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Abstract. We show that robustly transitive endomorphisms of a closed manifold must
have a non-trivial dominated splitting or be a local diffeomorphism. This allows to get
some topological obstructions for the existence of robustly transitive endomorphisms. To
obtain the result, we must understand the structure of the kernel of the differential and the
recurrence to the critical set of the endomorphism after perturbation.
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1. Introduction
Throughout this paper, unless specified, M denotes a d-dimensional closed Riemannian
manifold and End' (M) the set of all C 1-maps from M into itself endowed with the
C'-topology. The elements of End' (M) are called endomorphisms. Some of them exhibit
critical points, that is, points on which the derivative is not a linear isomorphism; and
the other ones, endomorphisms without critical points, are local diffeomorphisms or
diffeomorphisms.

An endomorphism f is said to be robustly transitive if there exists a neighborhood U ¢
of f in End' (M) such that every g € U is transitive, where transitive means the existence
of a dense forward orbit.

Check f
https://doi.org/10.1017/etds.2023.25 Published online by Cambridge University Press Updates.


http://dx.doi.org/10.1017/etds.2023.25
mailto:clizana@ufba.br
mailto:rpotrie@cmat.edu.uy
mailto:epujals@gc.cuny.edu
mailto:wagnerranter@im.ufal.br
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/etds.2023.25&domain=pdf
https://doi.org/10.1017/etds.2023.25

Domination for critical endomorphisms 595

It should be pointed out that we are actually defining C! robust transitivity. The C”
robust transitivity could also be defined using the C”-topology. Our approach cannot
be extended for C” robust transitivity since many of the techniques used here do not
work in C"-topology and, in [15], an example is constructed of a C?-robustly transitive
endomorphism which is not C!-robustly transitive.

The main purpose of this paper is to show that dominated splitting is a necessary
condition for the existence of robustly transitive endomorphisms displaying critical points.
Concretely, we prove the following result.

THEOREM A. Every robustly transitive endomorphism displaying critical points admits a
non-trivial dominated splitting.

An endomorphism f admits non-trivial dominated splitting of indexx if for every orbit
(xi)i, that is, a sequence of points (x;); in M such that f(x;) = x;4 for each i € Z,
there are two non-trivial families (E(x;)); and (F(x;)); of k and (d — x)-dimensional
subspaces, respectively, satisfying the following:

Invariant splitting. For each i € 7Z, one has that

TyM = E(xi) @ F(xi), Df(E(x;)) S E(f(xi)),
and  Df(F(x;)) = F(f(xi));

Domination property. There is an integer £ > 0 independent of any orbit such that

IDFE @Il < SIDF )|
for every unit vectors u € E(x;) and v € F(x;).

We will sometimes abuse notation and call the families of subspaces by E and F
subbundles (cf. Remark 2.1). Further, we denote the domination property by £ < F or
E <, F if we want to emphasize the role of £. See §2 for further details about dominated
splitting.

The authors believe that, in general, robustly transitive endomorphisms displaying
critical points require more than just dominated splitting. It is feasible that the dominated
splitting £ @ F provided by Theorem A admits the finest dominated splitting such as
E @fz | Fi where the derivative Df restricted to the extremal subbundle Fj is volume
expanding. (E1 @ - - - @ Ej is the finest dominated splitting if £y < Ep < - -+ < E} and
none of the invariant subbundle E; admits a dominated splitting.) It was proved for a
surface endomorphism in [17]. For higher dimension, it would be a similar result as that
obtained for diffeomorphisms in [8] which states, in [8, Theorem 4], that every c! -robustly
transitive diffeomorphism admits a finest dominated splitting such that the derivative
Df restricted to the extremal subbundles are volume contracting and volume expanding,
respectively. See §1.1 for further discussion.

As a consequence of the main result, we obtain the following topological obstruction.
The proof is in §3.

COROLLARY 1.1. Even-dimensional spheres do not admit robustly transitive endomor-
phisms.
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Note that the existence of robustly transitive diffeomorphisms in S is a well-known
open problem, and a negative answer is expected (see e.g. [11]). It makes sense to ask
if examples of robustly transitive endomorphisms in S may exist, while we expect this
question to be difficult.

We introduce now the following result that will be useful to prove Theorem A.

THEOREM B. Let fy be a robustly transitive endomorphism displaying critical points and

a neighborhood Uy of fo in End' (M) such that every f in Uy is transitive. Then, there

exist an integer £ > 1, a number o > 0, and subset F of Uy such that the following hold:

(@)  fo is accumulated by the endomorphisms in F; and

(b) every f € ¥ admits a dominated splitting E @ F such that E <, F and the angle
between E and F is greater than «. (It means that <(u, v) > «, for all vectors
u € E(x;),v € F(x;), for each x; along the orbit (x;); € A y. For details, see §2.)

Theorem B implies uniformity of the dominated splitting for endomorphisms in ¥ which
will allow us, since fj is accumulated by 7, to extend the dominated splitting to fj.

1.1. A brief history of robust transitivity. Robust transitivity has been well studied in
the diffeomorphism context. The first examples were given by Shub on T4 in [25] and by
Maiié on T3 in [19], which have an underlying structure weaker than hyperbolic, known
as partially hyperbolic. However, Mafié proved for surface diffeomorphisms in [20] that
robust transitivity implies hyperbolicity and, in particular, the only surface that admits
such systems is the torus, T2.

Bonatti and Diaz, in [7], construct a powerful geometric tool (called a blender) to
produce robustly transitive partially hyperbolic diffeomorphisms. Later, in [9], Bonatti
and Viana construct the first examples of robustly transitive diffeomorphisms with
dominated splitting which are not partially hyperbolic. In [8, 11], Bonatti et al prove
for a diffeomorphism on three- and higher-dimensional manifolds that robust transitivity
requires some weak form of hyperbolicity.

In view of this, a natural question arises. In general, do robustly transitive endomor-
phisms require some weak form of hyperbolicty?

In the local diffeomorphisms scenario, there are several advances. Based on the
examples of robustly transitive diffeomorphisms, robustly transitive non-expanding endo-
morphisms were constructed. In [16], necessary and sufficient conditions for robustly
transitive local diffeomorphisms were obtained. In particular, it is not necessary any weak
form of hyperbolicity for the existence of a robustly transitive local diffeomorphism;
a trivial example is an expanding linear endomorphism with complex eigenvalues,
which does not admit a dominated splitting. That result shows a difference between the
diffeomorphisms and local diffeomorphisms setting. We note however that one can think
of an endomorphism as having a strong stable bundle consisting on pre-orbits, and with
this point of view, the results bear a closer analogy to those of diffeomorphisms.

In the endomorphisms displaying a critical points setting, the first examples were
given in [3, 14]. Although these examples exhibit some form of weak hyperbolicity and
are homotopic to a hyperbolic linear endomorphism on T2, any result about necessary
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conditions was established only recently. In [17], it was proved for surface endomorphisms
that a weak form of hyperbolicity is needed for robust transitivity, so-called partial
hyperbolicity. Furthermore, it was also proved that only the Torus and the Klein bottle
support a robustly transitive endomorphism exhibiting critical points; and that the action
of such a map on the first homology group has at least an eigenvalue with modulus greater
than one. Later, new classes of examples of robustly transitive endomorphisms were given
in [18]. The examples are homotopic to an expanding linear endomorphism on the torus
or the Klein bottle; and an example of a robustly transitive endomorphism of zero degree.
In higher dimension, the first examples of robustly transitive endomorphisms displaying
critical points were constructed only recently in [22].

1.2. Comments about some previous approaches. Here, we briefly comment on the main
ingredients used to show that some (weak) form of hyperbolicity is a necessary condition
for the existence of robust transitivity.

1.2.1. Key obstructions for robust transitivity. In a broad sense, an obstruction for robust
transitivity is some phenomenon which is incompatible with this feature.

Here, we discuss these phenomena which play an important role in the proof that robust
transitivity requires some weak form of hyperbolicity. These phenomena are in some sense
related to ‘the candidate for dominated splitting’. Let us define them.

e Source. A periodic point p for f, where n,, > 1 denotes its period, such that Df Z Pisa
matrix having all the eigenvalues with modulus greater than one.

e Sink. A periodic point p for f, where n, > 1 denotes its period, such that D f; Pisa
matrix having all the eigenvalues with modulus less than one.

The set of all critical points of an endomorphism f will be denoted by Cr(f) and its
interior in M denoted by int(Cr(f)).

o  Full-dimensional kernel. There exist a point x € Cr(f) and an integer n > 1 such that
dimker(Df}) =d.

1.2.2. Key obstructions versus dominated splitting for diffeomorphisms. Here, we
discuss the role of sources and sinks as obstructions to obtain that a robustly transitive
diffeomorphism admits a dominated splitting. First, it is easy to see that transitive
diffeomorphisms do not admit neither sources nor sinks, otherwise there is a small
neighborhood such that its image by some (backward or forward) iterate goes into itself,
which is incompatible with transitivity.

Let Uys be a neighborhood of f in End' (M), where all endomorphisms in U f
are transitive diffeomorphisms. Let us start commenting on the approaches for surface
diffeomorphisms in [20] and on the higher-dimensional manifold in [8, 11].

e In [20], the fact that sources and sinks are obstructions for transitivity is used to
prove that the set of all the periodic points of any surface diffeomorphism in U ¢
is hyperbolic, and so, it has a ‘natural’ splitting given by the stable and unstable
directions. Later, it is proved that the lack of domination property allows to create,
up to a perturbation, sinks or sources contradicting the robust transitivity. Finally, the
classical result is used, the so-called closing lemma, to extend the dominated splitting
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to the whole surface. Consequently, every robustly transitive surface diffeomorphism
admits a dominated splitting (weak hyperbolicity). More precisely, the following
dichotomy is proved.

THEOREM [20]. Let M be a closed surface. Then there is a residual subset
R C Diff" (M) (that is, the set of all the diffeomorphisms Diff' (M)), R = Ri U Ry,
such that every f € Ry is an Axiom A and every [ € Ry has infinitely many sources
and sinks.

In particular, every robustly transitive surface diffeomorphism is an Anosov diffeo-
morphism.

Note that in higher-dimensional manifolds, even if each periodic point is hyperbolic,
they could have different indexes (that is, unstable directions of different dimensions)
which hamper the choice of a ‘natural’ splitting over the set of all the periodic points.
Thus, the approach followed in [8, 11] was slightly different.

e In this context, they consider a hyperbolic saddle point p of the diffeomorphism f and
its homoclinic class, denoted by H(p, f). Then, one defines ‘naturally’ a splitting
using the stable and unstable directions over H (p, f) and proves that if such splitting
is not dominated, one can create a source or a sink for some perturbation of f. Since any
diffeomorphism in Uy admits neither sources nor sinks, one has that H (p, f) admits
a dominated splitting. Finally, using classical results such as the closing lemma and
connecting lemma, they extend the splitting to the whole manifold, proving that robust
transitivity for diffeomorphisms requires dominated splitting (weak hyperbolicity).In
fact, the result above follows as a consequence of the following.

THEOREM [8]. Let p be a hyperbolic saddle of a diffeomorphism f defined on M.

Then:

— either the homoclinic class H(p, f) of p admits a dominated splitting; or

— given any neighborhood U of H(p, f) and any integer £ > 1, there exists g
arbitrarily C'-close to f having £ sources or sinks arbitrarily close to p, whose
orbits are contained in U.

