ON THE CENTRALIZER OF VECTOR FIELDS: CRITERIA OF
TRIVIALITY AND GENERICITY RESULTS
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ABSTRACT. In this paper we study the problem of knowing when the central-
izer of a vector field is “small”. We obtain several criteria that imply different
types of “small” centralizers, namely collinear, quasi-trivial and trivial. There
are two types of results in the paper: general dynamical criteria that imply one
of the “small” centralizers above; and genericity results about the centralizer.

Some of our general criteria imply that the centralizer is trivial in the fol-
lowing settings: non-uniformly hyperbolic conservative C? flows; transitive
separating C! flows; Kinematic expansive C® flows on 3 manifolds whose sin-
gularities are all hyperbolic.

For genericity results, we obtain that C'1-generically the centralizer is quasi-
trivial, and in many situations we can show that it is actually trivial.
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1. INTRODUCTION

Given a dynamical system, it is natural to try to understand the symmetries
that it may have. Oftentimes, they may give extra information which can be used
to understand the dynamical behaviour. For example, towards the end of the 19th
century, Lie was able to use the symmetries of some differential equations to derive
their solutions, ans it was actually during this work that he introduced the notion
of Lie groups. There are several different notions of symmetries that one may
consider for a dynamical system. One of them is the so-called centralizer, which is
the main object of interest in this paper. Let us give a brief account of the study
of centralizers in dynamics.

Centralizers of diffeomorphisms. Let M be a compact riemannian manifold
and for each r > 1 we consider Diff" (M) to be the set of C"-diffeomorphisms of M.
For a given f € Diff" (M) and s € [1,7] we define its C*-centralizer as

€ (f) :={g € Dift*(M) : fog=go f}.

In other words, it is the set of diffeomorphisms that commutes with f. Observe
that some trivial solutions of the equation f og = go f are given by g = f™, for
any n € Z. A natural question is to know when these are the only solutions of such
equation. Whenever the centralizer is generated by f, we say that f has trivial
centralizer. We remark that, whenever the centralizer of f is non-trivial, then f
embeds into a non-trivial Z2-action.

Kopell in her Ph.D. thesis in 1970 proved that for » > 2 and when M is the circle
St there is an open and dense subset of C"-diffeomorphisms with trivial centralizer
(see [Kop70]). Motivated by Kopell’s result, Smale asked the following question:

Question 1 ([Sma9l], [Sma9g]). Is the set of C"-diffeomorphisms with trivial cen-
tralizer a residual (or generic) subset? That is, does it contain a dense Gs-subset
of the space of C"-diffeomorphisms? Is it open and dense?

This question remains open in this generality, but there are several partial an-
swers. We refer the reader to [BF14, Bu04, Fi08, Fi09, PY89(1), PY89(2), P198,
Ro08, R093, RV18] for some related results in the hyperbolic and partially hyper-
bolic setting.

Bonatti-Crovisier-Wilkinson gave a positive answer to Smale’s question for
the C'-topology. They proved that a Cl-generic diffeomorphism has trivial C!-
centralizer (see [BCWO09]). From their result, a natural question is to know if for
the C'-topology the property of having trivial C'-centralizer is open and dense.
It turns out that the answer is no. This is given by Bonatti-Crovisier-Vago-
Wilkinson ([BCVWO08]), where they proved that any manifold admits a C*-open
set U C Diff' (M) such that there exists a subset D C U, which is C'-dense in U,
with the property that any diffeomorphism f € D has non-trivial centralizer.

A great portion of this paper is dedicated to extend the result of Bonatti-
Crovisier-Wilkinson in [BCWO09] for flows. As we will see, there are some diffi-
culties that arises when one studies the centralizer of flows, which do not appear
for diffeomorphisms.

Centralizers of flows. Let us now turn our attention to the symmetries of a

continuous dynamical system. Since we will restrict our study to the C!-category,

we can represent a flow by the vector field that generates it. Let X"(M) be the
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set of C" vector fields of M. Recall that a smooth manifold carries a Lie bracket
operator [, -] that acts on X"(M) x X"(M). For X|Y € X"(M), it is defined by
[X,Y] :=XY -YX. If [X,Y] =0, we say that X and Y commute.

Let X € X"(M) and 1 < s < r, we define the C®-centralizer of X by

€ (X) = {Y € X*(M) : [X,Y] = 0}.

This is the set of vector fields that commute with X.

Given X, the equation [X,Y] = 0 has some trivial solutions. Indeed, for any
c € R, the vector field Y = ¢X commutes with X. More generally, for any function
f+ M — R such that X f = 0, then the vector field Y = fX also commutes with
X. In what follows we will define different types of “triviality” for the centralizer
of flows.

A C" vector field X has C?-collinear centralizer if for any Y € €°(X), for any
point x € M the space generated by the vectors X (x) and Y (z) has dimension at
most 1. This definition says that if Y commutes with X, then Y has the “same
direction” of X.

Recall that two vector fields commute if and only if their flows commute, that
is, for any tx,ty € R we have that X;, o Y;, () = ¥;, o X¢, (). Two commuting
flows induce an R2-action. If X has collinear centralizer, then the flow generated
by X does not embed into a non-trivial R%-action, that is, there are no orbits of
the action with dimension 2.

A slightly stronger notion of triviality is the following: we say that X has C*-
quasi-trivial centralizer if for any Y € €°(X) there is a continuous function f: M —
R, which is differentiable along X-orbits, such that ¥ = fX.

At last, we say that X has C*®-trivial centralizer if the centralizer is given by
the set {¢X : ¢ € R}. Observe that this is the smallest possible centralizer that a
vector field may have. It is natural to ask in this context the following version of
Smale’s questions for the vector field centralizer.

Question 2. Is the set of C"-vector fields with trivial (quasi-trivial or collinear)
centralizer a residual (or generic) subset? Is it open and dense?

There are several works that study the different types of triviality of the vector
field centralizer. In 1973, Kato-Morimoto proved that the centralizer of an Anosov
flow is quasi-trivial (see [KM73]). The main feature used in their proof is a topolog-
ical property called (Bowen-Walters) expansivity. We remark that there are several
different notions of expansivity for flows.

A few years later in [Oka76], Oka extended Kato-Morimoto’s result for (Bowen-
Walters) expansive flows. This type of expansivity is somehow restrictive, since it
implies that every singularity is an isolated point of the manifold.

In [Sad79], Sad in his Ph.D. thesis adapted the remarkable work of Palis-Yoccoz
[PY89(2)] for flows. He proved that the triviality of the vector field centralizer holds
for an C'*°-open and dense subset of C>° Axiom A vector fields that verify the strong
transversality condition. The singularities of an Axiom A flow are dynamically
isolated, meaning that they are not contained in a non-trivial transitive set. For
these type of flows the singularities do not give any trouble in the proofs of triviality
of the centralizer.

Much more recently, in 2018, Bonomo-Rocha-Varandas ([BRV18]) studied the
centralizer for Komuro expansive flows. We remark that Komuro expansivity allows
the presence of singularities, which includes for instance Lorenz attractors. They
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prove the triviality of the centralizer of transitive C°°-Komuro expansive transitive
flows whose singularities are hyperbolic and verify a non-resonance condition.

Bonomo-Varandas proved in [BV19] that a C'-generic divergence free vector field
has trivial vector field centralizer (they also obtain a generic result for Hamiltonian
flows in the same paper). In a different paper, [BV18], Bonomo-Varandas obtain
that C'-generic sectional Axiom A vector fields have trivial vector field centralizer
(see the introduction of [BV18] for the definition of sectional Axiom A).

In this paper, there are two types of results: general results which study dynam-
ical conditions on X that imply “triviality” of its centralizer, and genericity results.
In what follows we will state our main results.

Quasi-trivial centralizers. We obtain some easy criteria that imply collinearity
of the centralizer. A natural problem is to know when collinearity can be promoted
to quasi-triviality. If Y commutes with X and Y is collinear to X, it is easy to see
that there is a continuous function f, defined on regular (or non-singular) points
such that Y = fX. The problem of going from collinearity to quasi-triviality is a
problem of extending continuously the function f to the entire manifold. This is
not always the case; indeed, in Section 3 we construct an example of a vector field
with collinear centralizer which is not quasi-trivial.

Nevertheless, when all the singularities of a C! vector field are hyperbolic,
collinearity can actually be promoted to quasi-triviality:

Theorem A. Let M be a compact manifold. If X € X'(M) has collinear C*-
centralizer and all the singularities of X are hyperbolic, then X has quasi-trivial
C'-centralizer.

We stress that we do not require any regularity nor absence of resonance like
conditions on the singularity. This is an important improvement compared with
previous results [BRV18, BV19, BV18] and [Sad79).

A significant part of this paper is dedicated to the proof of the C'-genericity of
quasi-trivial centralizer. This is given in the following theorem:

Theorem B. Let M be a compact manifold. There exists a residual subset R C
XY (M) such that any X € R has quasi-trivial C*-centralizer.

This result is a version for the vector field centralizer of Bonatti-Crovisier-
Wilkinson’s result [BCWO09].

Trivial centralizers. Next we see in which situations we can conclude the triv-
iality of the centralizer. It is easy to construct examples of vector fields whose
centralizer is quasi-trivial but not trivial. In Section 4 we explain how Example 2.5
has quasi-trivial centralizer, but not trivial.

The problem of knowing if a vector field with quasi-trivial centralizer has trivial
centralizer is reduced to the problem of knowing when an X-invariant function® is
constant. This problem will be studied in Section 4.

Our first criterion to obtain triviality is based on the notion of spectral decomposi-
tion. We say that X admits a countable spectral decomposition if the non-wandering
set, Q(X), satisfies Q(X) = U;enA;, where the sets A; are pairwise disjoint, each of
which is compact, X-invariant and transitive, i.e., contains a dense orbit.

LA function is f is X-invariant if X f = 0, which amounts to saying that fo X; = f, Vt € R.
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Theorem C. Let M be a compact connected manifold and let X € X*(M). Assume
that all the singularities of X are hyperbolic, that X admits a countable spectral
decomposition and that the C'-centralizer of X is collinear. Then €1(X) is trivial.

With the assumption of a very weak type of expansivity, called separating (see
Definition 2.3), we can obtain the following result:

Theorem D. If X is a transitive, separating C' vector field, then X has trivial
C*-centralizer.

We remark that the separating property is much weaker than Komuro expansive-
ness. In particular, our results generalize to a much larger class of vector fields the
results about centralizers of flows from [KM73, Oka76, BRV18]. After this work
was completed, Bakker-Fisher-Hasselblatt in [BFH19] were able to prove a simi-
lar result in the C%-category. However, their result uses a type of expansiveness
stronger than separating, called kinematic expansiveness.

In higher regularity, Pesin’s theory in the non-uniformly hyperbolic case and
Sard’s theorem give us two useful tools to verify triviality of the centralizer. Using
Pesin’s theory as a tool, we obtain the following result:

Theorem E. Let M be a compact manifold of dimension d > 2. Let X € X%(M) be
a vector field with finitely many singularities and let p be a X -invariant probability
measure such that suppp = M. If p is non-uniformly hyperbolic for X, then X has
trivial C-centralizer.

Theorem E can be applied for non-uniformly hyperbolic geodesic flows, like the
ones constructed by Donnay [Don88] and Burns-Gerber [BG89]. In particular, we
obtain that non-uniformly hyperbolic geodesic flows have trivial centralizer.

In dimension three, under higher regularity assumptions, we are also able to
obtain triviality, for a slightly stronger notion of expansiveness called kinematic
expansive, which is stronger than separating (see Definition 4.8).

Theorem F. Let M be a compact 3-manifold and consider X € X3(M). If X is
Kinematic expansive and all its singularities are hyperbolic, then its C3-centralizer
is trivial.

The technique we use in the above theorem, which relies on Sard’s Theorem, also
leads to a criterion to obtain triviality from a collinear centralizer of high regularity.

Theorem G. Let M be a compact, connected Riemannian manifold of dimension
d>1, and let X € X4(M). Assume that every singularity and periodic orbit of X
is hyperbolic, that Q(X) = Per(X) and that the C%-centralizer of X is collinear.
Then X has trivial C%-centralizer.

This criterion is not sufficient if we want to obtain a generic result, due to the
lack of a C¢-closing lemma. However, following the arguments of [Man73, Hur86],
we can show that C?-generically the triviality of the C'%-centralizer is equivalent to
the collinearity of the C'%-centralizer.

Theorem H. Let M be a compact, connected Riemannian manifold of dimension
d > 1. There exists a residual set Ry C X4(M) such that for any X € Ry, the
C?-centralizer €4(X) of X is collinear if and only if it is trivial.

In the next section we give all the precise definitions used in these theorems. Let
us make a few remarks. In our C'-generic result, we can actually obtain triviality
5



in several scenarios, see Theorem 5.1. What is missing to obtain the triviality of
the centralizer for a C''-generic vector field is to prove that a C''-generic vector field
does not admit any non-trivial C* first integral (see Section 4). This is a conjecture
made by Thom [Thom]. With our result, a complete answer for Question 2 for C'!
vector fields is equivalent to answering Thom’s conjecture.

A natural direction in this genericity type of results is to understand what hap-
pens in the generic case in higher regularity. We conclude this introduction with
the following question:

Question 3. Given any manifold M with dimension dim M > 3, does there exist
r > 1 sufficiently large and a C"-open set U C X"(M) such that for any X € U the
C*-centralizer (for some 1 < s <) of X is not collinear?

1.1. General notions on vector fields. Before closing this section we recall some
definitions and fix some notations that we shall use throughout the paper. Let M
be a smooth manifold of dimension d > 2, which we assume to be compact and
boundaryless. We shall also fix once and for all a Riemannian metric in M. For
any r > 1, we denote by X"(M) the space of vector fields over M, endowed with
the C” topology. A property P for vector fields in X" (M) is called C"-generic if it
is satisfied for any vector field in a residual set of X7(M). Recall that R C X" (M)
is residual if it contains a dense Gs-subset of X" (M). In particular, it is dense in
X"(M), by Baire’s theorem.

In the following, given a vector field X € X!'(M), we denote by X; the flow it
generates. Recall that for any Y € €*(X), and for any s,t € R, we have Y, 0 X; =
X; oY;. Differentiating this relation with respect to s at 0, we get

Y (Xi(z)) = DXy(z) - Y(z), Vae M. (1.1)

We denote by Zero(X) := {x € M : X(z) = 0} the set of zeros, or singularities, of
the vector field X, and we set

My := M — Zero(X). (1.2)

For any z € M and any interval I C R, we also let X (x) := {Xy(z) : t € I}. In
particular, we denote by orb™ () := Xg(z) the orbit of the point z under X. Note
that if € My, then orb™ (z) ¢ Mx too.

Let X € X!(M) be some C*! vector field. The non-wandering set Q(X) of X is
defined as the set of all points x € M such that for any open neighborhood U of x
and for any T > 0, there exists a time ¢ > T such that U N X (U) # 0.

Let us also recall another weaker notion of recurrence. Given two points =,y €
M, we write x ~x y if for any € > 0 and T > 0, there exists an (¢,T)-pseudo
orbit connecting them, i.e., there exist n > 2, t;,¢a,...,t,—1 € [T,4+00), and & =
T1,%2,...,2T, =y € M, such that d(X¢,(x;),2;41) <¢, for j € {1,...,n—1}. The
chain recurrent set CR(X) C M of X is defined as the set of all points © € M such
that  ~x x. Restricted to CR(X), the relation ~x is an equivalence relation. An
equivalence class under the relation ~x is called a chain recurrent class: =,y €
CR(X) belong to the same chain recurrent class if © ~x y. In particular, chain
recurrent classes define a partition of the chain recurrent set CR(X).

A point € M is periodic if there exists T' > 0 such that X7 (z) = x. The set
of all periodic points is denoted by Per(X), observe that we are also including the
singularities in this set.



An X-invariant compact set A is hyperbolic if there is a continuous decomposition
of the tangent bundle over A, TAM = E*®(X)PE" into D X;-invariant sub-bundles
that verifies the following property: there exists T' > 0 such that for any = € A,

1

< 0%
A periodic point z € Per(X) is hyperbolic if OI‘bX(l’) is a hyperbolic set. Let v be a
hyperbolic periodic orbit. We denote by W?*(y) the stable manifold of the periodic
orbit 7, which is defined as the set of points y € M such that d(X(y),v) — 0 as
t — 4o00. We define in an analogous way the unstable manifold of v. It is well
known that the stable and unstable manifolds are C'-immersed submanifolds. A
hyperbolic periodic orbit is a sink if the unstable direction is trivial. It is a source
if the stable direction is trivial. A hyperbolic periodic orbit is a saddle if it is
neither a sink nor a source. For a hyperbolic periodic point p we defined its index
by ind(p) := dim E*.

Organization of the paper: The structure of this paper has two parts. The
first part deals with general criteria for collinearity, quasi-triviality and triviality
of the centralizer (Sections 2, 3 and 4). The second part deals with our generic
results (Sections 5 and 6). In Section 2 we state and prove some criteria for
collinear centralizer. In Section 3 we prove Theorem A. Theorems C, E, F, G and
H are proved in Section 4. Finally in Section 5 we begin the proof of Theorem B,
which is completed in Section 6.

1
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2. COLLINEARITY

In this section we prove two main criteria which imply collinear centralizer.
The first criterion appeals to the topological dynamics of the flow and is a very
weak form of expansiveness called separating (see Definition 2.3). For instance, all
the usual expansiveness-like notions for flows (Bowen-Walters expansive or Komuro
expansive) imply that the flow is separating, see [Art16] for a throughout discussion.
Our second criterion appeals to infinitesimal behaviour of the flow. We show that
if the derivative is hyperbolic along critical elements (zeros and periodic orbits),
the critical elements are dense in the chain recurrent set and along the wandering
trajectories the flow has the unbounded normal distortion, then the centralizer is
collinear.

Recall that M is a compact Riemannian manifold. Let r,k > 1 be positive
integers. Given x € M and u,v € T, M we denote by (u,v) the subspace spanned
by v and v in T, M.

