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OPENNESS OF ANOSOV FAMILIES

JEOVANNY DE JESUS MUENTES ACEVEDO

ABSTRACT. Anosov families were introduced by A. Fisher and P. Arnoux
motivated by generalizing the notion of Anosov diffeomorphism defined
on a compact Riemannian manifold. Roughly, an Anosov family is a two-
sided sequence of diffeomorphisms (or non-stationary dynamical system)
with similar behavior to an Anosov diffeomorphisms. We show that the
set consisting of Anosov families is an open subset of the set consisting
of two-sided sequences of diffeomorphisms, which is equipped with the
strong topology (or Whitney topology).

1. Introduction

Anosov families were introduced by P. Arnoux and A. Fisher in [1], motivated
by generalizing the notion of Anosov diffeomorphisms. Roughly, an Anosov
family is a two-sided sequence of diffeomorphisms f = (f;);cz defined on a two-
sided sequence of compact Riemannian manifolds (M;);cz, which has a similar
behavior to an Anosov diffeomorphisms, that is, each tangent bundle T'M; has
a splitting into two subbundles, called stable and unstable subbundles, where
the elements in the stable subbundle are contracted by D(f;1n_10---0 f;) and
the elements in the unstable subbundle are contracted by D(f;"% o---o f;°}),
for n > 1. The study of sequences of maps is know in the literature with
several different names: non-stationary dynamical systems, non-autonomous
dynamical systems, sequences of mappings, among other names (see [1], [2],
3, [7]).

Other approaches dealing sequences of diffeomorphisms with hyperbolic be-
haviour can be found in [2], [3], [10], among other works. One difference be-
tween the notion considered in this paper and the considered in the works above
mentioned is that the f;’s of the Anosov families do not necessarily are Anosov
diffeomorphisms (see [1], Example 3). Furthermore, the M;’s, although they
are diffeomorphic, they are not necessarily isometric, thus, the hyperbolicity
could be induced by the Riemannian metrics (see [1], [6] for more detail).
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Let M be the disjoint union of the M;’s, for i € Z, and F(M) the set con-
sisting of the families of C'-diffeomorphisms on M endowed with the strong
topology (see Definition 2.3). We denote by A(M) the subset of (M) consist-
ing of Anosov families. We will prove that A(M) is an open subset of F(M):
for any (fi)icz € A(M), there exists a sequence of positive numbers (&;);ecz
such that if (g;)iez € F(M), with d'(f;, g;) < &; for all i € Z, where d* is the
C'-metric on Diffl(Mi,MiH), then (g;)icz € A(M). An important implica-
tion of this result is the great variety of non-trivial examples that it provides
(in [1] and [8] can be found non-trivial examples of Anosov families, thus with
the openness of A(M) we have that, in a certain way, these examples are not
isolated), since we only ask that the family be Anosov and we do not ask for
any additional condition. For that reason, the sequence (g;);cz could no be
taken constant (it can converge to zero as ¢ — +00). In [8] we proved that,
if the second derivative of the family is bounded and the angles between the
stable and unstable subspaces induced by the family are bounded away from
zero, then (g;);cz can be taken constant.

Young in [12] proved that families consisting of C1*! random small per-
turbations of an Anosov diffeomorphism of class C? are Anosov families (see
Remark 2.7). Our result is a generalization of this fact, since, as we said,
Anosov families are not necessarily sequences of Anosov diffeomorphisms. This
fact will be fundamental to prove the structural stability of certain elements in
A(M), considering the uniform conjugacies to be given in Definition 2.2 (see
[8]), which generalizes the structural stability of random small perturbations
of hyperbolic diffeomorphisms, shown by P. D. Liu in [5].

In the next section we define the class of objects to be studied in this work.
We define the composition law for a two-sided sequence of diffeomorphisms,
the strong topology and a type of conjugations which work for the class of
families of diffeomorphisms. Furthermore, we introduce the notion of Anosov
family and we present some examples of such families. In Section 3 we will
see several properties that satisfy the Anosov families. It is important to keep
fixed the Riemannian metric on each M;, since the notion of Anosov family
depends on the Riemannian metric (see [1], Example 4). Other examples and
properties of Anosov families can be found in [1], [6] and [8]. In Section 4 we
will prove that each family close to an Anosov family satisfies the property of
the invariant cones (see Lemma 4.7). This fact will be fundamental for showing
the openness of Anosov families, which will be proved in Theorem 5.4.

2. Anosov families: definition, examples and uniform conjugacy

Given a two-sided sequence of Riemannian manifolds M; with Riemannian
metric (-, ); for i € Z, consider the disjoint union

M=]]M =] M xi.

i€Z i€Z
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The set M will be called total space and the M; will be called components. We
give the total space M the Riemannian metric (-, -) induced by (-, -); setting

(2.1) (N, = () forieZ,

and we will use the notation (M, (-,-)) for point out that we are considering
the Riemannian metric given in (2.1). We denote by || - ||; the induced norm by
(,); on TM; and we will take || - || defined on M as || - |||ar, = || - ||; for ¢ € Z.
If d; (-, -) is the metric on M; induced by (-, -);, the total space is equipped with
the metric

min{l,d;(z,y)} ifz,y € M;

2.2 d(z,y) =
(22) (@) {1 if x € M;,y € Mj and i # j.