Even more, it was proved that every robustly transitive diffeomorphism is volume
hyperbolic, which is a consequence of the following result.

THEOREM [8, 11]. Let Ay(U) be a robustly transitive set and E1 @ - - - ® Ej,
E| < Ey < - -+ < Ey, be its finest dominated splitting. (A compact set A is a robustly
transitive set for fif it is the maximal f-invariant set in some neighborhood U and if,
for every gCl-close to f. the maximal g-invariant set Ag(U) =)oz &"(U) is also
compact and g : Ag — A, is transitive.) Then, A ¢(U) is a volume hyperbolic set,
that is, there exists an integer £ > 1 such that Df* uniformly contracts the volume in
E1| and uniformly expands the volume in Ejy.

1.2.3. Key obstructions versus dominated splitting for non-invertible endomorphisms.
For the case of non-invertible endomorphisms, the situation changes dramatically. On
the one hand, the existence of a source no longer is an obstruction, we can consider,
for example, an expanding map. On the other hand, as it was said before, there are
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examples of local diffeomorphisms on surfaces without dominated splitting. Moreover,
when endomorphisms having critical points are considered, the full-kernel obstruction
(which was first introduced in [17]) plays an essential role.

KEY OBSTRUCTION LEMMA. There are no robustly transitive endomorphisms exhibiting
a full-dimensional kernel.

To prove this, we use the following classical tool in C!-perturbative arguments intro-
duced by Franks in [12] for diffeomorphisms that can be easily adapted for endomorphisms
as follows.

FRANKS’ LEMMA. Given U open set in End' (M) and f € U, there exist ¢ > 0 such that
for every finite collection of distinct points ¥ = {xq, . . . , X} in M, and linear maps

Li :TyM — TrienyM suchthat |L; — Dfy, |l < e for 0 <i <n,

there exist an endomorphism f € U, a neighborhood B of %, and a family of balls { B;}}_,
contained in B, where B; is centered at x;, verifying

fa)=fG) and flg=1L; foreachO<i<n;
and f(x) = f(x) foreveryx € M\B,

where, by abuse of notation, f |B;= L; means the action of f in each B; is equal to the
linear map L;.

Thus, we can conclude that the Key Obstruction Lemma follows from Franks” Lemma
appliedto ¥ = {x, f(x), ..., f’”_l(x)} and L; = fo,-(x) foreachi =0,1,...,m —1,
where ker(Df]") is d-dimensional. Hence, there is an endomorphism f arbitrarily close
to f so that f is equal to L; = Dfi,, around fi(x) foreachi =0,1,...,m—1.In
particular, f " is equal to Df" around x and hence the image of such neighborhood of x
by f " is exactly one point which contradicts transitivity. Therefore, f cannot be a robustly
transitive endomorphism.

1.2.4. Two-dimensional endormorphisms with critical points. Let us quickly comment
about the approach in [17]. For a robustly transitive surface endomorphism f displaying
critical points having non-empty interior, one can define the set A consisting of all the
orbits (x;); which get into the interior of the critical set infinitely many times for the past
and the future. That is, (x;); € A if and only if x; € int(Cr(f)) for infinitely many i < 0
and infinitely many i > 0. To simplify the notation, let us also denote by f the map on
the space of all the orbits defined by (x;); — (f(x;)); = (x;+1);. Then, one has that A is
f-invariant and, moreover, one can define for every (x;); in A an invariant splitting of the
tangent bundle over A as follows:
I7; |

E(xl-)zker(Df,f;'m) and  F(x) =Im(Df," L), (L1)

i
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where tﬁ > 0 is the time that x; takes to enter in the critical set for the first time, and
7, < O is the time that x; takes to go back to the critical set along the orbit (x;); for the
first time. In particular, we have x; ot and x; +o in Cr(f).

The splitting E @ F is well defined over A because the full-dimensional kernel
obstruction guarantees that ker(Dfy) is at most one-dimensional for any n > 0. In
particular, E is one-dimensional and Df-invariant. Furthermore, the definition of 7,
is used together with the fact that dim ker(D, fg) <1, for all n > 1, to show that F' is
Df-invariant. Then, to get that E @ F is a dominated splitting, it is proved in [17] that
the absence of domination property allows to create a point having full-dimensional kernel
for some C!-perturbation of f which is incompatible with robust transitivity. Thus, E @ F
is a dominated splitting and it can be extended to the closure of A which is the whole
space. Finally, we use that every robustly transitive endomorphism displaying critical
points is approximated by such kinds of endomorphisms having dominated splitting, which
allows us to push the domination splitting to the limit to conclude Theorem A for surface
endomorphisms.

In higher dimension, the kernel of Df” may have distinct dimensions depending on #,
even if the kernel of Df has constant dimension. Moreover, the subbundles E and F on A
may not have constant dimension along the orbit on A.

In the sequel, we explain our strategy to figure out that obstacle and then prove
Theorem A.

1.3. Sketch of the proof of Theorem A. Let fo be a robustly transitive endomorphism
displaying critical points and Uy a neighborhood of fy in End'(M) such that every
endomorphism in it is (robustly) transitive. Up to shrink Uy, we can find 1 < x < d as
the smallest integer satisfying

dimker(Df™) <k forall f € Uy, m > 1, (1.2)

where dim ker(Df) = maX,¢ys dim ker(Df,). Otherwise, we could find f € Uy and
m > 1 such that dim ker(Df™) = d, which by Key Obstruction Lemma is absurd since
f is also a robustly transitive endomorphism.

Since « is chosen as the smallest integer satisfying (1.2), it follows that fy can be
approximated by f € Uy satisfying the equality for some m > 1. Let us define m as
the smallest positive integer m such that:

o {x € M :dimker(Df]") = «} has non-empty interior; or
e if such a subset above has an empty interior, then we take m ¢ as the smallest one such
that dim ker(Df]") = « for some x € M.

To avoid any confusion, we point out that the second item must be considered if and
only if the interior of {x € M : dim ker(Df]") = «} is empty.

From now on, let us define Cr,(f) as the set {x € M : dim ker(Df;nf) = «}. This
set plays an important role in our approach. Furthermore, we denote the set of all
endomorphisms f in Uy where Cr, (f) has non-empty interior by .

It should be noted that #( is non-empty and accumulates at fp. Indeed, given
x € Cr(f) for some f close to fp, we can apply Franks’ Lemma to ¥ = {x, f(x), ...,
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f’"f*l(x)} and L; = fo,-(x), for each i =0,1,...,my — 1, to get an endomorphism
f C!-close to f and, therefore, close to fy, such that ker(D fyn H ) is k-dimensional for every
y near x. Then, we conclude that Cr, ( f ) has non-empty interior and, moreover, m 7 <my.

We now define the set A and the splitting £ @ F in our context of higher dimension.
For f € F¢, we define

Afp= {(xi)i cM

Xi+1 = f(x;) foralli € Z, and there exists (i), < Z such that}
xi, € Cr(f) for infinitely many i, < Oandi, > 0

()
and
7|

E(x) = ker(Df2" ) and F(x) =Im(Dfy" ), (+%)

T.

where

ri+ =min{n > 0: x4, € Cr(f)} and 1, =max{n < —my : xj4n € Cre ()}

Note that 7;~ and ‘L'l-+ are slightly different from those in [17] (recall definition in (1.1)).
However, it should be noted that m ¢ is the time that ker(Df") have maximal dimension
in Uy and Cr, (f) is the set such that the kernel of Df™/ has maximal dimension. In
particular, if f is a surface endomorphism, we have that my = 1,k = 1, Cr(f) is the
critical set of f, and rl.i are the same as in [17].

We remark that (up to taking a subset) ¢ is the natural candidate to prove Theorem B.
Then, it remains to show that there is an integer £ > 0 and a number « > 0 such that
E ® F is an (a, £)-dominated splitting. To prove that, we will see in Lemma 3.1 that A 7,
given by (x), is dense in the inverse limit space (see §2) and, in Proposition 2.10, E @ F
can be extended to the closure of Ay once provided that E @ F is an (o, £)-dominated
splitting.

To prove such uniform behavior, we state a technical dichotomy as follows. However,
before doing it, we would like to emphasize that to define £ and F in (:x), only the fact
that A r #  is used and dim ker(Df™) < « forallm > 1.

THEOREM C. Let fo be an endomorphism displaying critical points. Assume that there is

an integer 1 < k < d and a set F consisting of endomorphisms converging to fy such that

every f € F satisfies that A y # §) and dimker(Df™) < « for all m € Z. Then, only one

of the following statements hold:

e cither there exist £ > 0 and « > 0 such that for each f € F, the splitting E & F is an
(a, £)-dominated splitting over Ay, or

e fo is accumulated by endomorphisms g, where ker(Dg™) has dimension greater than
K for some m > 1.

We have already shown that ¥ satisfies the hypothesis of Theorem C and fy cannot
be approximated by endomorphisms whose kernel has dimension greater than «. Then,
Theorem B follows from Theorem C since Lemma 3.1 implies the density of A 7, and in
Proposition 2.10, we prove that the dominated splitting can be extended to the closure of
Ay which is the space of all the orbits.
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1.3.1. Novelties and new techniques. ~We want to emphasize the new approaches brought
by the present paper that differ with those developed for diffeomorphisms and surface
endomorphisms having critical points.

e The kernel of Df is used at the critical set (that could be multidimensional and
have different dimension at distinct points) to build a candidate for a dominated
splitting on a dense set. On the one hand, this is substantially different from how the
splitting is built for the case of diffeomorphisms where the splitting over the periodic
points is used. On the other hand, the strategy goes beyond the approach for surface
endomorphisms where the kernel of Df" has dimension one for any point in the
critical set and any iterated n.

e A dominated splitting defined on an invariant non-compact set could not be extended
to the closure (see Example 2.3). Therefore, a fine control on the angle between
multidimensional subbundles has to be brought into consideration, an issue that is
not present in previous approaches.

1.4. How the paper is organized. In §2, we discuss the notion of dominated splitting and
some related properties, the equivalence of dominated splitting via cone criterion. In §3,
we use Theorem B to prove Theorem A. Finally, §4 is devoted to the proof of Theorem C
and to recall that Theorem B follows from Theorem C.

2. Weak form of hyperbolicity for endomorphisms
In this section, the notion of dominated splitting will be formalized in terms of invariant
splitting for endomorphisms displaying critical points. Further, we will present some
fundamental properties that will be useful throughout this paper.

Due to the fact that for an endomorphism, a point may exhibit more than one preimage,
it is natural to consider the inverse limit space of M with respect to f,

My ={(x;)i :x; € M and f(x;—1) = x; foralli € Z}. 2.1

It is a compact metric space and the natural projection (x;); — x¢ is continuous.
Moreover, an endomorphism f € End' (M) induces a homeomorphism on M r defined by
(xi)i = (f(xi))i = (xit+1)i, and whenever there is no confusion, it will also be denoted
by f. The points in M s are called the orbits of f. A subset A of M is said to be f-invariant
or simply, invariant if f~'(A) = A.

The concept of dominated splitting is established in the context of endomorphisms
without critical points (that is, local diffeomorphisms and diffeomorphisms) and its
definition is the following.