Definition 2.1 (Collinear centralizer). We say that X € X"(M) has a collinear
CF-centralizer if
dim(X(2), Y (2)) < 1,
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for every x € M and every Y € €*(X).
We have the following elementary result:

Lemma 2.2. Let X € X"(M) and assume that the vector field Y € €F(M)
satisfies dim(X (x),Y (z)) < 1, for every x € M. Then, there exists a function
feC*(Mx,R), with s := min{r, k}, such that

Y(z) = f(z)X(z), Vze M.
Moreover, the function f is X-invariant, i.e.,
f(Xe(z)) = f(z), VeeMx, VteR.

Proof. Let us denote by (-,-) the scalar product associated to the Riemannian
structure on M. For any z € My and for any v € T, M, we set nx(z,v) =

% In particular, wx (z,v)X (x) is the orthogonal projection of the vector

v on the direction spanned by X (x). Let Y € ¢€¥(M) be a vector field that satisfies
dim(X (z),Y (z)) < 1. The function f: Mx — R, z — wx(z,Y(z)) is of class C?,
with s = min{r, k}. Moreover, by the collinearity of the vector fields X and Y, we
have Y = fX.

By (1.1), it holds Y (X¢()) = DXy - Y(-). Therefore, for any z € Mx and for
any t € R, we have

f(Xi(2)) X (Xi(2)) = DXy () - (f(2) X (2)) = f(2) DX (z) - X(2) = f(2) X (X (),

where the last equality follows from (1.1), with X in place of Y. Since X (Xy(z)) #
0, we obtain f(X;(x)) = f(z), which concludes the proof. O

The following definition is a very weak form of expansiveness for flows.

Definition 2.3. A vector field X € X'(M) is separating if there exists ¢ > 0 such
that the following holds: if d(X;(x), X;(y)) < ¢ for every ¢t € R, then y € orb™ (z).

We shall now prove the following topological criterion for collinearity, which
generalises [Oka76]. The idea is very simple: the non collinearity of the centralizer
gives rise to a continuum of non-separating trajectories.

Proposition 2.4. If X € X*(M) is separating, then X has collinear C*-centralizer.

Proof. Let X € X'(M) be a separating vector field with separating constant & > 0
and suppose that there exists Y € €1(X) that is not collinear to X. Thus there is
a point € M such that dim(X (z),Y (z)) = 2.

We fix 6 > 0 so that for each s € (—6,0), we have deo(Ys,id) < ¢, and
dim(Y (Ys(2)), X (Ys(x))) = 2. Consider a point y = Y;(x), for some s € (=4, 9).
Since Y € €1(X), we have X; o Yy = Y; o Xy, for every s,t, and thus

d(Xi(y), Xi(2)) = d(Xi (Ys(2)), Xi(2)) = d(Ys(Xe(2)), Xi(7)) <&, VEER, (2.1)

because dgo(Ys,id) < € due to our choice of §. To obtain a contradiction from (2.1)
it remains to prove that one can choose s € (—§,0) so that y = Yi(x) does not
belong to the orbit of x.
For that we apply the flowbox theorem [PM82]. Let (y,U) be a small flowbox for
the vector field X around the point z, that is, o: M DU — W Cc R = R¥~! x R
8



is a local chart such that p, X = (0,1). As {t e R: X;(z) € U} C R is an open set,
there exists a countable 2-by-2 disjoint collection of intervals {I;} C R so that

{tG]R:Xt(:E)GU}:DIj.

j=1

Consider the set J = {t € R : 35 € (=4,0) : X;(z) = Yi(z)}. Notice that, as
Y (Ys(z)) # 0 for every |s| < ¢, then for each t € J, there exists a unique s € (=6, 0)
so that X(z) = Ys(x).

We claim that #JN1; <1, for every j € N. Let us show how to finish the proof
from this claim: it implies that J is at most countable, and so the there are at most
countably many s so that y = Y;(z) belongs to the X-orbit of , which concludes.

We are left to prove the claim. Consider the decomposition R~ x R of R?
into wvertical and horizontal components, respectively. We have that Dp(Ys(x)) -
Y (Yi(z)) = (Yi(s), Ya(s)), with Y;(s) € R4 and Ya(s) € R. Since p. X and ¢,V
are not collinear at ¢(x) and since ¢, X = (0, 1), there exists p > 0 so that, for §
sufficiently small, ||Y1(s)|| > p, for every |s| < d. This implies that the curve

5 €(=0,0) = ¢(Ys(x))

meets each horizontal line {z} x R at most once. As each orbit segment Xy, (z) is
sent by ¢ into horizontal segments we deduce that #J N I; < 1. This completes
the proof. O

It is important to notice that the separating property is too weak to imply the
quasi-triviality of the centralizer, as the simple example below demonstrates.

FEzample 2.5. Fix two positive real numbers 0 < a < b and consider the annulus on
R? given by A := {(x,y) € R? : a < ||(z,y)|| < b}. Using polar coordinates (r,0)
on A, we consider the vector field X (r,0) := %. Observe that every orbit of X is
periodic with different period. It is easy to see that this flow is separating.

Ficure 1. Example 2.5.

Given any smooth function f: [a,b] — R, the vector field Y (r,0) = f(r) X (R, )
commutes with X but is not a constant multiple of X. Thus, in view of Lemma 2.2,
the conclusion of Proposition 2.4 is optimal.
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We remark that the separating property is not generic (see Appendix A). So to
obtain that the C!-centralizer of a C''-generic vector field is collinear we will need
another criterion.

To overcome this, we shall define the notion of unbounded normal distortion.
Let X € X1(M) and let Mx := M — Zero(X) be as in (1.2). Over Mx we may
consider the normal vector bundle Nx defined as Nx , := (X (p))*, for p € Mx,
where (X (p))* is the orthogonal complement of the direction (X (p)) inside T}, M.
Let II*X: TMx — Nx be the orthogonal projection on Nx. On Nx we have a well
defined flow, called the linear Poincaré flow, which is defined as follows: for any
p € Mx, any v € Nx p, and t € R, the image of v by the linear Poincaré flow is

PX (v) := (H§t(p) o DX;(p)) - v. (2.2)

p,t

The key criterion to study the centralizer of C'l-generic vector fields is based on
the following property.

Definition 2.6 (Unbounded normal distortion). Let X € X'(M) be a C* vector
field. We say that X verifies the unbounded normal distortion property if the
following holds: there exists a dense subset D C M — CR(X), such that for any
€D, yeM-—CR(X) such that y ¢ orb™ (z) and K > 1, there is n € (0, +00),
such that

| log det P, —logdet P, | > K.

This is an adaptation for flows of the definition of unbounded distortion used
in [BCWO09] to prove the triviality of the Cl-centralizer of a C'-generic diffeomor-
phism. Using this property we obtain the following proposition.

Proposition 2.7. Let X € X'(M). Suppose that X wverifies the following proper-
ties:

e X has unbounded normal distortion;

e cvery singularity and periodic orbit of X is hyperbolic;

e CR(X) = Per(X).
Then X has collinear C'-centralizer.

Before giving the proof of Proposition 2.7 we give a criterion of collinearity which
assumes that the derivative “blows up” the size of any vector transverse to the flow
direction. The proof, which is simple, will be used several times, for instance in the
course of proving Proposition 2.7 and Theorem E.

Proposition 2.8. Let X € X' (M). Suppose that X verifies the following condition:
there exists a dense set D C M such that for any x € D and any non zero vector
veT,M— (X(x)), it holds

|IDX:(x) - v|| = +o0, fort— 400 ort — —oo.
Then X has collinear centralizer.
Proof. Let Y € €'(X). Then, by (1.1), for any x € M, and t € R, it holds
Y(Xi(x)) = DX () - Y(x).

Assume that Y () is not collinear to X (x). Since this is an open condition, we can
take z belonging to the set D. By compactness of M, we also have sup,¢ [|Y (p)|| <
+00. However, by hypothesis,

IDX:(z) - Y(x)|| = +o0, for t — +o0 or t — —o0,
10



which is a contradiction. O

Some examples of vector fields that verify the conditions of Proposition 2.8 glob-
ally in the manifold are non-uniformly hyperbolic divergence-free vector fields, such
as suspensions of [Ka79] and quasi-Anosov flows [Rob76]. However, as the proof
demonstrates in any region where the derivative behaves as in the statement we
can conclude that any element of the centralizer must be collinear with X in that
region. This observation, as we mentioned above, will be used several times in this
paper.

We also remark that the global assumptions in Propositions 2.4 and 2.8 are not
generic (see Appendix A). Therefore, to overcome this and to obtain that the C-
centralizer of a C'-generic vector field is collinear we will need the criterion given
by Proposition 2.7.

Let us now give the proof of Proposition 2.7.

Proof of Proposition 2.7. Let X € X'(M) be a vector field with the unbounded
normal distortion property and let D C M — CR(X) be the set given in Definition
2.6. Take Y € €!(X). Assume by contradiction that Y is not collinear with X on
M — CR(X). The set of points « € M such that X (z) and Y (z) are non-collinear
is open, hence by density of the set D, there exists a point « € D such that Y (x)
and X (x) are not collinear.
By the same argument as in the proof of Proposition 2.4, we can always find
s > 0 arbitrarily close to 0 such that Y;(z) ¢ orb™ (). Observe that for any ¢ € R,
it holds
| det P () 0| = [det TIx, (y. (4, det DXy (Ye(x))

Since X commutes with Y, we have that
DX,(Y,(z)) = DYy(X;(z)) o DX,(x) o (DYy(x)) ™ . (2.3)

Using the coordinates Nx @ (X) on TMx, for each s € R, we obtain a linear map
Ls,: Nx, — (X(x)) such that

(DYS(I))il(NX,YS(w)) = graph(Ls,a:)'

Furthermore, ||Ls .|| can be made arbitrarily small as s — 0, since Y; is C'-close
to the identity. Using the coordinates Ny , & (X (z)), any vector v € graph(Ls )
can be written as v = (vn, Ly »(vn)), where vy := IIX (v). For any such vector v,
for each ¢t € R and using the coordinates Nx x, () ® (X (X¢(7))), we have

2)-v=(PX o) EE @) 2oy, K@)
Di(2) -0 = (Paw): Luston) Ei + (D00 N’||X<Xt<x>>l><z)zi>

where (-, -) inside the second coordinate of the right side of (2.4) denotes the scalar
product given by the Riemannian structure.
On the other hand, for any vector vy € Nx , and any t € R, we have

X(Xi(x))
DXy(x) vy = (Pj‘ (vn), (DXt(x)-vN, : (2.5)
! [ X (Xe ()l
Set ¢ := [|[X(x)[| > 0, and let ¢ > 1 be a constant such that sup,¢, | X (p)|| < ¢.
For any vector vy € Nx ., we obtain
|||X(Xt(a?))\|

X ()]l
11
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which can be made arbitrarily close to 0 by taking s small enough. This holds for
any t € R. Hence, comparing (2.4) and (2.5) we conclude that DX¢(z)|graph(L. .)
is arbitrarily close to DX (z)|ny ,, for any t € R.

By (2.3), we obtain

)t

|det Hif(s(xt(m))|DY5(Xt($))DXt(:v)-graph(Ls,w)| ) |det DYS(Xt(x))\DXt(z)graph(Ls,w) ’

‘det Pé (@

- |det DX, (2)|graph(z. .)| - ‘(det(DYS(l’))i”Nx,ys(m)| =A-B-C-D.
Observe that
|det P, | = ’det Y, ()| DX, (2)Nx . | - [det DX (@) v, | =: T 1L

Notice that B and D are arbitrarily close to 1 if s € R is small enough. By our
previous discussion, for any ¢ € R the value of C is arbitrarily close to the value of
I, for s sufficiently small.

Our previous discussion also implies that DY, (X;(z))DX,(z) - graph(Ls ) is
close to DX (z) - Nx 4, since Y (X,(x)) is close to X;(z). Thus, the value of A can
be made arbitrarily close to the value of I, for s € R small enough. Hence, we can
take s small such that Y;(z) ¢ orb™ (z) and

et P ) )

= Jdet P,

% < 2, for any t € R.

This is a contradiction with the unbounded normal distortion property. We con-
clude that any vector field Y € €!(X) verifies that Y|p_cr(x) is collinear to
X|p-cr(x)-

Suppose that for some z € CR(X) we have that Y (x) is not collinear to X (x).
Since this is an open condition and the hyperbolic periodic points are dense in
CR(X), we can suppose that x is a periodic point. By a calculation similar to the
one made in the proof of Proposition 2.8 we would then have that ||V (X:(z))| —
400 for t — +o0 or t — —oo, which contradicts the fact that sup,¢ s [|Y (p)|| < +o0.
Thus we have that Y is also collinear to X on CR(X). O

3. QUASI-TRIVIALITY

This section has two parts. In the first part we construct an example of a vector
field whose centralizer is collinear but not quasi-trivial. In the second part we prove
that under the condition that every singularity is hyperbolic we can promote the
collinearity to quasi-triviality.

3.1. Collinear does not imply quasi-trivial. Let us recall in precise terms the
notion of quasi-triviality.

Definition 3.1 (Quasi-trivial centralizer). Given two positive integers 1 < k < r,
we say that X € X"(M) has a quasi-trivial C*-centralizer if for every Y € €*(X),
there exists a C! function f: M — R such that X - f =0 and Y (z) = f(z)X(z),
for every z € M.

This notion was referred to as unstable centralizer in the work of [Oka76], in the
C° category. We use the same terminology as [BRV18].
12



It is easy to see that quasi-trivial centralizer implies collinear centralizer. More-
over, arguing as in Lemma 2.2, if X € X"(M) has a quasi-trivial C*-centralizer,
then for any Y € €*(X), the function f in Definition 3.1 is in fact of class C* in
restriction to Mx.

On the other hand, Lemma 2.2 also shows that to obtain a quasi-trivial central-
izer from a collinear centralizer is an issue of knowing whether an invariant function
f: Mx — R admits a C* extension to the set Zero(X). In full generality this is
not always possible, as we demonstrate below.

Ezample 3.2. In this example we shall exhibit a vector field X € X°°(T?) so that
¢!(X) is collinear but not quasi-trivial. The construction produces a vector field
with an uncountable spectral decomposition since it is a fiberwise dynamics. More-
over, the restriction on almost each fiber is separating but the separation is taking
longer and longer times to take place as the fibers converge to some singular fiber,
where the vector field is identically zero. This property will be used to show that,
when comparing different fibers, most orbits will separate. We push a little further
the argument given in Proposition 2.4 to show that even this very weak version of
the separating property is still enough to imply that the centralizer is collinear. By
making the singular fiber highly degenerate, we shall obtain a centralizer which is
not quasi trivial.

We consider St = R/Z, and T3 = S! x T? endowed with the maximum distance.
To start the construction, let V € X°°(T?) generate an irrational flow. We assume
that the inclination of V' is smaller than 1. This will simplify some estimations
later. Fix p = (1/2,1/2) € T? and consider a smooth function 1 : T? — [0, 1] such
that 9~1(0) = {p}. Let Z € X>°(T?) be defined by Z = ¥V. As it is described
in Example 2.8 in [Art16], Z is separating. Take any pair of smooth functions
f,g: SP\ {1/2} = [1,4+00) satisfying

1 1
—— " and -
£ = =g M 9 = =g
for |s—1/2| < 1/4. We assume that for |s —1/4] > 1/4 both functions are positive.

In this way, they diverge to 400 when s — 1/2, but the function 5 extends smoothly

to S'. Extend Z to T? by Z(s,z) = (0, Z(z)).

Define the vector field X (s,z) = ﬁZ(s,x). By Theorem 3.8 in [Art16] the

restriction of X to each fiber {s} x T?, with s # 1/2, is separating. The separation
constant decreases to 0 as s — 1/2 though. Notice that X is not separating, as it
has infinitely many singularities.

Nevertheless, we claim that X has collinear C! centralizer.

To prove this claim, we need to introduce some notation. Recall that S' x {0} is
a global transverse section for the irrational flow V; on T2, and the first return map
is an irrational rotation with angle given by the inclination of the constant vector
V. We shall use first return maps to analyse the separation properties of X. For
the sake of clarity, it will sometimes to be convenient use the notation T? = S! x S!
and we shall use both notations T3 = S! x S! x S! and T2 = S! x T? without further
mention.

Let (g,0) € S! x {0} be the first negative hit of p under the irrational flow
V;. Consider the set ¥ = (S'\ {1/2}) x (S'\ {¢}) x {0} € T3. For each ¥, =
{s} x (S*\ {q}) x {0}, with s # 1/2, there exists a well-defined return time function
75: ST\ {¢} — (0,0) and a well-defined first return map fs: S\ {¢} — S'\ {q}

13
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FIGURE 2. Example 3.2: two fibers close to the singular fibers and
their corresponding return time functions.

defined by
er(o) (53 63 O) = (57 fe(a)a 0)

Then, the globally defined® maps 7: ¥ — (0,00) and f: ¥ — ¥ are smooth. Ob-
serve that fs is the same irrational rotation for every s, which is determined by
the inclination if the constant vector field V. This is because the trajectories
of X|fs1xr2, with s # 1/2 are the same as the trajectories of V' but travelled
with different speeds, and the speed is zero precisely at (s,p). For this reason
we shall make an abuse of notation and write simply f: S'\ {¢} — S'\ {¢} in-
stead of f;. Moreover, the trajectories on each fiber are not only the same, but
travelled with smaller and smaller speeds, decreasing to zero as s approaches 1/2.
This implies that 74(0) > 74(0), for every § € S*\ {q}, and every s, s’ such that
0<|s—1/2| <|s"—1/2|. Also we have that

lim 7,(6) = 400, for every s # 1/2.
0—q

Take r < 1/4 and € < 1/16. Thus, for each s, if (s,z) € 35 and (s,y) satisfies
d((s,z),(s,y)) < 4e then y ¢ B(p,r). Also, for each s # 1/2 there exists p(s) > 0
such that if z ¢ B(p,r) then || X(s,z)| > p(s). Since X(s,x) = (1 — 4s%)Z(s,x),
we see that p(s) decreases monotonically to 0 as s — 1/2.

