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Abstract

We prove that a divergence-free and C'-robustly transitive
vector field has no singularities. Moreover, if the vector field is C*
then the linear Poincaré flow associated to it admits a dominated
splitting over M.
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1 Introduction and statement of the
results

It is well known that, in the C''-topology, robust transitivity of a dyna-
mical system defined on a compact manifold always implies some form of
(weak) hyperbolicity. In fact in the early 1980s Mané ([15]) proved that a
Cl-robustly transitive two-dimensional diffeomorphism is uniformly hy-
perbolic. Mané’s Theorem was generalized first by Diaz, Pujals and Ures
([10]) showing that C'-robustly transitive three-dimensional diffeomor-
phism are partially hyperbolic, and then by Bonatti, Diaz and Pujals
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([7]) obtaining that a C'-robustly transitive diffeomorphism has domi-
nated splitting. In the symplectomorphism case Horita and Tahzibi ([14])
showed that C'-robust transitivity implies partial hyperbolicity in any
dimension.

Concerning the vector field context Doering ([12]) transposed Mané’s
result to three-dimensional flows. Then, generalizing this result, Vivier
([19]) showed that, in any dimension, C'-robustly transitive vector fields
do not have singularities, and Bonatti, Gourmelon and Vivier ([9]) proved
that the linear Poincaré flow of a Cl-robustly transitive vector field
admits a dominated splitting. In the three-dimensional and volume-
preserving case, Arbieto and Matheus ([1]) showed that a C'-robustly
transitive vector field is Anosov. Finally, Vivier ([20]) proved that any
Hamiltonian vector field defined on a four-dimensional sympletic mani-
fold and admitting a robustly transitive regular energy surface is hyper-
bolic on this energy surface.

In this paper we consider the conservative flows setting (or, equiv-
alently, the divergence-free vector fields scenario) and obtain the same
kind of results of Vivier and of Bonatti, Gourmelon and Vivier mentioned
above. Concerning the ergodic theoretical point of view we mention that,
using the Mané, Bochi and Viana strategies ([16] and [5]), in [3] is proved
that generically conservative linear differential systems have, for almost
every point, zero Lyapunov exponents or else a dominated splitting.

Before stating precisely our results let us introduce some definitions.

Let M be a compact, connected and boundaryless smooth Rieman-
nian manifold of dimension n > 4. We denote by u the Lebesgue measure
induced by the Riemannian volume form on M. We say that a vector
field X is divergence-free if its divergence is equal to zero or equivalently
if the measure p is invariant for the associated flow, X*, ¢t € R. In this
case we say that the flow is conservative or volume-preserving.

We denote by XJ,(M) (r > 1) the space of C" divergence-free vector
fields of M and endow this set with the usual C'-topology.

A vector field X is said to be transitive if its flow has a dense or-
bit in M. Moreover, X is C'-robustly transitive if there exists a C'-
neighbourhood of X in X (M) such that all its elements are transitive.

Let us now state our first result.

Theorem 1.1 Let X € X (M) be a C'-robustly transitive vector field.
Then X has no singularities.



We denote by Sing(X) the set of singularities of X and by R :=
M\ Sing(X) the set of regular points. Given x € R we consider its normal
bundle N, = X(z)* C T,M and define the linear Poincaré flow by
Pl (z) := Hxt(mo DX where ILye(y) : Txt(s)M — Nxt(y) is the projection
along the direction of X (X*(x)). Let A C R be an X'-invariant set and
N =N!'® N?®...® N* be a Py-invariant splitting over A such that all
the subbundles have constant dimension. We say that this splitting is an
(-dominated splitting for the linear Poincaré flow if there exists an £ € N
such that, for all 0 < i < j < k and for all x € A we have:

N | —

i ¢ —1
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Previous result guaranties that a C'-robustly transitive vector field
has no singularities. Moreover, next theorem shows that if these vector
fields are of class C* then they exhibit some type of weak hyperbolicity.

Theorem 1.2 Let X € %ﬁ(M) be a C'-robustly transitive vector field.
Then X has no singularities and the linear Poincaré flow of X admits a
dominated splitting over M.

We point out that this theorem requires that the C'-robustly tran-
sitive vector field X is of class C* and not just of class C! as it would
be expected. This hypothesis is a technical assumption needed to make
C'-conservative perturbations of the initial vector field X. Actually, the
proofs of Theorems 1.1 and 1.2 are based on the ones made by Vivier
([19]) and by Bonatti, Gourmelon and Vivier ([9]) but, as the perturba-
tions are made in the conservative class, we need to develop some appro-
priate C! perturbation lemmas, namely a kind of conservative Franks’
lemma, and for that we need to begin with C* regularity. We also re-
fer that one of the main tools to get these perturbation lemmas is the
Arbieto and Matheus Pasting Lemma ([1]).

Let us now state some corollaries of the two theorems above.

As, for r > 2, C" divergence-free vector fields are C''-dense in X},(M)
(Zuppa, [21]) we obtain the following corollary.

Corollary 1.3 Let T be the open set of Cl-robustly transitive vector
fields X € X\, (M). There exists a C'-dense subset U of T such that if
X € U then Sing(X) = 0 and the linear Poincaré flow of X admits a
dominated splitting over M .



Given a probability measure v invariant for the flow X' we say that
v is an ergodic measure for X if any measurable set that is invariant by
the flow has zero or full measure. Equivalently, v is ergodic if, for every
observable continuous function ¢: M — R and for v-a.e. point x € M,
one has L
/ e(2)dv(z) = lim—= [ o(X*(x))ds.
M

t—oot 0

We say that a C" vector field X is Cl-stably ergodic with respect to a
probability measure v, r > 1, if there exists a C''-neighbourhood of X, U,
such that v is an ergodic measure for Y, for all Y € . In this paper we
only consider ergodicity and stable ergodicity for the Lebesgue measure.