Definition 2.1. A non-stationary dynamical system (or n.s.d.s.) (M, (-,-), f)
is a map f : M — M such that, for each i € Z, flyp, = fi : M; — M4 is
a C'-diffeomorphism. Sometimes we use the notation f = (fi)iez. The n-th
composition is defined to be

fi+n710"'ofi:Mi_>Mi+n ifn>0
fr=9 o ofili i My— M;_, ifn<0

I; - M; — M; 1fn=0,

where I; : M; — M; is the identity on M; (see Figure 1).

M;

Mi—l Mi+1

FIGURE 1. A non-stationary dynamical system on a sequence
of 2-torus endowed with different Riemannian metrics.

One type of conjugacy that works for the class of non-stationary dynamical
systems is the uniform conjugacy:

Definition 2.2. A uniform conjugacy between two n.s.d.s. f = (fi)icz and
g = (9i)iecz on M is a map h : M — M, such that h|y, = h; : M; —
M; is a homeomorphism, (h; : M; — M;);cz and (hi_l : M; — M;)ez are
equicontinuous families and h is a topological conjucacy between the systems,
ie., hiy10 fi=gioh; : M; = M, for every ¢ € Z. This fact means that the



4 JEOVANNY DE JESUS MUENTES ACEVEDO

following diagram commutes:

f-1 fo f1

M_, Mo M, M,

s [ [ [
M—l g—1 MO 9o Ml g1 M2

In that case, we will say the families are uniformly conjugate.

The reason for considering uniform conjugacy instead of the topological con-
jugacy is that every n.s.d.s. is topologically conjugate to the n.s.d.s. whose
maps are all the identity (see [1], Proposition 2.1). Uniform conjugacies are
also considered to characterize random dynamical systems (see [5]). In [7] we
showed that the topological entropy for non-autonomous dynamical systems is
a continuous map. The invariance of that entropy by uniform conjugacies is
a fundamental tool to classify non-stationary dynamical systems by uniform
conjugacies.

Consider F(M) = {f = (fi)iez : fi : M; — M, is a C'-diffeomorphism}.
We endow F (M) with the strong topology:

Definition 2.3. Let ¢ = (g;);cz be a sequence of positive numbers and f €
F(M). The set

B(f,e) ={g € FM) : dp,(fi,9:) < &; for all i}
is called a strong basic neighborhood of f, where dp,(-,-) is the C'-metric
on D; = Diffl(Mi,MiH), the set consisting of C!-diffeomorphisms on M; to

M;11. The strong topology (or Whitney topology) is generated by the strong
basic neighborhoods of each f € F(M).

Definition 2.4. A subset A of F(M) is open if for each f € A there exists
€ = (&;)iez such that B(f,e) C A. An element f € F(M) is called struc-
turally stable if there exists € = (g;);cz such that any g € B(f,¢) is uniformly
conjugate to f. If each element in A is structurally stable, we say that A is
structurally stable.

Definition 2.5. A n.s.d.s f on M is called an Anosov family if:

i. the tangent bundle TM has a continuous splitting £° & E" which is Df-
invariant, i.e., for each p € M, T,M = E; © E with D,f(E,) = E;(p)
and Dpf(Eg) — E}‘(p), where T),M is the tangent space at p;

ii. there exist constants A € (0,1) and ¢ > 0 such that for each i € Z, n > 1,
and p € M;, we have:

1Dp(f) (@) < eA™[|v]| if v € EFand  [|Dy(f; ") ()] < eX|Jv]| if v € E.

The subspaces £, and £, are called stable and unstable subspaces, respectively.

The set consisting of Anosov family on (M, (-, -)) will be denoted by A(M).
If we can take ¢ = 1 we say the family is strictly Anosov.
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A clear example of an Anosov family is the constant family associated to
an Anosov diffeomorphism (see [1], Definition 2.2). Is well-known the notion
of Anosov diffeomorphism does not depend on the Riemannian metric on the
manifold (see [9]). However, Example 4 in [1] shows that suitably changing the
metric on each M; the notion of Anosov family could not be satisfied.

Example 2.6. Let F' be a hyperbolic linear cocycle defined by A : X —
SL(Z,d) over a homeomorphism ¢ : X — X on a compact metric space X (see
[11]). For each x € X, the family (A(f™()))nez defined on M; = R?/Z%, the
torus d-dimensional equipped with the Riemannian metric inherited from R?,
determines an Anosov family.

Remark 2.7. Let ¢ : M — M be an Anosov diffeomorphism of class C? on
a compact Riemannian manifold M and 8 > 0 such that L(D¢) < 8, where
L(D¢) is a Lipchitz constant of the derivative application  — D, ¢. For a > 0,
take
Qa,p(0) = { € C(M) : d(¢,¢) < a and L(Dy) < B},

where d(-,-) is the Cl-metric on Diff! (M). If « is small enough, any sequence
(Vi)iez in Qq,p(¢) defines an Anosov family in M = [],., M (see [12], Propo-
sition 2.2). Consequently, the set consisting of the constant families associated
to Anosov diffeomorphisms of class C? is open in F(M).