We say that an f-invariant set A € M ¢ admits a dominated splitting of indexi for f if for
all (x;); € A, there exist two families (E(x;)); and (F (x;)); of k and (d — k)-dimensional
subspaces satisfying the following properties.

Invariant splitting. For each i € Z, one has that

Df(E(xi)) = E(f(xi)), Df(F(x;)) = F(f(xi)),
and TuM = E(x;) ® F(x;);
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Domination property. There exists £ > 1 such that for each i € Z and unit vectors u €
E(x;) and v € F(x;), one has that

IDF @Il < HIDFE@)I.

When f is a diffeomorphism, M is used instead of My in the definition above. Recall
that the domination property is denoted by £ < F or E <, F if we want to emphasize the
role of £.

Remark 2.1. The families E and F are actually subbundles of the vector bundle of M ¢
defined by TMy = {((x;);, v) : v € Ty;M}. Moreover, the bundle £ depends only on the
forward orbit while F depends only on the backward orbit of a point in M y. This implies
that the bundle E induces a subbundle of TM and this will be used in the proof of
Corollary 1.1.

Remark 2.2. Let W be any inner product space and @ : W — W be a linear map. For a
subspace V of W, we denote @ restricted to V by @ |y and respectively define the norm
and conorm of ® |y by

[ B (@ ) = [P

|® |y || = max min
veV\{0} |lv]| veV\{(0} vl

2.2)

When V is the whole space, we simply say that ||®|| and m(®) are the norm and conorm
of ®.

From now on, by Remark 2.2, we rewrite the inequality in the domination property:

IDFE 1B 1| < S m(DFE [pe).

Some differences should be pointed out when the derivative is not invertible every-
where. For instance, suppose that E @ F is a splitting over an f-invariant set A € My
verifying all the properties of the definition above. Note that if ug + up € ker(Dfy,),
where ug € E(x;) and ur € F(x;), then Df (ug) is parallel to Df (ur) which affects the
invariance property. Moreover, if ur € ker(Dfy,), then the domination property implies
that E(x;) is contained in ker(Dfy,;), and so neither E(x;) nor F(x;) are invariant.
Therefore, to extend the notion of dominated splitting, we require the following:

ker(Df)Z) C E(x;) foreachx;in (x;); € A andeachn > 1.

In addition, we also require that the angle between E and F is uniformly away from
zero. This will allow to extend the dominated splitting to the closure of A, see Proposition
2.10. Otherwise, an orbit (x;); may exist such that E(x;) = ker(Dfy,), and the angles of
E(x;) and F(x;) go to zero as i goes to +oo then, somewhere on the boundary of A, the
extensions of E and F have some intersection. See the following example.

Example 2.3. Let (A,), be a sequence of square matrices defined by

0 1
A"_(O (n—i—l)_l) foralln > 1.
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Take E := E, and F, as the subspaces generated by v = (1,0) and v, = (1, 1/n),
respectively. Then, E, @ F), is a dominated splitting for (A,), since A,(E,) € E,+1 and
A, (Fy) = Fu41. Moreover,

1
[Anlg,ll =0 < 511 AnlF|

for each n > 1. However, E, and F,, converge to the same subspace E.
This example shows the existence of a dominated splitting along an orbit which cannot
be extended to the closure.

Thus, before proposing the definition of dominated splitting for an endomorphism
displaying critical points, we should introduce the notion about the angle between
subspaces.

The angle between the non-zero vectors v, w € Ty M with respect to the metric (-, -)
(where, for simplicity, we ignore the dependence of the inner product on x in M) is defined
as the unique number (v, w) in [0, 7] satisfying cos < (v, w) = (v, w)/||v|||w]. Then,
given V and W, two non-trivial subspaces of T, M, we define the angle between them by

X(V, W)= min min < (v, w). (2.3)
veV\{0} weW\{0}

The angle between two subspace is a number contained in [0, 7/2]. We also write
< (Rv, W) to refer to the angle between the space generated by a non-zero vector v and
the subspace W.

We would like to emphasize that <¢(V, W) = 0 does not mean that V = W, it just means
that the intersection between V and W is non-trivial; and <(V, W) > « for some o > 0
means that V and W are far away from each other. This notion of angle between two
subspaces will be useful to extend the definition of dominated splitting in the context of
endomorphisms displaying critical points. Furthermore, that angle allows us to define a
distance on Grass, (Ty M), called the r-dimensional Grassmannian of Ty M, which consists
of all the r-dimensional subspaces of Ty M. For all V and W in Grass, (Ty M), we define
the distance between them by

dist(V, W) = cos <(V*1, W), (2.4)

where V1 denotes the orthogonal complement of V. It is well known that the Grassman-
nian endowed with this distance is a compact metric space. For more details about the
distance, see [6, Appendix A.1]

Now, we are able to define a dominated splitting for endomorphisms exhibiting critical
points.

Definition 2.1. Let f € End'(M) be an endomorphism displaying critical points. An
invariant subset A of My admits a dominated splitting of index « for f if for all (x;); € A,
there exist two families (E(x;)); and (F(x;)); of ¥ and (d — «)-dimensional subspaces
such that the following properties hold.

Invariant splitting. For each i € 7Z, one has that

Df(E(xi)) € E(f(xi), Df(F(x;) = F(f(xi)),
and Ty M = E(x;) ® F(x;).
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Uniform angle. There exists o > 0 such that < (E (x;), F(x;)) > « foreachi € Z.

Domination property. There exists £ > 1 such that E <, F.

We will say that E @ F is an («, £)-dominated splitting if we want to emphasize the role
of £ and «. When A = M s, we also say that f has a dominated splitting. For simplicity, we
will write E < F instead of E <, F when there is no confusion.

Remark 2.4. Observe that if E and F satisfy the items in Definition 2.1, then Df |F is an
isomorphism and ker(DfY) € E(x;) for each (x;); € A andn > 1.

Remark 2.5. No uniform angle property is required to define dominated splitting for
endomorphisms displaying critical points in the introduction. The uniformity of the angle
follows from the fact that the manifold is compact and the subbundles are continuous.

More generally, an invariant subset A of My admits a dominated splitting of index « for
fif for all (x;); € A, there exist non-trivial families (E(x;)); and (Fj(x;))i, 1 <j <,
of ¥ and dj-dimensional subspaces with dy +d> +---+d, =d — « satisfying the
following properties.

Invariant splitting. For each i € 7Z, one has that
Df(E(xi)) € E(f(x;)), Df(Fj(x;)) = Fj(f(x;)), and TyM = E(x;) @ Fj(x;).
Uniform angle. There exists o > 0 so that << (E (x;), 69;:1 Fj(x;)) = a foreachi € Z.

Domination property. E < F|1 < Fp < -+ < F.

2.1. Dominated splitting properties. Throughout this section, we adapt some of the
main properties about dominated splitting which appear in [10] in the diffeomorphisms
context to the context of endomorphisms displaying critical points.

Let f be an endomorphism displaying critical points and E @ F be a dominated splitting
over f-invariant subset A of M.

The uniqueness of the dominated splitting is guaranteed by the following.

PROPOSITION 2.6. If G ® H is a dominated splitting over A for f, which holds
dim E = dim G, then E(x;) = G(x;) and F (x;) = H(x;) for all x; in the orbit (x;); € A.

The proof needs some preliminaries.

LEMMA 2.7. If G ® H is a dominated splitting over A for f with dim E(x;) < dim G(x;)
for all (x;); € A, then E(x;) € G(x;). In particular, E ® (G N F) ® H is a dominated
splitting over A for f.

Proof. We can, without loss of generality, choose £ > 1 such that £ <, F and G <, H.
Moreover, it follows from Remark 2.4 that Df |p is an isomorphism and ker(Df") must
be contained in E(x;) and G(x;), for each (x;); € A andm > 1.

To conclude the proof of the proposition, it remains to show that if u € E(x;) such
that Df™(u) # 0, for every m > 1, then u € G(x;). Then, for every u € E(x;), one
can decompose u = ug +upy in a unique way where ug € G(x;) and uy € H(x;).
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Analogously, one can decompose upy = u'y + u'y, where u’y € E(x;) and u'y € F(x;).
Then u’F must be zero. Otherwise, we get that

1
IDF @) = 1Dl — 1D (ue)l = (1 - Z—k)an”(uH)n

1
. <1 _ 2—k>(||Df“(u}~)II 1D

1 l ? ke !
=\ 1=5 ) 1DF @Rl

implying that || Df k€ ()| and ||D f ke (u’F)|| have the same growth, which is impossible.
Therefore, uy € E(x;) N H(x;) and ug € E(x;) N G(x;). Symmetrically, we deduce that
if v e G(x;) whose v =vg + vp, then vg € G(x;) N E(x;) and vrp € G(x;) N F(x;).
Moreover, since dim E (x;) < dim G(x;), we have that either G(x;) = E(x;) or G(x;) N
F(xi) # {0}

Take non-zero vectors u € E(x;) N H(x;) and v € G(x;) N F(x;). Then, as G < H,
we deduce that | Df*(u)| grows faster than ||Df*(v)||, which contradicts the fact that
E < F. Thus, at least one of these intersections E(x;) N H(x;) and G(x;) N F(x;) is
trivial. Thus, we obtain that E(x;) N H(x;) = {0}. It implies that E(x;) is contained in
G(x;). To conclude the proof, we should observe that G(x;) N F(x;) is invariant and
E(x;)) < G(xj) N F(x;) < H(x;). O

As a direct consequence of the previous lemma, we conclude the first part of the
uniqueness of the dominated splitting.

COROLLARY 2.8. If G@® H is a dominated splitting over A for f such that
dim E = dim G, then E(x;) = G(x;) for all x; in the orbit (x;); € A.

To complete the proof of Proposition 2.6, we state the following.

LEMMA 29. If E®F and E & H are dominated splittings over A for f, then
F(x;) = H(x;) for all x; in the orbit (x;); in A.

Proof. First, we assume that (x;); € A with x; ¢ Cr(f) for all i € Z. Then, since Dfy; :
Ty, M — T, M is an isomorphism, one has that for every unit vectors u € E(x;) and
v € F(x;),

i+1

IDf > 2| Df ).

1 1
I = 57T1 = mDrte

In particular, F <¢ E for Df -1 along the orbit (x;); and, similarly, H <, E for
Df~!. Therefore, applying Corollary 2.8, one concludes that F(x;) = H(x;) since
dim F = dim H.

In the general case, for a non-zero vector u € F(x;), one deduces that there are two
vectors w € E(x;) and v € H(x;), with v # 0, such that u = w + v. Assume without
loss of generality that i = 0. Then, using that Df |r and Df |y are isomorphisms, we
can find the sequences (u;) ;<0 € F\{0}, (w;)j<o € E, and (v;) <o S H\{0} such that
uj=w;+vjand Df(uj_1) = u;. Note that if Df"(w;_1) =0, forsome 1 <m < |j|,
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there is nothing to be proved since it directly implies that u € H(x;). Hence, we can
assume that Df (x;—1) = *;, where * = u, v, and w and *g = .

Denote V; = span{w;, v;} as the span of w;, v;; and define A; : V;_; — V; as the
restriction of Dfy, , to V;_j for each i < 0. Observe that defining A;’ : Vi = Vi, by
Al = Al.jr]n e A;l for every n < 0, we can repeat the previous arguments to show that
V; admits two dominated splittings for Ai_l, which are V; = spanf{u;} & span{w;} with
span{u;} <¢ span{w;}, and V; = span{v;} @ span{w;} with span{v;} <, span{w;} since
u; € V; and the following holds:

”Ai'span{wi}” S ”Df'E”, ”Al"span{ui}” Z m(Dle)9 and
||Ai|span{v,-}” > m(Df|y).