Now, take Y € €1(X) and a point (s,x) € T3. Assume by contradiction that
dim(Y (s, z), X (s,2)) = 2. Since this is an open condition invariant under the flow
of X we can assume that s # 1/2 and that « = (6,0), with § # q.

Then, as in (2.1), there exists £y > 0 small enough so that for every £ € (&g, &o)
and (s',y) = Ye(s, z) we have

d(Xe(s',y), Xe(s,z)) <e, forevery t € R. (3.1)
Up to replacing Y with —Y', we can assume that 0 < |s—1/2| < |s'—1/2|. As 8 # ¢,
if £ is small enough we can ensure that (s’,y) is not on the same orbit as (s, q).

Thus, we can consider the point ' = (6’,0) which is the first negative hit of the
point (s, y), under the flow X4, to the section X . In particular, (s',y") = X5(s',9)

2that is, 7(s,z) = 7s(z) and f(s,z) = fs(z).
14



with |0] as small as we please, provided that &y is small enough. Therefore, we can
assume without loss of generality that the point y in (3.1) is of the form (¢’,0) € Xs.

We consider first the case @ = ’. Then, necessarily we must have 0 < [s—1/2| <
|s" — 1/2| and thus 74(f*(0)) — 7 (f4()) > 0 for every £ > 0. Also, as f is an
irrational rotation, there is a subsequence ¢; such that () — b # q. This
implies that

n—1 n—1
Tim_ Z T(f4(0)) - Z 7 (£(9)) = +oo.
=

Denote T = Y, Ts(fé(Q)) and t = Y, 0 7o (f4(0)), for some n large enough so
that p(s)(T —t) > 2e. Notice that, (3.1) and our choice of ¢ imply that the orbit
segment X, 7)(s’,y) is a line segment whose length is smaller than 2e and which is
disjoint from B((s’,p),r). Therefore, | X|x,, , (s'.s) |l = p(s") > p(s) and thus

2e < p(s') (T —t) < 2e,

a contradiction.

So it remains to consider the case § # 6’. In this case, as f is an irrational
rotation, one finds a sequence n; — oo such that f"(6) — ¢ while " (0") — b, for
some b # ¢g. This implies that

nj — 7 (fi (O ﬁ
T(f70)) = T (7)) > s,

Denote similarly as before T = Z?ng 7.(f4(0)) and t = 227817'3 (F4(0"), for
some j large enough. Arguing as in the previous case, we can estimate

2e

p(s)’

Consider T := T + 7,(f™ (0)) and t := t + 75 (f™ (#")). Again, (3.1) allows us to
estimate p(s)(T — 1) < 2¢. On the other hand,

for every j large enough.

T —t| <

T—T=T —t+m(f(0) — 7o (7 (8) > —=,
p(s)
a contradiction again. This establishes our claim.
On the other hand, the vector field Y = gZ is smooth and commutes with X.
Indeed, both vector fields vanish at the fiber {1/2} x T2. Moreover, both f and g
are constant on each fiber and for s # 1/2 one has

Y(s,z) = f(s)X(s, ).

As X is tangent to each fiber {s} x T2, we conclude that [X, Y] = 0. Since f(s) — oo
as s — 1/2, this proves that X does not have a quasi-trivial centralizer.

The vector field of Example 3.2 is not separating and has uncountably many
singularities. We believe that it is an important question to know whether of not
this can be relaxed.

Question 1. Is there a separating vector field whose centralizer is not quasi-trivial?
What about a vector field with just finitely many singularities?

We do not know what to expect as an answer to this question. Also, to illustrate
the difficulty of this problem, let us mention another question, which remains open,
despite of being a very special case of the former.

15



Question 2. Let X € X'(M) be a Komuro-expansive vector field, having non-
hyperbolic singularities. Is it true that €1(X) is quasi-trivial?

We do not give the precise definition of Komuro-expansiveness (see for instance
[BRV18] or [Art16]). Let us only mention that it is a notion of geometric orbit
separation, which is stronger than separating and kinematic expansiveness (see
Definitions 2.3 and 4.8, respectively).

3.2. The case of hyperbolic zeros. The main result of this section is Theo-
rem 3.4 below, in which we obtain the quasi-triviality from collinearity of €!(X)
assuming only that all the singularities of X are hyperbolic.

Definition 3.3. A function f: M — R is called a first integral of X if it is of class
C! and satisfies X - f = 0. We denote by J'(X) the set of all such maps.

In particular, for any ¢ € R, the constant map c(z) := c is in J*(X), and then,
we always have R ~ {c¢: ¢ € R} C J'(X). The following theorem is a reformulation
in terms of J1(X) of Theorem A.

Theorem 3.4. Let X € XY(M). If X has collinear centralizer and all the singu-
larities of X are hyperbolic, then X has quasi-trivial C*-centralizer, in the sense of
Definition 3.1. More precisely, we have

X)) ={fX:fed"(X)}.

This theorem is an immediate consequence of Propositions 3.5, 3.6, and 3.7 be-
low. We divide the proof into two subsections to emphasize that the technique
to deal with singularities that are saddles is different from the technique to deal
with sinks and sources. We also remark that Theorem 3.4 gives a significant im-
provement compared with previous works on centralizers of vector fields, since we
only need C! regularity. The results that were known previously used Sternberg’s
linearisation results, which require higher regularity of the vector field and non-
resonant conditions on the eigenvalues of the singularity, see for instance [BRV18]
and [BV19).

3.3. When the singularity is of saddle type. Given any vector field X €
XY (M), and Y € €}(X), by Lemma 2.2, we know that Y|y, = fX|ary, for some
Cl, X-invariant function f: Mx — R. Assume that o € Zero(X) is a saddle type
singularity. In Propositions 3.5 and 3.6, we show that f can be extended to a C*
function in a neighborhood of o.

Proposition 3.5. Let X € X*(M) and let f: Mx — R be an X-invariant con-
tinuous function. If o € Zero(X) is a saddle type singularity, then f admits a
continuous extension to o.

The argument below was already given in case 2 of Lemma 3.6 in [BRV18]. We
include it here for the sake of completeness.

Proof. Recall that M has dimension d > 0. For simplicity, denote d° = ind (o) and

d* = d — d*. Fix a point ps € W (o). We claim that for any point ¢, € W*(0)

we have that f(ps) = f(qu). By the X-invariance of f, it is enough to consider

Gu € Wt (0). Let (Dg)nen be a sequence of discs of dimension d*, centered at g,

with radius 1 and transverse to W} (o). Similarly, consider a sequence (DY)nen

of discs of dimension d“, centered at ps, with radius %, and transverse to W (o).
16



For each n € N, by the A-lemma (see [PM82], Chapter 2.7) there exists ¢, > 0
such that X, (DY) h D3 # (). In particular, there exists a point z, € DY that
verifies X; (z,) € DZ. It is immediate that z, — ps, as n — +oo. Since the
function f is continuous on Mx, we have that f(x,) — f(ps). We also have that
Xt, (n) = qu as n — +oo. Hence, f(X:, (2,)) = f(qu). By the X-invariance of
f, we have

flps) = lim flzn) = lm f(Xe,(20)) = f(qu)-

Analogously, we can prove that for a fixed ¢, € W% (o) and for any p,, € W*(o),
it is verified f(p;) = f(q,). We conclude that flws(o)—10} = flwe(o)—fo1 = ¢, for
some constant ¢ € R. In particular, we can define a continuous extension of f to
the singularity o by setting f(o) := c. O

FiGURE 3. Proposition 3.6.

The proposition below is our main novelty regarding the extension problem for
saddle type singularities. We stress that the C'!' extension even in this case was not
done in previous works.

Proposition 3.6. Let X € X' (M) and let f: Mx — R be an X -invariant function
of class C1. If o € Zero(X) is a saddle type singularity, then

gL)HLVf(x) =0.

In particular, f can be extended to a C* function in a neighborhood of o, by setting

Vf(o):=0.

Proof. Given & > 0 we shall find r > 0 so that if d(z,0) < r then |V f(x)| < e. For
simplicity of notation, consider, for each x € M, the linear map Df(x): T, M — R,
given by

Df(z)v = (Vf(z),v).

17



def.

Fix ro > 0 so that B(c,2rg) N Zero(X) = {o} and also that K* = W} (o) N
0B(0,10) is a non-empty compact subset of W5 (o), for x = s, u. Consider

C = sup{||Df(p) vl : v € T,M, |lv] =1, p € K°UK"}.

Then, since f: My — R is C* and since (K* U K“) N Zero(X) = 0, there exists
Bo > 0 such that is z € B(p, Bo), for some p € K*UK" and if v € T,, M has [jv]| =1
then || Df(x) - v| < 2C.

Now, by the A-lemma, given 0 < r < 1 there exists 0 < 8 < fy so that the
following property holds: given points p* € K* and p* € K%, and given embedded
disks Dj and Dy, of dimension d° and d“, centered in p* and p®, with diameter
smaller than 8 and transverse to Wi (o) and W} (o), respectively, there exists
t*,t* > 0 such that the set

D3 = Xy (DY) N X 4= (DY)

is a singleton contained in B(o,r).

Moreover, for each © € B(o,r) \ {0} there exists a choice of 0 < 8 < fy,
and p* € K*, x = s,u, so that D3* = {z}. For that, it suffices to work in
local coordinates and extend the embedded disks W} (o) and W} (o) to a pair of
transverse foliations by embedded disks and then take pre-images and images by
the flow. Notice that ¢°,t* — 400 uniformly in z as r — 0.

Thus, given a point € B(o,r) \ {o} we take the aforementioned points p®, p“
and the disks Df and Dj. Since D" = {x}, there are points z* € Dj and
z® € Dj so that ¥ = Xpu(z") = X_4s(2%). With them, define the subspaces
EY = DXy (2")Tpu DY and E = DX _ys (2°)Tye D3, The A-lemma also implies
that Z(EX,E*(0)) — 0 as r — 0, where T, M = E*(0) ® E%(0) is the hyperbolic
decomposition. In particular, one has T, M = E; & E3.

By continuity of the derivative DX; and by the hyperbolicity of the splitting
E*(0) ® E"(0), for every w € Ty« D with |lw| =1, we have || DX (2*) - w|| — oo
uniformly as r — 0 (recall that t*,¢t* — +oo uniformly as » — 0). Similarly, if
w € Typs D has [[w|| =1 then |[DX s (2°) - w|| — 0 uniformly as r — 0. Therefore,
for r > 0 sufficiently small if w € T« D is a unit vector then || DX (z*) w|| > 2C/e
and similarly ||DX_:(2°) - w[| > 2C/e, if w € T,: D} has [|w|| = 1.

We now use the fact that f is an invariant function. Indeed, the equation f =
f o Xy, which holds true in Mx and for every ¢ € R, by assumption, implies that

Df(y)-w=Df(X:(y))DX:(y) - w, forevery ye€ Mx, t€R.

. . . DXu(x™)w
ince every unit vector v € E* can be written as v = o+t
S y € Ly DX (z®)w]’

vector w € Tyw Djg, one deduces that if 7 > 0 is small enough then

_ Df(Xpu(z*))DXpu(z¥) - w Df(x,) w

for some unit

D M =
[Pfe)-o] 1D X () - ] DX (a) - w]
- 2C
=
2C/e 7
for every v € E¥, with ||v|| = 1. In a similar way we show that | Df(z) - v| < & for

every unit vector v € ES. As Z(EZ, EY) is uniformly bounded away from zero, from

the cosine law we deduce that |Df(x) - v| < 4e, for every unit vector v € T, M.

This completes the proof. [
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3.4. When the singularity is type sink or source. We now deal with hyper-
bolic singularities of type sink or source. We stress that, together with Proposi-
tion 3.6, the result below is the main novelty of our paper regarding criteria for
quasi-triviality. We are able to obtain a C! extension without any generic or non-
resonance assumption. We solve the extension problem only using the hyperbolicity
of the singularity. Compare with [Sad79, BRV18, BV19].

Proposition 3.7. Let X,Y € X1(M) such that [X,Y] = 0 and dim(X (z),Y (z)) <
1, for every x € M. Assume that o € Zero(X) is a hyperbolic sink. Then, there
exists ¢ € R such that Y (z) = cX (), for every x € W*(o).

In the proof of Proposition 3.7 we shall use the following elementary lemma.

Lemma 3.8. Let (E,| -||) be a finite-dimensional vector space endowed with a
norm. Let A be an infinite set and assume that for each A € A, there exists a non-
empty compact subset Ky C S :={v € E : ||v|| = 1} of the sphere of unit vectors in
(E, |- 1), such that

)\/75)\’”7/1\ — KyxnNnKy =0.

Suppose that dim E > 2. Then, there exist a finite subset {\, A1,...,\x} C A and
vectors {u,uq,...,ux} such that

(1) uwe Ky and ug € Ky, for each £ =1,...,k;

(2) u belongs to the subspace spanned by {uq,...,ug};

(8) {u1,...,ux} is a linearly independent set.

Proof. We begin with a simple observation that we will use repeatedly in this proof:
for each u € S, —u is the only other vector in S which is collinear with .

Now, since A is infinite, we can pick a sequence (A,)n>0 C A, whose terms are
distinct. For each n, choose a vector u, € K, . Since dim £ > 2, and the sets K
are pairwise disjoint, by the simple observation above, we can assume without lost
of generality that the set {u1,us} is linearly independent. Assume by contradiction
that the conclusion does not hold. Then, it follows by induction that for every n
the set {u1,u2,us,...,u,} must be linearly independent. But this is absurd as E
is finite dimensional. O

Proof of Proposition 3.7. By Lemma 2.2, for any © € My, we have Y(z) =
f(x)X(x), for some C* function f: My — R. Notice that, as o is an isolated
zero of X, we have o € Zero(Y). Take € > 0 small so that B(o,e) C W*(o) and let
S := 0B(0,¢). In particular, notice that = € S implies lim;_, o X¢(z) = o.

Also notice that for every x € W#(o), there exists T' € R such that Xp(z) € S.
Therefore, since f(X:(x)) = f(x) for every x € Mx and ¢t € R, the proof of the
proposition is reduced to the proof of the following claim.

Claim 1. Df(p) =0 for everyp € S.

We shall postpone the proof of Claim 1. Take a point p € S and consider the set

. X(Xy,(p))
V(p) := {UGTUM:th%oo,u lim ——" .
n—oo || X (X¢, (p))l|
By compactness, V(p) is non-empty, and every v € V(p) is a unit vector; in partic-
ular, 0 ¢ V(p). The following claims are the key arguments for this proof.

Claim 2. Ifu € V(p) then DY (o) -u = f(p)DX(0) - u.
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Proof. Fix some t € R. Since Y (Xi15(p)) = f(p)X(Xi45(p)) for every s € R,
taking the derivative with respect to s on both sides we obtain

X(X,(p)) X(Xi(p))
DY (X:(p)) - <||)(()(t(p))||> = f(p)DX(X:(p)) - (HX(Xt(p)H) '

By using this formula with ¢t = ¢,, and letting n — oo we conclude that DY (¢)-u =
f(p)DX (o) - u, proving the claim. O

Claim 3. Ifp,q€ S and V(p) NV (q) # 0 then f(p) = f(q).
Proof. Assume that there exists u € V(p) N V(g). Then, by Claim 2, one has
DY (o) -u= f(p)DX(0) - u= f(q)DX(0) - u.

As DX (o) is an invertible linear map (because all eigenvalues are negative) this
implies that (f(p) — f(q))u = 0, and since u # 0, the claim is proved. O

We are now in position to give the proof of Claim 1. Assume by contradiction
that the claim is not true. Then, there exist U C S and real numbers a < b such
that f: U — [a,b] is surjective.

Now, for every t € [a, b], we choose some point p; € U N f~1(¢), and we consider
the family of compact subsets {V(p¢)}iefa,p) € ToM of unit vectors. As t # s
implies f(p;) # f(ps), one obtains from Claim 3 that the family {V(p:)}icqa,p)
satisfies all the assumptions of Lemma 3.8.

Thus, there exists a finite set {p,p1,...,px} C U and vectors u € V(p), uy €
Vipe), € = 1,...,k, with u € (uq,...,ug) and {uy,...,ur} linearly independent,
and such that f(p;) # f(p;) # f(p), for every ¢, € {1,...,k}.

Take o', ..., a" € R such that u = Zle a‘uy. Using Claim 2 we can write

k
DY(0)-u= f(p) DX (o) -u = DX(0) (Z f(p)o/w> .
=1

Also
DY(U) Uy = f(pg)DX(J) * Uy, V= 1, ey k‘7
which implies that

k
DY (o) -u = DX(0)- (Z f(pe)aew> .
=1

Since DX (o) is invertible we must have 25:1 f(p)atu, = Zif:l f(pe)atuy, and as
{u1,...,ur} are linearly independent, this gives

f(p)at = f(po)at, for every £ =1,... k.

Since u # 0 there exists some af # 0. However, this implies that f(p) = f(p¢), a
contradiction. O

We now give the proof of Theorem 3.4.

Proof of Theorem 3.4. Assume that €1(X) is collinear and that each singularity

o € Zero(X) is hyperbolic. Let us consider Y € €!(X). By Lemma 2.2, there

exists a C' function f: My — R which satisfies X - f = 0 on Mx and such that

Y(z) = f(z)X(x), for every x € Mx. By assumption, the singularities of X

are hyperbolic, hence they are isolated, and Y (o) = 0, for all 0 € Zero(X). By
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Propositions 3.5, 3.6 and 3.7, we can extend f to a C'' invariant function on M.
We conclude that f is a first integral of X, and Y = fX.