Using the above fact we have:
Example 2.8. Given a € R, consider ¢, : T? — T? defined by
da(z,y) = 2z +y— (14 a)sinz mod 27,z +y — (1 + «) sinz mod 27).

For all @ € [—1,0), ¢ is an Anosov diffeomorphism (see [4]). We have that
given a* € [—1,0) there exists ¢ > 0 such that, if («;)ez is a sequence in
[—1,0) with |a; — a*| < g, then (f;)icz is an Anosov family, where f; = ¢,, for
1€ Z.

The existence of Anosov diffeomorphisms ¢ : M — M imposes strong re-
strictions on the manifold M. All known examples of Anosov diffeomorphisms
are defined on infranilmanifolds (see [4], [9], [11]). The circle S = {z € R?:
|z]| = 1} does not admit any Anosov diffecomorphism. In [6] we show that S'
does not admit Anosov families in the following sense: let M = | J, ., M; where
M; = S* x {i} equipped with the Riemannian metric inherited from R? for
each i. Thus, there is not any Anosov family on M. As mentioned above, the
Anosov families are not necessarily formed by Anosov diffeomorphisms. Then,
a natural question that arises from the notion of Anosov families is: which
compact Riemannian manifolds admit Anosov families?

3. Some properties of the Anosov families

We now show some properties that the Anosov families satisfy and that will
be used in the rest of the work. In this section, if we do not say otherwise,
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(M, (-,-), f) will represent an Anosov family with constants A € (0,1) and
¢ > 1. Sometimes we will omit the index ¢ of f; if it is clear that we are
considering the i-th diffeomorphism of f.

In [1], Proposition 2.12, is shown for an Anosov family the splitting 7,M =
E; & Ej is unique. Actually, we have:

Lemma 3.1. For each p € M; we have
i. By ={veT,M;:|Dy(f")(v)| is bounded, for n > 1}.
ii. By ={veTpM;:|Dy(f")(v)|l is bounded, forn > 1}.
Proof. We will prove i. Set By = {v € T,M; : sup,>1 [|Dp(f")(v)| < +o0}.
It is clear that Ej C Bj. Suppose there exists v € T,M; such that v ¢ E;.
Thus v = vs + v, for some vs € E; and v, € £y with v, # 0. Therefore, we
have || Dy (f")(0)[| = ¢ IA7" vyl — eA™|Jvs|l, where [ Dy(£7)(v)l| — +o00, that
is, v ¢ B,. Thus B, C E;. O
Definition 3.2. For p € M and « > 0, set
Ko pp ={(vs,v0) € Ef @ EJ v < allvs|} U{(0,0)}
:= stable a-cone of f atp,
Ko pp={(vs,vu) € By ® B« |Jus]| < alval]} U{(0,0)}
:= unstable a-cone of f atp.

(see Figure 2).

T, M

Kcsx,f,p

FIGURE 2. Stable and unstable a-cones at p.

Taking a suitable «, the following lemma shows that the cones are invariant
by the derivative of the family and, in addition, the derivative of the family

restricted K ,p 1S an expansion and restricted to K .p 18 & contraction:

Lemma 3.3. Suppose that fis a strictly Anosov family. Fiz o € (0, }_T_—;\\) and
take N = A2 < 1. Thus:
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L DpfiKy s,) © KG p gy Furthermore, || Dy f(v)|| > wv|| forve KX

a.fp a a.fip’
ii. Df(p)fl(Kz’f’f(p)) C K s, FPurthermore, Dy ()] = L |v|| for v e
K .
o.f.f(p)

Proof. For (vs,vy) € K ; , we have

IDpf (vs)ll < Allvs|l < Aafjou]l < Aal[Dpf (va)ll < ol Dpf (va) -

Therefore Dpf (K}, ;) € K On the other hand, we have

o.f . f(p)
l-«a
[1Dpf (vs, vu) | 2 1 Dpf (vu) | = |1Dpf (vs) || = A1+ a) [[(vs, vl
and this fact proves i. The part ii. can be proved analogously. 0

Next proposition proves the continuity of the splitting F* & E* can be ob-
tained from both the condition ii. in Definition 2.5 and the Df-invariance of
the splitting. We adapt the ideas of the proof of Proposition 2.2.9 in [4] (which
is done for diffeomorphisms defined on compact Riemannian manifolds) to show
the following result.

Proposition 3.4. Let f € F(M). Suppose that TM has a splitting E* & E“
which is Df-invariant and satisfies the property ii. from Definition 2.5. Thus,
E; and E}; depend continuously on p.

Proof. First we prove that the dimensions of E* and E* are locally constants.
Let p € M and k = dimE;. Suppose by contradiction that there exists a
sequence (Pm)men € M converging to p such that dimE; > k+1 for all m.
Take a sequence of orthonormal vectors

V1(Pm); - > Vk(Pm)s Vey1(Pm)  in B, for each m.
Choosing a suitable subsequence, we can suppose that
V1(pm) = v1 € T,M, ..., vp41(Pm) = Vkg1 € T,M as m — oo.