Therefore, we repeat the argument in the proof of Lemma 2.7 to get that vy and uq are
parallel. This completes the proof. U

We can use the uniqueness of the dominated splitting to show the continuity and extend
it to the closure.

PROPOSITION 2.10. The subbundles E and F depend continuously with the point
(x;)i € A and the closure A in M r admits a dominated splitting which coincides with
E® F in A. (Continuity means that when considering local coordinates so that the
tangent bundle becomes trivial, the bundles depend on the point continuously as subspaces
of R4.)

Proof. The proof is a standard argument once we have shown the uniqueness of the
dominated splitting and the uniformity of the angle. This can be found in [10]. U

Remark 2.11. Tt is well known and follows from the proof of uniqueness that if £ @ F'is a
dominated splitting, then the subbundle E only depends on the forward orbits. That is, for
all points (x;); and (y;); in A, one has that

E(x;) = E(y;) foralli >0, whenever xo = yg. 2.5)

In particular, by Propositions 2.6 and 2.10 together with (2.5), the subbundle E of T M
induces an invariant continuous subbundle of 7 M which will also be denoted by E.

2.2. Cone criterion. In this section, we will show that the existence of dominated
splitting for endomorphisms displaying critical points can also be characterized in terms
of cone fields as well as in the diffeomorphisms context.

A cone-field € of dimension k on M is a continuous family of convex closed
non-vanishing cones %{(x) in Ty M such that the subspaces of maximal dimension inside
of #(x) are k-dimensional. The closure of the complement of %{(x) in 7, M is a cone
of dimension d — k, called a dual cone at x and denoted by ¢*(x). We will call a dual
cone-field of € the family ¢* = {€*(x) : x € M}. We say that a cone-field ¢’is invariant
by an endomorphism f if there is an integer £ > 0 such that Df*(%(x)) is contained in
int(Z(f¢(x))) U {0}, where int(%(x)) denotes the interior of €(x) in Ty M. We also can
say that %’is -invariant if we want to emphasize the role of £.
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We next state an equivalent notion of dominated splitting for endomorphisms
f : M — M exhibiting critical points.

PROPOSITION 2.12. Let E & F be a dominated splitting for fwith k = dim E. Then there
is a (d — k)-dimensional invariant cone-field € such that E(x) N é(x) = {0} for each
x € M.

In the proof, we will first define the cone-field, and then will prove that it is invariant
and transversal to the kernel.

By Remark 2.11, E is an invariant continuous subbundle of 7M and, by Remark 2.4,
we have that ker(Df}") is contained in E(x) for all x € M. Then, for every x € M, we can
define a cone-field € on M of dimension « and length n > 0 by

Cre,n) = {(u1,u2) € EQ) ® E)" : [luzll < nllusll}. (2.6)
Note that u = (u1, us) € E(x) ® E+(x) satisfies that

[l I

luall”

then, using that cosine is decreasing on [0, 7 /2], the cone-field can be rewritten as

tan < (Ru, E*(x)) < tan < (u, uz) =

Cex,n) ={uecEx)®Ex)": ¥(Ru, EX(x)) > arctan n~'}.

From now on, since arctan : (0, +00) — (0, 7/2) is a homeomorphism preserving the
orientation, we will make an abuse of notation rewriting, for each n € (0, 7 /2),

Ce(x,n) ={ueEx)®Ex)"L: aRu, EX(x)) > 7/2 —n). 2.7)

Recall that the dual cone-field of G (x, ) is the closure of T M\ % (x, n) which is a
(d — k)-dimensional cone-field and will be written as

Crx,n) ={ueEx)®EX?T: <Ru, E(x)) > n)}. (2.8)

It is clear that E(x) C ¥r(x,n) for each x € M and n € (0, r/2). Thus, we
can conclude that ker(Df}') N €f(x,n) ={0} for each x € M and n > 1, since
ker(Df!) € E(x).

Therefore, to conclude the proof of Proposition 2.12, we state the following.

Claim. There is o > 0 such that the dual cone-field ¢ = {45 (x,a) :x € M} is
invariant.

Indeed, since the angle between E and F is bounded away from zero, there is a number
« > 0 small enough satisfying <.(F (x;), E(x;)) > 2«, for each i € Z in all the orbit (x;);.
In particular, we have that the direction F'(xo) associated to any orbit (x;); with xg = x
is contained in € (x, ). Moreover, there is a constant ¢ > 0 (depending only on «) such
that any decomposition of a vector w € ‘5]}‘ (x,a)as w = wg + wp with wg € E(x) and
wr in direction F at x satisfies |[wr| > c||lwg||. Otherwise, w cannot belong to € (x, «).
Thus, we obtain that
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1Dl < 1D Ellwel < (3) mDF IR well
= (O I  wpEL < (D)
lwrll
and hence, we can take k > 0 large enough such that €7 (x, «) is k-invariant for every
x € M. Taking % as the dual cone-field €7, we conclude the proof.
Conversely, we will show that the existence of an invariant cone-field transversal to the
kernel is sufficient to get a dominated splitting. More precisely, we state the following.

PROPOSITION 2.13. If € is an invariant (d — x)-dimensional cone-field by f such that
ker(Df') N 6(x) = {0} for each x € M and n > 1, then there exist two non-trivial
subbundles E and F on My such that E ® F is a dominated splitting for f, where E is
k-dimensional.

To prove Proposition 2.13, some preliminaries are needed. For a linear transformation
®:V — W, where V and W are d-dimensional vector spaces with an inner product, we
denote by ®* : W — V its adjoint. It is well known that if the kernel of ® is r-dimensional,

then there are {vy, . . ., vz} and {wy, . . ., wy} orthonormal bases of V and W, respectively,
such that ®(v;) =0, ®*(w;) =0foreachl <i <r;and ®(v;) = o;w;, ®*(w;) = o;v;
with o; > 0 for each r < i < d. Moreover, we have that o; = ||®(v;)| = ||®*(w;)]| for
eachi=1,...,d.

We call the o; terms the singular values of . Note that the singular values of & are
the eigenvalues of +/ ®*® associated to the eigenvectors v;, and we will order them as the
following:

op=-=0,=0<0y41 <---Z0g4.

When the kernel of & is trivial (that is, » = 0), wehave 0 < 0] <0y <--- < 0y.

Note that the o; terms are also the singular values of ®*. Moreover, the singular values
are typically ordered from largest to smallest, but we are taking the opposite convention.
For more information, see [13, Theorem 7.3.2].

We would also like to introduce a useful ‘minimax’ characterization of the singular
values, which appears in [6, Appendix A]:

o; =minf{||® |pl| : P € Grass;(V)}; and

2.9)
ojr1 =max{m(® |y) : U € Grassq—;(V)},

where Grass, (V) denotes the r-dimensional Grassmannian of V.

From now on, we denote by o1(x,n) <--- < oy4(x, n) the singular values of Df}
and by {e](x), e5(x), ..., ej;(x)} an orthogonal basis of Ty M so that [[Df" (e} (x))| =
oi(x,n) forall x e M, n > 1 and 1 <i < d. To simplify notation, we omit the depen-
dence on x and write ¢; instead of ¢; (x).

To prove Proposition 2.13, we define E,(x) as the subspace of Ty M spanned by the
vectors e on the basis such that || Df" (e)|| = 0;(x, n) < oy41(x, n); and EnL(x) as the
orthogonal complement of E, (x). It should be noted that E, (x) is at most x-dimensional
and Enl (x) is the fastest direction of Df", which means that m(Df" |E’1L(X)) > | Df*(v)||

for every unit vector v ¢ E nL (x).
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Since the cone-field € is (d — «)-dimensional and ker(Df}') N 6{(x) = {0} for each
x € M and n > 1, we obtain that dim ker(Df]') < « for each x € M and n > 1. Oth-
erwise, the intersection between ker(Df)') and the cone %(x) would be non-trivial.
Moreover, as dim ker(Df}') = r implies that o;(x,n) =0 for each 1 <i <r, we can
conclude that ker(Df}") is contained in E, (x).

We will prove that for all n > 1, the subspaces E, (x) are k-dimensional, implying that
they are in Grass, (TyM). After that, we will show that the family (E,), is a Cauchy
sequence and, recalling that Grass, (7, M) is a compact space with the usual distance (2.4),
we will get the limit £ (x) for each x € M. Finally, we will prove that E is D f-invariant.

Note that the subspace E(x) which is limit of E,, (x) satisfies that ker(Df}') € E(x) for
each n > 1. Indeed, since ker(Df') C E, (x) and ker(Dij) - ker(DfXjH), we have that
ker(Dij) C E,(x) for each 1 < j < n and, then, we get that ker(DfXj) C E(x) for each
j> 1

To define the direction F, we observe that the assumptions

Df{(6(x)) € int(%(f*(x))) and ker(Df]') N €(x) = {0}

for each x € M and each n > 1, allow us to claim the following, for which the proof can
be found in [10].

Claim 1. For each orbit (x;);, there is a (d — k)-dimensional subbundle F defined by

F(xi) = () Df" (€(xi—ne))-

n>0

Moreover, it is contained in int(%(x;)) and is also Df ¢invariant.

To complete the proof of Proposition 2.13, we will prove that the subbundle E is
transversal to the cone-field, implying that E N F = {0}; and, finally, we will show that
E < F.

These arguments will be divided into a series of lemmas. Before stating the first one,
we need to introduce some notation.

Since the subbundle F, as in Claim 1, is in the cone-field ¥ away from the boundary,
we can choose dp > 0 small enough such that for every orbit (x;);, the family of
(d — «)-dimensional cones {K(x;, 8¢) : i € Z},

K(xi, 80) := {(u, v) € FF(x;) & F(xi) : l|ull < Sollv]l},

satisfies that K(x;, 8g) is contained in the interior of 4(x;) for eachi € Z.

We are getting this alternative family of cones because that family is centered in the
direction F along the orbit (x;);, which does not necessarily happen for the cone-field %,
and this will be useful to make the computation.

Now, we state the first lemma toward the proof of Proposition 2.13. Roughly speaking,
the lemma guarantees that the directions out of the cone K(x;, §) are dominated by the
direction F.
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LEMMA 2.14. For every 0 < § < 8o and ¢ > 0 small enough, there is an integer N > 0
such that every orbit (x;); holds

DN (K(x:, 8)) C int(K(xitne, €)) U {0} (2.10)

Moreover, for every 0 < A < 1 and every 0 < § < 8o small enough, we can choose N > 0
such that if w ¢ K(x;, §) with ||w|| = 1, then at least one of the following holds:

@ DfY*(w) € Kxitne. 8); or

(i) 1D ) < A m(DfN pg).

Proof. Since K(x;, 8) € 6(x;) along the orbit (x;); and by the definition of F, we have
that for every 0 < ¢ < §, there is a large number N > 0 such that

DfNY (K (xi, 8)) € DFNY(E(xi)) € K(xitne, €)

for each i € Z. This proves the first part of the lemma.

