to f such that up to an arbitrarily small
perturbation, we may assume in a sufficiently fine refinement R’, we have that R’ is
generating and R’(S) is an affine Markov partition. Note that, by using the largeness of the
stable manifolds for every periodic orbit in S, we may assume that R’(S) do not contain
the orbit of (continuation) of p and the diameter of each rectangle of R’(S) is less than
8, see Remark 2.6. Then we apply Theorem 1.8. It gives, up to an 2e-perturbation, us a
new filtrating Markov partition R” containing a circuit §" which is §-similar to S where
8 can be chosen arbitrarily small. By construction, we know that this new R” satisfies all
the conclusions claimed, that is, c-transitivity, the largeness of the stable manifold, and the
e-flexibility of periodic points. O

Now the proof of Theorem 1.4 is immediate.

Proof of Theorem 1.4. Suppose we have a C!-diffeomorphism f having a chain recurrence
class C(p) contained in a filtrating Markov partition R satisfying property (¢). Note that
this implies H (p, R) satisfies property ({gr). By choosing small ¢ > 0, we may assume
that R is 6e-robust. By Proposition 4.2, up to an arbitrarily small perturbation, we may
assume that H (p, R) contains an e-flexible point with a large stable manifold which is not
equal to p, say gq. Since both p and g have large stable manifolds, we know that H(q, R)
is not trivial. In particular, we can find a circuit S which consists of the orbit of g and a
homoclinic orbit of g. Then we apply Theorem 1.6 to S. We can find a 2¢-perturbation
of f such that there is a filtrating Markov partition R" containing the continuation S’ of S
and disjoint from the continuation of p such that the continuation of ¢ has a large stable
manifold and is e-flexible. We have that R’ is 6¢ — 2¢ = 4¢ robust.

Now we apply Proposition 4.6. Up to 4e-perturbation, we know that the relative
homoclinic class H(g, R’) satisfies the property (£g). Hence, the chain recurrence class
C(q) satisfies the property (£) the filtrating Markov partition R’.
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In short, up to 6¢-perturbation, we have constructed a new chain recurrence class C(q)
satisfying the property (£) and ¢ > 0 can be chosen arbitrarily small. It concludes the proof
of the viralness. O

Remark 4.9. In the above proof, we may assume that the period of ¢ is larger than any
prescribed integer. This is possible by letting ¢ close to zero, for e-flexible points with
small e must have a large period.

4.4. Construction of aperiodic classes. Finally, let us give the proof of Theorem 1.5.
For the construction of the aperiodic classes, we prove the following.

PROPOSITION 4.10. Let f be a diffeomorphism having a filtrating Markov partition
containing a chain recurrence class C(p) satisfying the property (£). Let ‘W be a
C'-neighborhood of f in which we have the continuation of C(p) keeping the property
(€). Then, there exists a nested sequence of C'-open sets {O,} satisfying the following.
e FEach O, is dense in ‘W.
e For each n > 1, there exists a locally constant map U, : O, — K(M) where K(M)
is the set of all compact subsets of M such that the following holds for every g € O,:
- Ukpi(®) CU(g) forl =k =n—1;
— U, (g) is a c-transitive filtrating set;
— every connected component of U, (g) has the diameter less than 1/n;
— there is a periodic point g, in Uy, (g) such that C(qn) satisfies the property (I);
— foreveryr € U,(g), if it is a periodic point of g, then the period is larger than n.

We call the last property of Proposition 4.10 n-aperiodic.
First, let us complete the proof of Theorem 1.5 assuming Proposition 4.10.

Proof. Suppose we have such {0, }. Then R := NQ,, is residual in ‘W. Take f € R. Then
there is an infinite nested sequence of filtrating regions U (f) D U(f) D - - -.

Now consider C’ := NU;(f). The c-transitivity for each U (f) and the smallness of
the connected component for each Uy (f) for k large implies that C’ is chain-transitive.
Furthermore, since each U;(f) is a filtrating set, we know that C’ is a chain recurrence
class. Finally, the condition about the period implies the aperiodicity of C’. [

Now let us prove Proposition 4.10. A key step is a version of Theorem 1.6 which delivers
stronger conditions.

PROPOSITION 4.11. In Theorem 1.6, given k > 0 and § > 0, we may assume that the
expelled chain recurrence class satisfies the following. The filtrating Markov partition for
the new chain recurrence class is k-aperiodic and each connected component has diameter
less than §.

Proof. In this proof, we use the notation from the proof of Theorem 1.4. The last condition
can be obtained by requiring the size of the expelled Markov partition be very small, which
is contained in the definition of the e-expulsibility. For the first condition, we choose ¢ in
such a way that its period is greater than k, see Remark 4.9. Then we expel the circuit S,
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letting the new filtrating partition be very close to S'. If it is close enough, then we may

assume that there are more than k consecutive homoclinic points outside the neighborhood

of the periodic orbit. Thus, given a periodic in the filtrating Markov partition:

e if it is near the periodic orbit, its period must be larger than k, because to come back
to the initial point following the periodic points, we need more than k times iteration
and following the homoclinic orbit does not give much shortcut;

e if it is near the homoclinic point, it needs at least k iteration to come back, because the
length of the homoclinic orbit is larger than k.

Thus, the proof is done. O
Using Proposition 4.11, let us conclude the proof of Proposition 4.10.

Proof of Proposition 4.10. We explain how we obtain O, from O,. We also need to
confirm the existence of Oy, but it can be done by following the induction step.

Given g € O,, we have a locally constant nested sequence of filtrating regions
{UK(g)}k=1...n such that each Ui(g) satisfies the conclusion. Then, we apply
Proposition 4.11 to (g, U,(g)), which produces a new smaller filtrating region U, 41
which robustly satisfies the conditions in Proposition 4.10. This gives the candidate for
U, +1(g). We need to extend U, to some open and dense set of O,,.

We proceed as follows. First we choose a countable dense set (4,,) C Oy,. Then, for each
hm, we apply Proposition 4.11. It gives an open neighborhood ‘W, of h,, in O,, where we
have a filtrating set V,, satisfying the conclusion. We define two sequences of open sets
(A,,) and (B,,) as follows:

A=W, B =W, Ap =W \8, By =8UA.

Then one can check that Oy, 41 := | By, is an open and dense set of O,,. On A,,, we define
U, 11 to be V,,. This defines a map on B,, and consequently on Oy, 1.
This finishes the construction of U, 1. O]

5. Reduction to local problem
In this section, we begin the proof of Theorem 3.25. We provide several arguments which
enable us to reduce the problem into a local perturbation problem.

5.1. Overview of the proof of Theorem 3.25. We give some overview of the proof of
Theorem 3.25.

In the assumption of Theorem 3.25, we have an e-flexible point ¢ having a large stable
manifold and a homoclinic point Q. Then our goal is to construct a family of invariant
curves containing g and Q by a small perturbation such that in the normal direction, the
dynamics exhibit almost neutral behavior, in other words, small normal strength.

In [BS;], we established a perturbation technique with which we can expel g using
its flexibility. The main idea (here translated in the IFS language) of the proof is in the
same direction. By using the flexibility of ¢, we perform a perturbation so that g becomes
neutral in one direction, and then we again use the flexibility of g for controlling its local
strong stable manifold. In particular, we modify the strong stable manifold to be far from
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the components of the image of the IFS in a fundamental domain of the center stable
manifold. These components are considered as obstructions to avoid. Then turning the
neutral direction of g to be repelling expels the point g from the class.

In our problem, we have an extra difficulty. When we expel g, we need to keep Q as
a homoclinic point of g. Let us explain the strategy for that. Once again, we deform g to
be neutral by performing a perturbation and we want to control its strong stable manifold.
However, now we furthermore want this curve to coincide with its return corresponding to
the homoclinic point Q (in backward iteration), in a neighborhood of Q. This will be the
notion of pre-solution (see §5.3). More precisely, we want that the strong stable manifold of
q will be disjoint from all the components of the images of the IFS (called the obstructions)
but the one that corresponds to the homoclinic point Q. This component will be called the
well. In a well, we also define two kinds of nested sequences of discs. The transition well
is the successive nested images of the IFS along the orbit of the transition. The periodic
well is the nested images along the periodic orbit of q.