Therefore, by continuity of the Riemannian metric, it follows from condition ii.
in Definition 2.5 that, for all n > 1, we have

(3.1) |Dp(fi) ()|l < eA™|lvs|| foreach s=1,...,k+1.
By Lemma 3.1 we obtain vi,...,vx41 € E5. Since vi(pm), .-, vk(Pm), and
Vg+1(pm) are orthonormal for all m > 1, we have that vq,...,vp41 are or-

thonormal, which contradicts that dimFE; = k. Similarly we can prove that
there is not any sequence (p., )men converging to p with dimE, <k for all m.
Therefore, the dimension of EJ is locally constant.

Analogously we obtain that the dimension of E}; is locally constant.

Now, let (pm)men be a sequence in M such that p,, — p € M as m — oo.
Without loss of generality, we can suppose that (pmy)men € M; and p € M;
for some ¢ € Z. This fact follows from the definition of the metric on M
given in (2.2). Furthermore, we can assume that dimE,; = dimE; = k for
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every m > 1. Let {vi(pm),--.,v%(Pm)} be an orthonormal basis of E; , for
each m > 1, such that vi(py) — vi € Tp,M;, ..., v5(pm) — vx € T,M; as
m — oo. By the continuity of the Riemannian metric we have that vy,...,vg

are orthonormal and
| Dp(£i)(vs)|| < eA™|Jus|| foreach s =1,... k,

that is, v1, ..., v; belong to E7. This fact proves that £ depends continuously
on p. Analogously we can prove that £ depends continuously on p. (I

The notion of Anosov diffeomorphism does not depend of the Riemannian
metric on the manifold (see [9]). In contrast, the notion of Anosov family
depends on the Riemannian metric taken on each M; (see [1, Example 4]).
However, the next proposition proves that the notion of Anosov family does
not depend on the Riemannian metric chosen uniformly equivalent on M.}

Proposition 3.5. Let (-,-) and (-,-)* be Riemannian metrics uniformly equiv-
alent on M. We have that (M, {-,-),f) is an Anosov family if, and only if,
(M, (-, )", f) is an Anosov family.

Proof. Let || -] and || - ||* be the norms induced by (-, -) and (-, -)*, respectively.
Since (-, -) and (-, -)* are uniformly equivalent on M, there exist £ > 0 and K >
0 such that k|jv]|* < ||v]| < K||v||* for all v € TM. Suppose that (M, (-, -), f) is
an Anosov family with constant A € (0,1) and ¢ > 1. Thus, forv € T,M,n > 1,

1Dy (F) ()" < (/R Dy (FF) ()| < (c/R)N"[[o]] < (Ke/R)A™[|v]|-

Analogously we have ||D,(f;")(v)|[* < (Kc/k)A"||v||*, for v € T,M,n > 1.

Therefore, (M, (-,-)*, f) is an Anosov family with constant A and ¢ = Kc¢/k.
Similarly we can prove if (M, (-, -)*, f) is an Anosov family then (M, (-, -), f)

is an Anosov family. O

In Proposition 3.7 we will show there exists a Riemannian metric (-,-)*,
equivalent to (-,-) on each M; ((-,-)* is not necessarily uniformly equivalent
to (-,-) on the total space M), with which, (M, (-,-)*, f) is a strictly Anosov
family. That is a version for families of a well-known Lemma of Mather for
Anosov diffeomorphisms (see [9]). In order to prove this fact, we introduce the
following notion: Fix ¢ € Z. Since for each p € M;, the subspaces E, and E}
are transversal, that is, ES & E,’ = T),M;, then, by the compactness of M; and
the continuity of both the Riemannian metric and the subspaces E, and Ep,
we obtain that there exists u; € (0,1) such that, if vy and v, are unit vectors
in E; and E}, respectively, then

(3.2) cos(Usy) € (s — 1,1 — pg),
ITwo Riemannian metrics (-,-) and (-, )« defined on a manifold M are uniformly equiv-

alent if there exist positive numbers k and K such that k(v,v) < (v,v)s« < K(v,v) for any
veTM.
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where 0,0, is the angle between v, and v,. In the case of Anosov diffeomor-
phisms defined on compact manifolds those angles are uniformly bounded away
from 0. In [6] we gave an example where the angles between the unstable and
stable subspaces along the orbit of a point of My converge to zero.

Definition 3.6. We say that an Anosov family satisfies the property of the
angles (or s. p. a.) if there exists p € (0, 1) such that, for all p € M, if vs € E,,
and v, € Ey, then cos(v50,) € [ — 1,1 — p], that is,  does not depend on 4.

Proposition 3.7. There exists a C*° Riemannian metric (-,-)* on M, which
is uniformly equivalent to {-,-) on each M;, such that (M, {-,)*, f) is a strictly
Anosov family. Furthermore, (M, (-,-)*, f) satisfies the property of the angles.