It is well known that, for conservative systems, ergodicity implies
transitivity. Therefore, as an immediate consequence of Theorem 1.2, we
get the following corollary.

Corollary 1.4 Let X € X, (M) be a C'-stably ergodic vector field. Then
Sing(X) = 0 and the linear Poincaré flow of X admits a dominated
splitting over M.

Let X € X,(M) be a vector field without singularities and let £ @
E?...® E* = N be a dominated splitting for the linear Poincaré flow
associated to X. We consider the integrated Jacobian of X restricted to

each E' defined by
zi(X):/ log | det PL(2)| g |dpu(z), i € {1,2, ... k}.
M

In [4] we prove that a C'-stably ergodic vector field X, such that M \
Sing(X) is partially hyperbolic and all the singularities are linear hy-
perbolic, can be Cl-approximated by a C?-divergence-free vector field YV
such that 3¢(Y) # 0, where X°(Y") denotes the integrated Jacobian of
Y restricted to the central subbundle E°. Actually, Theorem 1.1 im-
plies that a C'-stably ergodic vector field does not have singularities.
We also remark that the proof given on [4] only requires the existence
of a dominated splitting. This fact was already observed in [2] in the
diffeomorphism context. Hence, Theorem 1 of [4] can be reformulated
as follows.

Corollary 1.5 Let X € X),(M) be a stably ergodic flow and E' ® E*...®
E* = N be a dominated splitting for the linear Poincaré flow of X over
M. Then X may be approximated, in the C'-topology, by Y € %ZO(M)
for which X(Y) #£ 0, for alli € {1,2,....,k}.
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Note that if X € %ﬁ(M ) then the previous result applies directly to
the dominated splitting given by Theorem 1.2.

We recall that a conservative vector field X is said to be nonuni-
formly hyperbolic if all the Lyapunov exponents are a.e. different from
zero. In particular if M is four dimensional, X € X3 (M) is C'-stably er-
godic and admits a dominated splitting with three nontrivial subbundles
then the previous corollary assures that X can be Cl-approximated by
a nonuniformly hyperbolic vector field.

If M is a four dimensional manifold and X € X}, (M) is stably ergodic
then M admits a dominated splitting, £ @® F', for the linear Poincaré flow
associated to X. Since the vector field is divergence-free and has no sin-
gularities it is straightforward to see that the one-dimensional invariant
subbundle is hyperbolic and the other subbundle is hyperbolic in volume,
that is the splitting is a partially hyperbolic one. Therefore, using again
Zuppa’s Theorem ([21]), we obtain the following result.

Corollary 1.6 A C'-stably ergodic vector field X € X,(M*) can be C'-
approzimated by a partially hyperbolic vector field.

This paper is organized as follows. In section 2 we state three re-
sults (Proposition 2.1, Proposition 2.2 and Proposition 2.4) and deduce
the theorems from the first two. Proposition 2.1 is an easy adaptation
of Proposition 4.1 of Vivier and we show that Proposition 2.4 implies
Proposition 2.2. In section 3 we obtain the perturbation lemmas needed
to prove Proposition 2.1 and Proposition 2.4 and, finally, in section 4 we
prove Proposition 2.4.

2 A tour on the proofs of the theorems

In this section we prove Theorems 1.1 and 1.2 following the strategy
used by Vivier in [19] and by Bonatti, Gourmelon and Vivier in [9] and
adapting some of their results to the conservative setting. For that we
begin by stating, in the divergence-free vector fields scenario, two main
results of the references above.

Proposition 2.1 Let X € X},(M) be a robustly transitive vector field
such that Sing(X) # (0. Then there exists an arbitrarily C*'-close vector
field Y € %ﬁ(M) such that the linear Poincaré flow of Y does not admit
any dominated splitting over M \ Sing(Y").
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Proposition 2.2 Let X € X, (M) be a robustly transitive vector field.
Then there exists a dominated splitting for the linear Poincaré flow of X
over M \ Sing(X).

Let us now explain how we derive Theorems 1.1 and 1.2 from the previous
propositions.

Fix a robustly transitive vector field X € X,(M); let U be a C' open
neighbourhood of X such that all Y € U are transitive, hence robustly
transitive.

Let us assume that Sing(X) # 0. Applying Lemma 3.3, we obtain
Y € X2 (M)NU such that Sing(Y') # () and Y has at least ne hyperbolic
singularity. Therefore, by Proposition 2.1, we obtain a vector field Z €
X} (M) NU such that Sing(Z) # 0 and the linear Poincaré flow of Z
does not admit any dominated splitting over M \ Sing(Z), which is in
contradiction with Proposition 2.2 applied to Z. Therefore Sing(X) = 0,
which proves Theorem 1.1.

Now let X € X}(M) be a C'-robustly transitive vector field; the
previous argument shows that Sing(X) = () and then Proposition 2.2
guarantees that M admits a dominated splitting for the linear Poincaré
flow of X, thus proving Theorem 1.2.

Proposition 2.1, up to a minor detail, is a consequence of Proposi-
tion 4.1 of [19]. To see this let us first recall that a singularity p of a
given vector field X is said to be a linear hyperbolic singularity if it is
a hyperbolic singularity and there exist smooth local coordinates that
conjugate X and DX, in a neighbourhood of p. In Lemma 3.3 we prove
that any X € %}‘(M ) having a singularity p can be C'-approximated by
a vector field Y € X5°(M) such that p is a linear hyperbolic singularity
of Y. Since Y is a divergence-free vector field it follows that p is of the
saddle-type. Now Proposition 2.1 is a direct consequence of the following
result.