For a pre-solution, we require that the (backward) return of W} (q) following the
transition itinerary of Q coincides with Wi (¢) exactly on one of this nested images,
avoiding all the obstructions as well as their images, except the well. The nested sequence
of the wells allow to define the depth of the pre-solution. It is an integer which indicates in
how small a region the coincidence property holds. The construction of the invariant curve
with this coincidence property is one of the big issues of this theorem and of this paper.
We will discuss it in §6.

For the time being, assume that we can construct such a pre-solution and consider the
second point, that is, obtaining the almost neutrality of the normal behavior of the invariant
curve. Recall that we have the neutral behavior of the periodic point ¢, as it was assumed
to be flexible.

We want to spread the neutrality of ¢ on the whole invariant curve, but that is not
always possible, as we have no a priori knowledge about the behavior of the intermediate
dynamics. This will be possible only for a pre-solution of very large depth, that is, for
1 (q) coincides with W} (¢) only on a very small neighborhood of
the orbit of g and Q. For such pre-solutions, the orbits in the maximal invariant set in that
curve spend most of the time near the orbit of g, and therefore inherit its neutral behavior.
For pre-solutions with enough profound depth, we will see that the neutralization of the
normal dynamics indeed happens, thus constructing them will conclude the theorem, see
§§5.4 and 6.5.

The construction of the pre-solution with arbitrarily large depth will be the aim of §6.
An important issue in the construction consists of proving that the cost of a pre-solution
does not depend on its depth. Let us explain this. Small perturbations in a neighborhood of
a flexible point g allow us to get an arbitrary number of successive fundamental domains
around g where the diffeomorphism is an homothety. This is the notion of retarded families
that we introduce in §5.2. The more one has homothetic fundamental domains, the more
one has freedom for performing perturbations to modify the the strong stable manifold
of g. The cost of a pre-solution is the number of these fundamental domains one needs for
getting the chosen invariant curve, and an important point is that this cost remains bounded
when the required depth tends to infinity. We will discuss more details in §6.

which the return of
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FIGURE 3. An example of a retarded family. It is a family of diffeomorphisms {f,,}. Each f; behaves
homothetically on B(R) \ B(A'R). Roughly speaking, a retarded family is a sequence of diffeomorphisms
obtained by ‘inserting’ homothetic regions.

5.2. Retarded families. In [BS;], the authors defined the notion of an e-flexible periodic
point and proved one of its eminent properties: by an e-C!-small perturbation in an
arbitrarily small neighborhood of its orbit, one can choose the position of one fundamental
domain of its stable manifold as one wishes. Unfortunately, this result is not enough for
our purpose and we need to come back to some essential step of its proof.

The proof of the flexibility property of the stable manifold in [BS;] is done by using
the notion of retardable cocycles. For the proof of Theorem 3.25, we need to recall its
definition. In this paper, we use the notion of retarded diffeomorphisms in a slightly
different way, given as follows (see also Figure 3).

Definition 5.1. Let D be a C'-disc in R? which contains the origin 0 in its geometric
interior. By B(R), we denote the closed disc of radius R in R? centered at 0. A family
of diffeomorphisms { f;;}n>m, (Where mg is some positive integer) from D to its image
contained in D is called a retarded family if it satisfies the following conditions:
e there is a radius R > O such that B(R) C D and all the maps f,, coincide on D \
B(R);
0 is the unique fixed point of f;, for every m > my;
there is A € (0, 1) such that for every m > mg, the maps f;, coincide with the
homothety H, = Ald on B(R) \ B(A™R). The annulus B(R) \ B(A"'R) is called the
homothetic region of f,, and A its homothetic factor;
o consider the restriction f,| g ). Then, for every m > mg, we have

fm|B()J"R) = H)Lm—mo o fmolB()»mOR) o (H)Lm—mo)_l.
The diffeomorphism f,|pamg) is called the core dynamics of f,, and the region

B(\™R) is called the core region of f,.

Definition 5.2. A retarded family { fy, }m>m, is called saddle-node if:

e 0 has one positive contracting eigenvalue and the other eigenvalue equal to 1;

e there is a neighborhood Uy, of 0 such that f,,, |Umo has the form (x, y) — (Lox, k(y))

where Aq is the contracting eigenvalue and k(y) is a C' map satisfying k(0) = 0,
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k’(0) = 1 and topologically attracting in a neighborhood of 0 (more precisely, for every
sufficiently small ¢ > 0, k([—¢, €]) C (—¢, €) holds).

For fu, Hym-my(Up,) is called the diagonal region of f,,,.

The arguments of the paper [BSi] (see [BS;, Proposition 2.2 and the proof of
Theorem 1.1]) show that if a diffeomorphism has an e-flexible periodic point with a large
stable manifold, then one can produce a saddle-node retarded family by giving an e-small
perturbation along the orbit, keeping the largeness of the stable manifold. In other words,
an e-flexible point can be deformed into a saddle-node point, keeping the stable manifold
large and inserting homothethic fundamental domains as much as one wishes. Thus, we
have the following proposition. Recall that for a periodic point g of a Markov IFS, 7 (g)
denotes its period.

PROPOSITION 5.3. Let (D =[] D;, F ={f;}) be a Markov IFS. Let € >0 and a
separated e-flexible periodic point with large stable manifold q be given.
Given a neighborhood V of orb(q), there is an e-C'-small family of perturbations G, =
{gj.mIm=1 along q of F supported in 'V satisfying the following.
o [Forevery m, q is a periodic point of G, and the orbit orb(q) is the same as that of F.
e g has a large stable manifold for every G,, (m > 1).
o The family of diffeomorphisms {(Gm,q)”(q) |Dq} (here, (Gpq) denotes the map of Gy,
on || Dy,, see §3.2) is a saddle-node retarded family of diffeomorphisms, up to a
coordinate change which is independent of m.

The proof of Proposition 5.3 is almost immediate from the argument of [BSi,
Proposition 2.2 and the proof of Theorem 1.1]. So we omit the proof. Based on
Proposition 5.3, we give the following definition.

Definition 5.4. A family of Markov IFSs {(D, F;;) }in>m, is said to be a saddle-node family
retarded at a periodic point q if the following hold:

e F,, is a perturbation of Fy,, along g;
o {((Fng)" @) D, } is a saddle-node retarded family on the disc containing g;
e ¢ has alarge stable manifold.

We prepare one more definition.

Definition 5.5. Let {(D, F,)}s>1 be a family of Markov IFSs. We say that (F}) is
uniformly bounded if the C Lnorm of (F,) is uniformly bounded.

Proposition 5.3 implies the following.

LEMMA 5.6. Let (D, F) be a Markov IFS, ¢ > 0, and q be a separated e-flexible periodic

point with a large stable manifold. Assume that there is a g-free u-homoclinic point Q of g.
Then there are e-C'-small perturbations (F,) m>1 of F along q supported in an

arbitrarily small neighborhood of the orbit of q such that:

o {(D, F)}lm=1 is a saddle-node family retarded at g with the same orbit;

e (s a g-free u-homoclinic point of q for every m > 1.
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Note that:
o (Fy) is uniformly bounded since each (Fy,) is an e-C'-small perturbation of a single
IFS F;

o the CO-distance between F,, and F can be chosen to be arbitrarily small uniformly
with respect to m, for the size of the support can be chosen to be arbitrarily small.

5.3. Wells and pre-solutions. In the assumption of Theorem 3.25, we have a separated
periodic point g and a g-free homoclinic point Q of g. To prove the theorem, we want
to reduce the problem to a perturbation problem which involves information only on the
disc Dy. Let us formulate it.