Proof. Let ¢ € (0,1 — X). For p € M, if (vs,v,) € E, ® B, take

2 2
(3.3) [(vs,vu)[l1 = \V vsll1™ + vl

where
vslls =D (A + &) IDp(f "Jvsll and [Joulls =D (A +) " IDp(f " )vull-
n=0 n=0

Note that if vs € E; we have

o0

(34) [[vslh =Y (A+e) ™ IDp(F")vsll < Y- (Ate) e ol =
n=0

n=0

A+e

cllos|l-

Analogously, ||v.]l1 < %CHUUH for v, € E. Consequently the series [|vsl|1

and ||vy|l1 converge uniformly. That is, || - ||; is well defined.
We prove that || - ||; is uniformly equivalent to || - || on each M;. It is clear
that ||vs|| < ||vs|l: and |Jvu|| < ||vw|l1. Thus,

1(vs, )l < sl + [lvall < 2(10sl1* + o)/
< 2(]|0sI} + [loull$)? = 21l (vs, va) -
This fact implies
(3.5) lv]] < 2||v|z  for all v € TM.

Fix p € M;. Let 0, be the angle between two vectors vy € E; and v, € E;j,
for p € M;. Take p; as in (3.2). Since (1 — p;)(|Jvs]|® + [Jvul?) > 2(1 —
pi)|[vslf|vu |, we have

lvsl1 + loull® + 20k — Dloslllvall = milllvs? + lvall).
Therefore
10, 012 = 0512 + leall? = 2608, o v
> [losll* + lvall® + 2(ui = D)lvs vl
> pi([Jos]|* + [lvul?).-
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Consequently,
Ate
—c

N

)2 (lvsl” + [lvu )

Ate
—)?||(vs, ) [|*-

(s va) [T = IlosllT + loullF < (
1
i

IN

(

Thus,

1A
(3.6) ol < ;(?c)zﬂvﬂ for all v € TM;.

(2

It follows from (3.5) and (3.6) that

1 1 A
(3.7) Sloll < ol < ;(%c)QHUH for all v € TM;.

K2
Hence, the norm || - ||; is uniformly equivalent to the norm || - || on each M;.
We have also that

[1Dpfoslls < (A+€)[lvs|ly if vs € B and
1D (Ff ~Houlls < A+ &) lvully if vy € By

Note that the norm || - ||; comes from an inner product (-,-)1, which defines a
continuous Riemannian metric on M. Consequently, for each i, we can choose
a C'*°-Riemannian metric (-, ) such that |[(v,v) — (v,v)1| < € for each v €
TM,;. We take (-,-)* on M, defined on each M; as (-,-)*|np, = (-,-)F. Hence
(M, (-,-)*, f) is a strictly Anosov family with constant A’ = A + ¢, which s.p.a..

O

By (3.7) we have that (-,-) and (-, -)* are uniformly equivalent on each M;.
However, this fact does not imply that they are uniformly equivalent on M,
because p; could converge to 0 as i — +oo (notice that M is not compact). If
the angles between the stable and unstable subspaces converge to zero along an
orbit, then p; converges to zero. In that case the two metrics are not uniformly
equivalent on the total space. On the other hand:

Corollary 3.8. If (M, {-,-),f) s.p.a., then there exists a C°°-Riemannian met-
ric (-, -)*, uniformly equivalent to (-,-) on M, such that (M, (-,Y*, f) is a strictly
Anosov family that s.p.a..

Proof. Since f satisfies the property of the angles, we can take a u as in Defi-
nition 3.6. From (3.7) we have for all v € TM,

Ate
—)?|vl,

where | - ||1 is the metric defined in (3.3). Thus, || - || and || - ||; are uniformly
equivalent on the total space. The corollary follows from the proof of Proposi-
tion 3.7. (|

1 1
Slhvll < flolly < =(
2 Iz
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A Riemannian metric is adapted to an hyperbolic set of a diffeomorphism if,
in this metric, the expansion (contraction) of the unstable (stable) subspaces is
seen after only one iteration. The metric obtained in Proposition 3.7 is adapted
to M for the family f. This metric is not always uniformly equivalent to (-, ),
because there exist Anosov families which do not s.p.a..

4. Invariant cones

In order to prove the openness of A(M), we use the method of the invariant
cones (see [4]). We will prove that there exists a strong basic neighborhood
B(f,(g:)icz) of f such that each family in B(f, (¢;):cz) satisfies Lemma 3.3.

We will use the exponential application to work on a Fuclidian ambient
space. For each i € Z, there exists d; > 0 such that, if p € M;, then the
exponencial application at p, exp, : B,(0,6;) — B(p,d;), is a diffeomorphism,
and [[v]| = d(exp,(v), p), for all v € B,(0,d;), where B, (0, d;) is the ball in T}, M;
with radius ¢; and center 0 € T,,M; and B(p, d;) is the ball in M, with radius
0; and center p, i.e., §; is the injectivity radius of the exponential application
at each p € M;. The injectivity radius could decrease as |i| increases, since the
M;’s are different. We need a radius small enough such that the inequality in
(4.2) be valid. This inequality depends also on the behavior of each f;.

By simplicity, in this section we will suppose that f € F(M) is an Anosov
family that satisfies the property of the angles.

Remark 4.1. We can choose 8; > 0, with 8; < min{d;_1,d;,d;+1}/2, such

that, if p € M;, f(B(p,26;)) € B(f(p),di+1/2) and f~'(B(f(p),2Bi+1)) C
B(p,6;/2). Thus, if g = (g:)icz € F(M) with dp, (fi, g:) < B; for all i, we have

(41)  g(B(p,Bi)) € B(f(p),6i41) and g ' (B(f(p),Bi+1)) € B(p, ).