Proposition 2.3 (Proposition 4.1 of [19]) If Y € XY(M) admits a linear
hyperbolic singularity of saddle-type, then the linear Poincaré flow of Y
does not admit any dominated splitting over M \ Sing(Y).

Proposition 2.2 is a consequence of the following result, which is an
adaptation to the conservative setting of Corollary 2.22 of [9], whose
proof is postponed to section 4.



Proposition 2.4 Let X € X} (M) be a C*-robustly transitive vector field
and let U be a small Ct-neighbourhood of X. There exist £, 0 € RE such
that for any Y € U and any periodic orbit x of Y, of period m(x) > o,
the linear Poincaré flow of Y admits an (-dominated splitting over the
Yt-orbit of x.

Let us explain how Proposition 2.2 is deduced from the previous re-
sult.

Fix a robustly transitive vector field X € %i(M ) and let U be a C*'-
neighbourhood of X as in the previous proposition and such that any C*
vector field Y € U is also robustly transitive. Consider ¢ and p given by
Proposition 2.4.

Let x € M be a point with dense X*-orbit. Using Pugh and Robin-
son’s volume-preserving closing lemma ([18]) we get a sequence of vector
fields X, € f{i(M), converging to X in the C'-topology, and, for each
n € N, X, has a periodic orbit I, = T',(t) of period 7, such that
lim, 0o ['4(0) = 2. In particular lim, . 7, = 400. Therefore, for
large m, we can apply Proposition 2.4 to conclude that there is an /-
dominated splitting for the linear Poincaré flow of X,, over the orbit I',;
taking a subsequence if necessary, we can assume that the dimensions of
the invariant bundles do not depend on n. Finally, as (| (U™T,) = M,
by well known results on dominated splittings (see for example [8]) it
follows that there exists an /-dominated splitting for the linear Poincaré
flow of X over M \ Sing(X).

3 Perturbation Lemmas

In this section we state and prove three perturbation lemmas needed
to obtain the main results of this article. In particular the Main Per-
turbation Lemma (Lemma 3.2) is a kind of Franks’ Lemma ([13]) for
conservative flows. As we mention before, for technical reasons, we re-
quired that the vector fields involved are of class C*. One of the main
tools to obtain this result is the Arbieto and Matheus Pasting Lemmas
([1]). We refer that their result and our Main Perturbation Lemma make
use of a key result of Dacorogna and Moser ([11]).

We fix a vector field X € f{ﬁ(l\/[), 7 > 0, and a point p € M such
that X*(p) # p, for all t € [0, 7]. Define I'(p, 7) = {X*(p); t € [0,7]}. In
the sequel up to a smooth conservative change of coordinates defined on
a neighbourhood of I'(p, 7) (see [17]) we can assume that we are working
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on R™ and that xomX(p) = g2 = v. Let W C R” be the (n — 1)-
dimensional vectorial subspace orthogonal to the unitary vector v.
Given r > 0 let B,(p) denote the ball of radius r, centered at p and

contained in N, = X (p)* = W. For r > 0 and § > 0 define

T=Tprrd)= |J X(Bp)
te]—06,7+48]

If r > 0 and 0 > 0 are small enough the set 7 is an open neighbour-
hood of I'(p, 7); by definition this neighbourhood is foliated by orbits of
the flow so we call it a flowboz.

We fix a linear isometry ¢,: N, — W and choose a family {¢; }1e)—s5,441,
such that, for each t €] — 0,7 +4[, ¢; is a linear isometry from N, onto
W, 1y = tp, and this family is C* on the parameter ¢.

Given ¢ € 7, we write ¢ = A\jv + wgy, where w, € W and A, € R.
Define /(t) = fot | X (X*(p))||ds; there exists t, €] — 0,7 + [ such that
((t,) = A\g. We note that ¢, = 0.

Let us now define the Poincaré flow Xt associated to X on 7.

For t such that t, +t €] — 0,7 + J] define

X(q) = £ty + )0 + t,40) © P (X°(0)) 0 17, (wy).

It is straightforward to see that X0 = Id and that X'+ (¢) = X*(X"(q)),
when defined.

Let X be the vector field associated to the flow Xt. X is of class C?
and it is divergence-free. To see this we first recall the Liouville formula

exp ( /0 t dw(X(XS(qmds) = det DX*(q).

Now a direct computation gives that the matrix of DX t(q) relatively to
the decomposition R" = W @ (v) is

X (X1t ()| 0
X (X (p))| ot |-
* b+t © Px (X" (p)) o1y,

As X' is volume-preserving and the maps ¢, are linear isometries we get

X ()
X (X))l

det DX'(q) I et PL(X"(p)) =1, Vt.



A

Thus, according to Liouville’s formula, it follows that div(X) = 0.
We also observe that P (q) = 1,4+ 0 Py (X"(p)) o1y, ! in particular
P%(0) = 1,0 Py(p) o 0!

Lemma 3.1 Let X € X(M), 7 > 0, and p € M such that X*(p) # p,
Vt € [0,7]. There exists a C*-conservative change of coordinates ®,
defined on a neighbourhood of T'(p,T), such that

X =®,X and ®(X*(p)) = X4(0), Vt € [0, 7).

Proof: We recall that ®, X (y) = D®g-1(,)X (P '(y)). By Lemma 2.1
of [4] we know that there exists a conservative C? diffeomorphism ¥ de-
fined on a flowbox containing I'(p, 7) such that 7' = ¥, X, where T' = 8%1.