Consider the disc D; and orb(Q) (see §§3.2.1 and 3.2.2 for the definitions). Recall
that the points F~/(Q) € orb(g) for every sufficiently large i. We choose the smallest i
such that this holds, and denote the point by Q; € orb(g). Then there is a smallest
t > 0 such that Fé(Ql) €U Dy,. Weset Qr = Fé(Ql). Finally, we choose the smallest
a > 0 such that F;(Qz) e Dy.

Then we define the following objects.

Definition 5.7. A transition well is a nested sequence of discs (8;)n=1,..,¢ in Dy and
a sequence of unions of discs ®, C Int(E, \ E,4+1) for n =1,...,t— 1 defined as
follows.

e Definition of E,: put 8, := DFén(Qz). Then, E, := FJ o Fp(E)).

e Definition of ©,: put @) := (DFEI(QZ) N F(D)). Then,

®, = an o Fg(@;) \ Enti.

Definition 5.8. A periodic well is a nested sequence of discs (75,),,>0 in D, and a sequence
of unions of discs (S,),>0 such that S, C Int(7,, \ 7,,+1) defined as follows.
o Definition of 7,: first put 7,, := DFq—n(Q]). Then,

T, := F o Fj 0 F}(T,).
e Definition of S,: first we put S, := DF(;n(Ql) N F(D). Then, put
Sp:=Fgo Fé o F(S)\ Tt

Note that 7o = E¢. Thus, (E;) and (7;) defines a nested sequence of discs in the
fundamental domain D, \ F (q)(Dq).

The definitions of wells seem complicated, but it can be well understood as follows.
First consider the backward orbit { F~ (F qa(Qz))} i>0. It initially belongs to periodic discs,
then passes transition discs, and finally comes back to the periodic discs. The discs &, and
T, are nothing but the images of these discs in D, which F =i (Fq“(Qz)) passes, and the
definition of ®, and S, are the images of image discs in E, and 7, excluding &, or
Tht1-

We also define another class of discs in the fundamental domain, see Figure 4.
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FIGURE 4. A graphical explanation of obstructions and wells. A; is a disc in A; \ A;+; which contains all the
images of image discs except .

Definition 5.9. Fori > 0, let
Al‘ = F(;(aDF—z(q))
and call it a stratum. Note that Ag = 0Dy and Az ) = a(Fq’“‘”(Dq)). We also set
Al‘ = FL;(DF_l(q))
and call it the ith image disc. In the following, by iz, we denote the integer such that
g1 C 1_\,'5 \1_\,'5_;,_1 holds.
For0 <i <m(q) — 1, set
i’ = (DF—i(q) N F(Z))) \ Fq (DF—(H—I)(q))
and put
Aiy = (F)' (A)).

Note that it is a disjoint union of finitely many discs in the annulus bounded by A; and
Aj+1. Thus, we can choose a disc A; contained in the annulus which contains all A; , and
disjoint from E; (if the annulus contains E1). We fix such (A;) and we say that A; is the
ith obstruction. Also, fori > m(q), we define A; setting A; = qur (q)(A,-,n(q)) recursively.

Remark 5.10. Let 9 > 0 be the smallest integer such that an (Dy) C Dy, holds. Then,
recall that the following holds:

To = Fj o Fjo FJ(Dy).
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Consider the disc Ty j for j > 0. We have
Torj=FfoF50F(A)).
Also, Syt kr(g)+i 1 contained in

(anOFéOan)(Akn(q)_,_i) if 21 is not in A; \[\,’.H,
(Ff o Fl o F2)(Akrg+i U Fy"(81))  otherwise.

To prove Theorem 3.25, we only need to deal with this information. Recall that Theorem
3.25 has two conclusions. One is that there is an invariant curve which is univalent in some
refinement. The other one is that it is n-weak. Let us consider the first part.

Definition 5.11. Let (D, F) be an IFS with a separated periodic point ¢ and a g-free
homoclinic point Q of ¢g. Let (Z;) and (7;) be the transition well and the periodic well.
We say that F' is a pre-solution of depth [ if the following hold (see Figures 5 and 6):

(S1) g has a strong stable manifold and Q is a u-strong homoclinic point of g;

(S2) W@ NA; =@fori=0,...,7(q) — 1;

(S3)  W.(g) N E; is a connected C'-curve disjoint from ®; fori =1,...,t—1;
(S4) fori =0,...,1—1, W (q) NT;is aconnected C'-curve disjoint from S;;

loc
(S5)  W;.(g) NT; is a connected C!-curve satisfying the following:

Wi (@) N Ty = Ff o FS(Wi(Q1) N (F) (Dp-1(g,))-

The following proposition says that if we have a pre-solution of depth /, then we can
obtain a family of invariant curves which is univalent in the /-refinement.

PROPOSITION 5.12. Suppose (D, F) has a pre-solution of depth 1, then for the
[-refinement (Fl (D), NI F) there is a family of univalent invariant curves 'y such that
it contains q and Q in (F' (D), A/ F).

Proof. First, consider (F!(D), A;F). In the disc Dy, we have a curve Wi (q). Then take
its backward images.

By conditions (S1)—(S3) in the definition of the pre-solution, the backward images
appear on the transition discs which contains orb(Q). Note that if we take the [-refinement,
the corresponding transition discs in the refinements are given by the images of transition
discs or periodic discs in O under (Fq)l . This, together with condition (S4), implies
that the backward images of W\ (q) in the refinement defines a connected curve in
each corresponding transition discs. By the last condition (S5) of the pre-solution, the
collection of backward images of W;'¥ (¢) forms a family of univalent invariant curves in

(FL(D), A F) (see Figures 5 and 6). ]

Remark 5.13. The points in I'; have simple backward itineraries. If x € I'; is in a periodic
disc, then as i increases, the point F ~/ (x) spends some time in the periodic discs. Then it
arrives at the first fundamental domain of D,. Then, after t backward iterations, passing
through the transition discs, the point comes back to the periodic disc. Note that by the
definition of pre-solution of depth /, after coming back to the periodic discs, this point has
at least /-backward orbit contained in the periodic discs.
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Dp-1(g)

FIGURE 5. A pictorical explanation of pre-solution of depth / in D,. In Dy, the curve W}’ (¢) avoids every
A; but has a non-empty intersection with Z;. Thus, in the first fundamental domain, the backward iteration is

well defined only for W;iy.(¢) N Ej. We can define backward images of W}y (¢) N E; under F ! until it arrives

at a periodic disc. The backward images avoid all of the image discs in the transition discs by condition (S3).

When it comes back to the periodic discs, the inverse image of Wj;.(¢) avoids all intermediate E; and A;, but in

discs of depth /, it coincides with the local stable manifold of the periodic point (in this picture, for the sake of

better visibility, this coincidence is depicted in Do, = Dp-1(,)). Thus, by taking the /-refinement, we can take a
univalent invariant family of curves.

In the following, we are interested in the following special kind of perturbations.

Definition 5.14. Let {(D, F,)} be a saddle-node family retarded at a g-free periodic orbit g
having a separated homoclinic point Q. Let Fj be one of (F},). A perturbation G of Fj along

the orbit of g is called admissible if the support of G is contained in | J*_, (F, i ;q))i (2)).

Remark 5.15
(1) If (Gm)m=m, is a family of admissible perturbations of F,, then there exists a

neighborhood W of ¢ such that G’ |y = Fir for every m > my.
(2) If Gis an admissible perturbation of F},, then for every k > 0, we have

(Fag™k(Dg) = GE(Dy).
Also, the shapes of A;, E;, ®;, S;, and T; are all the same for F;, and G.