Consider a linear isomorphism 7, : 7,M — R?, depending continuously on
p, which maps an orthonormal basis of Ej to an orthonormal basis of RF and
maps an orthonormal basis of E to an orthonormal basis of R?* where d
is the dimension of each M; and k the dimension of E,. Since f satisfies the
property of the angles, the norm || - ||; defined in (3.3) is uniformly equivalent
to the norm | - || (Corollary 3.8). Hence, without loss of generality, we can
suppose that || - || = || - ||1, because a family of diffeomorphisms in any strong
basic neighborhood of f is Anosov with || - || if and only if is Anosov with || - ||;
(see Proposition 3.5). Therefore, we can suppose that f is strictly Anosov.
Note that ||7,(v)|| = ||v|| for all v € T,M.

For g € D;, with dp, (fi,g9) < Bi, we set

Op = Tf(p) © exp;(lp) 0 gi 0 exp,, 0 7';1 : By(0,8:) = By (0,8i41)
and g;l =T,0 eXp;1 o gi_1 0 exXpPy(p) © Tf_(:zl)) : By(p) (0, Bit1) = Bp(0,6;),

which are well-defined as a consequence of (4.1).
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Definition 4.2. Let B*(0,3;) € R* and B?7%(0,8;) € R%* be the open
balls with center at 0 and radius 3;. For x € R? we denote by (v); and
()2 the orthogonal projections of z on E® and EY, respectively. If (v,w) €
Bk(oaﬁz) X Bdik(ovﬁi)a then

Fo(w,w) = ((Fp)1 (00), (Fp)a (0, w)) = (@p(v,w) + Eyp(0), by, w) + Fp(w)),
where @, (v,w) = (fy)1(v,w) — Fy(v), by(v,w) = <f(p>< W~k Ay (w), and

F, = Do(fp). Analogously we have that, for each ) € B¥0,8i41) x
BYK(0, Bit1),

with &,(0,w) = (F;)1(v,w) = Gpl0)s dylv,w) = (F5)a(v,w) = Gplw): Gy =
Do(f, ).
Consider
o1,p = sup{[| D, w)(apa~ ) = (v,w) € B¥(0, 5) x B0, 8:)}
and 03,5 = sup{[| Dy, (&, dp)l| = (v, w) € B0, 1) x B0, Bivn) }-

Note that o1, and o9, depend on j;. Take o, = max{o1 ,,02,}.

Lemma 4.3. Fiz a € (0 For each i € Z there exists 3; such that

A t=XNa X1l -a)-(1+a)a
214+ «a)?’ 2(1+a) '
Proof. Note that Do(f,) = Tt Dpfr, b Hence, if (v,w) € R¥ & R¥™F, we
have
(Fypv, Fyw) = (74p) Dp 7, (0), Ty Dy f 7, () = Ty Dp S, (0, 0)
= Do(fp)(v,w) = (D (f )1(v,w), Do(fp)2(v, w)).

Consequently, Do(ap) = 0 and DO( ») = 0. Analogously, we can prove that
Do(é,) = 0 and Dy(d,) = 0. Thus, since f is of class C' and M; is compact,

it follows that for each i we can choose (; small enough such that (4.2) is
valid. |

71+)\)

(4.2) 0i i= Imax o < min

We chose « € (0 for the minimum in (4.2) be positive. Set

71+)\)
= {(v,w) e R* SR Jw|| < alfv]};
= {(v,w) eR* SR : o]l < afjw]}.

Lemma 4.4. Let « € (0, 1_7_;) and B; be as in Lemma (4.3). Thus, there exists
a g; > 0 such that, if g € D; with dp,(fi,g) < €i, for all p € M; we have:
i. D(v,w)gp(l(ig) C K for all (v,w) € B¥(0, ;) x B¥%(0, 8;), and

ii. Deyw)gy (K3) € K5 for all (v,w) € B*0, Bi1) x B*#(0, Biy1).
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Proof. We will prove i. Take ¢; < min{f;, Bit1,0:}. Fix (v,w) € B¥(0, ;) x
BYR(0, ). Tf (2,y) € K&\ {(0,0)}, then
(D) p (2, y))1 |

< (D) (@, 9))1 = (Do) o (@, )1l + (Do) Fo (2 )1
<oyl + [lyl) + oull(z, Il + Azl < ((a+1)205 + Aa)||y]-

Analogously, we have [|(D(y,uw)dp(,y))2]] = (A\™! = 203(a 4 1))|y]|. Since oy <

a(A"t=)) then ((x+1)201+)\o¢

2AFa)? %0, (o) < and hence,

1D ,u)Fp (@, )11l < all(Dw,u)Fp(x,))2]]-

Therefore, D, .,)Gp(2,y) € K%. Consequently, D, ., gp(K%) € KY. O
Lemma 4.5. If ¢; < min{8;, Bi1+1,0:}, there exists n < 1 such that, if g € D;
is such that dp,(fi, g) < €i, then, for p € M;,

i Do ()l = 1w if (0,9) € G

i ([ Dw,w) 3y (@)l = 0 (@) if (2,y) € K.
Proof. We will prove i. Let g € D; be such that dp,(fi,9) < &. Fix p €
M; and take (z,y) € K% By Lemma 4.4 we have |(D(yu)fp(®,y))1] <
|| (Dw,w) fo(@,9))2]|| for (v,w) € B¥(0,8;) x B4*(0, ;). Thus,

