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GENERICITY OF GEODESIC FLOWS WITH
POSITIVE TOPOLOGICAL ENTROPY ON S2

GONZALO CONTRERAS-BARANDIARAN &
GABRIEL P. PATERNAIN

Abstract

We show that the set of C°° Riemannian metrics on S? or RP? whose
geodesic flow has positive topological entropy is open and dense in the C?
topology. The proof is partially based on an analogue of Franks’ lemma for
geodesic flows on surfaces.

To the memory of Michel Herman

1. Introduction

Let M be a closed surface endowed with a C°° Riemannian met-
ric g and let ¢ be the geodesic flow of g. One of the most important
dynamical invariants that one can associate to ¢] to roughly measure
its orbit structure complexity is the topological entropy, which we shall
denote by htop(g). The first question one asks about hiop(g) is whether
it vanishes or not. If hop(g) > 0 a well-known result of A. Katok [25]
states that the dynamics of ¢ presents transverse homoclinic intersec-
tions and as a consequence the number of periodic hyperbolic geodesics
grows exponentially with length. Moreover, other conclusions of a more
geometrical nature can be drawn. Given p and ¢ in M and T" > 0, define
nr(p,q) as the number of geodesic arcs joining p and ¢ with length < 7.
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R. Mané showed in [35] that

lim - log / nr(p, q) dpdq = hiop(9),
T—oo T MxM

and therefore if hiop(g) > 0, we have that on average the number of
arcs between two points grows exponentially with length. Even better,
K. Burns and G.P. Paternain showed in [13] that there exists a set of
positive area in M such that for any pair of points p and ¢ in that set,
nr(p, q) grows exponentially with exponent hyop(g).

When the Euler characteristic of M is negative a result of E.L
Dinaburg [15] ensures that hiop(g) > 0 for any metric g. Moreover,
Katok in [26] showed that hiop(g) is greater than or equal to the topo-
logical entropy of a metric of constant negative curvature and the same
area as ¢, with equality if and only if ¢ itself has constant curvature.
Therefore one is left with the problem of describing the behavior of
the functional g — hop(g) on the two-sphere (projective space) and
the two-torus (Klein bottle). It is well-known that these surfaces admit
various completely integrable metrics with zero topological entropy: flat
surfaces, surfaces of revolution, ellipsoids and Poisson spheres. On the
other hand V. Donnay [17] and Petroll [41] showed how to perturb a
homoclinic or heteroclinic connection to create transverse intersections.
Applying these type of perturbations to the case of an ellipsoid with
three distinct axes one obtains convex surfaces with positive topological
entropy. Examples of these type were first given by G. Knieper and H.
Weiss in [30]. Explicit real analytic convex metrics arising from rigid
body dynamics were given by Paternain in [39].

We would like to point out that Katok’s theorem mentioned above
about the existence of transverse homoclinic intersections when the
topological entropy is positive, together with the structural stability
of horseshoes implies that the set of C* metrics for which hop(g) > 0
is open in the C” topology for all 2 < r < oo. Therefore, the relevant
question about topological entropy for surfaces with nonnegative FEu-
ler characteristic is the following: when is the set of C*° metrics with
positive topological entropy dense?

Let us recall that a Riemannian metric is said to be bumpy if all
closed geodesics are nondegenerate, that is, if the linearized Poincaré
map of every closed geodesic does not admit a root of unity as an eigen-
value. An important tool for proving generic properties of geodesic flows
is the bumpy metric theorem which asserts that the set of C" bumpy
metrics is a residual subset of the set of all C" metrics endowed with
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the C" topology for all 2 < r < co. The bumpy metric theorem is tradi-
tionally attributed to R. Abraham [1], but see also Anosov’s paper [3].
Recall that a closed geodesic is said to be hyperbolic if its linearized
Poincaré map has no eigenvalue of norm one and it is said to be elliptic
if the eigenvalues of its linearized Poincaré map all have norm one but
are not roots of unity. For a surface with a bumpy metric the closed
geodesics are all elliptic or hyperbolic.

Let us recall some facts about heteroclinic orbits. Let SM be the
unit sphere bundle of (M, g). Given two hyperbolic periodic orbits =, 7,
of the geodesic flow ¢, a heteroclinic orbit from  to 7 is an orbit ¢r(0)
such that

t——+00

The orbit ¢r(f) is said to be homoclinic to v if n = ~. The weak
stable and weak unstable manifolds of the hyperbolic periodic orbit
are defined as

W) :={0€SM| lim_d(e(0).7) =0},

We(y) : = {e = SM‘ Jlim_d(1(6),7) o}.

The sets W*(y) and W"(y) are n-dimensional ¢;-invariant immersed
submanifolds of the unit sphere bundle, where n = dim M. Then a
heteroclinic orbit is an orbit in the intersection W"(vy) N W#(n). If
W (vy) and W#(n) are transversal at ¢r(#) we say that the heteroclinic
orbit is transverse. A standard argument in dynamical systems (see [27,
§6.5.d] for diffeomorphisms) shows that if a flow contains a transversal
homoclinic orbit then it has positive topological entropy.! (Note that for
geodesic flows the closed orbits never reduce to fixed points.) Moreover,
if there is a loop g, ..., YN = Yo of orbits such that for each i, 0 < ¢ <
N —1, there is a transverse intersection of W*(~;) with W*(v;41), then
7o has a homoclinic orbit and, in particular, ¢; has positive entropy.
For the case of the two-torus classical results of G.A. Hedlund [22]
and H.M. Morse [37] ensure that for a bumpy metric there are always
heteroclinic geodesics. In fact, minimal periodic geodesics are always hy-
perbolic (for bumpy surfaces) and if we choose in R? a strip bounded by
two periodic minimal geodesics ¢ and ¢~ such that it does not contain
other periodic minimal geodesics, then there exist minimal geodesics ¢

'In fact it contains a hyperbolic basic set (see below).
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and c¢* such that c is a-asymptotic to ¢~ and w-asymptotic to ¢+ and
viceversa for ¢* (cf. [4, Theorem 6.8]). If these heteroclinic connections
are not transverse, they can be perturbed using Donnay’s theorem to
easily obtain C" density of metrics with positive topological entropy for
all 2 < r < oo, for the two-torus. Similar arguments can be used for
the Klein bottle. Clearly no argument like the one just described can
be applied to surfaces with no real homology.
One of the main goals of this paper is to show:

Theorem A. The set of C® Riemannian metrics g on S% or RP?
for which hiop(g) > 0 is dense in the C? topology.

Corollary B. The set of C*®° Riemannian metrics g on S or
RP? for which hiop(g) > 0 is open and dense in the C? topology. In
particular, if g belongs to this open and dense set, then the number of

hyperbolic prime closed geodesics of length < T grows exponentially with
T.

From the previous discussion and the theorem we obtain the follow-
ing corollary which answers a question that Detlef Gromoll posed to the
second author in 1988.

Corollary C. There exists a C? open and dense set U of C>
metrics on S? such that for any g € U there exists a set G of positive
g-area such that for any p and q in G we have

) 1
lim T log nr(p, q) = htop(g) > 0.

T—o00

The last corollary is sharp in the sense that the sets G with positive
g-area cannot be taken to have full area. In [12], Burns and Paternain
constructed an open set of C> metrics on S? for which there exists a
positive area set U C M, such that for all (p,q) € U x U,

lim sup 1 log nr(p, q) < hiop-
T—o0 T

It seems quite reasonable to conjecture that on any closed mani-
fold the set of C'*° Riemannian metrics whose geodesic flow exhibits a
transverse homoclinic intersection is open and dense in the C"-topology
for any r with 2 < r < oo. Besides its intrinsic interest there is
another motivation for looking at this conjecture. Quite recently, A.
Delshams, R. de la Llave and T. Seara proved the existence of orbits of
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unbounded energy (Arnold diffusion type of phenomenon) for pertur-
bations of geodesic flows with a transverse homoclinic intersection by
generic quasiperiodic potentials on any closed manifold [16]. Hopefully
our methods here can be further developed to the point where they yield
Theorem A for any closed manifold.

Let us describe the main elements that go into the proof of The-
orem A. This will clarify at the same time why we can only obtain
density in the C? topology. An important tool for proving generic
properties for geodesic flows is a local perturbation result of W. Klin-
genberg and F. Takens [29]. We recall its precise statement in Sec-
tion 2. We shall also see in Section 2 that the bumpy metric theo-
rem, together with Klingenberg-Takens and a new perturbation lemma
(cf. Lemma 2.6) imply the analogue of the Kupka-Smale theorem for
geodesic flows. Namely, that C"-generic Riemannian metrics on a man-
ifold of any dimension have closed geodesics whose Poincaré maps have
generic (r — 1)-jets and the heteroclinic intersections of their hyperbolic
closed geodesics are transversal.

If there exists an elliptic closed geodesic, using the Kupka-Smale
theorem we can approximate our metric by one such that the Poincaré
map of the elliptic closed geodesic becomes a generic exact twist map
in a small neighborhood of the elliptic fixed point. Then a result of
Le Calvez [31] implies that the twist map has positive topological en-
tropy and therefore a metric of class C* with a nonhyperbolic closed
geodesic can be approximated by one that has positive topological en-
tropy. Details of this argument are given in Section 3. Now we are
faced with the following question: how can we proceed if all the closed
geodesics are hyperbolic and this situation persists in a neighborhood?

It is not known if the two-sphere (or projective space) admits a
metric all of whose closed geodesics are hyperbolic. A fortiori, it is not
known if this can happen for an open set of metrics (see [6] for a thorough
discussion about the existence of a nonhyperbolic closed geodesic).

Let M be a closed surface and let R(M) be the set of O Rieman-
nian metrics on M, r > 4, all of whose closed geodesics are hyperbolic,
endowed with the C? topology and let F'(M) = int(R'(M)) be the
interior of RY(M) in the C? topology. Given a metric g let Per(g) be
the union of the hyperbolic (prime) periodic orbits of g.

Using Mané’s techniques on dominated splittings in his celebrated

paper [34] and an analogue of Franks’ lemma for geodesic flows we will
show:
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Theorem D. If g € FY(M), then the closure Per(g) is a hyperbolic
set.