5.4. On the distribution of itineraries for pre-solutions. For a pre-solution, we have a
family of univalent invariant curves in some refinements. We also want to control the
normal strength of the invariant curve. A priori, there is no information available about
the normal strength. However, if we know that the periodic point has a neutral eigenvalue,
then pre-solutions of the large depths have small strength. In §6, we prove that such a
construction is possible for a special type of retarded family called a prepared family
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 Wi(a)

Fy o FYyW(Qu)

A
=1

FIGURE 6. A pictorical explanation of pre-solution of depth / in E;. There are two curves: W;i.(¢) and F, q“ o
FH (W

1oc(@1)). The former avoids all ®; fori =1, ..., t— land S; fori < /by conditions (S3) and (S4). Inside
T;, these two curves coincide. Note that the existence of the u-homoclinic point implies that F, ; oF é (WISOSC(Q 1))

must have non-empty intersection with F;‘ ) Fé(E 1) which is depicted as a shaded disc.

(see Proposition 6.5). We also prove that for every saddle-node family, by an arbitrarily
small perturbation, we can make it into a prepared one (see Proposition 6.3). We prove
Theorem 3.25 by these propositions. See §6.5.

In this subsection, we prove a result which enables us to estimate the distribution of
the orbits in the invariant curve for a pre-solution of profound depth, which will be a
fundamental tool for the proof of Theorem 3.25.

PROPOSITION 5.16. Let (D, F) be a Markov IFS with a separated periodic point q and its

q-free homoclinic point Q such that q has a large stable manifold, where F is a member of

some retarded family (Fy). Given a neighborhood W of orb(gq) and r € (0, 1), there exists

an integer Lo such that the following holds. Given a pre-solution G of depth L > L which

is an admissible perturbation of F = F,, consider the Markov IFS (GL(D), ALG). For

every point x € T (see Proposition 5.12), if (G) ™ (x) is defined, then one of the following

holds.

o [n the interval [0, L — 1], there is a connected interval H C [0, L — 1] such that for
anyi € H, G/ (x) e WN GL(D) and #H > rL.

e Intheinterval [0, L — 1], there are two disjoint connected intervals Hy, Hy C [0, L — 1]
such that for anyi € Hy U Hy, G™'(x) € W N GL(D) and #H, + #H, > rL.
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Proof. Let W and r be given. First, since ¢ has a large stable manifold, there exists £ such
that (Fq)e(U D,,) C W. We fix such £ and denote it by £y9. We fix Lo which satisfies
(Lo — €9 —a—1t)/Lo > r. Notice that for every L > Lo, (L — {9 —a —t)/L > r holds.
Let us show that any pre-solution G of depth L > L which is an admissible perturbation
of F satisfies the desired condition.

To see this, let us take x € Iz such that G~ (x) is well defined. We define two sets of
integers:

n=losi<r167we @) (Uby)}, Bi=10.L-1\0

Let us consider the length of connected intervals of /1 and I».

e By Remark 5.13 and the definition of £y, the connected intervals of I; which are
bounded by the points of I, have a length at least L — €y + 1. Indeed, let i; be the
first integer of such a connected interval, then by Remark 5.13, we know G~ lo x) e
()t (U Dy,). Thus, G0~k (x) belongs to (F,)(J Dy,) fork =0,..., L — €.

e By Remark 5.13, the connected intervals of /> have a length no longer than o + a + t.
Note that, together with the definition of L, this implies that /; is not empty.

Thus, we can deduce the following.

e If I is empty, then the conclusion is obvious.

e If the number of connected intervals in I, is more than one, then there is at least one
connected interval in I; which is bounded by the points of I. Let us denote one of
them by H. Then we have

#H > L —4¢p+ 1> Lr.

e If there is only one connected interval in I, then I; has at most two connected
intervals. If there is only one, say H, since the length of the connected interval in
I> is no more than £o + a + t, we have

#H > L — (lp+a+t) > Lr.

If there are two (and only two) connected components, we obtain the conclusion by
letting them be H; and H; and repeating a similar argument.

Thus, the proof is completed. O

6. Solution of local problem
The aim of this section is to complete our construction by building perturbations having the
announced invariant curves. Usually, constructions of invariant objects are done by means
of fixed point theorem arguments in some infinite dimensional setting. Our construction is
somehow unconventional. We directly propose families of pre-solutions having arbitrarily
profound depth and we prove that such families are realizable by a small perturbation.
The confirmation of the smallness of the perturbation is the main step of the proof.
For getting our pre-solution by a C'-small perturbation, we need enough homothetic
fundamental domains, and this changes the deepness of the pre-solution for which we
are looking. Seemingly, the ‘cost’ of the perturbation would increase as we require the
coincidence only on the deeper part. As such, it appears to lead us to a vicious circle.
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However, by carefully observing the proof of the fragmentation lemma and choosing the
curve correctly, we see that it does not depend on the depth we demand, if the intermediate
dynamics is sufficiently ‘clean’. More precisely, we will see that, after cleaning, we can
choose the curves which are graphs with bounded derivatives independent of the depth,
and all these curves have the same cost. To follow this strategy, we need to examine the
geometric information of objects we treat and establish a method for cleaning the possible
difficulties by a small perturbation.

Let us now explain how our strategy is structured in this section. The first step is
that a saddle-node retarded family can be perturbed into a prepared family (that is, the
announced family which is sufficiently ‘clean’). In §6.1, we give the precise definition and
its construction. Then we need to show that any prepared family admits a pre-solution of
arbitrarily profound depth by a small perturbation. To find such a perturbation, we need to
have an estimation of the C!-size, which we shall refer to as the cost of the perturbation
(see Definition 6.7). We will prove that there is an upper bound of the cost which is
independent of the depth. Our estimation will be obtained as follows. First, we prepare a
quantitative version of the fragmentation lemma which relates the cost of the perturbation
and the geometric complexity of the curves (§6.2). Then we observe that the geometric
complexity of the curve we need to produce is bounded thanks to the preparedness of the
family (§6.3). The combination of these two techniques enables us to conclude Theorem
3.25 (8864, 6.5).

In this section, by a support of a diffeomorphism f : M — M, we mean supp( f, id),
that is, the closure of the set {x € M | x £ f(x)}.

6.1. Prepared family. We begin with the definition of the prepared family. It is a
saddle-node retarded family having convenient behavior of the objects we treat such as
the obstructions, images of discs, and the strong stable manifold of the flexible point.

Definition 6.1. A saddle-node family {(D, F,)},>1 retarded at a separated periodic point

q having a g-free homoclinic point Q is said to be prepared if the following hold (see

Figures 7 and 8).

(PO) Dy is around disc B(1).

(P1)  The homothetic region of (F14)™ @ is B(1) \ B(A) = Dy \ B()), where 0 < A <
1 is the homothetic factor. Also, A; = B(};) fori =0, ..., n(g), where | = A9 >
Ce > Ag(g) = A

(P2) There are T > 0 and rectangles g; C D, (i =0,...,7m(gq) — 1) satisfying the
following:

(P2-1) A;4; are round discs contained in the diagonal region (see Definition 5.2)
of F{féq) whose centers are g fori =0, ..., w(q) — 1;

(P2-2) fori=0,...,7m(g) — 1, B; is a rectangle in the interior of the annulus
bounded by A;4; and A;4;y1 such that its sides are parallel to the
coordinate axes (which are eigendirections of DF 171 q(q)|q) and its center
is on the positive side of the x-axis. Furthermore, it is disjoint from the
line {x = y};

(P2-3) A4, is contained in the interior of §; fori =0,...,7(g) — 1;
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FIGURE 7. A graphical explanation of a prepared family outside the diagonal region. In the few first fundamental
domains, the map is a contracting homothety. The well E; and the obstructions A; are all round discs (indicated

by tiny circles) and W}’ (¢) coincides with the x-axis except some region in each annulus bounded by A; and
Aiti.

(P2-4) There is an integer ’ > 0 such that (Fljf ;Q))T/(El) is contained in the

interior of B; for somei =0, ...,w(g) — 1.
(P3) For eachi=0,...,7(q)— 1, there is A} € (A;11, ;) such that the following
holds. Set A; = B(A;) \ B(*i+1) and A; = B()L:f) \ B(Aj+1). Then for every i, we
have:

(P3-1) the intersection of W**(q, Fln ;Q)) with A; consists of two connected
components connecting A; and A;y1. The intersection of W*¥(gq, F 1” ‘;q))

with A; coincides with the x-axis;
(P3-2) A, is contained in A; and is disjoint from the x-axis and the line {x = y};
(P3-3) Ej is contained in some A and is a round disc whose center is on the
x-axis and disjoint from the line {x = y}.