To prove the second part, let us fix any ¢ where 0 < ¢ < (§/(1 + 6))(6A/(1 4 1))
and N > 0 satisfying (2.10). We suppose by contradiction that there is a unit vector
w ¢ K(x;, §) such that

IDFN W) = 2 m(DfN peiy) and  DfFNVE(w) ¢ K(xitne, 8).

Then, we will prove that (2.10) does not happen, contradicting the first part of the lemma.

Indeed, write DfNe(w) = auj + bvy, where u; € FJ_(xi+Ne) and v € F(xj4+pne) are
unit vectors such that |a| > §|b|. Then, we can bound |a| from below and |b| from above
as follows:

1
|a|<1+g>z|a|+|b|z||DfN‘f<w>|| and | DfN )| = |bl,

which gives

)
la| > <m)||DfN‘<w)||.

Take a unit vector v € F(x;) satisfying |DfN¢(v)|| = m(DfNZ|F(xi)) and choose a
number ¢ € R such that w’ = cw + v belongs to the boundary of K(x;, §), which is
contained in %{(x;). Note that the constant ¢ satisfies |c| > §, since w is a unit vector out of
the cone K(x;, §) and v is a unit vector in F(x;).

We now decompose Dle(u/) = cauj + cbv; + m(DfNZIF(xl.))vo, where vy =
DfNe(v)/||DfNK(v)|| € F(xj4+n¢) and then we can get that

lacu | lac|
lbcvr +m(DFN ool ~ [bllel +m(DFNE py)
>< 8 ) IDfNEw) el
~ N1+ IIDFN W) lle| + m(DfNE px)

2(lia)(|c||+dx—l>
= (755) ()
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= (r53) =)
- <1i6)<x+k5—1> - (1i8><1ﬁsx> "

Therefore, we obtain that Df N¢ (w) does not belong to K(x;j1ne, &) which contradicts
(2.10) and therefore completes the proof of the lemma. O

From now on, we fix A, 8, and ¢ as in Lemma 2.14 and, to simplify notation, we will
assume that N = 1.

We will prove that there is an ‘exponential gap’ which means the quotient between
oy (x, n) and 0,41 (x, n) decreases exponentially fast to zero. It will be useful to prove that
(E,(x)), is a Cauchy sequence.

LEMMA 2.15. There is ¢ > 0 such that
oc(x,n) < cA'oer1(x, n)

forallx e M andn > 1.

Proof. We will first prove the lemma for » multiples of £.
We will prove for an orbit (x;); that

o (xi, nl) < Moy (xi, nl) (2.11)

for every n > 1.

Consider Py = Ep¢(x;) and Pj = Dfﬂ(Eng(xi)) for each 1 < j < n. We will first
show that P; N K(x; je, §) = {0} for each 0 < j <n and, by invariance of the family
{K(x;,5) :i € Z}, it is enough to show this for P,. Note that P, is orthogonal to
Df"(EL,(x;)) by definition and, since dim E,(x;) = dim Df"(E/, (x;)) is at least
the dimension of the cone, it is enough to show that Df”l(Ej-e(x,')) C K(xj4ne, 8).
If this were not the case, we would find a unit vector v € Enie(x) which does not
belong to the cone K(x;, ) such that Df"(v) ¢ K(xitne, §). We have that IDf )| >
O t1(xi, n) = m(Df" |F(x;)) by definition of E,; (x;)*. Then, a computation similar
to that in Lemma 2.14 gives the contradiction that Df™(K(x;, 8)) is not contained in
K(xitne, €))-

To prove (2.11), we use the ‘minimax’ characterization in (2.9), which says

oc(xi,nl)  min{|Df"|p|| : P € Grass,(Ty, M)}
Ter1(xiyn€) — max{m(Df"|y) : U € Grassq— (Ty; M)}

¢ l
< IDf" B | - I‘[’f:(l) I1DfIp; |l .
m(Df"Z|p(xi)) /= m(DfZ|F(Xi+jl))

Thus, for every w € P;, we have that Df‘3 (w) ¢ K(xi1je, 8) and, by Lemma 2.14, we
obtain that || Df|p, | < A m(Df|F(xy0)-
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Finally, by continuity of % and by ker(Df/) N ¢ = {0}, we can get a uniform constant
¢ > 0 such that

max{||Df{ | : x € M}
min{m(Df! |y) : U € Grassy_(Ty) and U € €(x)}

<cC

for each 1 < j < £ and then conclude that o, (x;, n) < cA oy 41(x;, n). O]

The following result follows as immediate consequence of the previous lemma, since
o (x, n) < o,4+1(x, n) for every n large enough and x € M.

COROLLARY 2.16. We have that E,(x) is «k-dimensional for every n large enough
independently on x € M. Consequently, EnL (x) is (d — k)-dimensional.

Let us remind the reader what we have done so far to prove Proposition 2.13. By
Corollary 2.16, we can suppose without loss of generality that E, (x) is x-dimensional for
all n > 1 and we will next show that the sequence (E, (x)), is of Cauchy on Grass, (Tx M)
endowed with the distance (2.4).

We now state the following result (see [6, Lemma A.4] and also see [4, 24, 26] for
related results).

LEMMA 2.17. The sequence (E, (x)), is of Cauchy.
Before the proof of the lemma, we first need two useful lemmas.
LEMMA 2.18. For large n, we have that Df" (Ej‘(x)) C E(f"(x)) forevery x € M.

Proof. The proof will follow from item (ii) in Lemma 2.14. Indeed, suppose by contradic-
tion that Df" (E,Jl-) is not contained in the cone. In particular, there is a vector v € E j‘ (x)
such that Df/¢(Df" (v)) does not belongs to the cone withn = j¢ +rand0 <r < £ — 1,
satisfying:

IDF* )| < 2 (DI pa) IDFT ().

Thus, since j goes to 400 as n goes to 400, we can get n large enough such that
IDf* ()| < m(ij@|p(x)). This contradicts the definition of Enl(x) to be the fastest
direction of Df". O

LEMMA 2.19. There is a constant K1 > 0 such that for every x € M and n large, the
following inequality holds:

min{|| Df pn(x) low+1(x, n), | Dfxllowe+1(f (x), )} = ope11(x, n + 1) = K1041(x, n).
Proof. We take the constant K| = min{||Df ||l : x € M}. Since the cone-field ¢

depends continuously on x and is transversal to ker(Df}') for all n > 1, we have that
K > 0.
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We will first prove that
||Df ”(X)”O—KJrl ('xa n) Z UK+1(x’ n + 1) Z K]UK+1 (x’ n)

For that, we take V as the subspace of T, M generated by E,, (x) U {e}. +1)- Then,

IDf frcollows1Ce,n) = DA vl
=0oq1(x,n+1)
= m(Df M g1 ()
= m(Dfro) | (et o) MDL EL )
Thus, we conclude the proof using that Df}| EL(x) 18 contained in B(f"(x)) given by
Lemma 2.18.
To complete the proof, it is sufficient to show that | Dfy|lox+1(f(x), n) > okt (x,

n + 1), since we have already known that o1 (x,n + 1) > Ki0x4+1(x, n).
To do that, we will use that

o;(f(x),n) =min{[|(Df")*|p| : P € Grassj (T gn+1(,)M)};  and
0j41(f (), m) = max{m((Df")*|v) : U € Grassa—; (Tgus1 ooy M)}.

We consider two orthogonal bases {ef,..., e} of TryM and {wf, ..., w]} of
Tpnv1 (M satistying Df”(e;?) =0;(f(x), n)w;? and (Df")*(w;f) =o0;(f(x), n)e;?.
After that, taking P = {w{, ..., w,’(lH}, we can verify that || Df; || = [|(Dfx)*| and

I(Df) o1 (f (x), n) = I(DF) DS F )" P
> (DD Il = Oqr(x.n+ 1). 0

Finally, we can prove that (E,(x)), is a Cauchy sequence.

Proof of Lemma 2.17. Suppose n < m and observe that

m—n

dist(Ep (x), En(x)) < Y dist(Eyyj-1(x), Eng j(x)).
j=1

Then, to prove the lemma, it is sufficient to show that the distance dist(E,+1(x), E,(x))
tends to zero exponentially fast with n and uniformly in x.

We will omit the point x and simply rewrite E, and E,J,- throughout the proof. To
estimate the distance between E, and E,;, we take w € E, as the farthest unit vector
from E, | and decompose w = u + v in a unique way where u € E,, 1 and v € E,Jl;r].
Then, we obtain that cos < (E,,, En{rl) = cos L (w, v) = ||v|.

On the one hand, since the images of E, 1 and Enil by Df"*! are orthogonal, we
have that

IDF  w)ll = IDF" T @)l + 1D ()]
> D" )| = opp1(x, n+ D).
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On the other hand,
IDf" W)l < KIDf" W) < Ko (x, n),
where K = sup, ||Dfx|l < oc. Thus, by Lemmas 2.19 and 2.15, one concludes that

dist(Ep41(x), Eq(x)) = cos 5(E; (), E(x))
Ko, (x,n)
Ocr1(x,n+1)
oc(x, n) - Kc

_ e o 2o, O
Kiocq1(x,n) = Ky

= vl =

It should be noted that (E,(x)), is a Cauchy for every x € M. Thus, we can define a
continuous «-dimensional subbundle of T M by

E(x)=I1lim E,(x) forallx € M.

Recall that ker(Df{) € E(x) for all x € M and all j > 1 since ker(Df!) € E,(x) for
eachl < j <n.
We next prove that E is transversal to the cone-field % and is a Df-invariant subbundle.

LEMMA 2.20. For each x € M, we have that E(x) N%6(x) = {0} and Df(E(x)) C
E(f(x)).

Proof. We first prove that E(x) N %(x) = {0}. For that, recall that Df"(E,(x)) and
Df" (Ej- (x)) are perpendicular and, by Lemma 2.18, Df”(EnL (x)) is contained in %(x).
Then, the intersection between Df"(E,(x)) and the cone-field is trivial, implying that
E,(x) N%(x) = {0}. Thus, we can conclude that the intersection between E (x) and %{(x)
is also trivial.

To show the invariance property, we will prove that the distance between D f (E,+1(x))
and E, (f(x)) goes to zero as n tends to infinity. Before, we fix p > 0 such that

DI = pllvll

for every v € ker(Df,)* for every x € M.

We start the proof of invariance, taking v € E(x) such that Df (v) = 0. Then, clearly,
Df(v) € E(f(x)).

Now, we take a unit vector v € ker(D fx)l N E(x) and choose a sequence of unit vectors
vy € Epp1(x)N ker(Dfx)L such that v, — v. Then, we write Df (v,) = u, + z,, where
un € En(f(x)) and z, € E;-(f (x)).

Consider two orthogonal bases {e],...,e;} and {w],...,wj} of Tru)M and
T gn+1(yM, respectively, so that, for each 1 <7 <d, Df}’(x)(e?) =0;(f(x), n)w! and
(Dff) (Wi = 0i(f(x),n)e}. Take a vector Z, € span{wy |, --- ,wy} such that

(Df} )" (Gn) = 2o and then, ||z, ]| = 011(f (), W)l|Z, [l Thus, fixing K = sup || Df|
and using Lemma 2.19, we obtain that

https://doi.org/10.1017/etds.2023.25 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2023.25

616 C. Lizana et al

(Dfx (W), zn)
I Dfx W)l zn I
(D fx(vn), (Df}l(x))*(zn))

DAzl
(DI (), Zn)
~IDfxc )zl
- IDFIH W) 1zl
DS ) lllzall
_ ol ) vl
o1 (f(x),n)  IDf ()l

Then, by Lemmas 2.14 and 2.19, we obtain that

oc(x,n+1) l[vn
RDf (vy), zn) < '
cos L(RDf (vy), zn) < 01 (f(),n)  IDF ()l

oc(x,n+1) 1 <1KC)»n+1.