Theorem D together with results of N. Hingston and H.-B Radema-
cher (cf. [24, 45, 44]), will show (cf. Section 5):

Theorem 1.1. If a C* metric on a closed surface cannot be C?-
approzimated by one having an elliptic periodic orbit, then it has a non-
trivial hyperbolic basic set.

This theorem together with the previous discussion will allow us to
prove Theorem A.

A hyperbolic set of a flow f! (without fixed points) is a compact
invariant subset A such that there is a splitting of the tangent bundle
of the phase space TA\N = E* @& E¥ @ E° which is invariant under the
differential of f!: dft(E*“) = E*%, E¢ is spanned by the flow direction
and there exist 0 < A <1 and N > 0 such that

|df™ |

<AV ldf N || < A

A hyperbolic set A is said to be locally mazimal if there exists an open
neighborhood U of A such that

A=) FO).

teR

A hyperbolic basic set is a locally maximal hyperbolic set which has a
dense orbit. It is said to be nontrivial if it is not a single closed orbit.

It is well-known that nontrivial hyperbolic basic sets have positive
topological entropy [8]. Moreover, the dynamics on such a set can be
modelled on suspensions of topological Markov chains (see [9, 10]).
Also, the exponential growth rate of the number of periodic orbits in
the basic set is given by the topological entropy ([8]):

1
hiop(fi[A) = TliIE T log #{v | v periodic orbit of period < T'}.
(For the case of diffeomorphisms all these facts can be found in [27,

Chapter 18].)

Mané’s theory on dominated splittings is based on Theorem 5.1 be-
low about families of periodic sequences of linear maps: if when per-
turbing each linear map of such a family, the return linear maps remain
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hyperbolic, then their stable and unstable subspaces satisfy a uniform
bound

(1) |7 s

N7 N || < A1 < 1,

for a fixed iterate N (eventually smaller than the periods), where T is the
differential of our dynamical system. A splitting satisfying the uniform
bound (1) is called a dominated splitting. The uniform bound (1) implies
the continuity of the splitting, i.e., a dominated splitting on an invariant
subset A of a dynamical system extends continuously to the closure A.

The family of (symplectic) linear maps in our situation will be the
following. Consider a periodic orbit « of the geodesic flow and cut it
into segments of length 7(v) between p and 2p for some p > 0 which
is less than the injectivity radius . Construct normal local transversal
sections passing through the cutting points. Our family will be given
by the set of all linearized Poincaré maps between consecutive sections
(cf. proof of Proposition 5.5).

In order to apply Theorem 5.1, we first have to change “linear map”
to “symplectic linear map” (cf. Lemma 5.4). Then we have to be able
to modify independently each linearized Poincaré map of time 7 on the
periodic orbits, covering a neighborhood of fixed radius of the original
linearized Poincaré map. This is done with the analogue of Franks’
lemma for geodesic flows (cf. Section 4). Thus we obtain a dominated
splitting on the closure of the set of C? persistently hyperbolic closed
geodesics.

In Contreras [14] it is shown that a dominated invariant splitting
E @ F on a non-wandering (2(A) = A) compact invariant set A of a
symplectic diffeomorphism is hyperbolic, provided that E and F have
the same dimension. This is also proved in Ruggiero [48], when the
subspaces F and F' are assumed to be lagrangian.

A result of N. Hingston [24] (cf. also Rademacher [24, 45, 44]) states
that if all the periodic orbits of a metric in S? are hyperbolic, then
they are infinite in number. Assuming that they are C?-persistently hy-
perbolic, the theory above and Smale’s spectral decomposition theorem
imply that their closure contains a nontrivial basic set. (Alternatively,
we could have also used for the 2-sphere the stronger results of Franks
and Bangert [5, 19] which assert that any metric on S? has infinitely
many geometrically distinct closed geodesics.)

Unfortunately, Maifié’s techniques only work in the C? topology and
that is why in Theorem A we can prove density of positive topological

7
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entropy on the two-sphere or projective space only for the C? topology.
We remark that the lack of a closing lemma for geodesic flows prevent
us from concluding that the geodesic flow of a metric near g is Anosov
as one would expect.

At this point it seems important to remark that if instead of consid-
ering Riemannian metrics we were considering Finsler metrics or hamil-
tonians, then Theorem A would have been a corollary of well-known re-
sults for hamiltonians (cf. [38, 46, 47, 51]). However, as is well-known,
perturbation results within the set of Riemannian metrics are much
harder, basically due to the fact that when we change the metric in
a neighborhood of a point of the manifold we affect all the geodesics
leaving from those points; in other words, even if the size of our neigh-
borhood in the manifold is small, the effect of the perturbation in the
unit sphere bundle could be large. This is the main reason why the
closing lemma is not known for geodesic flows (cf. [43]), even though
there is a closing lemma for Finsler metrics.

Another remark concerns the degree of differentiablity of our met-
rics. Theorem A holds if instead of requiring our metrics g to be C*°
we require them to be C” for » > 2. Given a C? metric gy, we can
approximate it by a C° metric g; in the C? topology. Afterwards
we C?-approximate g; by a C* metric g, with a basic set. Then the
structural stability theorem works for an open C?-neighborhood of go
of C? metrics. We need g; to be at least C* in three places: in Franks’
Lemma 4.1; in the proof of Theorem 1.1; and to make the Poincaré map
of an elliptic closed geodesic a twist map. Observe that we actually find
a hyperbolic basic set and not just hop(g) > 0. Katok’s theorem, which
is based on Pesin theory, requires the Riemannian metrics to be of class
at least C?*. This restriction is overcome in our case by the use of the
structural stability theorem. On the other hand for Corollary C a C*°
hypothesis on the metrics is essential because, as in Mané’s formula [35],
Yomdin’s theorem [56] is used.

Related Work. There is an unpublished preprint by H. Weiss [54]
that proves that within the set of positively curved 1/4-pinched metrics,
those with positive topological entropy are C"-dense. Weiss uses a result
of G. Thorbergsson [52] which asserts that any positively curved 1/4-
pinched metric on S? has a nonhyperbolic closed geodesic and similar
arguments to the ones we give in Section 3, although the Kupka-Smale
theorem for geodesic flows is not proven.

Michel Herman gave a wonderful lecture at IMPA [23] in which he
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outlined a proof of the following theorem: within the set of C*° pos-
itively curved metrics on S? those with an elliptic closed geodesic are
C?-generic. Among other tools, he used an analogue of Franks’ lemma
just like the one we prove in the present paper. As a matter of fact, he
not only pointed out a mistake in a draft of the manuscript we gave him,
but he also explained to us how to solve the self-intersection problem
that appears in the proof. This paper is dedicated to his memory.

It is worth mentioning that Herman’s motivation was a claim by
H. Poincaré [42] that said that any convex surface has a nonhyperbolic
closed geodesic without self-intersections. This claim was proved wrong
by A.L Grjuntal [20].

Acknowledgements. We would like to thank the referees for
numerous comments and suggestions for improvement.

2. Bumpy metrics and the Kupka-Smale theorem

In this section M is a closed manifold of dimension n. We begin
by recalling some elementary facts. Let ¢J be the geodesic flow of the
Riemannian metric g acting on SM, the unit sphere bundle of M. Let
m: SM — M be the canonical projection. Non-trivial closed geodesics
on M are in one-to-one correspondence to the periodic orbits of ¢f.
For a closed orbit v = {¢{(z) : t € [0,a]} of period a > 0 we can
define the Poincaré map Py(X,v) as follows: one can choose a local
hypersurface ¥ in SM through v and transversal to v such that there
are open neighborhoods ¥, ¥, of v in ¥ and a differentiable mapping
d: ¥o — R with §(v) = a such that the map Py(%,7) : ¥g — X, given
by

= Gy (1),

is a diffeomorphism.

Given a closed geodesic ¢ : R/Z — M, all iterates ¢ : R/Z — M,
c¢™(t) = c(mt) for a positive integer m are closed geodesics too. We shall
call a closed geodesic prime if it is not the iterate of a shorter curve.
Analogously a closed orbit of ¢] of period a is called prime if a is the
minimal period. A closed orbit v (or the corresponding closed geodesic
¢) is called nondegenerate if 1 is not an eigenvalue of the linearized
Poincaré map P. := d,)Py(%,7). In that case, v is an isolated closed
orbit and 7o~ an isolated closed geodesic. Moreover, one can apply the
implicit function theorem to obtain fixed points of the Poincaré map P,,.

9
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Thus, for a metric g near g there is a unique closed orbit 77 for ¢9 near
v, given by the implicit function theorem, that we call the continuation
of c.

A Riemannian metric g is called bumpy if all the closed orbits of
the geodesic flow are nondegenerate. Since P.m = P! this is equivalent
to saying that if exp(2mi)) is an eigenvalue of P, then \ is irrational.
Let us denote by G" the set of metrics of class C" endowed with the C"
topology for r > 2. We state the bumpy metric theorem [1, 3]:

Theorem 2.1. For 2 < r < oo, the set of bumpy metrics of class
C" is a residual subset of G".

The bumpy metric theorem 2.1 clearly implies the following;:

Corollary 2.2. There exists a residual set O in G" such that if
g € O then for all T > 0, the set of periodic orbits of ¢9 with period
< T is finite.

The canonical symplectic form w induces a symplectic form on X
and Py(X,v) becomes a symplectic diffeomorphism. Periodic points
of Py(X,v) correspond to periodic orbits near 7. Let N denote the
orthogonal complement of v = ¢(0) in the tangent space Ty, M. Recall
that N @ N can be identified with the kernel of the canonical contact
form and therefore it is a symplectic vector space with respect to w. One
can choose ¥ such that the linearized Poincaré map Py(vy) 1= dyPy(3,7)
is a linear symplectic map of N & N and

where J is a normal Jacobi field along the geodesic 7oy and J denotes
the covariant derivative along the geodesic. After choosing a symplectic
basis for N & N we can identify the group of symplectic linear maps of
N @ N with the symplectic linear group Sp(n — 1) of R*~! @ R*~ 1.
Let JI(n — 1) be the set of r-jets of symplectic automorphisms of
R"~! @ R*! that fix the origin. Clearly one can identify Jl(n — 1)
with Sp(n —1). A set Q@ C JI(n — 1) is said to be invariant if for all
o€ Jl(n—1),0Qo ! = Q. The property that says that the r-jet of a
Poincaré map Py(3,y) belongs to @ is independent of the section 3.
Let v = {¢{°(v)} be a periodic orbit of period a of the geodesic
flow ¢7° of the metric go € G". Let W be an open neighborhood of
m(v) € M. We choose W so that the geodesic m oy does not have any
self intersection in W. Denote by G" (v, go, W) the set of metrics g € G"
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for which -y is a periodic orbit of period a and such that the support of
g — go lies in W.