Remark 6.2

e In condition (P2), g; is defined for i =0,...,n(q) — 1. For i > 7 (g), we define
Bi setting B; = FfT ;q)(ﬂ,-_n(q)). Note that they are rectangles satisfying similar
conditions, but they may touch the line {x = y}. This will not bring any inconvenience

to our construction.
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FIGURE 8. A graphical explanation of the prepared family near the diagonal region. Here, A, ; are round discs

fori =0,..., 7(¢q) — 1. Each annulus bounded by A;;; and A, ;1 contains a rectangle which contains the

image of the well and the obstruction. Note that in the diagonal region, the x-axis coincides with the strong stable
manifold of g.

e The definition of a prepared family is stated as the condition of F;. Note that if F;
satisfies the condition, then F;, satisfies the corresponding condition. More precisely:
— condition (P1) holds replacing B(1) \ B(}) with B(1) \ B(A");
— condition (P2) holds in the corresponding diagonal region of F,, by replacing t
witht +n —1;
— condition (P3) holds for F;, as it is.

The following proposition says that any saddle-node retarded family admits an arbi-
trarily small perturbation such that the perturbed family is C'-conjugated to a prepared
family.

PROPOSITION 6.3. Let {(D, Fy)}n>1 be a saddle-node family retarded at an e-flexible,

separated periodic point q having a q-free homoclinic point Q. For every § > 0, there exist

a Cl-coordinate change ¢ of D (see Definition 3.23) independent of n and a saddle-node

family (G, = {gn,jDn>1 such that the following hold.

o Thereis ny > 1 such that for every n > 1, G, is a perturbation of Fy,1,, along q and
the two IFSs Fy4,, and G, are 8-C! close.

o {Gup)u>1is a prepared family up to the coordinate change @, that is, (¢ (D), {¢ o gn,j ©
gofl}),,zl is a prepared family for ¢(q) and ¢(Q).

Note that if (Fy,) is uniformly bounded (see Definition 5.5), then the same holds for (G,,),

since each G,, is a perturbation of one of F,, whose size is uniformly bounded.
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The proof of Proposition 6.3 consists of several steps. Since the proof is lengthy, we
give the outline of the proof before going into the details.

First, we consider a deformation of the retarded family (F;,) with which we can achieve
the desired conclusion. Then, we investigate the ‘cost’ of the deformation, where the
word ‘cost’ means the number of diffeomorphisms which are §-close to the identity
whose composition realizes above perturbation. Then we use the retardability of the
family to obtain homothetic regions where we realize above §-small diffeomorphisms.
These perturbations produce (G,) for which the properties of prepared families hold
inside homothetic regions. Then, since the number of fundamental domains outside the
homothetic region is finite, one can complete the proof just by taking a coordinate change
outside the homothetic region.

Proof. Let a saddle-node family {(D, F;)} for ¢ and Q be given. Let B(R) \ B(\"R) be

the homothetic region of Fy .

Step 1. First preparation. Since the stable manifold of ¢ is large, (F; n(q))j (A;) converges

to{g}as j — ooforeverynandi =0,...,m(q) — 1. The same holds for (F,f(q))f (A))
i=0,...,m(g)—1) and (F,Z;q))i(El). Thus, we can take the projections of A;,
A i=0,...,m(q)— 1), and E; to the orbit space (the quotient space obtained

by identifying the points in the same orbit) of the punctured disc D, \ {g} which is
diffeomorphic to the 2-torus T2 (for the details of the orbit space, see [BSy, §§2 and 3]).
Notice that the projections of these objects are independent of the choice of n. We project
the two branches of the strong stable manifold W**(q), A;, A;, and E; to T2. We denote
them by 61, 62, A;, A;, and &, respectively. In the following, given an object in Dy \ {q},
we denote its projection to T? by putting a tilde.

Step 2. Preparation from outside. We fix constants 1 = Ag > - - - > Azg)—1 > A and
consider B(%; R). Also, we fix {A}}i=0,...x(q)—1 satisfying A; > A* > A; ;1. We denote the
boundary of B(%;R) by C; and its projection to T2 by C;. Note that C; are in the same
homotopy class as A; in D, \ {g}. Thus, we can find a C'-ambient isotopy which maps
U A;to U C; in T? (that is, a C'-diffeomorphism isotopic to the identity such that it maps
U A; to U Ci). We denote it by X : T2 — T2.

We choose round discs D; C Int(B(A; R) \ B(A;+1R)) such that D; is disjoint from the
x-axis and the line {x = y} fori =0, ..., w(q) — 1. Also, we choose a round disc Dg
contained in Int(B(A;g R) \ B(Aiz+1R)) disjoint from {x = y} and D, such that its center
is on the x-axis (see Definition 5.9 for the definition of ig). By deforming X1, we can
obtain another ambient isotopy X » which satisfies the condition of X 1 X Q(A ) = D;, and
X»(8)) = Ds.

Step 3. Preparation from inside. Now we consider the information in the diagonal
region. We fix concentric round circles E; (i =0, ...7(g) — 1) in D, contained in the
diagonal region of F;’ ;q) such that:

e the center of E; is g;
e F;iscontainedin E;_jfori =1,...7(q) — 1;
e E;(g)-1 contains Ey ) = Ff;q)(Eo) in its interior.
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We denote their projections to T?> by E; C T2. Consider E; and C; in T? (i =
0,...,m(g) —1). Since they are in the same homotopy class in D, \ {g}, we see that
they are ambient isotopic in T2. We denote such an ambient isotopy by Y| (that is,
Y1(U Ci) = U E; holds).

Let us consider the position of the strong stable manifold 6; (j = 1,2) in the orbit
space. First, in each annulus A; (i =0, ...,w(g) — 1), let r1; (respectively ry;) be the
intersection between A; and the half x-axis in the positive (respectively negative) side.
Similarly, using A} (i =0, ..., (q) — 1), we define r| ; and r/ ; in a similar way.

Then, we choose two families of curves y; jx (j = 1,, 2,k e Z) in A; \ A;41 such that
the following hold:

e in a small neighborhood of rl.’,j, ¥i,jk coincides with r; ;;

e in A; \ A}, ¥;,j« winds k-times in the counter-clockwise direction (if k is negative,
then it winds k-times in the clockwise direction);

e  yi1k and y; 2 are disjoint.

Recall that E; are round circles in the diagonal region, and E; and E;;; bound an
annulus. Consider the intersection of the annulus and W**(g). It is a union of two disjoint
curves. We denote each connected component by o;; (j = 1, 2). Then, in T2, Gj,jis a
curve which connects E ; and E il

Now, we consider a diffeomorphism Y which is isotopic to ¥; satisfying the follow-
ing:

e NUCH=UE:; 5

e G;; N A] coincides with Yz(f,-’,j); and

e 0; j coincides with ?2(?1.” j) in a small neighborhood of 172(;7,-, i)

Then we see that for each i, Uj 6;,j is ambient isotopic to Y2 (7, jk;) in the annulus
bounded by E"i and Ei+1 for some k;. Thus, we can take )73 which is isotopic to )72
satisfying all the conditions of Y, and Ci,j = )73()7,-, jk;) forevery i and j.

Finally, we choose B;. Consider the annulus bounded by E; and E;;;. We choose a
subset f; which satisfies the following. It is a rectangle whose edges are parallel to two
coordinate axes and whose center is on the x-axis. Notice that Int(8;) U W**(¢q) coincides
with the x-axis. Now we perform the final modification to Y3. We take Y, which is isotopic
to Y3, satisfying all the conditions of Y3 and furthermore it satisfies:

e Yu(D;) is a disc contained in Int(,éi);
° 174(55) is a disc contained in Int(B,-) for some i.