= oeriun+D/K p T p

Since cos S (RDf (vy), E,J;(f(x))) < cos X(RDf (vy), zn), we have that Df (v,) and
E ,Jl- (f(x)) are getting perpendicular when n tends to infinity. Thus, Df (v) = lim Df (v,)
is perpendicular to E( f (x))* and, consequently, Df (v) belongs to E(f(x)). ]

cos L(RDf (vy), zp) =

So far, we have shown that E @ F is non-trivial splitting on 7'M ¢. Finally, we will next
show that it is a dominated splitting for f and so prove Proposition 2.13.

Proof of Proposition 2.13. We have proved so far that under the assumption of Proposition
2.13, the splitting E @ F satisfy for each orbit (x;); that Df(E(x;)) € E(f(x;)) and
DfY(F(xi)) = F(f%(x;)). Moreover, as the intersection between E and the cone-field €
is trivial, we conclude by item (ii) in Lemma 2.14 (recall that we are assuming N = 1) that

IDfE £ | N
(DS F i)

Thus, E @ F is a dominated splitting for f*.
To complete the proof, we use that E @ Df (F) is also a dominated splitting for f¢ and
get that Df (F) = F by the uniqueness of dominated splitting (see Lemma 2.9). O

Remark 2.21. Tt should be emphasized that the existence of a dominated splitting is an
open property in the C! topology. That is, if f admits an invariant cone-field ¢ transversal
to the kernel, then there exists a neighborhood U of f in End! (M) such that the cone-field
®is so for each g € U.

3. Proof of Theorem A
Let us recall that fy : M — M is a robustly transitive endomorphism displaying critical
points and ¥ is a subset of Uy which accumulates on fp and for each f € ¥, has

int(Cr,c (1)) # 9.
We next prove that A ¢ is dense in M s for every f € Fy.
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LEMMA 3.1. If f is a transitive endomorphism and int(Cr,(f)) # @, then Ay is a
non-empty set. Moreover, A ¢ is a dense subset of M y.

Proof. On the one hand, the transitivity of f on M implies that f : (x;); — (f(x;)); is
a transitive homeomorphism on M (see [1, Theorem 3.5.3]). Then, considering a base
of open sets {B,}, of M, we have that A;" = U0 f7/(By) and A, = U0 =1 (By)
are dense open sets in My, for each n. By the Baire category theorem, we get that
M, (A;F N A;) is a residual set in My which consists of the points where their backward
and forward orbits are dense in M. On the other hand, since Cr, (f) has non-empty
interior, we have that any orbitin (), A;" N A, visits the interior of Cr, ( f) infinitely many
times for the past and the future and, hence, it belongs to A ¢. Thus, A 7 is non-empty and
densein My. O

We are now assuming that Theorem C holds. Then, we have that there are ¢ > 0 and
an integer £ > 0 such that E¢ @ Fy is an (a, £)-dominated splitting over A 7 for every
f € Fo. Since A ¢ is dense on My by Lemma 3.1, we use Proposition 2.10 to conclude that
Ey @ Fy is an («, £)-dominated splitting over M y. This implies Theorem B, as we have
already mentioned.

Now we will prove Theorem A. To do this, we will need to push the domination on
f € Foto fo.

By the equivalence in Proposition 2.12, we can use the uniformity of the dominated
splitting to obtain the cone-field €k ;= {6k f (x, @) : x € M} where its dual cone-field
‘5,;5/_ is £-invariant uniformly in f € %, up to increasing the constant £. Then, we consider
a sequence of f,, € Fo converging to fp, and we define Eo(x) and (fgo (x, ) respectively
as the limit of E,, (x) and ‘5[{” (x, ), which satisfy Eg(x) N ‘51}"0 (x, ) = {0}.

Finally, it remains to show that %gfo (x, &) is invariant and ker(Dfy") € Eo(x) for every
x € M and m > 1. For that, we first use that %En (x, @) is f-invariant for every n to
conclude that ‘KEO (x, ) is also £-invariant. Second, to show that ker(D f(;") atx € M is
contained in Eg(x), it is enough to prove that if u € ker(Dfé") atx € M, thenu € E,,(x)
for large n > 1 since Ep(x) is the limit of E,(x). Thus, suppose that u ¢ E,(x) for
infinitely many n. Considering E, @ F,, as an (o, £)-dominated splitting for f,,, we can
conclude that for k large enough, || D frf‘e(u)n ~m(D f,{‘e |F,), which is away from zero
independently on n. This contradicts the fact that D f,{‘z (1) must have to converge to
Df¥(u) = 0 for k€ > m.

3.1. Proof of Corollary 1.1. Let M = S>" be an even-dimensional sphere and a robustly
transitive map f : M — M. Let E C T M be a «-dimensional subbundle, that is, a map
E : M — Grass, (T M) so that E(x) € Grass, (T, M) for every x € M. Note that we can
associate an Euler class to E which is an element of H* (M), the xth-dimensional de
Rham cohomology of M. Suppose E # T M (or equivalently, ¥ # 2n = dim(M)), then
we have that its Euler class is zero since all intermediate homologies vanish on spheres.
However, we have that £ is another subbundle of dimension 2n — k complementary to
E in TM, then it follows that E @ EL = T M. Therefore, the Euler class of TM (which
is the Euler characteristic of M times the class of the volume form M in H*'(M)) is
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the product of the Euler classes of E and E-. Hence, the Euler characteristic of M is
zero, but this is a contradiction since the Euler characteristic of an even-dimensional
sphere is 2. This argument shows that even-dimensional spheres do not admit non-trivial
subbundles. This argument is classical and is taken from [2], but it can be also found in
[21, Property 9.6].

Now, we can apply Theorem A which implies that if an endomorphism f is robustly
transitive, then it cannot have critical points as it would imply the existence of a non-trivial
subbundle. Therefore, we conclude that it is a local diffeomorphism (covering map) on M.
However, since M is simply connected, the endomorphism f should be a diffeomorphism.
We can use now [8] to conclude the corollary.

4. Proof of Theorem C
Here, let fy be an endomorphism displaying critical points and ¥ be a family of
endomorphisms converging to fj satisfying:

A #9¥ and dimker(Df™) <« forall f € Fandm > 1. 4.1)

First, let us recall that for each f € ¥ and for each x; in the orbit (x;); € Ay, we have
defined the candidate to dominated splitting by

. ]
E(i) =ker(Dfe’ ™) and  F(x) =Im(Df" L),
where

ri+ =min{n > 0: x4, € Cr(f)} and 7, =max{n < —my : x;4, € Cre(f)}.

The next statement will be useful to prove that E and F are invariant subbundles
over Ay.

LEMMA 4.1. If x € Cr(f) and n > my, then ker(Df}) and Im(Df}) are k- and
(d — «)-dimensional, respectively. Moreover, if x; = fl(x), for each 0 < j <n with
n > my such that xo, x, € Cr.(f), then ijM = ker(Df;".f—Fn_j) ® Im(Dfx]O)for each

J
m¢=<j=<n
Proof. By the assumption (4.1) and Df]"+" = Dfuyy - DSy, we can get that
max{dim ker(Df}'), dim ker(fo’fL(y))} < dim ker(nym"’") <k. 4.2)

Then, when y or f"(y) belongs to Cr, (f), we have that

dimker(Dfy'"/ ™) =« foralln > 0.
In particular, ker(Df") is x-dimensional for every x € Cr,.(f) and m > my, and
so, Im(Df[") is (d — k)-dimensional by the theorem of kernel and image. To prove
the second part, we assume that there exists a non-zero vector v € Ty, M such that
u= Dijo (v) is a non-zero vector in ker(Df;ijrnﬂ) N Im(Dfxlo). Note that v ¢ ker(DfoO)
and v € ker(D f;’;f +n). It contradicts the assumption (4.1) since ker(D f;gf +n) contains

ker(Dij;)) @ span{v} that is (« + 1)-dimensional for any m ¢ < j < n. ]
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LEMMA. (Invariance property) The following statements hold:

(1) the subbundles E and F are k and (d — k)-dimensional, respectively;
(ii)  for every orbit (x;); € Ay, one has that Ty, M = E(x;) @ F(x;) foralli € Z;
(iii)  the subbundles E and F are invariant.

Proof. The statements (i) and (ii) follow from Lemma 4.1 since for each x; in the orbit

(x;)i, we have that Xipom Xigot belong to Cr,.(f) and |7, | > m.

To prove statement (111), we shall observe that 7;” = 7, ; + l and |7, | = [7; [+ 1 if
Xitl—m ¢ Cr(f). Thus,

Df(F(xi)) = Df im(Dfy"

) =m (DA ‘“, )= Fla),

—my and hence 7,7 < T,

i+1- By Lemma 4.1,

However, if Xj11—m, € Crc(f), then 7, | =
we have that

M = ker(Df;"" em (Dfx’ L

X.
H—H—r+

) _ e l—my
since Xifite o = Xitl-m; = ST f(xi+r;)- Therefore,

Df(F(xl))_Im(Dfx ._ Dfmf(I (Df‘[ 1+ mf))_

F(x;).

The invariance of E follows from the assumption (4.1) and from the fact that E is
k-dimensional. O]

The following lemma will be often used throughout this paper.

LEMMA 4.2. There exists a small real number & > 0 such that if f € U, whose Ay # 1,
then for every finite collection ¥ in (x;); € Ay, say L = {xo,...,Xy—1}, and every
collection of linear maps L; : Ty, M — Tru)M for i =0,1,...,n— 1, satisfying the
following two conditions:

there exists v € F(xo) suchthat L, - - - L1(v) € E(x,) and ||L; — Dfy, ||l <e¢,

there exists an endomorphism f € U and a neighborhood B of {xy, . .., x,—1} so that
dim ker(D f™) > k + 1 for some positive integer m.

Proof. Lete > 0 be given by Franks’ Lemma. Then, up to shrinking the neighborhood U,
let us recall the orbit (x;); € A f hits on Cr, (f) infinitely many times for the past and for
the future. Hence, assume without loss of generality that Ty and r(;r , defined for the orbit
(xi)i,satisfy ;7 <0 <n < r(;" . Also by Franks” Lemma, there exists f € U such that the
neighborhood B of X verifies

Bﬁ{xto—,...,xo,...,xnfl,...,xrgr}zZ

Then, there is w € F(xto—) such that Df‘fo—l(w) =v, and taking m =my + t(;L + 17 |
we get that
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Df"™(w) = Df"+% "L, . Ly Df% l(w)
= Df 0 "Ly -+ Li(v) € D™ (E () = DI (E(x, 1)) = (0}

Therefore, E (xt(;) @ span{w} is contained in ker(D f ). This completes the proof. [

From now on, to prove Theorem C, we suppose that there is a neighborhood Uy of fo
such that

dimker(Df™) <k forall f € Uyandm > 1. (4.3)

In other words, we are assuming that the second item of Theorem C cannot happen.
Furthermore, we can also assume that

sup IDfi()|| < K forall f e Uy. 4.4)
(x,v)eTM,|v|=1
Throughout the rest of this paper, we fix ¢g > 0 as in Lemma 4.2, and choose o > 0
small enough so that for all rotation R on T's(,)M of angle smaller than « satisfies:

IR o Dfy — Dfyll < &9 forall f e Up. (4.5)

We would like the reader to keep in mind that the existence of a family of rotations
Ry, ..., R, of angles smaller than o such that L; = R; o Dfy, | for 1 <i < n, satisfying
the hypothesis of Lemma 4.2, is incompatible with (4.3). In the course of this section, we
will evoke this incompatibility.