HD(v,w)gp(xvy)” > ||D(v,w)fp(xvy)H - ”D(v,w)fp(xvy) - D(v,w)gp(xvy)||
> (D w,w) fo (@, 9))2ll = 1(Dw,w) fo (@, y)1ll — €ill (2, y)]

> (1= a)(|F W)l = 1D gw,w)bp (2 9)) = aill (2, 9)

)\71

>(1- —_—

> (1-a)({—

Consequently, || D, ) Jp(z,y)|| > %H(x,y)”, where % = (1704)()‘71 —0;) — 0.

1+«
AT—
<%,n<l. O

1@, )l = aall(z, y) ) = oill (2, Y-

Since o;

Fix g = (gi)iez € B(f,(€:)icz). For each i € Z, let m; € N be such that
Mz' = U;»n:le(pjﬂ‘, 51)7 where Dji (S Ml for ] = 1, e,y Take the set of charts
¢ji: BY0,5:) x BYF(0, 8;) = B(pj.i, i) where ¢;; = exp,, o7, L.

It follows from Lemmas 4.4 and 4.5 that:

Lemma 4.6. Foralli € Z and j =1,...,m;:
L M; = U;n;1 ¢j,i(Bk( /61) x B4~ k(OwB ))
il ¢} 41905.:(B*(0,8;) x B¥7K(0, 8;)) € B*(0,0:41) x BF(0,8;41).

iii. 6579 0ji41(B*(0, Biy1) x B0, Biy1)) € BF(0,8;) x B¥F(0, ;).

iv. For all v € B*(0,;) x B¥%(0,8;), if v € K¥, we have

Dy(¢5,1419¢5.:)(K8) € Ko and | Do(65:41905:) (@) = 17|«
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v. For all v € B*(0,8;41) x BY¥(0, Bi11), if z € K5, we have
Dy(¢519 ' 0ji41)(K3) C K5y and | Do(95,/ g ¢j.01) (@)l = 07 |-

Hence, since Doexp, = Idr,n, Gp = Ty (p) © exp;(lp) 0 g; 0 exp, o 7'1,_1 and 7,
is an isometry, by choosing ; even small, if necessary, we have:

Lemma 4.7. There exists n € (0,1) such that, if g € B(f,(¢:)icz), for each
p € M we have:

L Dypg(Kysp) © KG b Furthermore, | Dypg(v)| > n ol ifve KY g

ii. Dg(p)g_l(K;’f,g(p)) C K, Furthermore, HDg(p)fl(v)H > n | if
ve KZ,f,g(p)'

5. Openness of the Anosov families

A well-known fact is that the set consisting of Anosov diffeomorphisms on a
compact Riemannian manifold is open (see, for example, [9]). The purpose of
this section is to show the result analogous to Anosov families, that is, we prove
that A(M) is an open subset of F(M). As we have seen in Section 3, the set
consisting of constant families associated to Anosov diffeomorphisms of class
C? is open in F(M). On the other hand, let X be a compact metric space,
¢ : X = X a homeomorphism and A : X — SL(Z,d) a continuous map such
that the linear cocycle F defined by A over ¢ is hyperbolic. Thus, there exists
e > 0 such that, if B : X — SL(Z,d) is continuous and ||A(x) — B(z)|| < €
for all z € X, then the linear cocycle G defined by B over ¢ is hyperbolic (see
[11]). This fact shows the openness of the set consisting of Anosov families that
are obtained by hyperbolic cocycles. These are particular cases of our result.

First we prove the set consisting of Anosov families satisfying the property
of the angles is open and in the end of this work we will show the general case.
We will consider (g;);ez as in Lemma 4.7 and fix g € B(f, (¢;)icz)-

Lemma 5.1. For each p € M, take
(5.1)
0o (oo}
Iy = ﬂ DQ"’(P)gin(K;,f,g"(p)) and  F) = ﬂ Dy*”(p)gn(Kg,f,g—n(p))-
n=0 n=0
Thus, the families F,) and F' are Dg-invariant (see Figure 3).
Proof. By Lemma 4.4 we have for all p € M, Dg(p)gfl(K;’f’g(p)
ng(K&f,p) - K&"f’g(p). Thus

1/ - (Jes s
Dg(p)9 (Fg(p)) < ﬂ Dgnip)g (KZ,f,gn(p)) =F;.

n=0

) C K27f7p and

On the other hand,

Dypg(Fy) = Dpg(K3 ;)N ﬂ DPQ(Dg"(p)gin(m))

n=1
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P o.f,p

T,M

o.fp

F )

p,le,QFp,ii

o n +k
FIGURE 3. F},, = (i, Dg .
and n=1,2,3.