We now state the local perturbation result of Klingenberg and Tak-
ens [29, Theorem 2].

Theorem 2.3. If QQ is an open and dense invariant subset of
JI=Y(n—1), then there is for every neighborhood V of go in G" a metric
g €VNG (7,90, W) such that the (r — 1)-jet of Py(X,~y) belongs to Q.

As pointed out by Anosov [3], once Theorem 2.1 is proved, combining
Corollary 2.2 and Theorem 2.3 one gets:

Theorem 2.4. Let Q C JI~Y(n — 1) be open, dense and invariant.
Then there exists a residual subset O C G" such that for all g € O, the
(r — 1)-jet of the Poincaré map of every closed geodesic of g belongs to
Q.

A closed orbit is said to be hyperbolic if its linearized Poincaré map
has no eigenvalues of modulus 1. If « is a hyperbolic closed orbit and

6 = ~(0), define the strong stable and strong unstable manifolds of v at
0 by

W) = {ve sar| tim_a(et0).¢¢®) o},

W*(0) = {v € SM| tliIP d(¢§(v),¢f(9)) = 0} .
Define the weak stable and weak unstable manifolds by

Wy = J e (W= (0), W)= J o (W*(0)).

teR teR

It turns out that they are immersed submanifolds of dimension
dim W?(v) = dim W*(y) = dim M.

A heteroclinic point is a point in the intersection W*(y) NW*"(n) for two
hyperbolic closed orbits v and 1. We say that § € SM is a transversal
heteroclinic point if 8 € W#(y) N W¥(n), and TyW?*(y) + TyW"(n) =
TySM.

In [17], Donnay showed for surfaces how to perturb a heteroclinic
point of a metric on a surface to make it transversal. In fact a similar
method has been used by Petroll [41] for higher dimensional manifolds
and this method actually gives C" perturbations. Reference [41] is dif-
ficult to find, but there is a sketch of the proof in [11].
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However, without further analysis, these perturbations do not give
control on the size of the subsets where the stable and unstable manifolds
are made transversal, as is needed for the proof of the Kupka-Smale
theorem. Available proofs of the Kupka-Smale theorem [46, 47] for
general hamiltonians do not apply to geodesic flows without further
arguments.

Using Corollary 2.2 and Theorem 2.4 we show here how to extend
the proof of the Kupka-Smale theorem for hamiltonian flows to the
case of geodesic flows, provided that the perturbations used are local.
The perturbations in [47] are not local. The perturbations in claim
a in [46] are local, they are written for volume preserving flows but
they can be adapted to the hamiltonian case. We choose to present in
Appendix A another kind of perturbation, suitable for use in the proof
of Theorem 2.5 and that could be useful for other types of problems.

Theorem 2.5. Let Q C J'~Y(n — 1) be open, dense and invariant.
Then there exists a residual subset O C G" such that for all g € O:

e The (r — 1)-jet of the Poincaré map of every closed geodesic of g
belongs to Q.

o All heteroclinic points of hyperbolic closed geodesics of g are trans-
versal.

Proof. We are going to modify the proof of the Kupka-Smale theo-
rem for general hamiltonians to fit our geodesic flow setting. Let H"(N)
be the set of C" Riemannian g metrics such that the (r — 1)-jet of the
Poincaré map of every closed geodesic of g with period < N belongs
to Q. If necessary intersect @@ with the set A C J"~!(n — 1) of jets of
symplectic maps whose derivative at the origin has no eigenvalue equal
to 1. Then @ is still open, dense and invariant. Since the periodic orbits
of period < N for such g are generic, there is a finite number of them.
Since @ is open and the Poincaré map depends continuously on the
Riemannian metric, H"(N) is an open subset of G". By Theorem 2.4,
H"(N) is a dense subset of G".

Let K"(N) be the subset of H"(N) of those metrics g such that for
any pair of hyperbolic periodic orbits v and 7 of g with period < N, the
submanifolds W (v) and Wy (n) are transversal, where W3 (v) is given
by those points 6 € W?(vy) with distyys,)(0,7) < N and similarly for
W (n). Since the stable and unstable manifolds of a hyperbolic orbit
depend continuously on compact parts in the C! topology with respect
to the vector field, "(NN) is an open subset of G".
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It remains to prove that K" () is dense in G", for then the set

K™= () K"(NV)

NeN

is the residual subset we are looking for.

We see first that in order to prove the density of "(N) it is enough
to make small local perturbations. Let ~, n be two hyperbolic periodic
orbits v, n of period < N. Observe that if the two invariant manifolds
W(~v), W#(n) intersect, then they intersect along complete orbits. If
they intersect transversally, then they are transversal along the whole
orbit of the intersection point.

A fundamental domain for W*(~) is a compact subset K C W*(v)
such that every orbit in W*(v) intersects K. Such a fundamental do-
main can be constructed for example inside the strong unstable man-
ifold of v using Hartman’s theorem (one considers the linearization of
the Poincaré return map in a neighborhood of 7). Moreover there are
fundamental domains which are arbitrarily small and arbitrarily near
to 7. Hence it is enough to make W () transversal to W5 (n) in a
fundamental domain for W*(v).

We will use the following perturbation lemma whose proof will be
given after completing the proof of Theorem 2.5:

Lemma 2.6. For every point € W"(y) such that the projection
Tlwuy) is a diffeomorphism in a neighborhood of 0, and sufficiently
small neighborhoods & € V. .C V C U in SM, there are Riemannian
metrics g such that:

1. g is arbitrarily near g in the C"-topology;
2. g and g coincide outside w(U);
3. v and n are periodic orbits for g;

4. the connected component of Wi, (v) NV containing 6 and the sub-
manifold W*(n) are transversal.

Let # be in a fundamental domain K for W*(v). By the inverse
function theorem the projection 7T|Wu(,y) is a local diffeomorphism at
0 if and only of the tangent space of W*(vy) at 6 is transversal to the
vertical subspace i.e., TyW"(v) N ker dgm = {0}.

Observe that the manifolds W*(y) and W?*(y) are lagrangian. A
well-known property of the geodesic flow (cf. [40]) asserts that if W

13
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is a lagrangian subspace, then the set of times ¢ for which dp¢¢(W) N
ker dg, g # {0} is discrete and hence at most countable.

By flowing a bit the point # we obtain another point ¢.(6) satisfying
the conditions of the lemma. We can also choose t such that ()
does not intersect any closed geodesic of period < N. One chooses the
neighborhood U in Lemma 2.6 such that the support of the perturbation
m(U) does not intersect any closed geodesic of period < N. Choose a
neighborhood V' such that ¢;(#) € V. C V C U. Applying Lemma 2.6
we obtain a new Riemannian metric g such that gl e = glr ) and
the connected component of Wi (v) NV containing ¢(6) is transversal
to W#(n). If the perturbation is small enough, flowing backwards a
bit we obtain a neighborhood V; of 6, where W (vy) and W#(n) are
transversal.

Now cover the compact fundamental domain K by a finite number
of these neighborhoods V; and call them, let us say, Wi,...W,. Ob-
serve that in Lemma 2.6 the perturbations are arbitrarily small but the
neighborhood V of transversality is fixed. Since transversality of com-
pact parts of stable (unstable) manifolds is an open condition on g, one
can make the perturbation on W;,; small enough so that the invariant
manifolds are still transversal on W1y, ..., W;.

In order to make now Wy, (n) transverse to Wy (y) one can use the
invariance of the geodesic flow under the flip F'(x,v) = (z, —v), so that
W#(v) = WY(F(v)) or repeat the same arguments for the geodesic flow
with the time reversed.

This completes the proof of the density of X"(N). q.e.d.

Proof of Lemma 2.6. Perhaps, the easiest way to prove Lemma 2.6
is to use a perturbation result for general hamiltonian systems. The
Legendre transform £(x,v) = g, (v, ) conjugates the geodesic flow with
the hamiltonian flow of

1 g
H(x,p) =5 9" (*)pip;
i

on the cotangent bundle 7" M with the canonical (and fized) symplectic
form w = Y, dp; A dx;. Here g(z) is the inverse of the matrix of the
Riemannian metric.

Observe that the stable and unstable manifolds are lagrangian sub-
manifolds of T% M.

Now use a local perturbation result for the hamiltonian flow (e.g.,
[46, Claim a, Th. 3] or A.3 in Appendix A) to obtain a new hamiltonian
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flow which has W"() transversal to the old W?*(n) in a neighborhood
V. The stable manifold W#(n) only depends on the future times and
on the future it only accumulates on the periodic orbit 1 so up to the
perturbation it does not change.

If the perturbation is small enough, then the new piece of unstable
manifold W*(+) in the support of the perturbation U still projects in-
jectively to M. Let p : m(U) — T;(U)M be such that the connected

component of W“(v) N U containing =y is

Graph(p) = {(z,p(z)) |z € n(U)}.

Define a new Riemannian metric by

o () = 2H(z,p(x)) gij(x) ifzen(U),
9ij(®) {gij(x) it © ¢ (V).

Then g is C" near g, coincides with g on the complement of 7(U) and
its hamiltonian satisfies

@) Hp@) = 5 5@ n) p()
ij

_ 1 gix) N
=3 ;mmpz@)%(:ﬂ)

H(z,p(z)) 1
= Y H@.pw) 2 for x € 7(U).

Then W“(’y) is a lagrangian submanifold of T*M which is in the
energy level H = % of the hamiltonian for g and which coincides with
the unstable manifold of v in a neighborhood of v. By Lemma A.1,
W*(7) is invariant under the geodesic flow of g and hence is the unstable
manifold of v for g. q.e.d.