Step 4. Estimation of the cost of the deformation. We have finished the preparation of
the perturbation. Now we give perturbations to the family (F,,). In the following, the maps
which will be perturbed are just F), p-1,).

As is in the argument of [BS;] (see the proof of [BS;, Lemma 3.1]), we realize f(z
and Yy as follows. First, by applying the fragmentation lemma (see Theorem 6.6 in the
next section), we take C]-diffeomorphisms {xi}i=1....x and {0;}j=1.. 1 of T2 which
are 8-C'-close to the identity and are supported on small discs such that the following
equalities hold:

----------

Xo=xko---0ox1, Yys=vpo---0Uj.
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Now, consider the family {(D, F},)}, where n = 3K + k + 3L and k > 1. We will prove
the theorem setting ny = 3K + 3L (for ny, see the statement of Proposition 6.3).

Step 5. Realization of deformations. In each three consecutive fundamental domains in
the homothetic region B(A3~3R) \ B(A1* R), we take the lift of ¥; and denote it by x;.
We take x; in such a way that their supports are so small that we can take the lift of them
supported in B(A3 3 R) \ B(A¥ R).

Now consider the following diffeomorphism X of D, (whose support is contained in
B(R) \ BW3KR)):

X=xko- -oxi.

Since the conjugation by a homothetic transformation does not affect the C!-distance, X
is also 8-C'-close to the identity map. We define the new IFS (D, F)) by composing X to
F, p-1(4) and keep the other maps intact.

Now, there exist K, K, and n such that the following hold for every n = n| + k:
o (BT (A;) = BOKMR) fori =0,...,7(q) — 1;

/

° Fnz(q) is a homothety of homothetic factor A on B(A3K R) \ B(A3K+,+3LR).

o (F,/,Z(q))KO(Ai) is a round disc contained in (F,/lz(q))’(o([\i \ A1) disjoint from the
x-axis and the line {x = y};

o (F,i,Z(q))KO(El) is a round disc contained in (F,;,Z(q))KO (Aig \ Aiz+1) whose center
is on the x-axis and disjoint from the line {x = y}.

We perform another perturbation. For n = n| + k, take the lift of U; and compose it on
BO3KHERY \ B(A3K+K+3LR) and define Y in the similar way. That is, first, we take the
lift of 0; on B(A3KHKH3GE=D Ry \ B(R3K+Kk+3I R) and denote it by v; (remark that v; does
depend on k, while x; does not). Then consider the following diffeomorphism of D:

Y=vpo0---0vy.

Then for F,, we compose Y to F/ , and keep the other maps intact. We denote this

IFS by Gy.

We can check that it satisfies, in addition to the previous four conditions, the following
ones:

o W*(q, F,Z;q)) coincides with the x-axis on B()»3K)»:.“R) \ B(A3Kki+1R) for every
i =0,...,7(q) — 1. Note that the same holds for BA3X/1¥R) \ B(A3XH/2; 11 R)
forj=0,...,k—1;

R (Gzﬁf ) satisfies condition (P2) in Definition 6.1.

Thus, (G,’:’Lq))kzl is a retarded family for ¢ and Q with a homothetic region B(A*X R) \
B(A3K+kR) such that every Gy is 8-Cl-close to Fo vk

Final step. Taking conjugacy. Now, let us take a coordinate change between D, and
B(1) under which the family (Gy) satisfies condition (P1) (we change coordinates only
on D). First, let Rg = A3K R be the radius of a ball such that GZ,E;I) is a homothety on
B(Rg) \ BOKXRG). Recall that K > 0 satisfies (GZ’;‘I))KO(DQ) = B(RG). Then we define
a family of diffeomorphisms {%;} on the disc B(»~KoRs) as follows:
o hy= GZ’Z’) inside (GZ’E]‘”)KO(D,]) = B(Rg);
e outside (GZ,E;I))KO (Dy), hy is a homothety of homothetic factor A.

F=l(g)

https://doi.org/10.1017/etds.2023.76 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2023.76

Ejecting a horseshoe from a partially hyperbolic chain recurrence class 2135

Now we can define a conjugacy p : D, — B(L~X0Rs) between GZ’(;) and £y as follows.
Set p to be the identity map inside (Gz’gq))KO (Dy). Outside (GZ’E{q))KO (Dy), we extend p
subject to the formula p = hk_1 opo GZ,E;I). Notice that p can be extended to a conjugacy
p: Dy — BOFRg) since (GL.")¥0(Dy) = B(Rg).

Finally, by conjugating the family {/} by the homothety with homothetic factor A0, we
obtain the desired family. Notice that the conjugation by the homothety keeps the x-axis
and the roundness of discs. Thus, we see that this conjugated family satisfies condition

(P1). Using condition (P1) and the conditions on (G ), we can also check that the resulted
family also satisfies conditions (P2) and (P3). This completes the proof. ]

Remark 6.4. If we construct a prepared family by Proposition 6.3, then the obtained
prepared family is automatically bounded, for (F;) are uniformly bounded and each Gy
is §-close to Fyyp,.

In the rest of this section, we will prove the following.

PROPOSITION 6.5. Let {(D, Fy)}n>1 be a prepared family for a periodic point q and
its u-homoclinic point Q such that (F,) is uniformly bounded. For every gy > 0, there
exist no, mo > 1 and a neighborhood Wy, of q such that there is a family of adapted
gy-perturbations (Gu)m>my Of Fn, such that Gy is a pre-solution of depth m and
(Gmg)" PNw,, = (Fugg)"Vlw,, holds for every m > my.

If we prove Proposition 6.5, then with Proposition 6.3, we can conclude Theorem 3.25.
At the end of this section, we will prove Proposition 6.5 using Proposition 6.8, which will
be proved in the next two sections.

6.2. Fragmentation lemma and the cost of a curve. In this subsection, we give an
important ingredient of the proof of Proposition 6.5. First, let us recall the statement of
the classical fragmentation lemma.

THEOREM 6.6. (Fragmentation lemma) Given any smooth closed Riemannian manifold
M, any diffeomorphism f: M — M isotopic to the identity map, and any ¢ > 0, there is
a sequence {@;}i=1,.. x of diffeomorphisms of M with the following properties.

(1)  For every i, the C'-distance between @; and the identity map 1dy; is less than e.
(2) Forevery i, ¢; coincides with the identity map outside a disc of radius ¢.

3) f=@o- 00

Theorem 6.6 enables us to decompose a given diffeomorphism into a composition of
diffeomorphisms whose C!-distance from the identity is arbitrarily small, while it does not
give any information about the number of diffeomorphisms needed. To prove Proposition
6.5, we need to establish the upper bound of it. To clarify the meaning of the upper bound,
we introduce a definition.

Definition 6.7. Let y1, y» be Cl-curves in a disc D C R? transverse to 8 D. We assume
that y; and y» coincide near dD. Let n > 0. The n-cost from y; to y,, denoted by
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¢y (1, v2) € N, is the minimum integer n such that there are diffeomorphisms ¢y, . . ., @,
of D satisfying the following:

e ; is supported in a disc of radius n contained in D \ 9D for every i;

e ¢, is n-C'-close to the identity map for every i; and

® gpo---001(y1) =y

We will prove the following.

PROPOSITION 6.8. Given a real number n > 0 and a prepared family {(D, F,)}n>1 for a
periodic point q and its u-homoclinic point Q, there existc = ¢, € N, my = mo, € N, and
a curve yo C 81 such that for every n > 1 and m > my + (n — 1)1 (q), there is a curve
Ynm C E1 which coincides with yy near d E1 and satisfies the following (see Definition 5.8
for the definitions of T;, S; and ©;. Note that they are defined by F,, and depend on n):

o yo=lx-axis) N B = Wi(q, Frs”) N Ex;

o YumNT, = F”f o Fnt’ o K (WIXOSC(F_’"(Q]))) (see §5.3 for the definitions of Q1,

tand a);
Ynm N E; is a connected Cl-curve and Yam NO; =@ fori=1,...,t—-1;
Ynm N T; is a connected Cl-curve and Yam NSi =0 fori=0,...,m—1;

¢y (Vam»> Y0) < c foreveryn > 1 andm > my + (n — 1)m(g).