Exactly in the same way there exists a conservative C? diffeomorphism

¥ defined on a flowbox containing T'(0, 7) such that T = ¥, X
Up to translations defined on the hyperplane (8%1)L and shrinking
the neighbourhoods of the definition of these maps, we can assume that

¥(p) = 0 and that ¥(0) = 0. Finally, we define ® = I~ o ¥. 0O

Now let V.V C N,, dim(V) =j,2<j<n—1l,and N,=V &V’
A one-parameter linear family {A;}er associated to I'(p,7) and V is
defined as follows:

e A;: N, — N, is a linear map, for all ¢ € R,
o A, =1Id, forallt <0,and A; = A,, forall t > T,

o Ay € SL(j,R), and Ay = Id, Vt € [0, 7], in particular we have
det(A;) =1, for all t € R, and

e the family A; is C™ on the parameter t.

Lemma 3.2 (Main perturbation lemma)

Given € > 0 and a vector field X € X},(M) there exists & = &o(e, X)
such that Y1 € [1,2], for any periodic point p of period greater than 2,
for any sufficient small flowbox T of I'(p, ) and for any one-parameter
linear family {A;}iepor) such that ||AJA7Y| < &, VE € [0, 7], there exists
Y e .'f}l(M) satisfying the following properties

1. Y is e-C'-close to X ;
2. Yi(p) = X' (p), for allt € R;



3. Py(p) = Px(p) o A;, and
4 Y

T(;EX

Tc.

Proof:

Using Lemma 3.1 we get a C? change of coordinates @, defined in a
flowbox T = T (p, 7,7, 68) and such that &, X = X and ®(X*(p)) = X*(0),
Vt € [0, 7], where X" is the Poincaré flow associated to X on 7 defined
above.

To obtain the vector field Y we first construct a C? divergence-free
vector field Y defined on ®(7") and such that

(a) Y is e-Cl-close to X:
(b) Yt(o) = Xt(O), when defined;
(C) P;/(O) - P;z-(@) e} Bt7 where Bt =1p O At7 te [0’,7_]7 and

(d) Yo = X|4., where Ty = ®(T (p, 7,73, 65)), for some 0 < 75 < r and
0 < dy < 6 to be fixed.

The positive real number ¢ depends only on ® and 7 and assures that
if Z is &-C'-close to X on ®(7) then ®1,(Z) is e-C'-close to X on 7.

Once we get ¥ we define ¥ = & 1(Y) and, as Y = X on 7 \
T(p, 7,5, g), we consider Y =Y on 7 and Y = X on 7¢. We observe
that we can only guaranty that Y is of class C*.

From this construction it follows immediately that items 1., 2. and
4. of the lemma are a direct consequence of conditions (a), (b) and (d)
onY, respectively.

To get item 3. we observe that our construction of Y will imply
that Pg(p) =t 0 PL(p) o1, " where, recall, Y = &1, (V). Therefore, as
PL(p) = 1o Py(p) o, and B; = 1, 0 Ay, from condition (¢) we obtain
3..

Let us now explain how to construct the vector field Y defined on
O(7).

The linear variational equation associated to the linear Poincaré flow
of X is R

[sz(o)], = (ITo DXXt(o))(P;z(O))y
where ’ denotes the time derivative, D is the spacial derivative and II is
the orthogonal projection onto N, (0)- To get Y we begin by considering
an analogous linear variational equation associated to P;L,(O) in order to
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obtain D}:f along the orbit of the point 0 and then define in a linear way
the flow Y.
Since we require that Pg(0) = P%(0) o B; we have that

[PL(0)) = [P%(0)o B = [Pg(0)] o B, + P¢(0) o B
= (ITo DX () (P5(0)) 0 By + P (0) o By
_ [HoDXXt(O) +(PL(0) 0 B) o (B " o PL{(X'(0)))] o PL(0).

This equation allows us to define, along the X' orbit of 0, the infinitesimal
generator DX + H of the desired perturbation, where H ¢, ) (v) =0 and

oMz = (Pi(0) 0 B/) o (B o PUI(XH0) = Cr (1)

With this definition the previous differential equation can be written
as:
u'(t) =10 (DX + H) gi(g)(ul(t))- (2)

Let P(Av,w) = (0,C(w)), where t is given by fot | X(X5(0))||ds = X;
observe that

D, P(X'(0)) = oMy (3)

and that
DyP(X(0))(0, 4) = TT o DPyu ) (0, 1), (4)

Now we define the C? vector field Y(q) = (X 4+ P)(q), for ¢ €
®(7 (p,7,71,01)), where 0 < 1 < r and 0 < §; < 0 will be fixed. In
order to extend this vector field let us first prove that it is divergence-
free.

AsY = X + P and X is divergence-free, using (3), (1) and the
definition of the maps By, it follows that

div(DY) = div(DP) = tr(Cy) = tr(Bl o B ') = tr(A, o A7Y).
Now, as det(A;) = 1,Vt € R, the result follows observing that
0 = (det(Ay)) = tr(A,A; 1) det(A;) = tr(AA; ).

Now, to extend Y to a conservative vector field, we apply the Arbieto
and Matheus C'** -Pasting Lemma (Theorem 3.1, [1]) which guaranties
that there are 0 < 7y <71y < rand 0 < §; < d9 < 6 such that Y has a
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divergence-free C? extension to ®(7 (p,7,7,0)), that we also denote by
Y, with Y (¢q) = X(q), for all ¢ € ®(T (p,7,7,0)) \ ®(T (p, T,72,02)).
Let us now prove that this vector field Y satisfies properties (a)-(d).
Condition (d) is a direct consequence of the way we made the exten-
sion of Y. To get (b) just observe that

V(E0) = X<f<t<o>>+7>( / ||X<Xs<o>>||ds76)
= R(X0)) + (0, CA(0)) = X(X'(0)).