We now are devoted to prove the first item in Theorem C. More precisely, we will prove
there are £ > 0 and « > O such that £ & F is an (o, £)-dominated splitting over A ¢ for
every f € F.

LEMMA. (Uniform angle) For every f € ¥ and each (x;); € Ay, it holds that

J(E(xi), F(x;)) >a foralli € Z.

Proof. Otherwise, there is a unit vector w € F'(f(x)) for some x in (x;); € Ay, so that
J(Rw, E(f(x))) < a. Thus, we take a rotation R : T )M — TruyM of angle < a
such that R(w) € E(f(x)), which contradicts the assumption (4.3) since ¥ = {f(x)} and
L| = R o Df, satisfy the hypothesis of Lemma 4.2. O

To conclude the proof of Theorem C, it remains to show the following.

LEMMA. (Uniform domination property) There exists an integer £ > O such that for every
f € F, the splitting E @ F over Ay satisfies E <y F.

The proof of this lemma, in some sense, carries the same ideas used in the context
of diffeomorphisms, where the lack of domination property allows us to create a point
exhibiting some obstruction for the robust transitivity. However, for endomorphisms
displaying critical points, the proof is more subtle.

Let us make some comments to clarify how we are proceeding with the proof of the
domination property lemma. We will assume by contradiction that the splitting E & F
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does not satisfy the domination property, and hence there are some unit vectors v € E(x)
and w € F(x) so that for some point x and large positive integer £, the following holds:

IDF )| = HIDF ()l

for each 1 < j < ¢. Note that as Df/(w) # 0, we have that Df/ restricts to the
bidimensional subspace Vo = span{v, w} an isomorphism onto its image, V; € Tyj, M.
Let us call Df |y, ;: Vj—1 — V; by A;. Then, we provide some control over the norms
of A; and A;l for each 1 < j < £ to apply Lemma 4.9 to mix the subbundles E and F to
increase the dimension of the critical set, which is incompatible with (4.3). However, the
control over the norms of A; and A]Tl for each 1 < j < £ is the subtle part of the proof
since Df ! is not necessarily defined due to the existence of critical points.

To obtain such norm control of Df~!, we divide our approach into two cases. For
the first one, we assume that dim ker(Dfp) = r < k. In this case, up to shrinking the
neighborhood of fj, we have that dim ker(Df) < r for every f € Uy. Then, we can find
alarge N > 0 such that

1
v S IPLIrl =N (4.6)

for all x € M and all k-dimensional subspace I" of Ty M. Then, we can conclude that
I/N < [|Ajll, |1A7"] < N foreach 1 < j < €.
For the second case, we assume that dim ker(D fy) = «. Then,

Cre(fo) ={x € M : dim ker(DfOTfO) =k} is non-empty and m ) = 1.

This allows us to conclude that every f € ¥ satisfies that my = 1 since my < my,.
Then, to obtain the control of ||A || and ||AJ71 I, we will show that there is a neighborhood
U of Cr, (fo) in M such that if f € F, then Cr,(f) € U and the piece of the orbit { f/ (x) :
1 < j < ¢} along which there is a lack of domination property is away from U. This will
imply a similar inequality as in (4.6) since dim ker(Df) < « out of U.

The next lemma deals with this subtle part of the proof.

LEMMA 4.3. Assume that dim ker(Dfy) = «. Then, there exists a neighborhood U < Uy
of fo and another one U of Cr, (fo) such that for any f € ¥ N U, its critical point Cr,. (f)
is contained in U, and if (xj);j € Ay satisfies

IDF £ Il = 3 m(DF7 | Fxg)) (4.7)

foreach 1 < j <, then xo, x1,...,x1—1 ¢ U.

4.1. Domination property near the critical points.  Our goal here is to prove Lemma 4.3.
For that, we will first make some preliminaries that will be needed in the proof.

Denote by 0 < 01(x) < o2(x) <--- <o4(x) the singular values of Df at x € M.
Using that ¥ accumulates at fy (in C!-topology) together with the fact that ker(Dfo)
at x is xk-dimensional for each x € Cr,(fy), we can find a neighborhood Uy of fy and
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a neighborhood Uy of Cr, ( fo) so that Cr, (f) is contained in Uy for every f in ¥ N Up. In
particular, the singular values of Df at x € Cr,(f) are the following:

O=01(x)=---=0k(x) < Op1(x) <--- < 0g(x).

By continuity of o; terms on M since f is a C'-endomorphism, we can assume that for all
x € Uy, one has that

01(x) <+ 20 (x) < Op1(x) < - - - < 0g(x). (4.8)

Denote by Vy(x) and Wr(x) the subspaces of Ty M generated by the eigenvectors
associated to o1(x), . .., ox(x) and o, 4+1(x), . . ., o4(x), respectively. These subspaces
satisfy the following properties:

(1) Ve(x)® Wyr(x) =T M for every x € Up;

(2) Vi(x) L Wg(x)and Df(Vy(x)) L Df(Wyg(x)) forevery x € Up;

(3) if f eFand (x;); € Ay with x; € Cr,(f), then Vy(x;) = ker(Dfy,) = E(x;) and
Df(Wy(x)) = Im(Dfy,) = F(x;).

Furthermore, it follows from the continuous dependence on the singular values of Df at x

that the following maps are continuous:

Uy xUgs (f,x)— Ve(x) and Up x Up > (f,x) = Wr(x). 4.9)

Remark 4.4. In (4.9), the continuity is seen in Grass,(7 M), the Grassmannian of the
vector bundle T M, where its points are all the pairs (x, I') such that I" is an r-dimensional
subspace of Ty M for r = x and r = d — «k, respectively.

For every x € Ug and 1 € (0, 7r/2), define the following cone-field:
Gy, (x.n) ={u € TM : S(Ru, Wy(x)) > /2 —n},

and so %‘j‘f (x,n) ={u € TyM : <(Ru, V¢(x)) > n}. Furthermore, it follows from 4.1 that
Gwy(x, /2 =) =y, (x, ).

LEMMA 4.5. Foralln, 6 € (0, 7/2) small enough, up to shrinking the neighborhoods Uy
and Uy, we have that for every f € Uy and x € Uy, the following holds.
For every u € %{,"f (x, n), writing u = (v, w) € Vy(x) ® Wy(x), one has that

S(RDf (), RDf (w)) < 6. (4.10)

Proof. We first notice that Vi, (x) = ker(Dfo(x)) and Dfo(Ty M) = Dfo(Wg,(x)) for
every x € Crc(fp). Then, for every u ¢ Vy,, one decomposes u = (v, w) € Vg (x) @
Wy, (x) with w # 0, implying that Dfy(u) = D fo(w). In particular, RDfy(u) is contained
in Dfo(Wy,(x)) forall u € %{,“fo (x, n) and x € Cr(fp).

By the continuity in (4.9), we can shrink the neighborhoods U and Uj to get (4.10). [

The next lemma provides a relation between the splittings E & F and V & W, which
guarantees a domination property around of a component of the critical set whose kernel
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is k-dimensional. For simplicity, the set ¢ will denote a neighborhood of f contained in
Uy and U denotes a neighborhood of Cr, (fo) contained Uy.

LEMMA 4.6. Given 1,0 € (0, w/2) small enough, there exist neighborhoods U and U
so that for each f € ¥ N U and each (x;); € Ay, one has that if x; € U, then for all
ui € E(x;) and uy € F(x;), writing uj = (vj, w;) € Vy(x;) ® Wr(x;) for j = 1,2, the
following hold:

IRup, Rvy) <n and <L(RDfy; (u2), RDfy, (w2)) < 6. 4.11)

Proof. Recall that &g > 0 and « > 0 are fixed as in (4.5). Assume that 2n, 20 <
min{eg, «}/2. By Lemma 4.5, there exist neighborhoods U and U such that for every
f € U and x € U, the inequality (4.10) holds and moreover, for every f € ¥ N U, the
component Cr, (f) is contained in U.

We notice that from the inequality (4.10), it follows that to prove the lemma, it is
sufficient to show that for every (x;); € Ay whose x; € U, we have

E(xi) €%y, (im) and  F(xi) € %, (xi ). 4.12)

Thus, our current goal is to prove (4.12). For that, observe that as < (F (x;), E(x;)) >
o > 2 max{n, 8}, we have that the vectors of E(x;) and F(x;) are neither in %Vf (xi, m)
nor in €y, 5 (xi, n) simultaneously. Thus, only one of the following can happen:

o ccither E(x;) € 6v,(x;,n) and F(x;) C CK",‘f(xi, n); or
o E() CE,(im and F(xi) C 6y, (xi,n).

If E(x;) C %&f_(xi, n) and F(x;) € 6V, (xi, n), then there is a vector u € CK;} (xi, n),
where < (Ru, F(x;)) <2n and S(RDf;(u), E(f(x;))) < 26. Since 2n, 26 are smaller
than o, we can take two rotations Ry and R; of angles less than o and u’ € F(x;)
satisfyingu € Ro(F(x;)) and Ry (Dfy(u)) € E(f(x;)). Recall from the discussion in (4.5)
to conclude that it is incompatible with (4.3).

Therefore, E(x;) € ¢y, (xi,n) and F(x;) S ty ’ (x;i, ), which concludes the
proof. O

The previous lemma means that around A, the subbundle E is n-close to V¢, and that
every (d — k)-dimensional subspace contained in ‘5§j,, which means it is away from V7, is
sent by Df into a subspace 6-close to Df (Wy). This will allows us to state the following.

LEMMA 4.7. For each p > 0 small enough, we can find n, 0 > 0 and the neighborhoods
U and U satisfying Lemmas 4.5 and 4.6 such that for each f € FN\U and (x;); € Ay, if
x; € U, then

IDf lE@y | < o and |IDf)Il = 2plvll forallv € €y (xi, )\{0}.

Proof. Recall that the maps U x U > (f, x) = Vy(x), Wy(x) are continuous, where
U and U are neighborhoods of f and Cr, (fo), respectively. Then, up to shrinking the
neighborhoods U and U, we can assume that V and V, are n-close to each other and,
consequently, Wy and W, are both contained in the dual-cone of each other.
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Fix 1,60 > 0 small enough and take the neighborhoods U and U satisfying Lem-
mas 4.5 and 4.6. We observe that for every u = (v, w) € ‘5{,‘} (x,n), with v € V¢(x) and
w e We(x),

[wl

tan n < tan L(Ru, Vi(x)) = m,

and then

IDf @)l = IDf ()] = I1Df )l
= m(Dflw,)lwll = IDf v vl

I1Df vl
> <m(Df|wf(x)) - —f)llwll.
tan n

We now use that (1 + 1/tan n)||w| > ||w|| 4+ ||v|| > ||lu|| to obtain that

( IDf v, 0l
anwn|z(T£%£;)<anfmwn)———Eigl—)ww

Since Vy,(x) = ker(Dfp) and m(Df |W_/O(x)) is uniformly away from zero for each
x € Cr,(fo), we can shrink only the neighborhoods U and U to obtain that Vy(x) and
Wy(x) are close to Vg (x) and Wy (x) for every x € U. Then, we can assume that
m(Df |wy(x)) is uniformly away from zero and || Df |v,(x) Il is so close to O such that

tan 7 IDf vl
—_— D -] >2 0,
(I—Hann)(m( Flwy @) tan n ==

and hence || Df (u)|| > 2p|lu]| for every x € U.