The next lemma will be one of our main tools. We give a bound of the cost of curves in
a simple situation. In the following, by D, we denote the unit disc B(1) C R2.

LEMMA 6.9. Let 0 < 6 < 1 be given. Given oo > 0 and ¢ > 0, there is N € N satisfying
the following property. Suppose f: [—1, 1] — R is a C'-map satisfying:

o f()=0ifte[-1,—-1+8]U[l-6,1];

o |f'(t)| < aforeveryt;

o the graph of f, that is, {(t, (1)) € R? |t € [—1, 11}, is contained in D.

Then there is a sequence of diffeomorphisms {¢;}i—1... .k where K < N and satisfies the

,,,,,

following:
o foreveryi=1,...,K, the support of ¢; is contained in D\ 0D and has diameter
less than &;

o foreveryi, the C'-distance between @; and the identity map is smaller than &; and
o ggo---o0p([—1, 1] x {0}) is equal to the graph of f.

Proof. Letf: R — [0, 1] be a smooth bump function satisfying the following:
e 0 isequalto zero in (—oo, —2 + &p] U [2 — ¢, +00) for some small 5o > 0;
e isidentically 1 on [—1, 1].

For every sufficiently large n € N and every i € {0, ..., n> — 1}, we denote by Yy the
diffeomorphism of D defined as the time one map of the vector field
f (x) 4

Xi,n(x,y)=0(n(y— f( )
Note that Vi, (x,i/n°f(x)) = (x, (i+1)/n3f(x)), so we have ¥,3_;,0---0

Yo.((x,0)) = (x, f(x)) for every x € [—1, 1]. Furthermore, the support of ¥, is
contained in the 2n~3-neighborhood of {(x, i /n*f(x)) | x € [-1 + &, 1 — 8]}. A simple
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calculation shows that the C!-distance of ;, from the identity map is bounded by
Kan~2 (where « is the constant in the statement of this lemma and K > 0 is some
constant independent of f), and hence tends to 0 when n — oo.

However, the diameter of the support of ; , does not tend to 0. To obtain this property,
we take finer factorization in products of diffeomorphisms with smaller support.

We put

O(n(x — j/n))

0jn(x) = —— .
i) = S35 g e — k)

The family {6;,} is a partition of unity whose differential is proportional to n. Then, we
define diffeomorphisms {g; ; .} as a time one map of the vector field

Xi,j,n(xs y) = ej,n(x)Xi,n(X, y).

Given a pair (i, n), each ¢; j , commutes, because each ¢; ; , is, when restricted to the
line {x = xp}, a flow generated by a proportional vector field. Let p; , be the product of
{¢ijn} for j € {=2,...,n+2}. Then we have p,3_;, 00 pon((x,0)) = (x, f(x))
for every x € [—1, 1], the C! distance between ¢i,j,n and the identity map is bounded by
a constant proportional to K’an™! (where K’ > 0 is some constant independent of f) and
the diameters of their supports are bounded by 4n~!. Thus, the proof is completed. O

6.3. Choice of the curves: proof of Proposition 6.8. Using Lemma 6.9, we can complete
the proof of Proposition 6.8.

Proof of Proposition 6.8. Let {(D, F,)},>1 be a prepared family for a periodic point g
and its homoclinic point Q. Let A be the homothetic factor of the retarded family (F,Z ;q)).
Also, let n > 0 be given.

To construct the family {y, ), given n’ > 0, we only need to construct a family of
curves {0y mbn>1,m>ms+m(q)n—1) (Where m3 is some non-negative integer) in D; = B(1)
such that the following hold (recall that A; and A; are defined by F,, so they depend

on n):

e let g be the diameter D, N {x = y}. Every a,,,, coincides with cg near 0 D;
o aymN 1_\1‘ is a connected curve for everyi =0, ..., m;

o wy,NA =0@fori=0,...,m—1;

o N(Frg) (B) =@fori=0,....[m/7(g)]—1;

anm N Ap coincides with the x-axis;
e there exists an integer ¢,y > 0 such that

ey (Cnm, @0) < Cy

foreveryn > landm > m3 +n(g)(n — 1).
If we have constructed such a family, then we can obtain the conclusion. To see this, recall
that there is an integer  such that Tp = F,} q© F’i 0° F,z q (Dy) holds (see Remark 5.10,
recall that T; is a disc in the transition well). If we take the image of the family {«}, ,, } under
Fn‘fq oF', o F? it gives a family of curves in T such that for each n, the K, n’-cost

n,Q n,qg>
between F,!, o an’Q o F;, (@) and F, o F;’Q o F? (@ m) is uniformly bounded, where
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K, > 0is some constant determined by F}' q° Fnt’ 0° F,E 4~ Note that K, depends on 7, but
as (Fy) is uniformly bounded by assumption, the sequence (K},) is also uniformly bounded.
As a result, the Kn'-cost of the family Fn“’q o Fn"’ 0° F,E q (ctp,m) is uniformly bounded by
¢,y» where K is the uniform bound of (K},). Thus, given n > 0, considering " satisfying
Kn' < n, we obtain the boundedness of the n-cost for the image curves.

Let us explain how to extend these curves to obtain {y,,,} and yp. We extend the curve
Fnch o Fnt 0° FnD q (o) to a C'-curve yo in E1 which coincides with the x-axis near the
boundary of E;. Since the objects in E; outside T, such as ®; fori =1,...,t— 1 and
S;fori =1,...,0 — 1, are the same for every n, we can extend each image Fn‘fq o F,:"Q o
F? ;(@n.m) to B such that the following hold:

e cach extension coincides with )y near the boundary of Zy;

e the n-costs between each extension and yq are uniformly bounded;

e the intersections between each extensionand &; (| =0,...,t—1),7; (i =0,...,0)
are connected.

Thus, they give the desired family {4, }-

Now, given n’ > 0, let us construct the family of curves {a,,} in D, which has
uniformly bounded 7’-cost from 9. We only need to construct a family {c1 s}y >m; since
for general {oy, .}, we only need to extend the homothetic image of {«1 s, };>m; by a straight
line in the homothetic region. Note that by increasing n by 1, the number of the homothetic
region increases by 1, thus the number of intermediate strata increases by m(g). Thus,
{otn m} is defined only for m > m3 + w(g)(n — 1).

Let 7 be an integer in condition (P2) (see Definition 6.1). Recall that we have rectangles
Br C Arqk \ Arqi+1 for k > 0. Now, we construct a family of curves {¢;};>0 in A,
satisfying the following conditions (see Figure 9):

BxNe¢g =0ifk <i;

e  f; N ¢ coincides with the x-axis if k > i;

e for each i, the two endpoints of ¢; are A; N {x = y};

e foreveryi >0andj>r1,{ N A j is a connected curve.

Let us prove the following.

CLAIM 6.10. {¢;} C Ay can be chosen in such a way that the 1/'-cost from ¢_oo := Ay N
{x = y} is uniformly bounded.