Conversely, assume that f: M — R is a first integral of X. We define a vector
field Y € X1(M) as Y(z) := f(x)X (), for every z € M. Indeed, both f and X
are of class C'!, thus Y is C'* too. Moreover, we have Y € €!(X), since

[X,Y]=(X-f)X + f[X,X]=0. O

4. THE STUDY OF INVARIANT FUNCTIONS AND TRIVIAL CENTRALIZERS

The main focus of this section is the study of invariant functions. An invariant
function is also called a first integral of the system. There are several works that
study the existence of non trivial (non constant) first integrals, see for instance
[Man73, Hur86, FS04, Pagll, FP15, ABC16, BF19, BFW19]. In this work we
study dynamical conditions that imply the non-existence of first integrals.

First, it is easy to obtain examples of vector fields with quasi-trivial C'-
centralizer which is not trivial. Indeed consider the vector field in example 2.5.
Since X is separating, it has collinear C''-centralizer. This flow is non-singular,
hence it has quasi-trivial C''-centralizer. Now take any non-constant C'-function
f which is constant on each orbit, that is, a function which depends only on the
coordinate r. The vector field Y = fX belongs to the C'-centralizer of X, therefore
the centralizer of X is only quasi-trivial.

Let X € X'(M). Recall that a compact set A is a basic piece for X if A is
X-invariant and transitive, that is, it has a dense orbit. We say that X admits a
countable spectral decomposition if Q(X) = U;enA;, where the sets A; are pairwise
disjoint basic pieces.

Theorem 4.1. Let X € XY(M). If X admits a countable spectral decomposition
then any continuous X -invariant function is constant.

Proof. Let f: M — R be a continuous X-invariant function. Suppose that f is
not constant. Since M is connected, there exist two real numbers a < b such
that f(M) = [a,b]. It is easy to see that in each basic piece the function f is
constant: this follows from the transitivity of each basic piece. For each i € N
define ¢; := f(A;). Since X admits a countable spectral decomposition, the set
C = {c1,c9,...} is at most countable and in particular [a,b] — C' is non-empty.
Take any value ¢ € [a,b] — C and consider A := f=({c}).

The set A is compact and X-invariant. Hence, for any point p € A we must have
w(p) C A, where w(p) is the set of all accumulations points of the future orbit of
p. By the countable spectral decomposition, w(p) must be contained in some basic
piece A;, which implies that ANA; # 0. Since A is a level set of f, this implies that
¢; = f(A;) = f(A) = ¢ and this is a contradiction with our choice of c. O

Theorem C follows easily from Theorems A and 4.1. Let us now give some
applications.

In [Pei60], Peixoto proved that a C'l-generic vector field on a compact surface is
Morse-Smale. Recall that a vector field is Morse-Smale if the non-wandering set is
the union of finitely many hyperbolic periodic orbits and hyperbolic singularities,
and it verifies some transversality condition. In particular, the non-wandering set
is finite. As a consequence of this result of Peixoto and Theorems B and C, we have
the following corollary.
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Corollary A. Let M be a compact connected surface. Then, there exists a residual
set Ry C XY(M) such that for any X € Ry, the C'-centralizer of X is trivial.

A Cl-vector field X is Awiom A if the non-wandering set is hyperbolic and
Q(X) = Per(X). It is well known that Axiom A vector fields admits a spectral
decomposition, with finitely many basic pieces. As a corollary of our Theorems B
and C, we obtain the following result which is the main theorem in [BV18].

Corollary B (Theorem 1.1 in [BV18]). A Cl-generic Aziom A wvector field has
trivial C'!-centralizer.

Remark 4.2. Corollary B actually holds for more a general type of hyperbolic system
called sectional Aziom A, in any dimension. We refer the reader to Definition 2.14
in [MMO8] for a precise definition. In [BV18], the authors also proved the triviality
of the C'-centralizer for sectional Axiom A flows in dimension three.

Another corollary is for Cl-vector fields far from homoclinic tangencies in di-
mension three. Let us make it more precise. Recall that a vector field X € X(M)
has a homoclinic tangency if there exists a hyperbolic non-singular closed orbit ~
and a non-transverse intersection between W#(+) and W*(v). By the proof of Palis
conjecture in dimension three given in [CY17], a Cl-generic X € X'(M) which can-
not be approximated by such vector fields admits a finite spectral decomposition,
hence:

Corollary C. Let M be a compact connected 3-manifold. Then there exists a
residual subset Ry C XY(M) such that any vector field X € Ry which cannot
be approzimated by vector fields exhibiting a homoclinic tangency has trivial C*-
centralizer.

As a simple application of Proposition 2.4 and Theorem C, we obtain the trivial-
ity of the centralizer of the flow introduced in [Art15]. This example is a transitive
Komuro expansive flow on the three-sphere such that all its singularities are hyper-
bolic. In particular, by the discussion in [Art16], this flow is separating.

4.1. First integrals and trivial C!-centralizers. Recall that for any X €
XY M), we let J1(X) :={f € C*(M,R) : X - f =0} be the set of all C'! functions
which are invariant under X. As an easy consequence of Theorem A, we obtain the
following lemma.

Lemma 4.3. Let X € XY (M). Assume that the singularities of X are hyperbolic
and that the C'-centralizer of X is collinear. Then X has trivial C*-centralizer if
and only if the set of first integrals of X is trivial, i.e., J1(X) ~ R.

As an immediate consequence of Theorem 4.1 and Lemma 4.3, we obtain:

Corollary 4.4. Let X € X'(M) be such that X admits a countable spectral de-
composition and all its singularities are hyperbolic. If the C'-centralizer of X is
collinear, then it is trivial.

The following lemma will be used several times in this section.

Lemma 4.5. Let M be a compact and boundaryless (closed) manifold of dimension

d > 1 and let X € XY(M). Then, for any f € J1(X) and for any hyperbolic

singularity or hyperbolic periodic point p € Zero(X) U Per(X), we have V f(p) = 0.
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Proof. Let X € X'(X) be as above and let f € JY(X). If 0 € Zero(X) is a
hyperbolic singularity, then it follows from Propositions 3.6 and 3.7 that V f(o) = 0.
Assume now that for some regular hyperbolic periodic point p € Per(X), we have
Vf(p) # 0. Then, we have the hyperbolic decomposition along its orbit given by

Torbx(p)M = ES EB <X> @ Eu

Note that fly sy = flwe) = f(p): this follows easily from the X-invariance of f.
Since V f(p) # 0, by the local form of submersion, we have that ¥ := f=1({f(p)})
is locally contained in a submanifold D of dimension d — 1. In particular, T,,D is a
subspace of dimension d — 1 contained in 7}, M. However, our previous observation
implies that W} _(p) C ¥ and W¥.(p) C £. This implies that E°(p) & (X (p)) &
E*(p) C T,D. By the hyperbolicity of p, we have that T,M = E*(p) & (X(p)) &
E“(p), but this is a contradiction with the fact that 7,,D has dimension d — 1. O

For surfaces where the Poincaré-Bendixson Theorem holds true, any level set of
an invariant function f has to contain a singularity or a periodic orbit, which forces
f to be constant in the generic case where the latter are hyperbolic.

Proposition 4.6. Let M := S? be the two dimensional sphere, and let X € X*(M)
be such that every singularity and periodic orbit of X is hyperbolic. Then any
continuous function that is invariant under the flow X is constant.

Proof. Let X € X'(M) be as above, and let f: X — R be a continuous function
which satisfies f(X;(z)) = f(x) for all z € M and t € R. Assume that f is non-
constant. Then f(M) = [a,b], with a < b € R. By assumption, each singularity of
X is hyperbolic, hence there are finitely many of them. Let ¢ € [a, b] — f(Zero(X)).
For any = € f~1({c}), it follows from Poincaré-Bendixson Theorem that w(z) is a
closed orbit formed by regular points, and by our assumption, w(z) is hyperbolic.
Moreover, w(z) C f~1({c}), since f is invariant under X. In particular, for each
c € la,b] — f(Zero(X)), the level set f~!({c}) contains a hyperbolic periodic orbit.
This is a contradiction, since [a,b] — f(Zero(X)) is uncountable, while there can be
at most countably many hyperbolic periodic orbits. O

4.2. Some results in higher regularity. Using Sard’s theorem and Pesin’s the-
ory we can obtain more information about the invariant functions.

Theorem 4.7. Let M be a closed and connected Riemannian manifold of dimen-
sion d > 1 and let X € XY(M). Suppose that X verifies the following conditions:
e cvery singularity and periodic orbit of X is hyperbolic;
e Q(X) =Per(X).
Then any function f: Mx — R which is X-invariant and such that f|ar, is of
class C?% is constant.

Proof. Let f: Mx — R be an X-invariant function such that f|ys, is of class C.
By assumption, each singularity o € Zero(X) is hyperbolic, thus by Propositions 3.5
and 3.7, f admits a continuous extension to the whole manifold M. Suppose that f
is not constant. Then, there exist two real numbers a < b such that f(M) = [a, b].
All the singularities are hyperbolic, hence there are at most finitely many of them.
In particular, there exists a non-trivial open interval I C f(M)— f(Zero(X)). Since
flary is of class C4, then by Sard’s theorem, there exists a set R C I of full Lebesgue
measure, such that each ¢ € R is a regular value of f, that is, any z € f~!({c})
verifies V f(z) # 0.
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Fix a value ¢ € R — f(Zero(X)). By the same reason as in the proof of Theorem
4.1, we have that f~*({c}) N Q(X) # 0. The fact that c is a regular value implies
that there exists y € Q(X) N Mx such that Vf(y) # 0, thus by the continuity of X
and V f, there exists a neighborhood V C Mx of y such that the gradient of f is
non-zero at any g € V. Using the density of periodic points in the non-wandering
set, we conclude that there exists a regular periodic point p € Per(X )NV such that
Vf(p) # 0. By Lemma 4.5, we get a contradiction, since by assumption, the point
p is hyperbolic. ([

As a consequence of Theorem 4.7, we can prove Theorem G.

Proof of Theorem G. Let X € X%(M) be as above and let Y € ¢4(X). By the
collinearity of €4(X), and since all the singularities of X are hyperbolic, Lemma
2.2 and Theorem 3.4 imply that Y = fX, where f is a X-invariant C' function
such that f|ar, is of class C¢. We deduce from Theorem 4.7 that f is constant.
Therefore, €4(X) is trivial. O

Using the ideas from [Man73], we are able to prove Theorem H.

Proof of Theorem H. By Kupka-Smale Theorem (see Theorem 3.1 in [PM82]),
there exists an open and dense subset Ui s C }ﬁd(M) such that for any X € Ukg,
any singularity of X is hyperbolic. Let S(M) be the pseudometric space of sub-
sets of M with the Hausdorff pseudometric. By [Tak71], there exists a resid-
ual subset Rq C X%(M) such that the function Q: Ry — S(M) which assigns
to X € Ry its non-wandering set is continuous. Let us define the residual set
Ry = Uxgs NRq C X4M), and let X € Ry. Notice that X has finitely many
singularities, since they are hyperbolic.

Suppose that X has collinear C%-centralizer and let Y € ¢¢(X). By the collinear-
ity, as a consequence of Lemma 2.2 and Theorem 3.4, we have Y = fX, for some
X-invariant C! function f such that f|y, is of class C%. Assume that f is non-
constant. Then, as in the proof of Theorem 4.7, f(M)— f(Zero(X)) contains a non-
trivial open interval I C R. Counsider a regular value ¢ € I (this set is non-empty
by Sard’s theorem) and let M. = f~!({c}). We now describe Mafié’s argument
from Theorem 1.2 in [Man73]. Let U be a small open neighborhood of M.. Since
Q(X)NU # 0, by the continuity of Q(-) at X, for any X’ in a neighborhood of X
verifies Q(X')NU # . Consider the gradient V |, since it is nonzero on M, we
can extend it to a vector field V: U — TU without singularities. We can take a C*
vector field Z that is C'-arbitrarily close to the zero vector field, with the following
property: for any x € U, (Z(z),V(z)) > 0. For the vector field X' = X + Z, it is
easy to verify that Q(X')NU = 0, a contradiction. We conclude that f is constant,
and thus, €4(X) is trivial. O

4.2.1. C? flows with hyperbolic measures. Consider a probability measure p on M
and X € X'(M). We say that p is X-invariant if for any measurable set A C M
and any ¢t € R we have 1(A) = p(X:(A)). By Oseledets theorem, for y-almost every
point z, there exist a number 1 < [(z) < d and I(z)-numbers Ay (z) < ... < Ng)(2)
with the following properties: there exist I(x)-subspaces Ei(x), ..., Ej)(x) such
that T, M = Ei(z)®- - ® Ej(;)(z) and for each i = 1,...,[(x) and for any non zero
vector v € E;(x) we have

L log | DX () v

t—too t
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The numbers \; are called Lyapunov exponents. We say that p is non-uniformly
hyperbolic if for p-almost every point all the Lyapunov exponents are non-zero
except the direction generated by the vector field X.

Using Pesin’s theory and ideas similar to the proof of Lemma 4.5, we can prove
Theorem E.

Proof of Theorem E. Since the support of p is the entire manifold, and by non-
uniform hyperbolicity, we have that X verifies the conditions of Proposition 2.8, in
particular, €1(X) is collinear. Let Y be a vector field in the C'-centralizer of X.
there exists a C'-function f: Mx — R such that Y = fX on Mx.

Notice that Mx is a connected open and dense subset of M. If f were not
constant, then it would exist a point p € Mx such that Vf(p) # 0. Since this
condition is open we may take the point p to be a regular point of the measure
. By Pesin’s stable manifold theorem, there exists a C''-stable manifold, W} (p),
which is tangent to E~(p) @ (X(p)) on p. Similarly, there exists a Cl-unstable
manifold which on p is tangent to (X (p)) ® E*(p). The non-uniform hyperbolicity
implies that E~ (p) ® (X (p)) ® E*(p) = T, M.

Since p is a non-singular point, we have that f|W{Zc(P) = f|Wféc(P) = f(p). An
argument similar to the one in the proof of Theorem 4.7 gives a contradiction
and we conclude that f|ps, is constant. This implies that the centralizer of X is
trivial. (|

4.2.2. The C? centralizer of a C® Kinematic expansive vector field. In dimension
three, under enough regularity assumptions, we are also able to obtain triviality,
for a slightly stronger notion of expansiveness.

Definition 4.8. We say that X € X'(M) is Kinematic expansive if for every ¢ > 0
there exists § > 0 such that if z,y € M satisfy d(X;(z), X;(y)) < 9, for every t € R
then there exists 0 < |s| < € such that y = X,(x).

The difference between the separating property and Kinematic expansiveness
is that for the later even points on the same orbit must eventually separate. In
[Art16] it is described a vector field on the Mébius band which is separating but is
not Kinematic expansive.

Recall that in the statement of Theorem F, we claim that a C3-kinematic expan-
sive flow in dimension 3 has trivial C3-centralizer. We remark that the Kinematic
expansive condition does not imply that the system admits a countable spectral
decomposition. Hence, we cannot use Theorem C to conclude Theorem F.

The proof of Theorem F is a combination of two results: Sard’s Theorem and
the proposition below.

Proposition 4.9. Let T? denote the two dimensional torus. If X € X2(T?) and if
Zero(X) = 0 then X is not Kinematic expansive.

Proof. The argument follows closely some ideas in [Art16]. We present it here for
the sake of completeness.

Assume by contradiction that there exists X € X?(T?) a non-singular kinematic
expansive vector field. In particular it is separating. We fix € > 0 to be the sepa-
ration constant. Since X is C? we can apply Denjoy-Schwartz’s Theorem [Sch63]
and we have three possibilities for the dynamics:

(1) each orbit is periodic and X is a suspension of the identity map id: S* — S*;
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(2) there exist two distinct periodic orbits v*,v* and a non-periodic point z
such that w(z) =~+° and a(x) = v%;

(3) X is a suspension of a C® diffeomorphism f: S' — S!, which is topologically
conjugate to an irrational rotation.

We shall prove that each case leads us to a contradiction. In the first case, let
7: St — (0, +00) be the first return time function. Then, 7(z) is the period of the
orbit of x. As 7 is a continuous function on the circle, there exists a maximum
point zy and arbitrarily close to xq there are points x1, 25 such that 7(z1) = 7(x2).
This implies that one can choose those points so that

d(Xy(x1), Xy (z2)) < e, VE€R,

a contradiction.

Let us deal now with case (2). Fix an arbitrarily small number § > 0.

Take a small segment I transverse to X at a point p € v° and let f: I — I be the
first return map, with 7: I — (0, 4+-00) the first return time function. There exists a
time T > 0 such that Xrs(z) € I. Consider the fundamental domain I§ = [f(x), 2]
for the dynamics of f and the sequence of image intervals I3 = [f"T!(z), f*(x)],
n > 0. Then, there exists N° > 0 such that for n > N, it holds that I3 C B(p, ).
Pick a,b € I§ arbitrarily close.

Let C > 0 be the Lipschitz constant of 7. Then,

n n

DT (@) = Y r(fhb)

=0 =0

<Oy [f(a) = FO).
{=0

The hight-hand side of above inequality is bounded by )" |I5| = |I| < co. There-
fore, the left-hand side converges. Moreover, by continuity of f, if d(a,b) is small

enough then Zé\:o |ff(a) — f4(b)| < §. Since I3 C B(p,6) for every n > N*°, we

have >, v. | f¥(a) — f4(b)| < 6. We conclude that
DT @) = Do ()| < 208,
=0 £=0

Taking ¢ small enough, as the flow of X is the suspension of f with return time 7,
we conclude that d(X;(a), X;(b)) < €, for every ¢t > 0.

Considering a small transverse segment to a point ¢ € v* and arguing similarly
with backwards iteration we obtain two arbitrarily close points a,b whose orbits
are distinct and such that d(X;(a), X¢(b)) < € for every t € R, a contradiction.

Finally, let us see that case (3) leads to a contradiction. This is essentially
contained in the proof of Theorem 4.11 from [Art16] with a minor adaptation. We
will sketch the main points of the proof. Let f: S! — S! be a C? diffeomorphism
with irrational rotation number 6, and let 7: St — (0,4+00) be a C! function.
It is well known that the Lebesgue measure is the only ergodic measure for an
irrational rotation. Since f is C® by the usual Denjoy’s theorem on the circle,
f is conjugated with an irrational rotation, in particular, f has only one ergodic
f-invariant probability measure p.