To get (c) let us first remark that the linear Poincaré flow of Y at 0,
PL(0), is Fhe solution of the differential equation '(t) = Ilo DYy g (u(t)).
By equations (4) and (3) we have that

ITo DYW(O)(U@) =1l D(X +P) i) = o DX 5 () + I 0 Hzug-

Hence, by (1) and (2), we get that P¢(0) = P%(0) o B;.

To prove condition (a) we begin by observing that the Pasting Lemma
guaranties that given € there exists o > 0 such that if the vector field Y
we constructed is 0-C" close to X on ®(7 (p,7,71,6;)) then its extension
to ®(T (p,7,7,0)) is &-C* close to X, and to take r; and d; smaller does
not change this C closeness. So let us prove that Y is o-C close to X
on 7y = ®(7 (p, 1,71,01)) for sufficiently small 1, §; and &.

Recalling that ¥ = X + P, that P(X*(0),0) = 0 and that P is
continuous, to choose 7 and &; small is enough to assure ||Y — X|jo < o
on 7;.

We observe that the matrix of DP (A, w) depends only on map C; and
on real numbers

~—Ww;|, 1€ {1, ey U — 1},

O[C(w)]! Ot
' )

where w = (wy, ..., w,—1) and |Jw|| < r1. By the definition of C; (see (1)),
up to constants that depend only on X, its norm is given by

|B;o By ' = [ty o Ajo A oo | = || A 0 A,

because the map ¢, is an isometry. Hence, by the hypothesis, it is enough
to take & sufficiently small to get that || DP|| < o. This ends the proof
of the lemma. 0O
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Lemma 3.3 Let p be a singularity of X € %L(M) For any e > 0 there
exists Y € Xo°(M), such that Y is e-C*-close to X and p is a linear
hyperbolic singularity of Y.

Proof: Let (U,¢) be a conservative chart given by Moser’s Theorem
([17]) such that p € U and ¢(p) = 0. Let A = DX, and, for arbitrarily
small § > 0, choose a linear and hyperbolic isomorphism H = Hs such
that ||A— H|| < 6. We fix small r > 0 such that B(0;7) C ¢(U) and con-
sider the pull-back of H, Z = Z;, = (¢~ "), H, defined on ¢~ (B(0;7)).

For any small § > 0 there are 6 > 0 and r > 0 such that X and Z
are 0-C'-close. Therefore a straightforward application of the C'-pasting
lemma (Theorem 3.2, [1]) to X and e (which give a §) guarantees that
there exists a vector field Y € X°(M) such that Y is e-C"-close to X and
Y|w = Zw, where W = ¢~'(B(0;%)). From the construction it follows
that p is a linear hyperbolic singularity of Y. O

Lemma 3.4 Let X € .'flll(M) and assume that p € M is a periodic
elliptic point of period w(p) > 1. Then, for any ¢ > 0 there exist Z €
X°(M) and a tubular neighbourhood U of the X'-orbit of p, such that Z
is e-Cl-close to X and U is Z'-invariant.

Proof:

Let p € M is a periodic elliptic point of period m(p) > 1 of X and
denote its orbit by v = T'(p, m(p)). As p is elliptic all the eigenvalues of
the linear Poincaré map P;(p ) (p) : N, — N, have modulus one.

Let us first assume that the map P;(p ) (p) admits a basis formed by
eigenvectors. We consider the inner product defined on N, and associated
to this basis, that is the one that orthonormalizes the fixed basis. For
r > 0 let D(0;r) C N, denote the (n — 1)-disk centered at 0 € N,, and
of radius r for the distance associated to this inner product. Note that
D(0;r) is P;(p) (p)-invariant.

Let Y be the divergence-free linear vector field associated to the flow
obtained by suspending P;(p ) (p) along ~; this vector field is defined in a
tubular neighbourhood of v, U (r), which is homeomorphic to v x D(0; 7).

Given § > 0 we can choose a small 7 such that X and Y are §-C'-close
on U(r). Now, for fixed € and an appropriate § we apply the C'-pasting
lemma (Theorem 3.2, [1]) to get a vector field Z € X;°(M) such that X
and Z are e-C'-close on M and Z|y; = Y|y, where U = U(%). It follows
from this construction that U is Z'-invariant.
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Assume now that P;(p ) (p) does not admit a basis formed by eigenvec-
tors, that is there exists at least one eigenvalue whose multiplicity is big-
ger than the dimension of the associated eigenspace. Let us first explain
how to deal with the simplest case, that is when dim(M) = 3, PE™ (p)
has only one eigenvalue, say equal to 1, and the associated eigenspace is
one-dimensional. In this case we will perturb X in order to get complex
eigenvalues.

For that and exactly as before we begin by g—C’l—apprOXimate X by a
C*> vector field Y linear in a neighbourhood of v and such that P;(p ) (p) =
P;(p ) (p). Now, there exists a basis of N, such that relatively to this basis

PE%)(p) has matrix
1 0
(1)

Consider the one-parameter linear family

om0,

where a(t) is a C*°-bump function, a(t) = 1, for all ¢t > 1, a(t) = 0, for
all t <0, and § > 0 is arbitrarily small.

As ||A) o A7Y| < 6]a/(t)|, choosing & small enough we can apply
Lemma 3.2 to the arc I'(p, 1) in order to obtain a new vector field Z €
X2°(M), §-C'~close to Y, such that p is a periodic orbit of Z of period
7(p) and PL(p) = Pi(p) o Ay = PL(p)o Ay As

PEP(p) = PEP7Y (2 (p)) o P(p) = PEPH(X(p)) o PL(p) o Ay,

it follows that the matrix of P*(p) with respect to the basis we fixed

above is
1 -6
1 1-90/)°

Therefore p is an elliptic point of Z and Pg(p ) (p) has two complex eigen-
values. Moreover, it is clear that Z and X are e-C'-close.
If the eigenvalue is equal to —1 we proceed in the same way consid-

ering the matrix
(1 daft)
a= (10,

Finally, to deal with the general case (several eigenvalues, real or
complex, whose multiplicity is greater than the dimension of the cor-
responding eigenspace) we just have to apply the previous argument a
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finite number of times in order to get a new vector field Z such that p is
a periodic elliptic orbit, of period 7(p), and such that Pg(p ) (p) admits a
basis of eigenvectors. O

4 Proof of Proposition 2.4

4.1 Conservative Linear Differential Systems

We begin this section by recalling some definitions introduced in [9].