(K

(p) a’f,yi’“(p)) for r = s,u

< m Dy"“(ﬁ)g_n(K;,f,gnﬂ(p)) y ;(p)‘

n=0

Consequently, D, g(F;) = F, 9(0)" Analogously we can prove D,g(F}') = F;(p6

Inductively we have D,g"(Fy) = Fg., and Dpg"(Fy') = FJ, ., for all
n > 1. Since F; C K;f,p for r = s, u, it follows from Lemma 4.7 that, for all

n>1,

1 _ 1
| Dpg™v|| > n—n||v|| forve F) and |D,g"v| > n—n||v|| for v € F}.

Lemma 5.2. F; and I} given in (5.1) are vectorial subspaces and furthermore
T,M=F;® Ly, for eachp € M.

Proof. See Proposition 7.3.3 in [4]. O

Proposition 5.3. g is an Anosov family and satisfies the property of the an-
gles.

Proof. From Lemmas 4.7, 5.1 and 5.2 we have that, considering the splitting
T,M = FJ & F}, for each p € M, g has hyperbolic behaviour. We can prove
that this splitting is unique (see Lemma 3.1) and depends continuously on p
(see Proposition 3.4). Consequently, g is an Anosov family. Finally, since
F; - K3 1-)

afp and F C K2, for all p and a < 17> < 1, we have that g

s.p.a. ([l

From Proposition 5.3 we obtain the set consisting of Anosov families that
s.p.a. is open in F(M). Finally will show that the set consisting of all the
Anosov families is open in F(M). In order to prove this result, let’s see the
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following facts: suppose that (M, (-, -), f) does not s.p.a. with the Riemannian
metric (-, ). Thus (M, (-,-)*, f) is a strictly Anosov family that s. p. a. with
the Riemannian metric (-,-)* obtained in Proposition 3.7. Fix ¢ > 0 and take
A= i(ﬁc)2 (see (3.7)). Thus,

€
Ai_1||v||* <] <2|v|* forallveTM,, i€Z,

where ||-|| and || ||* are the norms induced by (-, -) and (-, -)* on M, respectively.
From Proposition 5.3 it follows that there exists a sequence (g;);ecz such that,
if g = (g:)iez is a non-stationary dynamical system with df, (fi,g:) < €, then
(M, (-,-)*, g) is an Anosov family, where df, is the metric on D; induced by
the metric (-, -)* on M. We want to show that each family in some strong basic
neighborhood of f is an Anosov family with the metric (-,-). This fact is not
immediate, since (-,-) and (-, -)* are not necessarily uniformly equivalent on M
and the notion of Anosov family depends on the metric on the total space.

Theorem 5.4. A(M) is open in F(M).

Proof. If f satisfies the property of the angles, by Proposition 5.3 there exists
a strong basic neighborhood B(f, (¢;)icz) of f such that, if g € B(f, (¢i)icz)
then g is an Anosov family. Suppose that f does not satisfy the property of
the angles. From Proposition 5.3 we have there exists a sequence of positive
numbers (g;)icz such that, if g = (g:)icz € F(M) and df, (fi,9:) < €, then
(M, (-,-)*, g) is a strictly Anosov family with constant A = 5 € (0,1). For each
i, take &; = g;/A,;. Notice that if dp,(f;, g:) < &; then dpx (fi,9i) < &, for all
i. Consequently, if g € B(f, (¢;)icz), then (M, (-,-)*, g) is an Anosov family.
Consider the stable subspace Ey , of g at p (with respect to the metric (-, -)*).

Ifve E;p, then v = vs + vy, where v, € E;’p and v, € E}L)p. Take a € (0, N),

where N = min{ﬁ, ﬁ_—i} Since the stable subspaces of g are contained in
the stable a-cones of f and |Jvs|| < ||vs||*, it follows from (3.4) that

Ate
[vsl| < [lvs + vull + [[vall < [Jvs + vall + aflvs |7 < o] +

cllvs]l-
Thus (1 — a%c)HvSH < |lv]| (note that 1 — a%c > 0 because a < ﬁ)
Hence

[Dpg™ (W) < 2[[Dpg™ (0)[I* < 20" ([Jos]|" + [Jvull®) < 20™ (1 + ) |vs ||

A+e A+e

<2n"(1+ «) e(l—a

o)~ Hlvll = n*lvll,

€
where ¢/ = 2(1 + a)%c(l - a%c)_l. Analogously we have ||[D,g~"(v)|| <
cn"|lv]| for v € Ey . Hence, (M, (-,+), g) is an Anosov family with constants
n and ¢'. O

Note that for the basic strong neighborhoods B(f,(£;)icz) of a system
(fi)icz the €; can be arbitrarily small for |i| large. When there exists € > 0
such that ¢; = € for all 4 € Z, the neighborhood is called uniform. As noted
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above, when f is the constant family associated to an Anosov diffeomorphism,
it is possible to find a uniform neighborhood of f whose elements are Anosov
families. In general it is not possible to find a uniform neighborhood of an
Anosov family such that each family in that neighborhood is Anosov. For ex-
ample, if the angles between the stable and unstable subspace decay, or if we
can not get the inequality (4.2) with a uniform f;, etc., it is necessary to take
the €;’s ever smaller. In [8] we will give conditions on the families for obtain
uniform neighborhoods.
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