3. Twist maps and topological entropy

We say that a homeomorphism of the annulus f : [0,1] x S! < is a
twist map if for all § € S the function [0,1] > r +— ma 0 f(r,0) € St is
strictly monotonic.

For a proof of the Birkhoff’s normal form below see Birkhoff [7],
Siegel and Moser [49] or Le Calvez [32, Th. 1.1]. For a higher dimen-
sional version for symplectic maps see Klingenberg [28, p. 101].
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Birkhoff’s Normal Form 3.1. Let f be a C* diffeomorphism de-
fined on a neighborhood of 0 in R? such that f(0) = 0, f preserves the
area form dx Ady, and the eigenvalues of dof satisfy |\ =1 and \™ # 1
forallm € {1,...,q} for some q > 4.

Then there exists a C™ diffeomorphism h, defined on a neighborhood
of 0 such that h(0) = 0, h preserves the form dx A dy and in complex
coordinates z = x + iy = (z,y) one has:

hofoh ™ (z) = Az 2P 4 o(|z]971),
where P(X) = a1 X +---+anX™ is a real polynomial of degree m with

2m+1<q.
The coefficients a;, 1 < i <m <

N

— 1 are uniquely determined by
f-

In polar coordinates the function g = ho f o h™! is written as

(r,0) — (r+ p(r,0), 0+ a+ arr® 4 amr?™ 4 v(r, 9)),
where \ = ¢?™ @ If a; # 0 and |r| < ¢ is small enough, then %(7’[‘2 °g)
has the same nonzero sign as a1 and hence g is a twist map in [0, €] x S*.

We shall use following result:

Proposition 3.2 (Le Calvez [33, Remarques p. 34]). Let f be a
diffeomorphism of the annulus R x S' such that it is a twist map, it is
area preserving, the form f*(Rdf) — Rdf is exact and:

(i) If = is a periodic point for f and q is its least period, the eigen-
values of d, f? are not roots of unity.

(ii) The stable and unstable manifolds of hyperbolic periodic orbits
of f intersect transversally (i.e., whenever they meet, they meet
transversally).

Then f has periodic orbits with homoclinic points.

We are now ready to show:

Proposition 3.3. Let gy be a metric of class C", r > 4, on a surface
M with a nonhyperbolic closed geodesic. Then there exists a C*° metric
g arbitrarily close to go in the C" topology with a nontrivial hyperbolic
basic set. In particular, hiop(g) > 0.
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Proof. Let Q; C J3(1) be the subset of 3-jets of symplectic auto-
morphisms which are hyperbolic at the origin. Given k € Z, k # 0, let
Qr C J3(1) be

Qr = {afmalcr_l o€ J3(1), a1 #0, o ¢ {RIne€Z}}UQy,

where foq, : R? — R? is given by faq, (r,0) = (1,0 + a + a17?) + o(r?)
in polar coordinates. Now let @ = (), Qx. By Birkhoff’s normal form
(with ¢ = 4), the set Q) is open, dense and invariant.

By the Kupka-Smale Theorem 2.5 there is a residual subset Oy C G"
(r > 4) such that any metric in Oy has the two properties stated in the
theorem. Since (1), Oy is a residual subset, we can C"-approximate go,
r >4, by a C* metric g with a nonhyperbolic closed orbit ~ such that
the 3-jet of its Poincaré map is in @) and g satisfies the conditions (i)
and (ii) in Proposition 3.2.

The symplectic form on T'M induced by the Riemannian metric,
induces a symplectic form on a local transverse section X to -, which is
preserved by the Poincaré map Py(3,v). By Darboux’s theorem, using
a change of coordinates we can assume that > is a neighborhood of 0 in
R? and that the symplectic form on ¥ is the area form of R2.

By the definition of @, the Poincaré map f = Py(X, ) is conjugate
to a twist map fy = h f b~ when written in polar coordinates. In order
to apply Proposition 3.2 we show below a change of coordinates which
transforms fy into an exact twist map of the annulus Rt x S'. Then
the existence of a homoclinic orbit implies the existence of a nontrivial
hyperbolic basic set.

Consider the following maps

(z,y) —— (n0) —— (3r%0)=(R0)

D —C L Rtxs! —  Rtxg!
i | [
D — 5 RtxsSt — R+ x St

where D = {2z € C||z| < 1}, P7Y(r,0) = (rcosf,rsinf). Write
G(z,y) = (3r%,0) = (R,0), the upper composition. Then G*(Rdf) =
%(z dy — ydzx) =: A\. Observe that d\ = dx A dy is the area form in
D. Since D is contractible, fo*(A) — A is exact. Then T*(Rdf) — Rdf
is exact. Since R(r) = 3r? is strictly increasing on r > 0, T is a twist

map iff fy is a twist map. q.e.d.

17
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4. Franks’ lemma for geodesic flows of surfaces

Let v = {¢7(v) |t € [0,1]} be a piece of an orbit of length 1 of the
geodesic flow ¢f of the metric g € G". Let ¥y and X; be sections at
v and ¢¢(v) respectively. We have a Poincaré map Py(3o, X¢,y) going
from ¥y to ;. Ome can choose ¥; such that the linearized Poincaré

map

def
Py(7)(t) = dvPy(Z0, Xt,7)

is a linear symplectic map from Ny := N(v) & N(v) to Ny := N(¢v) &
N(¢v) and

Py(7)(£)(J(0), J(0) = (J (1), J (1)),

where J is a normal Jacobi field along the geodesic 7oy and J denotes
the covariant derivative along the geodesic. Let us identify the set of all
linear symplectic maps from Ny to A; with the symplectic group

Sp(1) := {X € R¥*?| X*JX = J},

where J = [_(1) (1)]

Suppose that the geodesic arc o (), t € [0, 1], does not have any
self intersection and let W be a tubular neighborhood of it. We denote
by G" (v, g, W) the set of metrics g € G" for which ~ is a piece of orbit
of length 1 and such that the support of g — ¢ lies in W.

When we apply the following theorem to a piece of a closed geodesic
we cannot avoid to have self intersections of the whole geodesic. Sup-
pose given a finite set of non-self intersecting geodesic segments § =
{n1,...,nm} with the following properties:

1. The endpoints of 7; are not contained in W;

2. The segment 7 o ][ 1) intersects each 7; transversally.

Denote by G" (v, g, W,§) the set of metrics g € G"(~, g, W) such that
g = ¢ in a small neighborhood of W N U™, n;([0, 1]).

Consider the map S : G"(v,9, W) — Sp(1) given by S(g) = P;(v)(1).
The following result is the analogue for geodesic flows of the infinites-
imal part of Franks’ lemma [18, lem. 1.1] (whose proof for general

diffeomorphisms is quite simple).
Theorem 4.1. Let go € G", r > 4. GivenU C G? a neighborhood
of go, there exists 6 = §(go,U) > 0 such that given g € U, v, W and §

as above, the image of U N G" (7,9, W, §) under the map S contains the
ball of radius 0 centered at S(go).



GEODESIC FLOWS WITH POSITIVE TOPOLOGICAL ENTROPY

19
The time 1 in the preceding statement was chosen to simplify the
exposition and the same result holds for any time 7 chosen in a closed
interval [a, b] C]0,4o00[; now with § = §(go,U,a,b) > 0. In order to fix
the setting, take [a,b] = [3,1] and assume that the injectivity radius of
M is larger than 1. This implies that there are no periodic orbits with
period smaller than 2 and that any periodic orbit can be cut into non
self-intersecting geodesic segments of length 7 with 7 € [%, 1]. We shall

apply Theorem 4.1 to such segments of a periodic orbit choosing the
supporting neighborhoods carefully as we now describe.

Given g € G" and « a prime periodic orbit of g let 7 € [%, 1] be such
that m7 = period(y) with m € N. For 0 < k < m, let v4(t) := v(t +k7)

with ¢ € [0, 7]. Given a tubular neighborhood W of moy and 0 < k <m
let S : G"(7,9, W) — Sp(1) be the map Sy(g) = Pg(y)(7)-
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Figure 1: Avoiding self-intersections.

Let

Wy be a small tubular neighborhood of ~g contained in W.
Let Fy = {7](1), . ,n?no

} be the set of geodesic segments 1 given by
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those subsegments of v of length 7 whose endpoints are outside Wy
and which intersect 7o transversally at n(7/2) (see Figure 1). We now
apply Theorem 4.1 to vg, Wy and Fy. The proof of this theorem also
selects a neighborhood Uy of Wy N U 7n2([0,7]). We now consider v
and we choose a tubular neighborhood W7 of v; small enough so that if
~1 intersects g transversally, then W intersected with Wy is contained
in Up (see Figure 1). By continuing in this fashion we select recursively
tubular neighborhoods Wy, ..., W,,_1, all contained in W, to which we
successively apply Theorem 4.1. This choice of neighborhoods ensures
that there is no interference between one perturbation and the next. In
the end we obtain the following:

Corollary 4.2. Let go € G", 7 > 4. Given a neighborhood U of go
in G2, there exists 6 = 8(go,U) > 0 such that if g € U, v is a prime
closed orbit of 9 and W is a tubular neighborhood of c = wo-~y, then the
image of U N G" (7, go, W) — HZ:OISp(l) under the map (So, ..., Sm—1)
contains the product of balls of radius § centered at Si(go) for 0 < k <
m.

The arguments below can be used to show that g — g can be sup-
ported not only outside a finite number of intersecting segments but
outside any given compact set? of measure zero in . This is done by
adjusting the choice of the function h in (10).

The nature of these results (i.e., the independence on the size of the
neighborhood W) forces us to use the C! topology on the perturbation
of the geodesic flow, thus the C? topology on the metric. The size
§(go,U) > 0 in Theorem 4.1 and Corollary 4.2 depends on the C*-norm
of go.