Finally, we take f € ¥ N U, and use that E£(x) and V¢ (x) depend continuously on x in
U and are both identical on Cr, (f) to conclude that || Df |gx) |l = |Df v, ll, which is
close to | Dfy| Vi, (x)| =~ 0 for each x € U. Therefore, up to shrinking the neighborhoods
U and U, we can get that || Df |gx) || < p forevery x € U. O

Now we are able to prove Lemma 4.3.
4.2. Proof of Lemma 4.3. By Lemma 4.6, for all § > 0 and all > 0 small, there exist

neighborhoods U and U so that for each f € #N U and each (x;); € Ay, if x; € U, then
the following hold:

E(xi) € Gy, (xi,n) and  F(xi) €67, (xi, ). (4.13)

In particular, X(Df (W (x;)), RDf (v)) < 6 for every v € ‘5‘}; (xi, m).
We consider the cone-field centered at F' of length 8 > 0 in coordinates E @ F over
(xi)i € Ay by

Cr.e(xi, B) ={(u1,uz2) € E(x;) ® F(x;) : lurll < Blluzll}.

Choose B > 0 so that <(Ru, F(x;)) < o for every u € 6r g(xi, B), where o > 0 was
fixed in (4.5).
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Remark 4.8. 1t should be emphasized that the cone-field above is not as the previous one
defined in §2.2, where the length is the angle, since E and F are not necessary orthogonal.

Since the angle between E and F is uniformly away from zero, we can assume that
6, n > 0 above are chosen small enough so that for any (x;); € A s, one has thatif x; € U,
then:

(@) forallv e Gy, (xi,n) = (R, E(x;)) < a3
®)  SRu, F(f(xi)) <20 = u € Cpe(f(x:), B/2).
Assume now that (x;); € A satisfies the inequality (4.7). That is, (x;); satisfies:

IDF By | = S m(Df7 |pey)) forany 1< j <L

In particular, it is immediate from Lemma 4.7 that xo ¢ U.

It remains to prove that x1, ..., x;—1 ¢ U. For that, we first observe that xq, . .., xj_|
are pairwise distinct since, without loss of generality, if x; = x¢ then, as the orbit hits on
Cr (f) infinitely many times for the future, we have that x; € Cr,(f) forsome <1 < j <
I — 1 and hence, [|[Df |g;) | = 0. This contradicts the fact that [| Df |r;) | # 0.

Second, we suppose without loss of generality that x;_; € U and take v € E(xp) and
w € F(xg) the unit vectors, where

IDF W)l = IDf £l = 3 m(DF 1F) = IDF W)II.

Then, we have thatu = (v, B~ w) € 8%F g (xo, B) since ||v|| = 1 = B||8~'w| and hence,

1
IDF ) = IDf £ Il = 3 m(Df! | Fx)) = gllDf’(ﬁ’lw)ll-

Takingu; = ij(v, ,B_Iw) foreach 1 < j <[, we have thatu; = Dfl(v, ,B_Iw) belongs
to dual cone ‘K;"E (x1, B/2). This implies that u;—1 € 6y, (x;—1, n). Otherwise, if u;_; ¢
%",‘f (x7—1, n), then writing u;—1 = (v', w') € Vy(x;—1) ® Ws(x;—1) and taking z in the
intersection between F (x;—1) and the plane generated by {u;—, w’}, one can conclude that
7z = av’ + bw’ and, by Lemma 4.6, one gets that

S (Ruy, F(x1)) = S(RDSf (u1-1), RDf (2))
< S(RDf (u1-1), RDf (w")) + L(RDf (w'), RDf (2)) < 26,

where by item (b), it implies that u; € € g (x;, /2), which is a contradiction.

Thus, by item (a) and the choice of § > 0, one concludes that < (Ru;_1, E(x;—1)) <
a and < (Ru, F(xp)) < a since u € € g(xo, B). Thus, we can find two rotations Ry :
Ty yM — TyyM and Ry : Ty, \M — Ty, M of angle smaller than @ and u € F (xo) such
that

Ro(uo) =u, Ri(ui—1) € E(xj—1), and |[R;Df —Df| <&, i=0,]1.

Finally, we take that ¥ ={x_,...,x-2} and L; : ijsz — TXHM, defined by
Li=RooDfy ,, Ly=Dfy, ..., Li_1 =Dfy, 5, and L; = Ry o Dfy, , satisfy the
hypothesis of Lemma 4.2 which is incompatible with (4.3).
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4.3. Proof of the uniform domination property. This section is devoted to conclude the
proof of the uniform domination property. First of all, some preliminaries are needed.

Let us introduce a classical result about the lack of domination of matrices, where some
proofs can be seen in [23, Appendix A] and [5, Lemma 3.1].

LEMMA 4.9. Forall § > 0 and all N > 1, there exists | > 1 such that if Ay, ..., A; are
matrices in GL(2, R) and v, w € R2 are two unit vectors verifying

1A -+ Ay @)l = 314; - Aiw)ll; and || Al |A7'] < N, (4.14)

for every 1 <i <, then there exist R; : V; — V; rotation of angles smaller than § such
that RjA; - - - R1A1(w) and A; - - - A1(v) are parallel.

Let us make some comments about what we have done so far. First, we have by
Lemma 4.3 that if dim ker(Dfj) = «, then there exists a neighborhood U of fy and a
neighborhood U of Cr, ( fo) such that for every f € N U and every (x;); € A s, we have
that Cr, (f) € U and that the lack of domination property for the splitting E @ F over A ¢
only might occur away from U. Then, we can get N > 1 so that every f € U satisfies:

1
~ SIPAIPI <N forall (v, T) € Grass  (TM)  withx ¢ U, (4.15)

since ker(Dfy) for each x ¢ U has dimension strictly smaller « and Df on M\U is a
continuous map on a compact set. In particular, 1/N < |Df|g) || < N for each x ¢ U
and each f € FNU.

Recall that in the setting dim ker(Dfy) = r < «, we can suppose that for every f € U,
the following hold:

1
dim ker(Df) <r and N < |IDfslrll < N forall (x,T") € Grass,(TM). (4.16)

We now fix £y > 1 given by Lemma 4.9 for § = ¢ and N above. In the following,
we prove that the uniform domination property. In the first step, we assert that there are
no large pieces of orbit without the domination property. More concretely, we have the
following steps.

STEP 1. Forevery f € ¥ N U and every (x;); € Ay, thereis aninteger 1 < j < £o which
depends of the orbit (x;); such that

IDFI eIl < 3 0(DFI | Fxg)- (4.17)

Proof of Step 1. The proof of this step will be by contradiction. That is, assume without
loss of generality that for some (x;); € A,

IDf Bl = 5 m(DF | pxg)) (4.18)
for every 1 < j < £y. Then, there exist two unit vectors v; € E(xo) and w; € F(xg) so
that

IDf7 )l = SIDf (w)) (4.19)

foreach 1 < j < £y. We notice that ij(vj) # Oforevery 1 < j < {gsince Df"(w;) #
0 foreveryn > 1.
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It should also be noted that, in the particular setting that | ker(Dfy)| = «, one has that
X0, ..., Xgg—1 ¢ U by Lemma 4.3.

Let us identify Ty, M with R? for 0 < i < £, and fix the notation v = vg, and w = wy,.
Take the family of matrices Ay, ..., A, defined by A; = Dfy, , and the family of
two-dimensional subspace V; = A; - - - A1(Vy), where V, denotes the subspace spanned
by v and w. Then, denote by A,- : Vi_1 — V; the restriction of A; to V;_;, which is an
isomorphism and, by (4.15) and (4.16), verifies

i -1
; ; <
lr_ggo{llAl I, 1A; "I} = N. (4.20)
This family A Towves A[O satisfies (4.14). Therefore, there exist Rgo o, Iél rotations

of angles less than 6y such that RZOAgO . Iilzil(w) and Ago - Al(v) are parallel.
Extending R; to the linear map R; on R? that equals the identity on the orthogonal
complement of V;. Finally, ¥ = {xq, ..., x¢y—1}and L; = R; o A;, for 1 <i < £, verify
the hypothesis of Lemma 4.2 which is a contradiction. Therefore, one has that every
f € FN U verifies (4.17). O]

Finally, we can conclude the proof of the uniform domination property.

STEP 2. There exists £ > 1 so that for every f € ¥ NU, the splitting E ® F over Ay
satisfies E <y F.

Proof of Step 2. By Step 1, let £ > £ be very large. Then, for all (x;); € A, there exists
1 < jo < £y satisfying

IDS 1By | < 1D 5 DS £ |
< ()IDF2 ) Im(DF | Fxp)).-
However, taking the point (x4 j,) j, there exists 1 < j; < £¢ such that
1D £y I < DLW g S NIDF ) 1IDF ) £ I
< (3)2UDFIHI g Il DS ey ) MDD )

< (3)7UDFEIFW i | mDFI ).

Repeating the process, we can find n > 1 so that mnzﬁ—Z;’;ol Ji satisfies
1 <m, <{y;and

IDF o I

n
< (3)"IDF ™ e | [ m(DF7 1 px; )
i=0

= (3)"IDS"™ s I W(DF " L)

< (1) maxi<;<¢ (| Df{] : x € M}
(DS F )

< Co(3)" m(Df*IF(xp))s

(D™ | F () WD | b))
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where Cy is a constant satisfying

- max;<i<¢ {| DLl : x € M) -
T omini<j<eo {1 D/ ppll  (xid)i € Ay}
Note that Cq is well defined and is uniform in N "L[ Indeed, we can shrink U
(if necessary) to obtain that dim ker(Df 7y < dim ker(D foj ) <« at x and ker(Df 7y is
close to ker(Dij) on TyM for each x e M, 1 < j < ¥, and f € U. Then we assume
that ker(Dij ) is contained in a cone %y (x, n), where V is the kernel of Df(fo at x
and 0 <n <o for each x e M and 1 < j < ¥{j. Since ker(Dfx];.) C E(x;), for every
1 < j <{p,and <(E(x;), F(x;)) > a, forevery (x;); € Ay and f € FN U, we conclude
that F'(x;) is contained in the complement cone of %y (x, 1) and that is enough to get that
minlfjsgo{HDfﬂF(xi)H : (xi); € Ay} isuniformly away from zero.
Finally, we can choose £ > 0 large enough so that n > 1 satisfies Cp27" < 2-1 and so
E <, F. This concludes the uniform domination property. O

0.

Therefore, we have just proved that every f € FNU admits E ® F as an («, £)-
dominated splitting. This concludes the proof of Theorem C.
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