Let X € X, (M) and consider a set ¥ C M which is a countable
union of periodic orbits of X*. A Linear Differential System (LDS) is a
four-tuple A = (X, X', Ny, A*), where Ny is the restriction to ¥ of the
normal bundle of X over M \ Sing(X) and A*: ¥ — GL(n — 1,R) is
a continuous map. In fact, for v € ¥, A} is a linear map of N, and
we identify this space with R"~!. The natural LDS associated to the
dynamics of the vector field is obtained by taking Ay =1lo DX,.

Given an LDS A = (X, X', Ny, A*) the linear variational equation
associated to it is

u(t,z) = AN(X'(x)) - u(t, ). (5)

The solution of (5) with initial condition w(0,z) = Id is, for each ¢
and z, a linear map ®'y.(z): N, — Nxt(;). The map A* is called the
infinitesimal generator of ®4«; it is easy to see that ®%.(r) = Pk(x)
when the infinitesimal generator is Il o DX.

The LDS A = (X, X!, Ny, A*) is bounded if there exists K > 0 such
that [|Ar]| < K, for all € . The LDS A is said to be a large period
system if the number of orbits of ¥ with period less or equal to 7 is finite,

for any 7 > 0.
We say that the LDS A is conservative if
[ X ()]
| det @Y. (2)| = ——"——), V2 € X,
[ X (X))l

We observe that from Liouville’s formula it follows that
t
det ' (r) = exp (/ t’I“(A*(XS(SC)))dS) : (6)
0

ALDS B = (3, X', Ny, B*) is a conservative perturbation of a bounded
A if, for every € > 0, || A% — B}|| < ¢, up to points = belonging to a finite
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number of orbits, and B is conservative. In view of (6) it follows that B
is conservative if and only if tr(B*) = tr(A*).
A direct application of the Gronwall inequality gives that

12 () = P ()| < exp(K[t])] A7 - Byl

In particular ®L, is a perturbation of ®!. in the sense introduced in [9]
for the discrete case.

A bounded LDS A is strictly without dominated decomposition if the
only invariant subsets of 3 that admit a dominated splitting for ®,. are
finite sets.

Let us now present a key result about linear differential systems which
is the conservative version of Theorem 2.2 of [9].

Theorem 4.1 Let A be a conservative, large period and bounded LDS. If
A is strictly without dominated decomposition then there exist a conserva-
tie perturbation B of A and an infinite set X' C X which is Xt -invariant
such that for every x € 3 the linear map @;(f) (x) as all eigenvalues real
and with the same modulus (thus equal to 1 or to —1).

The perturbations used in the proof of Theorem 2.2 of [9] are rota-
tions and directional homotheties (diagonal linear maps for a fixed basis).
They are made in the linear cocycle setting and (discrete/continuous-
time) Franks’ Lemma allows to realize them as perturbations of a fixed
diffeomorphism or vector field. Once we have a dictionary to pass from
linear cocycles (discrete case) to conservative linear differential systems
(conservative continuous-time case) and we obtained the Main Pertur-
bation Lemma (Lemma 3.2) which allows to realize these kind of con-
servative perturbations of linear differential systems as conservative per-
turbations of vector fields, the proof given by Bonatti, Gourmelon and
Vivier can be carried on to our setting without additional obstructions.
Therefore, to illustrate how this can be done, we show how to perturb
along a periodic orbit of a conservative vector field in order to get real
eigenvalues for the linear Poincaré map in the period. This is obtained
by first making a conservative perturbation of the LDS associated to
the orbit and then, using the Main Perturbation Lemma, realize it as a
conservative perturbation of the vector field.

Lemma 4.2 Let X € X, (M) and fiz small €g > 0. There exists mo such
that for any periodic orbit x with period w(x) > my there is Y € X,,(M)
satisfying
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Y is €g-Ct-close to X ;
o Yi(z)=X'z), Vt € R;

all the eigenvalues of P;(m) are real, and

o Y is equal to X outside a small neighbourhood of the orbit of x.

Proof:

Let us fix a small 6 > 0.

Let Ry denote the rotation of angle € in the plane. Lemma 6.6 of [6]
assures that there exists N = N(¢) € N satisfying the following: for any
k > N and for any C;, Cs,....Cy € SL(2,R) there are rotations Ry,,
Ry,,...,Rp,, with |0;] < 0 for all j € {1,2,...,k}, such that the linear map

Ok o R.gk e} Ok—l o R0k,1 0...0 Ol @) Rgl

has real eigenvalues.
Let us fix a periodic orbit v and x € v with 7(z) > N. We assume

that P;(m) (x) has a complex eigenvalue associated to a two dimensional
invariant subspace V,, C N,. Assuming that 7(z) = k € N, we consider
the linear maps C: Vxi-1(y) — Vi) defined by

1
= G (P @)

Py (X7 (@) lv,

where V; = P} (V,) and j € {1,2,..k}. If 7(z) ¢ N we take k = [x(z)],
consider C1, ..., Cy_; as before and define Cy,: Vyr-1(,) — VXW(Z)(I) =V,
by

1 V(@) —k | k1
Cy = P X T )
k det(P)l(”(I)_k(X’f—l(x))|V,H) X ( ()i,

In what follows, without loss of generality, we assume that 7(z) = k € N.