Proof of Theorem 4.1. Let us begin by describing informally the
strategy that we shall follow to prove Theorem 4.1. At the beginning
we fix most of the constants and bump functions that are needed. Using
Fermi coordinates along the geodesic ¢ = 7 o 7y, we consider a family of
perturbations following Klingenberg and Takens in [29]. We show that
the map S is a submersion when restricted to a suitable submanifold
of the set of perturbations. To obtain a size § that depends only on gg
and U and that works for all g € U, v and W we find a uniform lower
bound for the norm of the derivative of S using the constants and the

2But to use this argument to support g — ¢ outside a given infinite set of geodesic
segments of length > % one needs to bound from below their angle of intersection
with c.
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bump functions that we fixed before. This uniform estimate can only
be obtained in the C? topology.

The technicalities of the proof can be summarized as follows. To ob-
tain a C? perturbation of the metric preserving the geodesic segment ¢ =
mo~y one needs a perturbation of the form (12), with a(t, z) = ¢(z) Ba(t),
where p(x) is a bump function supported in an e-neighborhood in the
transversal direction to ¢ and 54 (t) is given by formula (31). The deriva-
tive of Ba(t) with respect to A is given by formula (20). The second
factor in (20) is used to make the derivative of S surjective,® and the
first factor h(t) is an approximation of a characteristic function used
to support the perturbation outside a neighborhood of the intersect-
ing segments in § = {n1,...,7m}. Then inequality (8) shows that if
the neighborhood W of ¢ is taken small enough, the C? norm of the
perturbation is essentially bounded by only the C° norm of B4(t). In
order to bound the C2 norm of 34 from (31) in Equation (8), we use
the hypothesis go € G* to have a bound for the second derivative of the
curvature Ky(t,0) of gy along the geodesic c.

By shrinking U if necessary, we can assume that
(3) l9llc2 < llgollg= + 1 for all g € U.

Let k1 = k1(U) > 1 be such that if g € U and ¢ is the geodesic flow of
g, then

(4) ldvte|| < ki and ||dyo; || <k forall t € [0,1]

and all v € SM. Let 0 < A < 1 and let ko = ko(U, A) > 0 be such that

()

dydy — d <k d dpdt — dydt < K
|t_1§1/%|’§” wht — dp@rpoll <ky  an |t_1?/%f9” v v® |l < k2

for all g € 4 and all v € S’;M. If A\ = A(go,U) is small enough, then

1
6 O<bko< —= <1<k
(6) > 16k '

Let 0y and Ay : [0,1] — [0,+oc[ be C* functions such that Jy

has support on [% -\ %[, A, has support on ]%,% + A, [oA(t) dt =

J Ax(t) dt =1 and the support of Ay is an interval.

®The functions 6x(t) and Ax(t) are approximations to a Dirac delta at t = 3.
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Let k3 = kg(go,u,)\) = kg(go,U) = kg()\) be

(7) ks = k3 [[18allco + [[05]] o + 12X co (1 + llgollcz) + [| A%l co ]

where ) and Af are the first and second derivatives of the functions )
and Ay with respect to t.

Given € with 0 < e < 1, let ¢ : R — [0, 1] be a C* function such
that p.(z) = 1ifz € [-F, §] and pc(z) = 0if z ¢ [-5, §]. In Lemma 4.5
it is proven that ¢.(z) can be chosen such that

(8) |pe(@) B(t) 2°|| o < kallBllco + kaellBllor + €2 1Bl o

for some fixed k4 > 0 (independent of €) and any (3 : [0,1] — R of class
C?.
Choose 0 < ¢ < 1/(4k?k3). From (6), we have that
1 1
9 — —kso—4kikys > —.
( ) k‘% 30 1h2 2]?%

Let h : [0,1] — [0,1] be a C*° function supported outside a neigh-
borhood of the intersecting points and the endpoints of the support of
A)ﬂ

supp(h) € [0, 1]\ [y~ (UiZym:) U supp(Ay) |

and such that
1
(10) / |h(t) — 1] dt < p.
0

We now introduce Fermi coordinates along the geodesic arc ¢ = mwo~.
All the facts that we will use about Fermi coordinates can be found in
[21, 28]. Take an orthonormal frame {¢(0), £} in T,)M. Let E(t)
denote the parallel translation of E along c¢. Consider the differentiable
map @ : [0,1] x R — M given by

P(t,z) = expq) (zE(t)).

This map has maximal rank at (¢,0), ¢t € [0,1]. Since ¢(t) has no self
intersections on t € [0, 1], there exists a neighborhood V of [0, 1] x {0}
in which ®|y is a diffeomorphism.

Choose

(11) &1 = 51(907”37a%) >0
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such that the segments 7; do not intersect the points with coordinates
(t,z) with || < e; and ¢ € supp(h) and such that [0, 1] X [—e1,e1] C V
and (I)([O, 1] X [—61781]) cWw.

Let [go(t,z)]i; denote the components of the metric gg in the chart
(®,V). Let a(t,z) denote a C*° function on [0,1] x R with support
contained in V' \ @~ 1U™ 17;([0,1])]. We can define a new Riemannian
metric g by setting

(12) goo(t, ) = [go(t, )]oo + alt, z) % ;
901(t7x) = [90(t7x)]01;
gu(t,z) = [go(t, z)]11;

where we index the coordinates by g =t and x; = x.
For any such metric g we have that (cf. [21, 28]):

gij(t’o) = Qij(tao) = 0;j, 0<i,5<1;
O 9" (t,0) = Bk gi5(t,0) = 0, 0<4,7j,k<1;

where [¢/] is the inverse matrix of [g;;].

We need the differential equations for the geodesic flow ¢; in hamil-
tonian form. It is well-known that the geodesic flow is conjugated to
the hamiltonian flow of the function

Zg ) i ;-

Hamilton’s equations are
d g
ati= Hy = Zgj ) Y,
da _ _
at Yk = Cl?k - 2 dack yz Yj-

Let F be the set of the Riemannian metrics given by (12) endowed
with the C? topology. One easily checks that F C G" (v, go, W, ). Let

Vi =FNU.

Using the identity < 5 (doy) = (dX o ¢y) - dgy, with X = %‘Mt:o’ we

obtain the differential equations for the linearized hamiltonian flow, on

23
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the geodesic ¢(t) (given by: ¢, x =0, yo = 1, y1 = 0), which we call the
Jacobi equation:

SO P g I R A 1
dt |y pgy LD ~Hyy —Hyy| |b o_r 0] ]b

where

(14) K(t,0) = 355 g% (t,0) = =3 8 goo(t, 0).

Let

K0<t7 O) = %% ggo(ta 0)
It is easy to check that
(15) K(t,0) = Ko(t,0) — a(t,0).

By comparison with the usual Jacobi equation* we get that K(t,0) is
the curvature at the point ¢(t) for the metric g.
Observe from (12) that the conditions®

ao(t) = (h,¢)g =3 g% (t,0) a;i(t) =0,
bo(t) = ao(t) = (b, ¢)g =0,

are invariant among the metrics g € F and satisfy (13). In particular
the subspaces

(16)

M:{(a,b)ETC(t)TM‘CL():bQ:O}%RXR

are invariant under (13) for all ¢ € F. From now on reduce the Jacobi
Equation (13) to the subspaces N.
We need uniform estimates for all g € V. Fix g € V and write

(17) Ar = A = [—K(()t, 0) (1)} 2x2

4The geometric notion of curvature is not really used. The reader might just use
Equation (14) as the definition of curvature in this section.

SHere the products (h,¢), and (b, ¢), are not needed to follow the argument.
In fact, here ¢(t) is the hamiltonian orbit corresponding to the geodesic ¢(t) in the
cotangent bundle and (, )4 is the Riemannian metric in the cotangent bundle induced
by g, whose coefficients are those of the inverse matrix [¢*/]. These products are
included in (16) to suggest the reader that the following subspace N; is just the
reduction of the space of Jacobi fields to those Jacobi fields which are orthogonal to
the geodesic.
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where K is from (15). Let X; = X7 = d¢|n; : No — N; be the solution
of the Jacobi Equation (13) for g:

(18) X, =A X,

The time 1 map X; is a symplectic linear isomorphism: XjJX; = J,
where J = [_(1] (1)] Differentiating this equation we get the tangent
space of the symplectic isomorphisms at Xi: Ty, = {Y € R?*? | X}]Y
is symmetric}. Observe that, since X is symplectic:

(19) Tx, =X1-T1

bc]

and that 77 is the space of 2x2 matrices of the form® Z = [a bl

Let us consider the map given by
H, xg
F 3 g+ X{ €Sp(1).

Equivalently, H is the restriction of S : G"(~, go, W) — Sp(1) to F. We
shall show that H is a submersion at any g € V. We start by finding
a uniform lower bound for the norm of d,H restricted to a suitable
subspace.

Lemma 4.3. Consider a small parameter s near zero and write
gs = g + a2 drg @ dwg € F where

a®(t, ) := pe(x) (1),
where (35(t) satisfies 3°=°(t) = 0 and
(20)
0p°(t)

s 5=0

= h(t) {6(t) a+ &' (t)b— (Ax(t) K(t,0) + 5 AX(t)) ¢},

where a,b,c € R, 0 < h(t) <1 satisfies (10), K(t,0) is the curvature of
g at (t,0) and 0 < € < e1. In particular o® has support contained in V.
Then

1 (&
s (G50l )l = 5 WL 5111

°If dim M > 2 the elements of 77 have the form [? ], with a and ¢ symmetric
and d = —b*. The arguments shown here are not sufficient to cover this case.
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We use h(t) to support the perturbation of the Riemannian metric
outside the intersecting segments and also to bound the C? norm of the

term %&g (ehAx¢ — 1) in Equation (31).

Proof. From (13) and K, (¢,0) = K4(t,0) —a®(t,0), we see that X/*
satisfies '
X9 = (A + D}) X¥°,
where A; is from (17) and D; = [as&o) 8] Thus the derivative of the
map H satisfies dgH(%QS‘SZO) = Z1, where

Zy=MZ; + E; Xy,

where By = 4| _ D; = h(t) {aa,o_ 8} Writing Z, = X;W, and
using that Xt As X, we get that Wt Xt_1 E; X;. Hence

(21) Z1 =X, / XV E X, dt.
0
Write A := [2 _g]. We have to prove that

| Z1]] > for all g € V.