Proof. We need to achieve two properties: ¢; avoids the intersection with gy for k < i and
they must have intersection for i > k. The other condition is that the intersection with ¢;
and A j 1s connected.
To obtain both, we choose the family of curves {¢;} described as in Figure 9. Namely,
¢ is a curve such that:
e in the positive x-half plane, first it follows the x-axis;
e then it makes an almost vertical turn to the y-direction between 8, and B,_1;
e after the curve reaches higher than the line {x = y}, it makes another almost vertical
turn to the x-direction. Recall that we require that 8; (i =0, ...m(g) — 1) is disjoint
from the line {x = y};
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G2 \ <1 Co
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FIGURE 9. A graphical explanation of the family {¢;}. They are chosen in such a way that they have bounded

derivatives with respect to the orthogonal x’y’-coordinates where {x = y} corresponds to the x’-axis, except

some finitely many ¢;. In the picture, o, {1, ¢» are the exceptions. They need to turn back to reach the line
{x = y} and may fail to be graphs in x’y’-coordinates.

when it arrives at the line {x = y}, the curve follows it to reach A;
e on the negative x-half plane which contains no §;, we just take some extension, paying

attention to keep the condition about the connectedness.
We can construct such ¢; for every sufficiently large i. If we introduce an orthogonal
x'y’-coordinate system on A, which sends ¢_ to the x’-axis, then it is not difficult to see
that we can realize ¢; as the graphs of functions whose derivatives are uniformly bounded.
Note that in the diagonal region, the map F' 1” ;q) has the diagonal form. It guarantees that
if the turns of ¢; are sufficiently vertical, then the curves A j N ¢g; are connected.

Now, Lemma 6.9 implies the uniform boundedness of the cost from ¢_ to ¢;. There

may be some curves where this construction does not hold, but there are at most finitely
many such curves and their contributions are irrelevant to the boundedness of the cost. [

Then we need to connect {¢;} to Ag. The shape of (A;) and (Ff;q))j(El) may be

complicated in Ag \ A but the size of this region is bounded. Thus, we can extend {¢;} to
{o1,m} keeping the uniform boundedness of the n’-cost. O

6.4. Proof of Proposition 6.5. In this subsection, we finish the proof of Proposition 6.5.

Proof. Let {(D, F,)}n,>1 be a prepared family and fix e, > 0. We take an integer ¢ > 0
and the curves yo and {Vum}n>1,m>mr+n(g)(n—1) in E1 by Proposition 6.8. We have
Cey(Ymns Vo) < cforeveryn > landm > mp 4+ w(q)(n — 1).
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By definition of the e;-cost, for each m > my + w(q)(n — 1), there are diffeomor-
phisms @14, . . ., @cm supported in the interior of Ej, &2-C L_close to the identity such
that

$em O - -0 (pl,m(yn,m) = Y0-

of Proposition 6.3. Namely, for i € {1,...,c}, let {; be a diffeo;lorphism of D, which
satisfies ¥ = (F,ZJ(Z))" © Qim O (F,ﬁ)(,z))*" on (F,ZJ(Z))" (E1) and equal to the identity map
outside. Note that v;, is supported on (FZ)(,Z))i(El), which is contained in the annulus
(F,j,TO(’Z))" (Dy) \ (F,Z)(,Z))" +1(D,). Remark that this is contained in the homothetic region of
Fpy.

Notice that the C!-distance between V¥ m and the identity map is bounded by &7, as ¥;
is conjugated to ¢; ,, by a contracting homothety. The maps {; n}i=1... . have disjoint
supports. So they commute. Let v, be the product ¥, = ¥ 0 - - - 0 Y1, and let G, be
a Markov IFS obtained by composing ¥, to F,, | r-1, and keeping the other maps intact.

Fix now an integer ng greater than ¢ + 1. We compose ¢;  to Fy, | -1, as in the proof

n
The map G, is an admissible &;-C L_small perturbation of F,,. Let us check the

following.
CLAIM 6.11. G, is a pre-solution of depth m.
Proof. Let us see that
W (g, Gig)) N E1 = Yagun-

Then, the fact that G, is an admissible perturbation of F;, and the definition of vy
immediately implies the conclusion.
Consider a point x € E; and k > c. Then,

c
(G (@) = (Fad) <o []‘[[(F%f?)' o @im o (Frpg) ™o F,;;fzn}@
i=1

= (FE Y 0 g o0 @1 m(X).

7(q)

Therefore, for X € 81, we have x € W¥(q, G,,4") if and only if @c ;0«0 @1 m(X)
belongs to W*S (g, F,Z)(,Z)) N E1 = yo, thatis, X € Yuym- O
Thus, the proof of Proposition 6.5 is completed. O

6.5. Weakness of the invariant curves. Now we are ready to finish the proof of
Theorem 3.25. Let us complete it.

Proof. Let a Markov IFS (D, F) with an e-flexible point g having a large stable manifold
and its u-homoclinic point Q be given. Also, let > 0 and &9 > 0 be given.

First, we apply Lemma 5.6 and Proposition 6.3 successively. Then we obtain a
bounded prepared family {(D, F;)} such that each F}, is a Cl—s—perturbation of F and
the CY-distance between F,, and F is less than &.
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Then we apply Proposition 6.5 to (F},) letting 2 > 0 be small. Then we obtain ng, my,
Wi, and a family of pre-solutions (G, )m>m, of depth m which are e>-admissible perturba-
tions of F;,. Each G, has a family of univalent invariant curves I';, in (0, m)-refinement
by Proposition 5.12. Note that (G,,) is bounded, too. Since &> can be chosen arbitrarily
small, we see that (G,,) is C-g-close to F and C%-go-close to F. Note that by shrinking
Wy, we may assume that the differential of F,j,T, ;q) D Wy, ON the x-axis is equal to one.

In the following, we will choose convenient m so that in the resulted dynamics, this
curve has two kinds of hyperbolicity in the definition of contracting invariant curves, see
Definitions 3.12, 3.13, and 3.15. We only explain how to establish the weakness of the
curves. The choice of m for the contraction in the tangential direction is left to the reader.

We choose

M =sup | max IDGw) ™' @lroyrr, 1.
m xe€ly

M- =inf | min DG~ @lroyrr, I}
m xely

Notice that, even though there are infinitely many maps G, in the argument of the
supremum and the infimum, M and M_ are positive finite values, for G,, are bounded.
We apply Proposition 5.16 to F;,, W, and some r. Then for every G,,, the conclusion of
Proposition 5.16 holds. In the following, we consider the case where the first conclusion of
Proposition 5.16 holds, that is, there is one connected interval H satisfying the conditions.
The proof for the second case is similar, so we omit the argument of that case.

Consider a point x € Iy, for which (G,,) ™" (x) is defined. Since the normal expansion
of I', is L 'in W, x € T',,, and x goes around orb(q) at least ([mr/m(g)] — 2)-times (where
[x] denotes the integer part of x), we know

Mr_n*([mr/ﬂ(q)]*Z)ﬂ(Q) < ”D(Gm)_m|TZ)/TFm (.X)” < M_n:*([mr/ﬂ(CI)]*Z)ﬂ(Q).

Thus, by taking r arbitrarily close to 1, we see that the contribution of the derivatives
outside W will be negligible. Thus, we have that the average normal derivative of I';, tends
to 1 by letting r close to one. O

7. On the proof of general cases

In this section, we discuss the proof of Theorem 3.24 based on the argument of the proof of

Theorem 3.25. Indeed, the proof can be done in a parallel way, adding some modification

to avoid the interference. Let us briefly see it.

Let {g;} and {Q;} be given.

e  First, we apply Lemma 5.6 to each g; . It gives us a saddle-node retarded family retarded
at each ¢;. Note that there is no interference between two different periodic points, due
to the assumption of mutual separatedness.

e Then, for each g;, we consider the homo/heteroclinic points of orb(g;). For each
homo/heteroclinic point, we define the periodic well and the transition well in the
first fundamental domain.

e Note that two transition wells of different homo/heteroclinic orbits may share some
discs, since two different homo/heteroclinic orbits may share their itinerary.
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e However, they cannot have totally the same itinerary by assumption. Thus, at least we
know that their periodic wells are disjoint.

e Now we give small perturbation to each retarded family which makes it to be prepared.
Then for each periodic well, we find curves {y; ,,} with bounded cost.

e Since the periodic wells are disjoint, we have no interference when we perform the
perturbation in §6.4. Thus, we can obtain the pre-solution of arbitrarily profound depth
for each homo/heteroclinic orbits.
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