Write T':= [g, 7(2)dp(x) and let (Z—") be the approximation of 6 by rational
"/ neN
numbers given by the continued fractions algorithm. From the corollary in [NT13],

which is a version of Denjoy-Koksma inequality (Corollary C in [AK11]), we obtain
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the following
qn—1

7(f'(x)) = Tqn
1=0
Following the same calculations in the proof of Theorem 4.11 from [Art16], for any
e > 0 and for n € N large enough, the points x and fI(x) are always e-close for
the future. One can argue similarly for f~! and find points that are not separated
for the past. Therefore, the flow cannot be Kinematic expansive. O

lim sup =0.

n—-+oo zes!

Remark 4.10. We do not know if there exists a separating suspension of an irrational
rotation. The above proof shows that this is the only possibility for a separating
non-singular vector field on TZ2.

Proof of Theorem F. Since all the singularities are hyperbolic, by Proposition 2.8
and Theorem 3.4, we have that €3(X) is quasi-trivial. Let f: M — R be a C*, X-
invariant function such that f|us, is C3. We will prove that f is constant. Suppose
not.

Since there are only finitely many singularities, then as in the proof of Theorem
4.7, if f were not constant, we would have I C f(M) — f(Zero(X)), for some non-
trivial open interval I C R. By Sard’s theorem, almost every value in I is a regular
value.

Take a regular value ¢ € I. Hence, S. := f~!({c}) is a compact surface that
does not contain any singularity of X. Furthermore, since f is X-invariant, we
have that X|g, is a C® non-singular vector field on S.. Up to considering a double
orientation covering, this implies that S. is a torus, since it is the only orientable
closed surface that admits a non-singular vector field.

Notice that X|g, induces a Kinematic expansive flow. However this contradicts
Proposition 4.9. We conclude that f is constant, and this implies that the C3-
centralizer of X is trivial. g

In the higher dimensional case, and at a point of continuity of Q(-), we also have:

Proposition 4.11. Assume that X € X4(M) is separating, that all its singularities
are hyperbolic, and that X is a point of continuity of the map Q(-). Then the C?-
centralizer of X is trivial.

Remark 4.12. As noted in the proof of Theorem H, the last two assumptions are
satisfied by a residual subset of vector fields in X¢(M).

Proof of Proposition 4.11. Since X is separating and its singularitis are hyperbolic,
it follows from Proposition 2.4 and Theorem A that its C'l-centralizer is quasi-
trivial. Take any vector field Y in the C%centralizer of X. By the quasi-triviality,
and by Lemma 2.2, there exists a C' function f: M — R such that f|as, is of
class C% and Y = fX. If f is not constant, then as in the proof of Theorem H, by
continuity of (-) at X, and by considering a regular value ¢ € f(M)— f(Zero(X)) of
flary, we reach a contradiction. We conclude that the C%-centralizer is trivial. [0

5. THE GENERIC CASE

Our goal in this section is to prove the result below from which Theorem B
follows immediately.
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Theorem 5.1. There exists a residual subset R C X'(M) such that if X € R
then X has quasi-trivial C'-centralizer. Furthermore, if X has at most countably
many chain recurrent classes then its C-centralizer is trivial.

To prove this theorem, we will use a few generic results. In the following state-
ment we summarize all the results we shall need.

Theorem 5.2 ([BC04], [Cro06], [PM82] and [PR83]). There exists a residual
subset R, C XY (M) such that if X € R., then the following properties are verified:
(1) Per(X) = Q(X) =CR(X);
(2) every periodic orbit, or singularity, is hyperbolic;
(8) if C is a chain recurrent class, then there exists a sequence of periodic orbits
(Yn)nen such that v, — C in the Hausdorff topology.

Item (3) in Theorem 5.2 was proved for diffeomorphisms in [Cro06]. However, the
same statement has been used many times for vector fields (for instance [GY18]). It
is folklore that the same proof given by Crovisier in [Cro06] works for vector fields.
In Appendix B we briefly explain this adaptation.

We first prove that C'-generically the centralizer is collinear. This proof is an
adaptation for flows of Theorem A in [BCW09]. Once we have collinearity, using the
criterion for quasi-triviality given by Theorem 3.4, we conclude that quasi-triviality
of the C'-centralizer is a C''-generic property. At the end of this section we will
show that for a C'-generic vector field X that has at most countably many chain
recurrent classes has trivial C''-centralizer.

5.1. Unbounded normal distortion and its consequences. The following re-
sult is at the core of the C'-generic results obtained in this paper. Its proof is
rather technical and occupies Section 6 below.

Theorem 5.3. There exists a residual subset of R C XY(M) such that if X € R
then X has unbounded normal distortion.

5.1.1. Collinearity. Once we have established Theorem 5.3, by combining Proposi-
tion 2.7 and some known generic results one obtains the collinearity of the central-
izer of a C''-generic vector field.

Theorem 5.4. There ezists a residual subset of R C X'(M) such that if X € R
then the C'-centralizer of X is collinear.

Proof. The result follows directly from Proposition 2.7 and Theorems 5.2-5.3. [

5.1.2. Quasi-triviality. By Theorem 5.2, we have that C'-generically all the singu-
larities are hyperbolic. As a consequence of Theorem 3.4, since C''-generically the
C'-centralizer is collinear and all the singularities are hyperbolic, we conclude that
C'-generically the C'-centralizer is quasi-trivial. More precisely, we have

Theorem 5.5. Let M be a compact manifold. There exists a residual subset
Ry C XY (M) such that if X € Ry, then any singularity and periodic orbit of X is

hyperbolic, Per(X) = Q(X) = CR(X), and

eHX) = {fX: fe I (X)}, where 3"(X) = {f € C'(M,R), X - f =0}.
Proof. By Theorem 5.4, there exists a residual subset R C X'(M) whose elements
have collinear C'-centralizer. Moreover, by Theorem 5.2, there exists a residual

subset R, C X'(M) such that for any X € R., any singularity and periodic orbit
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of X is hyperbolic, and Per(X) = Q(X) = CR(X). Then, Ry := RNR, is residual,
and any X € R satisfies the hypotheses of Theorem 3.4, which concludes. (]

5.1.3. Triviality. We can now conclude the proof of the second part of Theorem 5.1
about C'-generic triviality for systems with a countable number of chain recurrent
classes. To prove that we need the following lemma.

Lemma 5.6. There exists a residual subset Rer C X1 (M) such that if X € Rer
and f € C°(M) is an X -invariant function, then f is constant on chain-recurrent
classes.

Proof. By Theorem 1 in [Cro06], there exists a residual subset Rer C X!(M) that
verifies the following: if X € Reg and C' C CR(X) is a chain-recurrent class, then
there exists a sequence of periodic orbits (O(p,))nen that converges to C in the
Hausdorff topology.

By this property, for any two points z,y € C, there exist two sequences of
points (¢n)nen and (g, )nen, With ¢n, ¢, € O(py,), such that ¢, — x and ¢/, — y as
n — +o0o. Let f be a continuous function which is X-invariant. By continuity,

lim f(gn) = f(z) and lim f(q;) = f(y).
n—-+oo

n—-+4oo

However, since f is X-invariant and by our choice of g, and ¢/,, we have that
f(pn) = f(gn) = f(q},), which implies that f(z) = f(y). O

Proof of Theorem 5.1. Take R := R1 NRer, where R, is the residual subset given
by Theorem 5.5. Using the conclusion of Lemma 5.6 and arguments analogous to
the proof of Theorem 4.1 we can easily obtain the conclusion of Theorem 5.1. [

6. PROOF THAT THE UNBOUNDED NORMAL DISTORTION IS C'-GENERIC

In this part, we give the proof of Theorem 5.3 about the C'-genericity of the
unbounded normal distortion property. Since this section is very technical, let us
first summarize the main steps of the proof.

Idea of the proof. In [BCWO09] the authors prove that a version of the unbounded
normal distortion holds C'-generically for diffeomorphisms. Their proof can be
divided in two steps. The first part is a key perturbative result made on a linear
cocycle over Z (see Proposition 6.9 below). Then, they reduce the proof to this
linear cocycle scenario, by using some change of coordinates that linearises the
dynamics around an orbit segment of finite length. Both steps are quite delicate
and involve careful control of estimates which appear along the way.

Our strategy is also to reduce the problem to a perturbation of a linear cocycle
over Z, and then apply the result of [BCWO09], so that we only need to translate to
the vector field scenario the second step of Bonatti-Crovisier-Wilkinson’s proof. It
is clear that, in order to do that, one needs to discretize the dynamics and so we
study the Poincaré maps between a sequence of transverse sections. The goal is then
apply the perturbation of [BCWO09] to the Poincaré maps. The key difficulty we face
with this strategy is that we need to prove that any finite family of perturbations
of a long sequence of Poincaré maps, which verifies some conditions, can be realized
as the corresponding sequence of Poincaré maps for a perturbed vector field.

Apart from that, as in [BCWO09], all the perturbations in the reduction procedure
have to be done with precise control on the estimates that appear.
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It is also important to point out that, since we are dealing with wandering points,
the Poincaré map can be defined for a sequence of times arbitrarily large. We also
introduce some change of coordinates to linearize the dynamics given by these maps
for a finite time. However, the space where this can be defined is no longer compact,
since the Poincaré map is only defined over non-singular points. Nevertheless, we
can obtain uniform estimates for the C'-norm of these change of coordinates.

Once we have the realisation lemma, we can adapt the proof of Bonatti-Crovisier-
Wilkinson in [BCWO09] and obtain that the unbounded normal distortion property
is C'l-generic.

6.1. Notation. We summarize the main notations that will appear below; here,
we let X be a C vector field, p be a point in My, and n > 0 be an integer:

e Nx ,: subspace of T, M orthogonal to X (p);

e N ,: image of Nx , under the exponential map exp,;

° (P;’(t)teR: linear Poincaré flow, where for t € R, P[ft is the map induced by
DX;(p) between Nx ;, and Nx x,(p);

. ngp’n: Poincaré map between Nx , and Nx x, () for the flow generated
by a C! vector field Y close to X; when X =Y, we drop X in the bottom;

o P

e ZX(p,U,n): set of pairs (y,t) with y in some small neighborhood U of p in
Nx p, and t > 0 a time before the trajectory through y first hits Nx x, ()

o UX(p,U,n): image of ZX(p,U,n) in phase space; in other words, it is the
tube of flow lines from U to /\/'nyn(p);

e 1, ¢ linearizing coordinates (to go from lifted to linear Poincaré flow);

o -1
o U, i=1vUpno exp, -

)fn = exp;(1 ) OP;fn o exp,: lifted Poincaré map;

6.2. Linearizing coordinates. Let X € X!'(M), and as before, set My := M —
Zero(X). For p € Mx and t € R, for any two submanifolds ¥; and X5 which
are transverse to the orbit segment O := X{q4(p), each of which intersects O only
at one point, we define the Poincaré map between these two transverse sections
as follows: let p; ;== O N Xy and ps := O N Xy, If a point ¢ € ¥, is sufficiently
close to pi, then X|_; 94(q) intersects ¥ at a unique point Pgl,& (g). The map
q— Pgl’EZ (¢) is called the Poincaré map between X1 and Y.

This map is a C'-diffeomorphism between a neighborhood of p; in ¥; and its
image in X. It also holds that for any vector field Y € X!(M) sufficiently C*-close
to X, the Poincaré map Pgl,zz for Y is well defined in some neighborhood of p; in
1.

Let R > 0 be smaller than the radius of injectivity of M. Using the exponential
map, for each p € Mx and r € (0,R), we define the submanifold Nx ,(r) =
exp,(Nx p(r)), where Nx ,(r) is the ball of center 0 and radius r contained in
Nx.p.

Remark 6.1. Considering R to be small enough, for each p € Mx and for each
q € Nx p(R) we have that the C'-norm of I |7, x, ,(r) is close to 1.

It is a result from [GY18] that for each ¢ € R, there exists a constant
B¢ = B(X,t) > 0 such that for any point p € Mx, the Poincaré map is a C*
diffeomorphism from N , (8[| X (p)||) to its image inside Nx x,(p)(R). We denote
this map by ngt. For a fixed 6 > 0, we can choose 8 € (0,31) such that for any
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p € Mx and any q € Nx (8] X(p)])), it holds
IDP;Y (g) — DPY (p)]| < 6. (6.1)

The existence of 8; and 3 above is guaranteed by Lemmas 2.2 and 2.3 in [GY18].
It follows from the proof that these constants can be taken uniformly in a suffi-

ciently small C'-neighborhood of X. By our choices of transversals, we remark

that DPX,(p) = P;Y, where P.Y is the linear Poincaré flow (see (2.2)).

Definition 6.2. For any C' > 1 we say that a vector field X € X!(M) is bounded by
C if it holds

(a) sup |X(p)| < C;
reM

(b) supyen [DX(p)|| < C;

c) C7t < inf inf DX (z))"Y7* < sup su DX (x)| < C;
(c) acE]V[te[—l,l]H< @) _9261\%1&6[—11),1] DX ()|

d) C~'< inf inf [[(PX)7YY< sup sup ||PX| < C;
(d) ot te[_u]l\( o)l _peﬁx te[f,u (Pl

(e) there exists 5 > 0 small, such that
O < I(DP(a) T HITH < IDP (@)l < €, for any g € Nx,p(BIIX ()]])-

Next lemma justifies that for any C'-vector field there is a constant C' > 1 such
that this vector field is bounded by C.

Lemma 6.3. Let X € X'(M) be a vector field such that Mx # 0. There exists
C > 1 such that X is bounded by C. Moreover, this constant can be taken uniform
in a sufficiently small neighborhood of X .

Proof. Since the set [—1,1] x M is compact, the existence of a constant C' > 1 that
verifies Conditions (a), (b) and (c) in Definition 6.2 is immediate.

Let us justify Condition (d). Recall that on Mx the linear Poincaré flow is
defined by PY, = H%t(p) o DXy(p)|ny,- By Condition (c¢) and since ||PY| <
IDX,(p)|| we conclude the upper bound in Condition (d). Since Mx is not compact,
the possible problem that could appear for the lower bound in Condition (d) is if
the angle between the hyperplane DX,;(p)Nx , and X (X;(p)) is not bounded from
below for t € [—1,1] and p € Mx.

Let SM be the unit tangent bundle of M and consider the application F': SM x
R — R defined by

F(p,v,t) = £(DXe(p) - v, DXe(p) - v), (6.2)

where v;- is the d—1-dimensional subspace in T, M which is orthogonal to the vector
v, and £(DX;(p) - vpL, DX;(p) - v) is the angle between the subspace DXy(p) - vlf
and the vector DXy(p) - v.

By the continuity of DX, we have that the map F is also continuous. Moreover,
for each p € M and t € R the map DX,(p) is an isomorphism between T,M and
Tx,(pyM, therefore, F(p,v,t) is positive for any (p,v) € SM and t € R. Define
v = inf{F(p,v,t) : (p,v,t) € SM x [-1,1]}, and observe that since SM x [—1,1]
is compact and F' is continuous, =y is strictly positive.
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Note that if p € Mx, we have that F(p, %J) = 4(DX:(p) - X5, %).

Thus, for (p,t) € Mx x [—1,1], we obtain F(p, %,t) > ~v. This together with
the lower bound in Condition (c) gives the uniform lower bound in Condition (d).

Condition (e) follows easily from Condition (d) and (6.1) above. We conclude
that for any vector field X € X*(M), there is a constant C' > 1 such that X is

bounded by C', and the same is true for every Y close enough to X. (I

Let X € X'(M) be a vector field bounded by C' > 1. Using the exponential
map, for p € Mx, we consider the lifted Poincaré map

X _ —1 X
Py = exXPy;, () OPp,1 © XDy,

which goes from Nx , (5] X (p)|]) to Nx, x, (p)(R). The advantage of using the lifted
Poincaré map is that we can perform perturbations using canonical coordinates.
Observe that
X (X )l > C7HIX D). (6.3)
By (6.3) and the last item in Definition 6.2, for any n € N, the map P,Y, is
well defined on N, (| X(p)|]), while the lifted map P, is well defined on
For each n € N and p € Mx, we define the change of coordinates 1, , =
P))én(p),n o (P))g%(p)7n)_1, which is a C! diffeomorphism from ngn(V)én(p),n) to
P))é"(p)’n(V){"(p)yn) C Nx . Observe that ¢, ¢ = id. The sequence (jo(p),j)jEN
verifies the following equality:

X _ pX
an(P),n o Pp,n = Pp,n © wp;()’

which holds on Van In other words, this change of coordinates linearizes the

dynamics of 73;,(”:

~y _
Px,l(p),l Pin

VX_i(p)in+1 pn Nx,(p)(R)

wX7L+l(p),n+1J/ ¢xn(p),nl ilp,n

Nx_10) —x Np —— = Nx.w)
X_1(p),1 p,n

Change of coordinates

where 2, ,: Nx, (p)(R) = Nx, (p) stands for the inclusion map.

For all y € Nx,p(% X(p)|)), we define the hitting time 7.\, (y) as the first posi-

tive time where the trajectory starting at y hits the transverse section Ny x, () (R):

X (y) :==inf{t >0: X,(y) € Nx x, ) (R)}-

p,n

Notation. Let p € My and n € N. Suppose that for Y € X!(M) the submani-
folds NX@(% X(p)||) and Nx,x,, () (R) are transverse to Y, and that the Poincaré
map for Y between these transverse sections is well defined on Nx,p(% Xm|)-
Then we denote this Poincaré map for Y by P§’p’n. Accordingly, we denote its
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lift by P, and its hitting time by 7% . We also extend those notations for
non-integer times: given an integer n > 1 and ¢ € [n — 1,n], we let P}(/,p,t be the
Poincaré map between the transversals J\/'Xp(%HX(p)H) and Nx x,(p) (R).