3 141

We compute the integral in (21). Write B = [ 9] and C' = [76?2 8} .
Then, using (18),

/ XU\t B X, dt = /IaA() [(X‘l)’BXtJrX{lBX{} dt

/ 5)\ AtB BAt} Xt dt
_/ x(1) Xt_1 [8—2] X dt.
0

/ XA () C Xy dt

/A’ th

_ /O MO X AT 0] - [ L] A X de

} X, dt

Ol\:\o
wlo O

1
— 0 c
:/0 A1) X [%(K(t,o)HcK(t,O)) o] Xedt .



GEODESIC FLOWS WITH POSITIVE TOPOLOGICAL ENTROPY 27

Hence,

/ X, 1—Xtdt

1
—/ 5\(0) X1 [0 0] X, dt+/ Ax(t) X7V (98] X, dt.
0 0

Write P(t)=X; " ;05 Xo, Qu()=X;" [0 9] Xb, Q2(0) =X [§5] X
and Q(t) = X; ' [? _¢] X;. Then

@ [ Pwa= [ sn@odas [ s

Using (4) we have that

1x(8) QoI < lIxllco [|X¢7 | V2 max{lal, [b]} || Xe]
< loxllgo - ko - 1Al - &

Similarly
IAA®) QI < [Axco k7 lel < | Axllco kT [1A]l-
Hence, using (7), we have that

(23) 1Pllo < & (1oxllco + 1 Ax]Ico) (1Al
< kz(A) [IA]l.-

From (21), we have that
1
(24) 7 = X1/ h(t) P(t) dt.
0
Observe that
1 1

[ aoawa-om)| < [ 50 jan-ad)]
< O/\ Qla 2)

1
/0 AN(t) Qa(t) dt — Q2 (3) / AN(t) ||Q2(t) — Q2(3)]| dt
< O/\(Q27§)a
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where O5(Q;, 3) == MAaxX|;_; /o|<) 1Qi(t) — Qi(3)|| Thus, using (22),

tht—/OlPdH/Pdt—Q(%)’
< H/(h— arn H/w) Qi) — Qu (3
+H [ 8@ - @:(3)].

<1l / h = 1]+ Ox(Q1, 1) + Ox(Qa, 1)

1

i h(t) P(t)dt — Q(3)

)

< HPIIO/\h C14200Q. 1), because @ = Q1 + Qo.

If f,g: [0,1] — R?*2 by adding and subtracting f(t) g(%), we obtain
the formula

(25) Ox(f9,3) <IIfllo Oxlg,3) + O (f:3) [l9(3)] -
Also, if e € R?*? is constant, then
(26) Oxle f,3) <llell OA(f, 3)-

Write A = [2 _¢]. Using formulas (25), (26), we obtain from (4)
and (5) that

OA(Q,3) = O\(X; 14Xy, 3)
<1 X; Mo Oa(AXy, 3) + O (X, 3) IIANl (1 X1 2llo
< [1X; o 1A Ox(Xe, 5) + O(X T, 3) AN 1 X3 2lo
<2k k2 ||A].

Also, from (23) and (10),
||P||o/|h— 1) < Al ks(V) /|h— 1 < ks 1Al o.

Moreover

1Al = | X2 Q(3) Xiall <k |23 -
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Hence, using (9),

H/”PdﬂzHQ@wH/hpQ@)

> (B —hso—4hiks) 4]

1
> o2 1Al

This implies that the transformation 77 3 A — fol h(t) P(t) dt € T;
is onto. From (19) and (24), the map 77 3 A — Z; € Tx, is surjective.
Moreover, using (4) and (24),

1
_ 1
kuwmzHXH%H—”Athﬂzzmumw
1

Thus

1
1Z:1]] = 203 |A]l  forallgeV.
1

q.e.d.

We shall combine Lemma 4.3 with the next lemma to prove the
theorem.

Lemma 4.4. Let N be a smooth connected Riemannian 3-manifold
and let F : R? — N be a smooth map such that

(27) |d.F(v)] >a >0 for all (x,v) € TR® with |v| =1 and |z| < r.
Then for all0 <b < ar,
{weN|d(w,F(0)) <b} CF{z eR*||z| < 2 }.

Proof. Let w € N with d(w, F(0)) < b. Let 3 :[0,1] — N be
a differentiable curve with 5(0) = F(0), (1) = w and || < b. Let
7 = sup(A), where A C [0, 1] is the set of ¢ € [0, 1] such that there exist
a unique C* curve  : [0,] — R3 such that «(0) = 0, |a(s)| < r and
F(a(s)) = B(s) for all s € [0,t]. By the inverse function theorem 7 > 0,

A is open in [0,1] and there exist a unique a : [0,7[— R3 such that
Foa=g. By (27),

(28) |ﬂ(s)} = ||das)F|| - [&(s)] > a |a(s)|, forall s € [0,7].

29
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Thus, |¢| < 1 maxo<i<i ‘ﬂ(t)‘ This implies that « is Lipschitz and
hence it can be extended continuously to [0, 7]. Observe that |a(7)| < r,
for if |a(7)| > r, then

bszz/OTm(sﬂ dsza/OT\d(sﬂ ds > ar,

contradicting the hypothesis b < ar. This implies that the set A is
also closed in [0,1]. Thus A = [0,1] and 7 = 1. From (28), writing
r=a(l) € F~Huw},

! 1ot b
]xglength(a):/o \a(t)\dtgafo Bl dt < .

q.e.d.

We now see that the condition (27) of Lemma 4.4 holds in our set-
ting. Let ks = ks(go0,U,7,§) and kg = ke (g0, U, 7, ) be

ks = 10l + 13411, + [18all lgollos + 3| A5]1,] el 2o,

bo ¢ = poax {2 I#llce [13xllca + 133l ] + 2 lgollca [1(e73 = 1) s

lel<
"
AX
c2f’

2A
observe that since Ay > 0 on supp(h), the last term in k¢ is finite.
Let 0 < p1 < 1 be such that the closed ball

ki

(29) Bgz (90, p1) €U

Choose 0 < € = ¢(go,U,,§) < €1, small enough so that
(eka+e*) ke < 3 p1.

Choose 0 < ¢ < 1 such that

(30) kaks (2k36) 4 (kg +e®) kg <p1 <1 and 2k}5<1.

For A = [Z _g], let

(81) Ba(t) :=h(t) {or®)a+35(1)b ]

+ (Ko(t,0) + 5205 ) (e7H0 M @e 1)



GEODESIC FLOWS WITH POSITIVE TOPOLOGICAL ENTROPY 31

and let ga € G"2(v, go, W, ) be the Riemannian metric

ga = go + pe(x) Ba(t) 2% dt ® dt.

Observe that B4 = 0 when h(t) = 0, so that g = gp in a neighborhood
of the intersections of the segments 7; with ¢ = m o . Then the choice
of ¢ < €1 from (11), ensures that ¢ = go in a neighborhood of the
intersecting segments.

Observe that

Vi _nwy o). D4 = ne) sy
% = —h(t) {Ax(t) ( Ko(t,0) + Ba(t)) + L AL()},

In particular, the directional derivatives of the map 7; 3 A — (B4 are
given by formula (20). (Note that Ko(t,0) + S4(t) is the curvature of
ga at (t,0).) Indeed,

A+ h(t) A1) Ba(t) = h(1)? s (1) {8r(0)a + (1) )

Oc
= h(t) { Ko(t,0) Ax(1) + 3 A%}
= —h(t) {Ko(t,O) Ax(t) + %AX(t)} ,

because Ay (t) 0x(t) = 0 and Ay(t) 04 (t) = 0.
Define F': 71 — Sp(1) by

F(A) = S(ga) = deo) 0| ;-

Applying Lemma 4.3, we get that if gg € V), then the derivative dgF'
satisfies

1 .
(32 I(dBF)- Al 2 575 14l it g5 € V.
1

Let G : T; —G"2(7, go, W, §) be the map G(A)=ga. By Lemma 4.5,

we have that
(33)  11G(A) = gollce = [|e(@) Ba(t) 2| ¢
< k4 ||Ballco + € ka |Ballcr + €2 [1Ball =

Observe that for |c| <1 we have that

‘e*hAAC — 1| < |e| max
lel<1

Q(e*hAAc - 1)‘ < le| Ay el if |e] < 1.

Jdc
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Then, if |¢| < 1,

AII _ c
Ko(t,0) + b0 | | ehve — 1| < [ Kol Ay + 4 [A5]] el

> A
< |C||:||g0‘|c2 ”A)\HO—F%HA’/{HO]eH allo
Hence

1Ballgo < ks [[All,if [JA] <1

Since I - gllcs < 217l lgllgns 184llcn < IBalles < K. Then from
(33) we get that

IG(A) = gollce < kaks ||A||+(c kat+e?) kg, if |A] <1 and G(A) € U.

By definition of p; in (29), we can write W := Bgz2(go, p1) N G(77) C
YV C U. Then (30) implies that

G(B7;(0,2k75)) CW C V.
Thus the hypothesis gg € V of (32) is satisfied and we can consider the

following diagram.

T; D B(0,2k30) ¢, WcVycg?

“H
F :
\

Sp(1).

Applying Lemma 4.4 to F in (32), with r = 2k$ 6 and a = ﬁ, we
1
get that

BSp(l) (S(gO)v 6) (BTI (0’ 2 k:l)) 6))

CF
C F(GTIW) € SUNG (7,90, W, F)).

q.e.d.