We observe that each C); can be identified with a linear map of
SL(2,R) and that P;(x)(x) = Cj 0 Cy_q1 0...0 (4. Therefore, Lemma
6.6 of [6] gives a family of rotations Ry,, Ry, ,...,Rg, with the properties
described above.

Now we want to apply Lemma 3.2 to each arc T'(X’~!(z),1) and to
the maps C; and Ryp,. For that we consider V' = V;_; and choose an ap-
propriate V;_; using the Jordan canonical form so that the perturbation
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we will construct do not change the other eigenvalues of P;(x). Then, for
each j € {1,2,...,k}, we define the one-parameter linear family {R;;}icr
associated to I'(X77!(z),1) and V; by

® Rj;: Nxj-1(z) — Nxi-1(y) is a linear map, for all ¢ € R,
o Rjy=1Id, forallt <0,and R;; = R;,, forall t > 1,
L] Rj,t|Vj/ = _[d, YVt € [O, ].], and

® Rjlv, = Ra,e,, where a; is a C* bump function with a;(t) = 0
for t <0, a;(t) =1fort>1, and 0 < o)(t) < 2, for all t € R.

A direct computation gives that ||[R}, o R} || = o/(t)0; < 2¢. Therefore
we fix § < £&y(€o/n, X), where n is the dimension of M and &y(eo/n, X)
is given by Lemma 3.2; thus, applying this lemma we get divergence-
free vector fields Yi,...,Ys, each one ¢y/n-C'-close to X and such that
Py (X)) = Py (X7 (2)) o Ry,, for j € {1,2,...,k}. Tt follows from
this construction that these vector fields glue together defining a C*
vector field Y € X,(M), eo/n-C'-close to X, and such that

Py @)y, = (PH(X*(z))o Ry)o...0 (Pk(x)o Ry,)
= (Ck o ng) o (Ck,1 o R9k71> ©...0 (Cl o Rgl),

therefore this linear map has real eigenvalues. Finally, we apply these
arguments at most [3] times (corresponding to the maximal number of
two-dimensional eigenspaces associated to complex eigenvalues) to get
the vector field Y satisfying the conditions of the lemma. 0O

Remark 4.1 In the previous lemma we can assure that the eigenval-
ues of Pg(x) are all real and with different modulus. In fact this can be
achieved by adding small directional homotheties in the two-dimensional
vector spaces V.

4.2 Proof of Proposition 2.4

We first note that it is not difficult to see that once we obtain the con-
clusions of the proposition for a robustly transitive vector field X then
they also hold for Y in a small neighbourhood U of X with the same ¢
and p.
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So let us fix a robustly transitive X € X}, (M) and a positive number e
such that if Y € %L(M ) and is e-C''-close to X then it is robustly transi-
tive. We assume that the proposition does not hold for X. Therefore for
each ¢ € N there exists a periodic point z,, with period my = m(xy) > ¢
and such that the orbit I'(x,, 7,) does not admit an /-dominated splitting.

Define
E = U F(ZE@,W@),

£eN

and consider the linear differential system A = (X, X*, Ny, [To DX), that
is A* =110 DX . As M is compact and X is C! A is bounded and, by
construction, it is conservative and a large period system.

Now we show that A is strictly without dominated decomposition.
In fact let us assume that there exists an X‘-invariant and not finite set
Yo C X such that P% admits an Ly dominated splitting over Yo, say
Ny, = E® F. It follows that there is Ly > Ly such that £ @ F' is an
L-dominated splitting for the linear Poincaré map, for any L > L;. As
Yo is not finite there exists ¢y > L; such that ¥y = T'(z,, 7,) C 2. The
set 2, is an X’-invariant subset of ¥y therefore, by choice of L, it admits
an L- dominated splitting for any L > L;; by other side as my, > ¢y > Ly
it follows that »; does not admit an fy-dominated splitting, which is a
contradiction.

Now we can apply Theorem 4.1 in order to get a conservative pertur-
bation B of A and an infinite set ¥’ C 3 which is X‘-invariant such that
for every = € ¥’ the linear map @g(f ) (x) as all eigenvalues real and with
the same modulus (thus equal to 1 or to —1). As B is a perturbation of A,
for any small 7 > 0 there exits 7 € X' such that || BY, ;) — Ay, < m,
for all ¢ € R. We observe that the period of T, 7(Z) tends to infinity as
no goes to zero.

Now we construct a new vector field Y € X, (M) such Y is e-C"'-close
to X, Y(Z) = X!(7), for all t € R and Py (z) = &7 (z), in particular
the linear Poincaré map P;(E) has only eigenvalues equal to 1 or —1.
Once we get this vector field we apply Lemma 3.4 to get a new vector
field Z € X, (M), arbitrarily C"-close to Y and having a Z*-invariant
tubular neighbourhood of the orbit of T, which contradicts the fact that
Y is robustly transitive thus ending the proof of Proposition 2.4.