In the next definition we introduce the type of perturbations of the Poincaré
map that we will consider in the sequel. Observe that, in this definition, we are
perturbing the nonlinear transverse dynamics of the flow.

Definition 6.4. For each § > 0 and given an open set U C Nx (8] X(p)]), a
C' map g: Nx,(BIX()II) = Nx_ x,p)(R) is called a 6-perturbation of Py, with
support in U if the following holds:

den (Pp Y ) <
the image of ¢ coincides with the image of ngl,
the map ¢ is a C! diffeomorphism into its image;

the support of (P,5,)~! o g is contained in U.

For any n € N and any U CNXp(Cn

I¥(p,Un) ={(y,t) 1y € U, t € [0,7.5, ()]}, (6.4)

and we let X (p,U,n) be the image of ZX (p, U,n) under the map (y,t) — X;(y):

UX(p,U,n) = U U X (y). (6.5)

yeU t€[0, 7%, (y)]

X(p)|), we define

We will need the following lemma, which translates the fact that X; — Id when
|t| = 0 in terms of the linear Poincaré map and the hitting time.

Lemma 6.5. Let X € XY(M). There exists a small constant « = a(X) > 0
such that for any t € [—a,a] and p € Mx, it holds that |det P,Y, — 1] < 10§2
Furthermore, take C > 1 to be a constant such that X is bounded by C. Then, we
can fix B > 0 small such that for any p € Mx and q € J\/‘X’p(cn I X (p )H), it holds

that 7,5,(q) € [n — o, n + al.

Proof. First observe that for ¢ small, DX; is uniformly close to DXy = id for
any point in M. Using the continuity of the function F' defined in (6.2), for any
e > 0, there exists a; > 0 such that for any ¢ € [—ay, 1] we have the following:
for any p € My, the angle between DX;(p)Nx , and Nx x,(p) is smaller than e.
Since det P, = det HX (0| DX, ()N ,,- det DX ()| Ny, from these two observa-
tions above by fixing o small enough we conclude the first part of Lemma 6.5.
Let us now prove the second part of the lemma. We may take S much smaller
than « such that SC' < 10aC and SC < R. This implies that for any p € Mx we
have that B(p, B8|| X (p)||) C U Xi(Nx p(R)). Observe that for any n € N, if
te[—a,a]

qe NX,p(Cn I X (p)]]), then we have
d(X5(p), Xn(q)) < C"d(p,q) < B X(p)|-

The conclusion then follows. O

Remark 6.6. From now on given X we will always assume that « and 8 verify the
conclusion of Lemma 6.5.
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6.3. A realization lemma. We state and prove below a lemma that allows us to
realize a non-linear perturbation of the linear Poincaré flow as the lifted Poincaré
map of a vector field nearby. This result is one of the key differences between our
work and the diffeomorphism result of [BCW09]. Moreover, it provides an efficient
of converting the problem of perturbing a vector field into giving a sequence of
perturbations of a discrete dynamics.

Lemma 6.7. For any C,e > 0, there erists 6 = §(C,e) > 0 that verifies the
following. For any vector field X € X*(M) that is bounded by C, any 0 < 6; < §
and any integer n € N, there is p = p(X,€,01,n) > 0 with the following property.

For any p € Mx and U C Nx ,(p||X(p)|]) such that the map (y,t) — Xi(y) is
injective restricted to the set X (p,U,n), then the following holds:

(1) Set U= exp;l(U). Then for every i € {0,...,n}, the map ¥x,(p)i =

Vx,(p),i © exp}:(p) induces a C" diffeomorphism from Py, (U) onto PPXZ((})
such that

max{[| DV, ) qll, [ DT | det DU, )l [det DU L[} < 2. (6.6)

(p),i”?
(2) Foric{l,...,n}, letg;: Nx x, ,(») = Nx x,(p) be any C" diffeomorphism
such that the support of (P))(i,l(p),l)_l o g; s contained in P[i(i_l(l?), and
which satisfies dc1 (g, P))éil(p),l) < 81. Let g; be the map defined as follows:
o 9i(y) =PX,_ maW)s Ty & Ppiy(U);
i gl(y) = \1/)_(11(;[,)71 o gl © \Isz'fl(P)J'—l(y)’ ify € ,P:gi,l(U)
Then the map g; is a §-perturbation 0]‘7)))((1_71(17)’1 with support in ngi_l(U).
(3) There exists Y € XY(M) such that dci(X,Y) < €, and the Poincaré map
P};,Xi(p)J for the vector field Y between Nx, ) (pl| X (p)|]) and Nx,)(R)
is well defined and is given by g;, for each i € {1,...,n}. Moreover, the
support of X — Y is contained in UX (p,U,n) and the image of T};J)’n 18
contained in [n — a,n + af.

Before proving this lemma, let us say a few words on Items (2) and (3) in the
statement. Item (2) states that we can obtain perturbations of the Poincaré map by
perturbing its lift, with precise estimates on the size of each of these perturbations
we consider. Observe that this only gives C! diffeomorphisms between certain
transverse sections. Item (3) states that any such perturbation can be realized
as the Poincaré map of a vector field C'-close to X, with precise estimates on its
distance to X. Furthermore, the hitting time of Y has the same image as the hitting
time of X.

This lemma will be very important in our proof. It will allow us to reduce the
proof of the theorem to the perturbation of a linear cocycle over Z. This is done
after several steps and adaptations. One important remark is that we will find some
number n such that throughout our proof, the perturbations will happen in pieces
of orbit of “size” [0,n]. So Lemma 6.7 will give us the uniformity needed to realize
the pertubations of the linear cocycles as the Poincaré map of a vector field.

Proof. We will obtain § later, as consequence of a finite number of inequalities. In
the following, we always assume that 0 < p < % By the previous discussion, this
ensures that P\, is well defined on Nx ,(pl| X (p)l]), for all p € Mx.
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For Item (1), first observe that
DUx, ()i = Py o D(Py) "o Dexpy . (6.7)

Notice that since ¢ € {0,---,n}, for any [ > 0 one may fix p > 0 sufficiently
small such that for any p € Mx we have p|| X (X;(p))|| < {. In other words, the
submanifolds Nx x, ) (Cp|| X (x)||]) can be made uniformly arbitrarily small. In
particular, we obtain that for any v > 0, for p sufficiently small, for any p € Mx
the map Dexp)_(}(p) is 7-C'-close to the identity in the ball of center X;(p) and
radius C'p|| X (p)|. Hence, to control DUy, ; we are left to control the term
Pzi(i o D(ﬁgi)_l. This will follow from the following points:

e It holds

c< inf (P < sup [Pl <Cm, (6.8)
pEMx, t€[—n,n] ’ peEMx, t€[—n,n] ’
and by (6.1), we have similar estimates for the Poincaré maps ngt, uni-
formly in p € Mx and t € [-n,n].

e In order to have a uniform control on the norm of DW¥x, ) ; and its inverse,
the difficulty to overcome is that the set Mx where p ranges is not compact.
Let us note that by (6.7), it is sufficient to control the map P;{iOD((ﬁgi)_l);
moreover, by choosing p > 0 sufficiently small, the linear maps A = P;fi and

B = Dﬁgfi from N, to Nx, () can be made arbitrarily close to each other.
The point is thus to control the product AB~! knowing that the norm of
the difference A — B is small. The idea for that is to find an extension in
order to view A and B as two maps between the fibers at p and ¢ := X;(p)
of a compact bundle. We consider the following commutative diagram:

DpX;

GrgflM GrgflM
S,M — 2 s
]PT T]q

PX,
N, i N,

where SM, Gri—'m respectively denote the unit tangent bundle and the

bundle of (d — 1)-Grassmannians, ¢, is the natural inclusion from S,M to

GrgflM , and 7, denotes the map which associates to the hyperplane NV,

the unit normal vector to it (i.e., the unit vector tangent to the flow). Here,

by a slight abuse of notation, we denote by DX, the natural action of the

differential of the flow both on SM and Gr? ' M. By composition with the
b'e

map 2, © Jp, We can see szfi and D7ﬂ5p7i as two maps between the fibers at p

and ¢ of Gr™ ' M. Besides, as Gr 1M is compact, for any C' > 0, and for
any ¢ > 0, there exists § > 0 such that for any p,q € M,

VA: G 'M — Gl ' M, Al < C,
VB: Gl 'M — Gr ' M, ||B| < C,
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it holds:
|[A-Bl<dé = ||AB’1 —id|| < e.

From this fact, and our assumption that the vector field X is bounded by
C, we get the sought control on P, 0 D((P.X;)~") over all p € Mx.

In particular, we obtain a uniform control of ¥, () ; for p € Mx and i € {0,...,n}
even though the space My is not compact.

By Definition 6.4, the proof of (2) follows easily from the first point. Indeed,
given i € {1,...,n} and p € Mx, we use the maps ¥x, ,(p)i—1 and ¥y, ; to con-
jugate P§i71(p)71 to the linear Poincaré map P))((qj,1(p),1' By the previous discussion,
for p > 0 small enough, the maps Wy, (i1 and ¥y, (), are arbitrarily C'-close
to exp;(jil(p) and exp;(f(p) respectively. The estimate on the C' distance between

g; and ’P))((iil(p)’1 follows, since we assume dg1(g;, P){_il(p)’l) < 81, and 61 < 9.

The proof of Point (3) follows from arguments similar to those presented in
Pugh-Robinson [PR83] (see in particular Lemma 6.5 in that paper).

More precisely, let @ € {1,...,n}, and let §;: Nx, ) — Nx,(p) be a Ct dif-
feomorphism satisfying the assumptions of Point (2). We pull back g; to a C*
diffeomorphism g;: Nx, ) = Nx,_,(p) by lettingNQi = P))‘i(l’)’_l o g;. By as-
sumption, the support of g; is contained in P, ,(U), with U := exp,*(U) and
U C Nx ,(p[|X(p)||), hence by (6.8), we get

dco(§i,id) < 2Cpmax || X (p)]|. (6.9)
peEM

Then for all ¢t € [i — 1,i], we define a map g:: Nx, ,(p) — Nx,(p) a5 Gt =

;é_l(p)’tfiﬂ o g;. By the above estimate, and by (6.8), we deduce that

deo(Ge, P, ) i—is1) < 2020;%% X,  Vteli—1,1]. (6.10)

-Dg; = Py

Moreover, for any ¢ € [i —1,14], we have Dg; = P ()il ©

X
Xi—1(p),t—i+1
PY (-1 - Dgi- Since den (gi, PX,_, (,)1) < 01, we obtain

der (G, PR, (pyi—ivr) < C261, Vit e[i—1,i]. (6.11)

Let us fix a C* bump function x: R — [0,1] which is 0 near 0 and 1 near 1.
Fix ¢ € {1,...,n} and set x;—1(-) := x(- — i+ 1). For k € {0,...,n}, we also let
Npk = NX,Xk(p)(%HX(p)H). Then for any ¢t € [i — 1,1], we let hgl): Npic1 —
Np,i be the map defined as

o W) =P i) iy & PY L (U);
o h(y) = ‘I’;gf(p),t ° (Xi71(t)§t +(1- Xi71(t))P))é,l(p),t7i+1) °
\IIXi_l(p),ifl(y)v if Yy e ,szz‘—l(U)?

where we have extended the previous notation by setting

X ~X -1
Uxi )t = Pyt © Px,(p),—1 © €XPx, () -
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FIGURE 4. Interpolation between the initial Poincaré map and g;.

In particular, we note that for ¢ = ¢ — 1, we have hgi) = hfl_)l = id, while for

t=1, hii) = hgi) coincides with the map g; defined in Ttem (2).
By (6.10), for all t € [i — 1,1i], we have

dco (Xi_l(t)gt +(1- Xi—l(t))P))((q‘,—l(P)vt—i"rl’Pj?i—l(P),t—’H—l) < 202%’;%5}\54( | X (p)]l-

Since P))((iil(p),t%ﬂ = \I/;é(p))t o P))((i,l(p),t—iﬂ oWx.  (p),i—1, by the definition of

hgi) and by (6.6), we can thus make the C° distance between hgi) and P§i71(p) it
arbitrarily small, provided that p > 0 is taken small enough.
For any ¢ € [i — 1, 1], we have

D (103 + (1= i1 (ODPE_, (yamis1)
= DP))éfl(P),tfiJrl + Xi-1(t)(Dge — P))é—l(P)ifiJrl)'
By (6.8) and (6.11), we thus get
der (h”, PX_ yaiv1) < 4C261. (6.12)
For any ¢ € [i — 1, ], we also have:
O (103 + (1= X1 OPE_ (yamir) = 0P minn
= Xi1(t) (g — P))(i,l(p),tfﬂrl) + Xi—1(t) 0% (3¢ — P))((i,l(p),tfiJrl)

= X;—l(t)P))((i_l(p),t—i+1 o (f]i - id) + Xi_l(t)atp))((i_l(p),t—i+l ° (gi - id)~
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By (6.6), (6.8) and (6.9), we deduce that

X _a.p®
tEr[ril%}li,i] glea[}datpxi_l(p),tfwﬂy) Ochy” (y)|

t€0,1]

< 8C max (c, sup ||atP§<il<p>,t||> Inllerpmax [X(@)]- (613)

Recall that for k € {0,...,n}, we denote Np » := Nx x,(») (%HX(p)H) As in
(6.4), given a set V C N, o, we set

I¥(p, Vin) o= {(y,t) :y € V, t € [0,7,(n)] } -

b p7n
Let us assume that U C Nx ,(p||X(p)||) is such that the map (y,t) — X, (y) is
injective on the set ZX (p,U,n). For p > 0 small, the hitting time function Tli(n
is uniformly close to n on Nx ,(pl| X (p)||), and the C*' distance between the maps
(y,t) — ngt(y) and (y,t) — X;(y) restricted to Z* (p, Nx »(p|| X (p)||), ) is small.
Given i € {1,...,n}, let us consider the map h(": (y,t) hgi)(y) defined on
Np,iz1 % [t — 1,4] as above. By (6.12) and (6.13), and since 0 < §; < §, the maps
Npim1 x [i = 1,4] 3 (y,t) = Px,_| (y.4_is1(y) and A can be made arbitrarily C'-
close by taking 6 > 0 small enough. For § > 0 sufficiently small, we deduce that the

map h(?) is locally injective on the interior of P 1(U)x[i—1,4]. Besides, as we have

seen, hg?l‘Np,ifl =id|n;, ,_,, while hgi) N,y = Giln,.._, is a CT diffeomorphism.
Now, we define a map H on N, o x [0,n] by setting

H(y,t) == h{" 0 gi_10gin0-0g(y), (6.14)
VyeNpo, Ve li—1,4, Vie{l,...,n}

By what precedes, the map H is locally injective on the interior of the set U x [0, n].
Moreover, 9 (U x [0,n]) = (U x {0}) U (U x {n})U (0U x [0,n]). On the one hand,
we have H(-,0)|y = id|y, and by construction, the map H(-,n)|y coincides with
gn © gn—1 00 gi|u, hence it is a C* diffeomorphism from U to P}’ (U) C Np,n.
On the other hand, by Point (2), each diffeomorphism g; is a da-perturbation of
P))gi,l(p),l with support in 7)5,(2;1([]) Therefore the restriction of H to the set
OU x [0, n] coincides with the restriction of the map (y,t) — P;,(y). In particular,
we deduce that the restriction H|swx[o,n)) of H to the boundary of U x [0,n] is
injective. From Lemma 6.5 in Pugh-Robinson [PR83], we conclude that H embeds
U x [0,7n] into the set U (p, U,n) introduced in (6.5).

In the same way as before, for any y € Nx ,(p||X (p)||) and t € [0, n], we set
T;’(t(y) :==min{s > 0: X,(y) € Nx x,»(R)}.
By definition, P;Y,(y) = Xox,() (), for any (y,t) € Nx,(p| X (p)|l) x [0,n], thus

X(Pr(y) = (0 ()" Py (). (6.15)
Moreover, 7, (p) = id, and the map (y,t) — 75 (y) is C* on Nx , (pl| X (p)]]) x [0, 7],
hence for p > 0 sufficiently small, we have
1
5 <Ol <2, ¥peMx, y € Nxp(p| X@)II), t€[0,n].  (6.16)

As we have noted above, on the complement of U x [0,n], the maps H and
(y,t) = PX,(y) coincide. We thus define a vector field Y € X' (M) on M by setting
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* Y(q):=X(q), if g€ M —UX(p,U,n);
e Y(qg) = (8t‘t:tg'rzi(t(y))ilat|t:toH(yOat)7 if ¢ € uX(p’ U,n), where
(yo,to) = Hil(q) e U x [O,n]

For each ¢ € {1,...,n}, by the definition of H in (6.14) and since hl@ = g;, it
follows that the Poincaré map 73}?, Xi_1(p),1 for the vector field ¥ between Np,ic1
and N, ; is given by g;. By definition, the support of X — Y is contained in
U™ (p,U,n). Moreover, given any point ¢ = P, (y) = H(y',t) € U™ (p,U,n), say
(y,t) € U x [i — 1,4], letting z := P.X, ;(y) and 2’ := g;_10g;20---0g1(y), we
obtain

P;,(t(y) = ,P))((i,l(p),tfi+1(z)

~1 X )
= ‘I’Xt(p),t o PX.  (p)t—it1° U, 1(p),i-1(2);
H(y', 1) = b ()
=V o)t © (Xifl(t)gt +(1- Xi*l(t))P))éA(p),tle) 0 Ux, ,(p)i-1(2)

= ‘I')_(:(p),t ° P)é,l(p),t—iﬂ o (xi—1(t)(gi —1id) +1id) o U, (p),i—1(2)-
Set

wi=Vx | (mi-1(2) = (Xi—1(t) (g —1d) +id) 0o Ux, | (p).i—1(2).
We deduce that

3t73;ft(y) =04 (\I/;(,l,(p),f, © P))é,l(p),t—z’H) (w),

OH(y ) = 0, (\y;(}(p))t o P 71@)’#”1) (w) + Dy, (m;(j(m ° P)?H(p),tfm)
0 (Xi—1()(gi —1d) +id) 0 Uiy, () .i-1(2"))
= 5t7’§ft(y) + Xé—l(t)D\Ifxt(p),t(q)‘I’)_(:(p)yt ° P))((i_l(p),t—i—i-lo
0 (i —id) (Yx, ,p).i-1(2"))

and
Y(q) — X(q) =

Xi—1(1) 1 X L
8t7Xt(y) ‘I/xz(p).t(lI)\Ith(p),t © PXi—l(p)7t7i+1 © (gi - ld) (\Iin—l(p)vi_l(Z/)) ’
P

where the last equality follows from (6.15) and the definition of Y. In particular,
the difference between the vector fields X and Y is essentially controlled by the C°
distance between §; and id. More precisely, by (6.6), (6.8), (6.9), and (6.16), we
deduce that

1X(q) — Y(q)| < 8|xllcrC*pmax || X (p)]],
peEM

and we argue similarly for the derivatives. Therefore, by taking p sufficiently small,
we can ensure that dei(X,Y) < e, which concludes the proof of point (3), and
then, of Lemma 6.7. O

6.4. Producing unbounded normal distortion by perturbation. We are now

in position to prove the main perturbation result (Proposition 6.10 below) that

will allow us to obtain unbounded normal distortion generically. The key tool

behind this is a perturbation result for linear cocycles taken from [BCWO09]. The

next proposition roughly says that for any C! vector field X, any compact subset
39



A C Mx of a section transverse to the flow, any x € Mx whose orbit is far from
A, we can produce another vector field Y that is C'-close to X and such that for
any point y € A, we see a large distortion between the images of z and y under
the linear Poincaré flow of Y. Moreover, Y can be made arbitrarily C%-close to X
if the support of the perturbation is chosen large enough.