Bump functions
Lemma 4.5. There exist ky > 0 and a family of C*° functions
©e i [—&,e]" 1 — [0,1] such that p-(z) =1 if v € -5 %]"‘1, we(r) =0
if © ¢ [—%,%]”*1 and for any C? map B : [0,1] — R®=Dx(=1) tpe
function a(t, x) := @ (x) x*B(t) x satisfies,

ledlg2 < ka | Bllco +eka | Bller +€* 1Bl e,
with k4 independent of 0 < e < 1.
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Proof. Let ¢ : 1] — [0,1] be a C*° function such that ¢(z) =

[—1,1]

1 for |x| gi and ¢(z) = 0 for |z| > L. Given ¢ > 0 let ¢ =
0e 1 [—£,e]" 1 — [0,1] be defined by ¢(z) = [} (%). Let B €
R"=Dx(=1) and let B(z) = ¢(x) 2* Bz. Then
(34) 18llo < &* 1Bl

dyf} = (dzp) " Bz + ¢(x) 2°(B + BY)

n—1
o =V (2) TLv()

k#1
(35) ldzell < 2 lldell
(36) 1dzBll < 3 ||BI| 9]l

d23 = (dp) a*Bx + 2 (dgp) «* (B + B*) + ¢(z) (B + B)
padey = v (%) L o(2) o+ 50 (2)v(%) 7l;I V() (1-05).
irj

ld2ell < & max{ [[d]ly , 4ol } < & 4]
|d28) < ¢lze IIBII (1 +4+2)
(37) <7 )2 |IB].

Let kg := 443 ||¢||cn +7 HQ/)H%Q Then from (34), (36) and (37), we
have that

(38) 182 < ka Bl
Now let a(t,x) := p(z) x* B(t) x. Observe that

ol < sup a(t, s +sup (@) o2 + 2 | 425

< Bllce +2* |1Blles +2 || &

817815
But, using (35),
5552 = dop - B'(t) & + o(x) [a" B'(t) + B(t) «]

| <& ller IB o +2¢ 1B llo
Hence, using (38),

83:875
< g kae|Bllca-

lollc> < ka 1Bllco + kae [|Bllgr + & (1Bl o -
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5. Dominated splittings for geodesic flows

We say that a linear map T : RY — RY is hyperbolic if it has no
eigenvalue of modulus 1. The stable and unstable subspaces of T' are

n—-+o0o

E3(T) := {v eRY| lim T"(v) :0},

EY(T) := {v eRY| lim T7"(v) = 0}.

n—-+00

5.1 Periodic sequences of symplectic maps

Let GL(R™) be the group of linear isomorphisms of RY. We say that
a sequence £ : Z — GL(RY) is periodic if there exists ng > 1 such
that {j4n, = & for all j € Z. We say that a periodic sequence § is
hyperbolic if the linear map [0, ! &; is hyperbolic. In this case the
stable and unstable subspaces of H?:Oal &i+j are denoted by E;’(g ) and
E;‘(&) respectively.

Given two periodic families of sequences in GL(RY), ¢ = {¢(®) | a €
A} and n = {n(® | o € A}, define

&, n) = SUP{Hfff) — 777(5“)” ‘ ac A ne Z}.

We say that two periodic families are periodically equivalent if they
have the same indexing set A and for all « € A the minimum periods
of £ and n(® coincide. We say that a family € is hyperbolic if for all
o € A, the periodic sequence £ is hyperbolic. Finally, we say that
a hyperbolic periodic family £ is stably hyperbolic if there exists € > 0
such that any periodically equivalent family 7 satisfying d(n,&) < € is
also hyperbolic.

Theorem 5.1 (Maiié, [34, Lemma I1.3]). If {¢(®) |a € A} is a
stably hyperbolic family of periodic sequences of linear isomorphisms of
RN, then there exist constants m € ZT and 0 < A\ < 1 such that for all
a€c A, je:

m—1 m—1

(a) (a)
H $j+i ’ H [ H 5j+z}
i=0 =0
Denote by Sp(1) = SL(2,R) the group of symplectic linear maps in

R2. Lemma 5.4 below shows that if a periodic sequence & of symplec-
tic maps in R? is stably hyperbolic among the periodic sequences in

E; () <A

B (€
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Sp(1) and sup, Hﬁ("‘) H < 00, then it is also stably hyperbolic among the
sequences in GL(R?). Thus we get:

Corollary 5.2. If {£¢(®) |« € A} is a family of periodic sequences in
Sp(1) which is stably hyperbolic in Sp(1), and sup, ||| < co. Then
there ewist constants m € Z+ and 0 < X\ < 1 such that for all a € A,
j € ZL:

<A\

-1
B ()

m—1 m—1
1:]0 &) [ g &)

Remark 5.3. Write TN =[] " ¢!%). Using that | AB||<||A| || B|
for A, B € GL(R?) we get that for all N > 1 and all a« € A4, j € Z,

]

m s/ ¢(a mN1—1| —u o
| 5| || ] B (€| < A
Lemma 5.4. Let Fy, € GL(R?), T}, € Sp(1) with || F}, — Ty|| < € for
k=1,...,N, where
2¢ <1+2 max ||Tj|]) < %
1<G<N

Suppose that F = FyoFn_q0---0F} is not hyperbolic. Then there exist
Aj € Sp(1) such that

2
Ay — Tyl < 16¢ ( 2+ max |T;
[Ax — Tkl < 66( 1<%NH J||>

and A := Ay o Ay_10---0 A1 is not hyperbolic.

Proof. Suppose first that F has complex eigenvalues A and . Since
F is not hyperbolic, |\| = |A\| = 1, and hence detF = +1.
Let e; = (1,0), e2 = (0,1) and

A :=det Fy, = w(Fy e1, Fi e2).
Since w(a,b) < |a| |b|, we have that

Ak — 1] = |w(Fger, Frea) — w(Ter, Tres)|
< |w(Fgey — Tyeq, Frea) — w(Tger, Trea — Fres)|
<e [|Fkll + ¢ [Tl
<2e[2||Till + 1] < 5,
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in particular, \; is positive. Since ‘1 - ﬁ’ < 2z — 1] for % <z< %,
we obtain
1

Since Hi\;l A =detF =1,

N

1 _
[ A& =1
k=1

Observe that Sp(1) = {4 € GL(R?) | det A = +1}. Write

B

Then Ay € Sp(1). Also

N 1
A=Ayo-od = (T, &) F=F
is not hyperbolic. Finally,
[ Ak = Tiel| < | Ak — Fell + |1 Fy — Tk
< |- | 1B+
<de 2||Tul| +1)* +¢
<de 2| Tk] + 2.
Now suppose that F has an eigenvalue 1. The case of an eigenvalue

—1 follows from this case using —77 and —F} instead of 77 and Fj.
Take ay # 0 such that F(a;) = a1. Define inductively

ag
aps1 = Fi(ag), up

= mc
We shall construct a symplectic map Ay € Sp(1) such that ||Ax — Tx|| <
(3+ | T% || ) e and Ag(uy) = Fy(ug). This will imply that Ag(ax) = ags1,
A(a1) = a1 and thus that A is not hyperbolic.
Let J(z,y) := (—y,z) and
(TkJuk, Tkuk) 1

w
A 1= = .
k w(FkJuk,Fkuk) w(FkJuk,Fkuk)

Define A, € GL(R2) by Ak(uk) = Fk.(uk.) and Ak(Juk) = A Fk(Juk)
Then

w(AgJug, Agug) = Mg w(FrJug, Frug) = 1 = w(Jug, ug),
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so that Ay € Sp(1).
Since w(a, b) < |a||b], we have that

- — 1 = |w(FyJug, Frug) — w(TJug, Truy,)|
= ’w(FkJuk, Fruy, — Trug) + w(FrJup — TkJuk,Tkuk)’
< & ([ Fll + 1 T%[1)
<e (2| Tkl + 1)

Since |z — 1| <4 |1 — 1| for L <z < 3,

| Ak (Jug) — T (Jug)| = | Mg Fre(Jug) — Tr(Jug)]
< Mg = 1 [Fe(Jug)| + [Fr(Jug) — Tie(Jug)|
< Ak = 1 [|Fll + [|Fr — T
<de [2|| Tl + 1] (1%l + 1) +¢
<4e(2+2 |Te]))>.

Also,
[ A (ur) — Ti(ug)| = [Fio(ur) — Ti(ug)| < e.
Since the basis {uy, Juy} is orthonormal, we have that
A, — Tl < 16 (1+ | Tk] )2 + <.

q.e.d.

5.2 The hyperbolic splitting

Let M be a closed 2-dimensional smooth manifold and let R (M) be the
set of C™ Riemannian metrics on M, r > 4, all of whose closed geodesics
are hyperbolic, endowed with the C? topology and let F1(M) =
int(R'(M)) be the interior of R'(M) in the C? topology.

Given g € G"(M) let Per(g) be the union of the hyperbolic (prime)
periodic orbits of g. We say that a closed ¢9 -invariant subset A C SM
is hyperbolic if there exists a (continuous) splitting TA(SM) = E* &
E¢ @ E" such that:

o ¢ = (XY) is generated by the vector field of ¢9.

37
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e There exist constants K > 0 and 0 < A < 1 such that:

ded? ()| < KN |g|,  forallt >0, 0 €A, &€ E0);
|dgg? ()| < KA [¢|,  forallt >0, §eA, &cE“H).

‘We shall show now:

Theorem D. If g € F'(M), then the closure Per(g) is a hyperbolic
set.

We state a local version which implies Theorem D. Let U C SM
be an open subset and let R'(U) be the set of Riemannian metrics
g € G"(M) such that all the periodic orbits of ¢9 contained in U are
hyperbolic. Let Per(g,U) be the union of the periodic orbits of ¢9
entirely contained in U. Let F*(U) = intc2 (R (U)).

Proposition 5.5. If g € F'(U), then the closure Per(g,U) is hy-
perbolic.

Proof. Observe that on a C? neighborhood U of g each periodic
orbit in Per(g, U) can be continued and its continuation (see Section 2)
is hyperbolic, because otherwise one could produce a non-hyperbolic
orbit.

Cut the closed orbits in Per(g, U) into segments of length in [iﬁ, %6]
where ¢ is the injectivity radius of g. Given a closed orbit 7 in Per(g, U)
construct normal local transversal sections 3J; to ¢9 passing through the
cutting points 7(Z;) of 7. Given a nearby metric g, cut the continuation
79 of v along the X;’s: 749(tJ) € ¥;. Then 47 is cut in the same number
of segments as +y is, so that the families

Flg) = {dw(t§>¢fg“_tg’Aﬁ(w(t?)) |7 €Per(g, U), 0<i < ”(7)}

in Sp(N9(0)) are periodically equivalent, where

N9(0) = {¢ € TyS(M,g) | (dr§,0)5 = 0}
and n(7) is the number of segments in which we cut ~.