Therefore it remains to explain how we obtain the mentioned vector
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field Y. Consider the arcs of trajectory

= |J X'(X/(@)), for j € {0, ..., [w(x)] — 2},

te[0,1]

and '
D@1 = U XX (T)).
0,147 (%

t€[0,147(Z) [ (z]]
For j € {0,...,[n(z)] — 1} we write ®L. (X7 (T)) = Pyx(X’(T)) o A7,
where A7 = (P1 (X9(7)))™" o ®L.(X/(T)), and consider a continuous
one-parameter family A7 defined by

o Al =Idfort < 0;
o Al = Aifort>1 (for t > 1+ (%) — [n(T)], if j = [x(Z)] — 1), and

o Al = (PL(X1(T))) " 0 @b (XI(T)), for 0 <t <1 (or for 0 < ¢ <
L+ 7(7) = [n(@)], it j = [*(Z)] - 1).
We fix small § > 0 and consider A] a one-parameter linear family (see
Section 3), arbitrarily close to A7, such that A/ = Id for t < § and
Al = Al fort > 1 (or t > 1+ n(T) — [x(T)], if j = [7(T)] — 1). Now, we
observe that ||(A7)'(A?)~1| is of order

I(Px (X7 (2))) ™" 0 @5 (X! (T))) o ((Py (X7 ()" 0 P (X7 ()7,
therefore of order

O(z) = maX ||B* Ayl

yel(z,n ()

As we mention before T € ¥’ can be chosen such that O(7) is arbitrarily
small. Therefore, fixing 0 < § < 6 and small r > 0, to each arc I'; we
apply Lemma 3.2 to get a new vector field Y; € %i(M), e-C'-close to Y’
and such that

L. Y}(7) = X;(Z), Vt € R;
2. Py (X/(7)) = 5. (X7(7)), and

3. Yjlre = X|re, where 7; = T(X (), 7,r,0) and 7 = 1 (or 7 =
1+ (@) — [7(@)] if j = [(D)] - 1).
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Finally, as 6 < &, by construction it follows that

Y;’|7}ﬁTj+1 = Y}+1’7}ﬂ7}+17 Vj e {07 L. [T‘-(fﬂ - 1}7

which, together with item 3. above, implies that these vector fields can be
glued to obtain a C'' vector field Y € X],(M), e-C'-close to X and such
that Y|z, = Yj|z, for all j € {0,1,...,[7(Z)] — 1}. Thus Y'(z) = X"(T),
for all t € R and P{,r@) (7) = @;(*E )(Z) as required. This ends the proof of
Proposition 2.4.

References

1]

A. Arbieto and C. Matheus, A pasting lemma and some applica-
tions for conservative systems, Preprint arXiv:math/0601433v1
2006, to appear Ergod. Th. & Dynam. Sys..

A. Baraviera and C. Bonatti, Remouving zero Lyapunov exponents,
Ergod. Th. & Dynam. Sys., 23 (2003), 1655-1670.

M. Bessa, Dynamics of generic multidimensional linear differen-
tial systems Preprint CMUP 2007.

M. Bessa and J. Rocha, Removing zero Lyapunov exponents in
volume-preserving flows, Nonlinearity 20 (2007), 1007-1016.

J. Bochi and M. Viana, The Lyapunov exponents of generic
volume-preserving and symplectic maps. Ann. of Math. (2) 161
(2005), no. 3, 1423-1485.

/////

Math. 158, 1 (2004), 33-104.

C. Bonatti, L.J. Diaz and E. Pujals, A C*-generic dichotomy for
diffeomorphisms: Weak forms of hyperbolicity or infinitely many
sinks or sources, Ann. Math, 158 (2005), 355-418.

C. Bonatti, L. J. Diaz and M. Viana, Dynamics beyond uniform
hyperbolicity, EMS 102, Springer 2005.

C. Bonatti, N. Gourmelon and T. Vivier, Perturbations of the
derivative along periodic orbits. Ergod. Th. & Dynam. Sys. 26, 5
(2006), 1307-1337.

21



[10] L.J. Diaz, E. Pujals and R. Ures, Partial hyperbolicity and robust
transitivity. Acta Math., 183, 1 (1999), 1-43.

[11] B. Dacorogna and J. Moser, On a partial differential equation
involving the jacobian determinant. Ann. Inst. Henri Poincaré,
Anal. Non Linéaire, 7 (1990), 1-26.

[12] C. Doering, Persistently transitive wvector fields on three-
dimensional manifolds. Proceedings on Dynamical Systems and
Bifurcation Theory, Vol. 160 (1987), 59-89, Pitman.

[13] J. Franks, Necessary conditions for the stability of diffeomor-
phisms. Trans. Amer. Math. Soc., 158 (1971), 301-308.

[14] V. Horita and A. Tahzibi, Partial hyperbolicity for symplectic dif-
feomorphisms. Ann. Inst. Henri Poincaré, Anal. Non Linéaire, 23,
5 (2006), 641-661.

[15] R. Mané, An ergodic closing lemma. Ann. Math, 116 (1982), 503—
540.

[16] R. Mané, Oseledec’s theorem from the generic viewpoint. Proc.
Int. Congress of Mathematicians, Vol. 1, 2 (Warsaw, 1983), 1269—
1276, PWN, Warsaw, 1984.

[17] J. Moser, On the volume elements on a manifold. Trans. Amer.
Math. Soc., 120 (1965), 286-294.

[18] C. Pugh and C. Robinson, The C' Closing lemma, including
hamiltonians. Ergod. Th. & Dynam. Sys., 3, 2 (1983), 261-313.

[19] T. Vivier, Projective hyperbolicity and fized points. Ergod. Th. &
Dynam. Sys., 26 (2006), 923-936.

[20] T. Vivier, Robustly transitive 3-dimensional reqular energy sur-
face are Anosov. Preprint, Dijon (2005).

[21] C. Zuppa, Regularisation C*° des champs vectoriels qui préservent
’elément de volume, Bol. Soc. Bras. Mat., 10, 2 (1979), 51-56.

Mario Bessa (bessa@fc.up.pt)
CMUP, Rua do Campo Alegre, 687
4169-007 Porto

Portugal

22



Jorge Rocha (jrocha@fc.up.pt)
Dep. Matemética Pura-FCUP, Rua do Campo Alegre, 687

4169-007 Porto
Portugal

23