Proposition 6.8. For anyd>2,C > 1, K,e >0, let § = §(C,¢) be the constant
given by Lemma 6.7. There exists ng = no(d,C, K,e) € N with the following
property.

For any d-dimensional manifold M, any vector field X € XY(M) which is
bounded by C, there exists pg = po(d,C, K,e,ng) > 0 such that for any n > 0,
any compact set A C Mx and x,p € Mx satisfying:

(a) there exists an open set U inside Nx ,(pol| X (p)|), such that A C U;

(b) the map (y,t) — X,(y) is injective on T (p,U,ng) (see (6.4));

(¢) orb™(z)NU =0,

there exists a vector field Y € X*(M) such that

(1) the support of X —Y is contained in U™ (p,U,ng) (see (6.5));

(2) der (X,Y) < g;

(8) for any i € {0,...,n9 — 1}, it is verified dCl(P))é(p),l’P};,Xi(p),l) < 0,
where P};Xi(p),l is the Poincaré map between Nx x, ) (B X (Xi(p))|) and
NX,Xi+1(p)(R);

(4) dco(PX, .0 PX X, (py0) < 15 for all t € [0,1];

(5) for ally € A, there exists an integer n € {1,...,ng} such that

[ log det P, —logdet P} | > K.

Nxp(poll X(0)])

Proposition 6.8 is the analogue for flows of Proposition 8 in [BCW09]. Using
Lemma 6.7, we will reduce the proof of this proposition to a discrete scenario
where we can apply the following proposition from [BCWO09]. This result tells us
that given a linear cocycle f acting on Z x R? for some integer d > 1, two sets
A C U C R%, with A compact, we can perturb f into a new cocycle that is C*-
close to it, coincides with f outside of the tube obtained by flowing U for a finite
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time, and such that for any point y € A, we can find an iterate of y for which the
difference between the Jacobians of the cocycles is very large. Moreover, we can
keep the C°-distance between the two cocycles arbitrarily small provided that the
tube is long enough.

Proposition 6.9 (Proposition 9 in [BCW09]). For anyd > 1, and any C, K,e > 0,
there exists ny = n1(d,C, K,e) > 1 with the following property.

Consider any sequence (A;) € GL(d,R) with || A;||,||A; || < C and the associated
cocycle f on ZxRY defined by f(i,v) := (i+1, Ajv). Then, for any open set U C R,
for any compact set A C U and anyn > 0, there exists a diffeomorphism § of Z xR
such that:

[ ] dco(
o [ =g on the complement of Uzn1 ! fl({()} x U);
o for ally € {0} x A, there exists n € {1,...,n1} such that

| log det Df"(y) —logdet Dg"(y)| > K.

Below we prove Proposition 6.8 assuming Proposition 6.9. The idea of the proof
is that we first perturb the discretized linearized dynamics using Proposition 6.9,
then we relate this perturbation with the dynamics of a vector field by using the
realization lemma (Lemma 6.7).

Proof of Proposition 6.8 from Proposition 6.9. Fix any §; € (0,9) and Ky > 2K +
10log2. Let ny = ny(d — 1,C, Ko, 1) be the constant given by Proposition 6.9 for
d—1, C,Ky,e and let ng = 2n;. Let X € X'(M) be a vector field bounded by
C and let p > 0 be the constant given by Lemma 6.7 for C, ¢, §;, ng and X. Fix
Po € (0’ C"o)

Let A C Mx, x,p € Mx and n > 0 be such that conditions (a), (b) and (¢) in
Proposition 6.8 are verified. Let U C Nx ,(pol| X (2)]|) be the open set given by
condition (a). Consider Ox, (p) = {..., X_1(p),p, X1(p), ... } and observe that this
set is naturally identified with Z. We consider the normal bundle, with respect to
X, over Ox, (p) and the linear cocycle defined as follows: fori € Z and v € Nx x,(p)

set f(i,v) := (i +1, P))(i(p),lv).
Recall that U = exp;l(U) By Item (1) in Lemma 6.7, for any i € {0,...,no},
we obtain C! diffeomorphisms ¥; := W, );: Ppy(U) — Plffi(ﬁ), such that for any
q € P;5;(U) it holds that

PR i (Wi(@) = Ui 1 (PR, ()1 (0)- (6.17)
Write W: (U2 Pps (U) = Ui, sz(l( ) as the C! diffeomorphism which is equal to

W; on PX.
For the cocycle f , we apply Proposition 6.9 and obtain a d1-perturbation g of f
supported on (J;° ' fi({0} x U), such that for every ¢ € ¥o(A), it holds:

d dCO (.fa ) a ~
e f=gon the complement of [ J;0 Lo} x U);
e for every ¢ € ¥y(A), there exists n € {1,...,n0} such that

|log det Df"(q) — log det D" (q)| > K.
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For each i € {0,...,n9 — 1}, let g; := g|{i}xNX,X_(p) and observe that

den (gi,P;é(p)’l) < 41. By Item (2) in Lemma 6.7, we obtain a J-pertubation g;

of P))é(p),l. By (6.6) and (6.17), we have

dco(gi,P))((i(p),l) < QdCO(jia P))(i(p),l) <.

Moreover, by the estimates in (6.6), we conclude that for any ¢ € A, there exists
n € {1,...,no — 1} such that

| log det DPIfn(q) —logdet D(g")(q)| > Ko — 4log 2, (6.18)

where g"(q) := gn o+~ 0 91(q).
Recall that for n € {0,...,no— 1}, the maps ngn and PX are conjugated on A

by ¥. By (6.6), we obtain that for any ¢ € A, it holds "

| log det DP;’(n(q) —log det P[f(n| < 2log2. (6.19)
Suppose there exists n € {0,...,n9 — 1} such that |logdet P}’ — logdet P;'| >
K + 3log2. By (6.19) and Remark 6.1, for any ¢ € A it holds that

log det P;ffﬁfn(@ — log det an > K + log 2.

By Lemma 6.5 and item 3 of Lemma 6.7, we conclude that
|log det P, — logdet P\, | > K.

In this case we do not make any perturbation. Suppose that for every n €
{0,...,n0 — 1} and every ¢ € A we have

| log det an — log det an| < K + 3log2.

Consider the maps g1, . . ., gn, as it was explained above (obtained using Proposition
6.9). Applying Lemma 6.7, we obtain a C'! vector field Y that verifies the following
properties:

° dcﬂ(X,Y) <ég;

e the support of X — Y is contained in UX (p, U, ng);

e for each i € {1,...,n0}, we have that ,P))g,X,ﬂ,(p),l = g;-

By (6.18) and (6.19), we conclude that for each ¢ € A, there exists n € {1,...,n¢}
such that

| det PY, - det DPX,.(q) ) det P%,
98\ det PY. ]~ ©8 det PY, T et DPX,.(q)

tog | S LPon@) | (det DI (@)Y
&\ “det Dgn(q) *\ det P,

1 det ijn 1 det P;fn
~ %\ det PX, 8\ det DPX, ()

> Kg—log2— K —4log2—1log2 > K.

Y

This concludes the proof of Proposition 6.8. (]

The following proposition is the version for flows of Proposition 7 in [BCWO09].
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Proposition 6.10. Consider a vector field X € X'(M), a compact set D C Mx,
an open set O C Mx and a point x € Mx satisfying:

o foranyy € O, any t >0, we have X;(y) € O and X1(0) C O;

e DCO-X,(0);

e orb™(z)N D =10.
Then for any K,e > 0, there exists a vector field Y € XY(M) with dex(X,Y) <
which satisfies the following property: for all y € D, there exists n > 1 such that

| logdet P),, —logdet P, | > K.

Moreover, the support of X —Y is contained in the complement of the chain recur-
rent set of X.

Proof. Let X, D,0,x be as in the statement of Proposition 6.10. Fix K,e > 0.
By Lemma 6.3, we may fix C' > 1 such that the vector field X is bounded by C,
and let ng = no(d,C,3K,¢), po = po(d, C, K, €) be chosen according to Proposition
6.8. We set N := 2%ny. Without loss of generality, we also assume that K satisfies
K > 2dlog(2C) > 0.
We fix a finite cover F = {Dy,..., Dy} of D by compact sets satisfying:
(1) D cUj_, int(D;) € O — X1(0);
(2) for each j € {1,...,¢}, there exists a real number 7; € (0,1), a point
pj € O — X1(0), an open set U; C Nx p, (po|X(p;)|), and a compact set
Aj; C Uy, such that the following properties hold:
(a) we have

Dj = {Xt(y) BN Aj7 te [OvTj]}a (620)

and

int(D;) C{Xy(y):y€U;, te (0,73)} C O - X1(0);

(b) for each t € [0, N], we have ,Pi,);t(Uj) C Nx x,(p,) (pol X (s)]);
(c) for each t € [0, N — 1], for each t' € [0,1], and for each y1,y2 €
P i(4;), it holds

AP, )0 Y1) Py (o) (92)) < 2Cd(y1,92); (6.21)

(3) orb™(@) VUL, U, = 0

(4) for each j € {1,...,¢}, the map (y,t) — X:(y) is injective restricted to the
set U; x [0, 1], and thus, it is also injective on the whole set Z% (p;, U;, N);*

(5) there exists a partition {1,...,¢} = Jo U --- U Jya_; such that for each
k€ {0,...,2¢ — 1}, and for each j; # ja € Ji, we have

ux(pqujul) N Z’{X(pijjzvl) =0.

One can obtain F by tiling the compact set D by arbitrarily small cubes as in
(6.20), i.e., obtained by flowing small transversals A; under X, for j = 1,... ¢
Besides, since we assume that D C Mx, Properties (1)-(4) are satisfied provided
that D;, U; and A; are chosen sufficiently small, for all j € {1,...,¢}. In par-
ticular, (6.21) is true provided that D; and A; are chosen small enough, for all
je{l,...,¢}, since X is bounded by C. Moreover, Item (5) holds true provided
that the diameter of the sets Uy, ..., Uy is small enough, since M has dimension d.

3Indeed, for t > 1, we have X(Uj) = X1(X¢—1(Uj)), and X¢—1(U;) C O — X1(O).
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For each j € {1,...,¢}, and for each i,m > 0, we set
V¥ (i,m) == it U™ (Xi(py), Py i(U;),m)).

Each set VJX (i,m) is open: it is the interior of the “tube” obtained by flowing points
in the transversal ng,i(Uj) under X until they hit the section P£7i+m(Uj). We
have the following properties:
e for each j € {1,...,¢}, the sets VJX(O, 1),VJX(1, 1),... 7VJX(N —1,1) are
pairwise disjoint;
o for each j € {1,...,¢}, the orbit orb™(z) is disjoint from UX (p;, U;, N);
o for each (ki,j1) # (k2,j2) with ki, ke € {0,...,27 — 1} and j; € Jy,,
J2 € Ji,, we have

Y5\ (nok1,no) N5, (noka,no) = 0. (6.22)

Indeed, the first item is a consequence of Point (4) above, the second one follows
from Point (3) above, and the third one is a consequence of Points (4)-(5) above.

T T T T

T NN !

7 S S\ f—
Vi (noka, no)

FIGURE 5. Selection of the perturbation times for the different tiles.

Claim 4. There exists A > 0 such that for each y € U§:1 Dj, there exist j €
{1,...,0}, z€ Aj and u € [0,1] such that y = X, (2), and Nx .(2)X) C A;.

Proof. Let A1 > 0 be a Lebesgue number of the cover F. We choose Ao > 0
such that Nx ,(X2) C B(y, A1), for any y € U§:1 Dj, and we take A > 0 such

that PX,(Nx.2(2)) C Nx x,(»)(A2) for any z € J;_; A; and u € [0,1]. The

u
existence of A > 0 follows from the compactness of U§:1 A; and from the fact
that X is bounded by C' > 0. By the definition of A\; and Ds,..., Dy, for each
y € ngl Dj, there exist j € {1,...,¢}, z € A, and u € [0,1] such that y = X,,(2),
and B(y, 1) C D;. By the definition of Ay, we also have Nx ,(A2) C B(y, A1).
Then, by the definition of XA and D;, and since y = X, (2) € Nx4(X2) C D;, we
deduce that Nx .(2)) C (PX,) ' (Nx,y(X2)) C A;. O
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For any n > 0, we define a sequence (a,(m))m>0 inductively as follows:
a,(0) := 0; an(m+1) :=2Cay(m) +n.

Note that lim, g a,(N) = 0. In the following, we fix 19 > 0 small enough that
A
ano(N) < (20)_N)‘, Mo < 9"
For each k € {0,...,2% — 1} and j € Jy, the set PX (A;) and the point
Xnok(x) satisty the hypotheses of Proposition 6.8. We obtain a vector field Y €
XY(M) such that the support of X — Y is contained in VJX (nok,np). Moreover,
for distinct choices of (k,j), (6.22) guarantees that the associated perturbations
will be disjointly supported. Hence, applying Proposition 6.8 over all pairs (k, j)

with k € {0,...,2¢ — 1} and j € Ji, we obtain a vector field Y € X(M) with the
following properties:

,nok

e the support of X —Y is contained in

291

U U V nok no) U (pj, Ujs N);

k=0 jeJi J=1
dcl(X Y) < e
Aot (PX oy PX xo(py)1) < 0(€), for all i € {0,...,N} and j € {1,...,£};
deo (P, )10 PX Xi(wyy0) < o, for all i € {0,..., N'} andj e{1,... 0}
for each k € {0,...,2¢ — 1} and for each z € U

~

, there exists an

JEJk
integer n € {1,... ,no} such that:
Y Y
log det PXnOk(af),n log det Pp x P ge(2)om > 3K.
Claim 5. For each y € U§:1 D;, there exist k € {0,...,2%7 — 1}, j € Jy, and

t €[0,2], such that y =Yy (w), withw € A; and P};,pj,nok( w) € PX ok (D)

Proof. Let y € U§:1 D;. By Claim 4, there exist j € {1,...,4}, z € A,
and u € [0,3] such that y = PX (2), and Nx.(2\) C A;. We have
dco((PX )_1,(73}(/’1%”)_1) <m < %, hence y = P}gl)j)u(w) = Y (w), for some
€ [o, 2] and w € A; satisfying Nx ,(\) C Aj. Moreover, X is bounded by
C’, hence ./\/ng(‘pj(w)((ZC)*i/\) C ng’i(A]’), for all ¢ € {0,...,N — 1}. For any
i€{0,...,N —1}, by (6.21), and by the fact that dco (P§i(pj)71,P§,Xi(pj))1) < no,
we have the estimate
d<P£,i+1(w)?P)lg,p]-,iJrl(w)) < d<7)j)((i(p]‘),1 oP;j J(w), PX (pj) PX,pJ, (w))

+ AP, (511 © P, i (W )77)X,xi(pj),1 P pyi (W)

< 20d(Py; i(w), P, i(w)) + 1o-
Thus, for any i € {0,..., N — 1}, we obtain

d(Pp; i(w), Px p, i(w)) < ay (i) < (20)Y

Let k € {0,...,2% — 1} be such that j € J,. We conclude that P§7pj7n0k(w) €
Nx py () ((2C)7m0kX) C P nok(D;), where Yi(w) = y. O

X,pj.nok ok
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We deduce that for each y € D C UleDj, there exist k € {0,...,29—1},j € Jy,
w e Aj, tel0,2], such that y = Y;(w), and there exists n € {1,...,no}, such that

[logdet PY, (2. —logdet PRy | > 3K.

X,pj ﬂok(w)’n

Since the vector field X — Y has support in U§:1 UX(p;,U;, N), which is disjoint

from the orbit orb™(z), we have X, 1(x) = Yy,x(z). Moreover, there exists t' €
[nok — 2, nok + 2] such that P)Sg’pj’nok(w) =Yy (y). We thus have

[logdet Py, ()., —logdet Py, () .| > 3K.

We have P{/(y),n = P;’:Lok(y),n o P}:l ()mok—t» With nok —t" € [=2,2]. Recall that

K > 0 was chosen such that K > 2dlog(2C). Since Y is close to X, we can assume
that Y is bounded by 2C. We thus get

v Y
|logdet P, (), —logdet P )|

> | log det P?’;Ok(r),n — log det P}; e wg&gz} ypel%}{x | log det P;f,u/|

> 3K — 2dlog(2C) > 2K.

Besides, PY pPY o PY

z,n+nok = Ynok(z),n z,nok?
e [logdet PY, . —logdet P), | > K;
e |logdet PY. —logdetP;n+n0k| > K.

z,n+nok

hence of the following two cases holds:

In either case, |logdet PCZ "
required.

By construction, the support of X — Y is contained in at most N iterates of
O — X;(O) for some trapping region O, and thus, the iterates of O — X;(0) for X
and Y coincide. This implies that the vector fields X and Y have the same chain

recurrent set, and they coincide on this set, which concludes the proof. ([l

—1ogdeth)fn/| > K, for some n’ € {1,...,N}, as

6.5. Proof of Theorem 5.3. Let F be a countable and dense subset of M, and
let K = {D,}nen be a countable collection of compact sets D,,, that verifies the
following conditions:
— diamD,, — 0, as n — 4o00;
— for any ng > 1, it holds U D, = M.
n>ngo

For each D € KC we define the following set
Op :={X € X}(M) : 3 open set U, X,(U) CU and D C (U — X,(U))}.
It is easy to see that Op is open. For any point = € F we define
U p ={X € Op : = ¢ Zero(X) and orb™ (z) N D = 0}.

For a vector field X € Op such that z € My, it could happen that the orbit
orb™ () is non compact and it could accumulate on the compact set D without
intersecting it. In this case, by a small pertubation we could make the orbit of x
intersect D. For instance if D is a sink and z is a point in its basin. In particular,
the set U, p is not open.
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FIGURE 6. The orbit orb™ (z) accumulates the compact set D.

The next lemma gives a criterion to know that a vector field X belongs to the
interior of Uy, p.

Lemma 6.11. Let X € U, p and let U C M be an open subset such that X1(U) C

U and D C (U — X,(U)). Assume that orb™ (z) N (U — X,(U)) # 0. Then X
belongs to the interior of U, p, in particular, for any Y € X*(M) sufficiently close
to X it holds that orb* (z) N D = 0.

Proof. Observe that the conditions X;(U) C U and D C (U — X1(U)) are open.
If orb™(z) NU # 0, we can fix t;,1, € R such that (orbX(x) nU — Xl(U)) C
Xty ,t,)(x). We can also assume that this property is open, that is, for any ct
vector field Y sufficiently C'-close to X, it holds

OI'bY(LL') N (U - Yl (U)) -,Cs }/[tl,tz](x)'

Since D and X, ;,1(«) are compact and disjoint, the distance between them is
strictly positive. This implies that for any Y sufficiently C'-close to X it holds
that Y[, ¢,)(z) does not intersect D. Since orbY (z) N (U — Y1(U)) Yii, (), we
conclude that orby(ac) ND = . In particular, X belongs to the interior of U, p. O

The proof of the following lemma is the same as Lemma 15 in [BCWO09).
Lemma 6.12. The set Int(Uy, p) UInt(Op — Uy, p) is open and dense inside Op.

First, observe that if X € U, p then D U {z} does not have any singularity of
X. In particular, the linear Poincaré flow is well defined for any point y € DU {z}.
For x € F, D € K and any K € N, we define:

Vepk = {X €mt(Uyp) :Vy €D, In>1, |logdet P\, —logdet P\, | > K} .

Using the fact that D is compact, it is easy to see that V. p x is open inside
Int(Uy,p). Proposition 6.10 implies that V, p k is dense in Int(U; p). Therefore,
the set
Waep ik = Va,p,k UInt(Op — Uy, p) UInt(X* (M) — Op)
is open and dense in X*(M). Define the set
R() = ﬂ Wz,D,K~

z€F,DEK,KEN
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By Baire’s theorem, this set is residual in X*(M). Let R = Rg N R, where R, is
the residual subset given by Theorem 5.2.

Let X € R. Consider x € F — Zero(X) and y € M — CR(X) such that y ¢
orb™ (). Since y ¢ CR(X), by Conley’s theory there exists an open set U C M
such that X;(U) C U and y € (U — X;(U)). This is a direct consequence of the
existence of complete Lyapunov functions for X, which is given by the so called
Fundamental Theorem of dynamical systems (see Definition 4.7.1, for the definition
of complete Lyapunov function, and Theorem 4.8.1 in [AN07]). Observe also that
orb™ (z) N (U — X,(T)) is either empty or a compact orbit segment. Take D € K
a compact set that contains y. If its diameter is sufficiently small, we have that
D c (U - X,(U) and orb™ (z) N D = 0.

Hence X € U, p. Since X € Ry and by the definition of Ry, for every K € N, it
holds that X € W, p k. By the definition of W, p x and since X € U, p, we have
that X € V, p k. Therefore, for any K € N, there exists n > 1 such that

| log det P,Y, — logdet P,Y, | > K.

z,n

We conclude that X verifies the unbounded normal distortion property. O

APPENDIX A. THE SEPARATING PROPERTY IS NOT GENERIC

In this section we prove that the separating property is not generic. Indeed we
will see that it is not even C'-dense. Let M be a compact, connected Riemannian
manifold. Take any Morse function f € C?(M,R) and let X := V f be the gradient
vector field which is C!. It holds that X has two hyperbolic singularities, o, and
o, with the following properties:

e 0, is a hyperbolic sink and o, is a hyperbolic source;

o We(os) NW*(0w) # 0;

e for any C! vector field Y which is sufficiently C'-close to X, then
W (os(Y)) N W¥(0,(Y)) # 0, where 0.(Y) is the continuation of o, for
the vector field Y, for x = s, u.

We claim that X is C'-robustly not separating. Let U be a compact ball inside
(W*(os) NW¥(0y,)) — {0s,0u}. Since compact parts of stable and unstable mani-
folds vary continuously with the vector field, it holds for any Y sufficiently C!-close
to X it holds that U C (W?*(0,(Y)) N W*(0,(Y))) — {05, Bu}-

Take any € > 0 and consider the balls B(cs, §) and B(0y, 5). Since U is compact,
there exists Tx = T'(¢) > 0 such that any point = € U verifies

X_i(z)eB (Uu, g) and X;(z) € B <0‘S, g) , forallt >T. (A1)

Notice that for any two points z,y € B(os, §) it holds that d(X;(z), X;(y)) < ¢,
for all £ > 0. Similar statement is true for points in B(oy, 5) and the backward
orbit.

Since T that verifies (A.1) is fixed, there exists 6 > 0 such that for any x € U
and any y € B(z,d) C U, it holds that

d(Xy(x), Xe(y)) < e, for any ¢t € R.

In particular X is not separating. Also, observe that this holds for any Y sufficiently
C'-close to X. Thus we conclude that X is C''-robustly not separating.
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Remark A.1. Tt is easy to see that the same type of example proves that the hy-
pothesis of Proposition 2.8 is not even C'-dense. We conclude that the hypotheses
of Propositions 2.4 and 2.8 are not C'-dense as well.

APPENDIX B. PERIODIC ORBITS AND CHAIN-RECURRENT CLASSES FOR FLOWS:
SKETCH OF THE PROOF OF ITEM (3) IN THEOREM 5.2

In this appendix, we briefly explain the structure of the proof of Item (3) of
Theorem 5.2 for diffeomorphisms, which was proved by Crovisier in [Cro06]. Then
we explain why the same proof works for vector fields as well.

As we will see, the proof of this result follows easily from Theorem B.1 below,
which is an easy consequence of Proposition B.2 below. We emphasize that the proof
of Proposition B.2 has two parts: a perturbation part, which only uses Hayashi’s
connecting lemma, and a combinatorial part, which has no perturbation at all.
Usually in these pertubation lemmas such as the connecting lemma, closing lemma
and others, the combinatorial part is the hardest part in the proof. The idea of
the combinatorial part is to find the right pieces of orbits that you will connect by
some elementary C'-perturbation. The same happens in the proof of Item (3) of
Theorem 5.2. There is the combinatorial argument that will give which pieces of
orbits are good to connect, and instead of some elementary perturbation you use
Hayashi’s connecting lemma to connect these pieces of orbits. We remark that the
combinatorial argument will be the same for diffeomorphisms and flows, and that
Hayashi’s connecting lemma is available for flows, so the perturbative tool is also
available for flows.

Let us give some of the dynamical background used in the proof. Below, we
follow the notation in [Cro06].

Let M be a compact, connected, Riemannian manifold, and let Diﬂl(M ) be the
set of C'!-diffeomorphisms of M. A diffeomorphism f € Diff 1(M ) verifies Condition
(A) if for any n € N, every periodic orbit of period n is isolated in M. Observe
that by Kupka-Smale’s Theorem (see Theorem 3.1 in [PM82]), Condition (A) is a
C"-generic condition.

Let f € Diff'(M). We say that a compact and invariant set X is weakly transitive
if for any non-empty open sets U and V' that intersect X, and any neighborhood
W of X, there exists a segment of orbit {z, f(z), -+, f*(x)} contained in W and
such that x belongs to U and f"(x) belongs to V, and n > 1.

The main perturbation technique we want to describe is given by Theorem 3
from [Cro06] which states the following:

Theorem B.1 (Theorem 3 in [Cro06]). Let f be a C* diffeomorphism that satisfies
Condition (A), let U be a C -neighborhood of f in Diff* (M) and let X be a weakly
transitive set of f. Then, for any n > 0, there exists g € U and a periodic orbit O
of g such that O is n-close to X for the Hausdorff distance.

Theorem B.1 is the main perturbation technique used to prove Item (3) in The-
orem 5.2 (which is given by Theorem 4 in [Cro06]). The key ingredient in the proof
of this theorem is the following proposition:

Proposition B.2 (Proposition 8 in [Cro06]). Let f be a C diffeomorphism and
U a Cl-neighborhood of f. Then, there exists N > 1 with the following property:
if W C M is an open set and X a finite set of points inside W such that:
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(1) the points f(x) for j € {1,--- ,N} are two-by-two distinct and contained
m W, forx e X;
(2) for any two points x,x’' € X, for any neighborhood U and V of x and z’,
respectively, there is a point z € U and f™(z) € V, with n > 1, such that
{Za T ’fn(z)} cw;
then, for any n > 0 there exists a perturbation g € U of f with support in the union
of the open sets f7(B(x,n)), forx € X and j € {0,--- , N —1}, and a periodic orbit
O of g contained in W, which crosses all the balls B(x,n), for x € X.

The proof of Theorem B.1 using Proposition B.2 follows from a short argument.
Let us explain the main steps of the argument. Suppose that f is a diffeomorphism
verifying Condition (A) and X is a weakly transitive set. We may suppose also
that X is not a periodic orbit, otherwise there would be nothing to prove. We
use Condition (A) to find a finite set X C X’ such that any point = € X is not a
periodic point, any two different points in X have disjoint orbits, and any point
z € X belongs to B(f*(x),no), for some k € Z and z € X. We then can fix
some 7 € (0,10) to be small enough such that any compact invariant set K which
is contained in a np-neighborhood of X’ and intersecting all the balls B(x,n) for
reX , is ng-close to X in the Hausdorff topology. One can then apply Proposition
B.2 and obtain a periodic orbit that verifies the conclusion of the theorem (see
Section 2.4 in [Cro06]).

Let us now explain the structure of the proof of Proposition B.2. We also refer
the reader to Section 4.0 in [Cro06], where the structure and difficulties of the proof
of Proposition B.2 are explained very clearly. The proof has two parts: the actual
perturbation part, which only uses Hayashi’s connecting lemma; and a combinato-
rial part, which is the most delicate part.

Let us recall Hayashi’s connecting lemma. The original proof was given by
Hayashi in [Hay99]. Some other references are given in [Ar01, WX00, BC04].

Theorem B.3 (Hayashi’s connecting lemma, [Hay99, Ar01, WX00, BC04]). Let
fo be a diffeomorphism of a compact manifold M, and U a C*-neighborhood of fo.
Then there exists N > 1 such that for any z € M which is not a periodic point of
period less than or equal to N, any two open neighborhoods V' and U of z such that
V C U has the following property.

For any diffeomorphism f that coincides with fo in UU---U fév_l(U), for any
two points p,q € M — (UU---U fY¥(U)) and any integers ny,ng > 1 such that
f(p) belongs to V and f~™i(q) € V there is a diffeomorphism g in U such that:

e g coincides with f on M — (UU---U f¥(U));
e there exists m > 1 such that g™ (p) = g;
o the piece of orbit {p,---,g™(p)} can be cut into three parts:
— the beginning {p,- - g™ (p)}, for some m’ € N, is contained in

{p fr ) UU U U f (U);
— the central part {g™ (p),--- ,g™ N (p)} is contained in
UU- UL (U);
— the end {g™ N (p),--- , g™ (p)} is contained in

UU---U fi )y u{f (g, - q}-
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Let X be a finite set which is weakly transitive, and let W be a neighborhood
of X, and fix some n > 0. Fix some order in X = {p1,---,pr} and for each p;
we can associate two neighborhoods V; C U; contained in W, where we will apply
the connecting lemma. Observe that we may consider these neighborhoods to be
arbitrarily small. The weak transitivity implies that for each i, there is a point z;
in V; whose future orbit intersects V;;1 and it is contained in W. The first naive
approach then would be to simply use the connecting lemma, and connect the
orbit of each z; with z;;1, where one would connect the future orbit of z; with zg.
Applying the connecting lemma k times, we would hope to have created a periodic
orbit for a diffeomorphism g € U, and this periodic orbit contained in W. This
is a perturbation of f whose support is contained in the union of the first N — 1
iterates of U;, for every ¢ = 1,--- | k. This approach would only work if we had the
following “ideal” picture (see Figure 7 below).

FiGure 7. “Ideal” picture.

The problem is that with this approach one cannot guarantee that the piece
of future orbit of z; connecting V; and V;y; does not intersect any other Uj, for
j #i,i+ 1 (see Figure 8 below).
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FIGURE 8. “General” picture.

There is a delicate inductive and “combinatorial” argument that allows one to
find a smaller set X’ C X, with X’ = {p},- - ,p.}, neighborhoods for the connecting
lemma V; C U/, and points {z1, - , 25} that verify the following: each z; connects
V{ to V/,,, the piece of future orbit of z; connecting these two neighborhoods does
not intersect any other U]’»7 for j # 4,7 + 1, also the union of these pieces of future
orbits of the z;’s intersects every B(p,n), for every p € X. Hence, one can apply
Hayashi’s connecting lemma around the points of the set X”, connecting the orbits
of the points z; mentioned above, and obtain a perturbation g of f with a periodic
orbit that verifies the conclusion of Proposition B.2. We refer the reader to Section
4.0 in [Cro06] for more details.

There is no perturbation in the combinatorial part, even though it is the most
delicate part. Observe that the points in X are not fixed points, and if they are
periodic they must have the period larger than V.

Since Hayashi’s connecting lemma is also available for flows [Hay99], and the
points where we are using the connecting lemma are far from the singularities (it
is a finite fixed set of non-singular points), one can obtain the following result for
flows:

Proposition B.4. Let X be a C* vector field on M and let U be a C'-neighborhood
of X. There exists T > 1 with the following property: if W C M is an open set
and X is a finite set of points inside W such that:

(1) for each x € X the map t — X(x) is injective for t € [0,T] and X 1)(x)
s contained in W ;

(2) for any two points x,x’' € X, for any neighborhood U and V of x and z’,
respectively, there is a point z € U and T' > 1 such that X1:(2) € V and
Xo, 1 (2) is contained in W;

then, for any n > 0 there exists a perturbation Y of X in U with support in the
union of the open sets Uycjo,r—1)X¢(B(x,n)), with x € X, and a periodic orbit O
for'Y contained in W and intersects all the balls B(x,n), for x € X.

Obseve that for flows we can also define an analogous of Condition (A), which
we will call (Af). We say that a vector field verifies Condition (Af) if for any 7> 0
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every periodic orbit of period less than or equal to T is isolated in M. As explained
above, this proposition implies the following theorem:

Theorem B.5. Let X be a C wvector field verifying Condition (Af), let U be a
C'-neighborhood of X and let X be a weakly transitive set for X. Then, for any
n > 0, there exists Y in U and a periodic orbit O for'Y which is n-close to X for
the Hausdorff topology.

Below, we explain how Crovisier uses Theorem B.1 to conclude Item (3) in
Theorem 5.2. The same proof works for flows.

First, given a metric space H we denote by K(H) the set of all compact sets of
H with the Hausdorff distance. For each diffeomorphism f we let Kpe,(f) be the
closure in KC(M) of the set of periodic points of f. This is a set in C(K(M)). It
is known that the the points of continuity of the function f +— K-(f) contains a
C'-residual subset of Diff' (M), see for instance [Tak71]. Let us denote this residual
set by Ri.

For each diffeomorphism f, consider also Ky 1 (f) to be the closure in (M) of
the set of weak transitive sets of f. Also, let Kcor(f) to be the closure in IC(M)
of the set of chain transitive sets of f. Both of these sets belong to K(I(M)). Tt
is known that there exists a C''-residual set Ry such that for any f € R, we have
Kwr(f) = Ker(f).

We claim that if f € R; N Ry then Koo (f) = Kwr(f) = Ker(f). Suppose
that Kper(f) € Kwr(f). Then there exists a weak transitive set X and some
open neighborhood W of X in (M), such that Kpe,(f) does not intersect W.
By the continuity of the function f +— Kpe-(f), at the point f, we know that this
property holds in a neighborhood of f. However, Theorem B.1 implies that there is
a diffeomorphism ¢ which is C'-close to f such that ¢ has a periodic orbit @ which
is close in the Hausdorff distance to X'. This is a contradiction.

This implies that C!-generically any chain transitive set is the Hausdorff limit of
periodic orbits. Since a chain recurrent class is a chain transitive set, we conclude
Item (3) of Theorem 5.2 for diffeomorphisms. We remark that the same proof also
holds for flows. As we mentioned before, the main perturbative tool used is given
by Theorem B.1.
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