Lemma 5.6. If g € F(U) then the family F(g) is stably hyperbolic.

Proof. Since g € F!(U), there exists a C?-neighborhood U of g
in G"(M) such that for all g € U, the family F(g) is hyperbolic. Let
d = d(g,U) > 0 be given by Corollary 4.2. For v € Per(g,U), write

67 = dyogBlmelvi b=t NG =N (0),
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Suppose that the family
Flg) = {&7 |7 € Per(g,U), 1 <i < miy)}

is not stably hyperbolic. Then there exist a periodic orbit v € Per(g, U)
for g and a sequence of symplectic linear maps 7; : N; — N1 such
that H N — 5(7 H < ¢ and H =1 nz is not hyperbolic. Observe that the
perturbations of Franks’ Lemma 4.1 do not change the subspaces A (6)
along the selected segment of c(t). By Corollary 4.2 there is another
Riemannian metric g € U such that ~ is also a closed orbit for g, tJ = t;,
N9(t]) = Ni and dy) @7,y In; = mi- Let 7(y) = EZL:(? t; be the
period of 7. Since the linearized Poincaré map for (v,g) is

n(7y)
dw( 7(7 ‘NI IL ’I iy

the closed orbit v is not hyperbolic for the metric g € U. This contra-
dicts the choice of U. q.e.d.

Applying Corollary 5.2 — and Remark 5.3 if necessary (the time
spacing between cut points may vary) — we get that there exist A < 1
and T > 0 such that

(39)
Hd9¢T|ES(9)H . Hd¢T9 ¢_T|E“(¢T 9)H <A for all § € Per(g,U);

where ¢ = ¢9.
Write A(g) = Per(g,U). For 6 € A(g) let

3(0,,)CPer(g,U), limy, 0r=0;
S(0) : = span {§ e N9(6 ‘ %, eEfzegn ) liinénfﬁ }

(00)CPer(g,U), limy, 0 =0;
U(9)::span{§€/\fg ‘ %, eEirg 7) lﬁnfn =¢. }

Then the domination condition (39) implies that
(40) |l dodr|gipll - [|doro -1y (s,0) | S A forall 6 € Ag).

We show now that the domination condition (40) implies that S& U
is a continuous splitting of N[5 = S @ U. First observe that S(6) N
U#) = {0} for all & € A(g); because if & € S(0) N U(#), writing
&r i= dpdr(&o), we would have that

ér| < HdaﬂﬁT\S(g)H‘\fo\ < Hme\S(@)H'Hdwe ¢—T‘U(¢T9)H'|§T| < Aérl.

39
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But the definitions of S and U imply that dim S(#) > dim £°(6,,) and
that dimU(6) > dim E*(6,,) if lim,, 6,, = 6 and 0,, € Per(g,U). There-
fore N'(0) = S(0) ® U(#) and lim,, S(6,,) = S(0), imU(6,,) = U(6) in
the appropriate Grassmann manifold.

The continuity of the bundles S and U and their definition imply
that S(0) = E*(0) and U(0) = E"(0) when 0 € Per(g,U). Observe that
if # € Per(g,U) then E*(f) and E"(f) are’” lagrangian subspaces of
N (6) because

wg(u,v) = lim wgy(dgde(u),dpgr(v)) =0,

t—+00

where wy is the symplectic form induced by g. The continuity of the
bundles S and U and the continuity of w, imply that the subspaces S(6)
and U () are lagrangian for all § € A(g). Then the next proposition due
to Ruggiero [48, Proposition 2.1] (cf. also [14]) shows that Per(g,U) is
hyperbolic.

Proposition 5.7. Let S(8) & U(0) be a continuous, invariant la-
grangian splitting defined on a compact invariant set X C SM. The
splitting is dominated if and only if it is hyperbolic.

A hyperbolic set A is said to be locally mazximal if there exists an
open neighborhood U of A, such that A is the maximal invariant subset
of U, i.e.,

A=()dg{(U).
teR
A basic set is a locally maximal hyperbolic set with a dense orbit. It is
nontrivial if it is not a single closed orbit.

Given a continuous flow ¢; on a topological space X a point x € X
is said wandering if there is an open neighborhood U of x and T > 0
such that ¢(U)NU = @ for all t > T. Denote by Q(¢;|x) the set of
non-wandering points for (X, ¢;). Recall:

Smale’s Spectral Decomposition Theorem for Flows 5.8 ([50,
27)). If A is a locally maximal hyperbolic set for a flow ¢, then there
erists a finite collection of basic sets A1, ... Ayx such that the non-wan-

dering set of the restriction ¢t‘/\ satisfies

N
Q (d)t ‘A) = ,L:JlAi'

"This is trivial in our case of dim N (f) = 2 and dim E*(#) = dim E*(#) = 1.
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Corollary 5.9. If the number of geometrically distinct periodic
geodesics is infinite and g € FY(M), then Per(g) contains a nontriv-
1al hyperbolic basic set.

Proof. Let A = Per(g). Since g € F'(M), Theorem D implies that
A is a hyperbolic set. By Proposition 6.4.6 in [27], there exists an open
neighborhood U of A such that the set

Ay =), #0)
is hyperbolic. Since A = Per(g), its non-wandering set is Q(¢:|p) = A.
By definition of Ay, A € Ay and hence A = Q(ée|a) C Qde|ay,)-
By Corollary 6.4.20 in [27], the periodic orbits are dense in the non-
wandering set €(¢¢|a,, ) of the locally maximal hyperbolic set Ayy. Thus
A C Q(¢i|a,) € Per(g) = A. By Theorem 5.8, the set A = Q(¢¢|a,)
decomposes into a finite collection of basic sets. Since the number of
periodic orbits in A is infinite, at least one of the basic sets A; is not a
single periodic orbit, i.e., it is nontrivial. q.e.d.

N. Hingston proves in [24] that if M is a simply-connected manifold
rational homotopy equivalent to a compact rank-one symmetric space
with a metric all of whose closed geodesics are hyperbolic then

lim inf n(¢) log(£)

{—00 /

>0,

where n(¢) is the number of geometrically distinct closed geodesics of
length < /.
Rademacher proves:

Theorem 5.10 (Rademacher [44, Cor. 2]). For a C*-generic met-
ric on a compact Riemannian manifold with finite fundamental group
there are infinitely many geometrically distinct closed geodesics.

Thus we have (As we mentioned in the introduction, we could have
also used the stronger results of Franks and Bangert [5, 19] which assert
that any metric on S? has infinitely many geometrically distinct closed
geodesics.):

Theorem 1.1. If a C* metric on a closed surface cannot be C?-
approzimated by one having an elliptic closed geodesic, then it has a
nontrivial hyperbolic basic set.

Theorem 1.1 together with Proposition 3.3 completes the proof of
Theorem A.
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Appendix A. Perturbation of lagrangian manifolds

In this appendix we prove a perturbation lemma for invariant la-
grangian submanifolds of an autonomous hamiltonian suitable for use
in the proof of the Kupka-Smale theorem for geodesic flows.

Let V' be a 2n-dimensional vector space. A symplectic form w on
V' is an antisymmetric bilinear map which is nondegenerate, i.e., for all
v € V'\ {0} there exists w € V such that w(v,w) # 0. We say that a
subspace E C V is isotropic if w|p = 0 and that it is lagrangian if E
is isotropic and dimE =n = %dim V. This is the maximal dimension
that an isotropic subspace can have.

A symplectic manifold (M, w) is a 2n-dimensional smooth manifold
together with a symplectic form w, i.e., a 2-form which is nondegenerate
at each tangent space. A lagrangian submanifold N’ C M is a submani-
fold such that each tangent space T, N is a lagrangian subspace of T, M.
In particular, dim A = n.

Lemma A.1. Let (M,w) be a symplectic manifold and H : M — R
be a smooth function. If N is a lagrangian submanifold of (M,w) such
that N C H=Y{k} for some k € R then the hamiltonian vector field X
of H is tangent to N'. In particular, N is a union of orbit segments of
the hamiltonian flow.

Proof. The hamiltonian vector field X is defined by ixw = —dH.
In particular, on the level set ¥ = H'{k} we have that ixw|y =
dH|y, = 0. Then ixw|y = 0. Then for all z € N the subspace E, :=
TN @ (X (x)) is isotropic. If X (z) ¢ T,N then dim E, = n + 1 which
is impossible. Thus X (z) € T, N. q.e.d.

We shall use a special coordinate system associated to a lagrangian
submanifold that we shall call Darboux coordinates for the lagrangian
manifold.

Lemma A.2. Let N be a lagrangian submanifold contained in an
energy level H=Y{k} of a hamiltonian H : M — R on a symplectic
manifold (M,w). Let @ € N and suppose that 0 is not a singularity of
the hamiltonian vector field of H. Then there exist a neighborhood U in
M and a coordinate system (x,p) : U — R™ x R™ such that:

(a) w=>,dp; Ndzx;.
(b) NNU =[p=0].

(¢) The hamiltonian vector field of H on N is given by Xy|n = 5970‘



GEODESIC FLOWS WITH POSITIVE TOPOLOGICAL ENTROPY 43

Proof. By Weinstein’s theorem [53], [2, Th. 5.3.18], [36, Th. 3.32]
there is a neighborhood W7 of A/ which is symplectomorphic to a neigh-
borhood of the zero section of T*A with its canonical symplectic form,
sending N to the zero section N x 0.

By Lemma A.1, AV is invariant under the hamiltonian flow ¢; of H.
Let V' be a flow box for the restriction ¢;|x» containing § € V and choose
alocal chart x : V. — R"™ for N such that () =0 € R" and X |y, = 8%0,
where Xy is the restriction of the hamiltonian vector field to N N V.

The canonical symplectic coordinates associated to the chart (V,x)
are given by (z,p) : V x R" — TyN, p; = dx;. The pull-back of the
canonical symplectic form for T7*A in these coordinates is . dp; A d;.
The zero section V x 0 C N x 0 C T*N is given by [p = 0]. Now
compose this chart (z,p) with the symplectomorphism to obtain the
required chart. q.e.d.

This is our perturbation lemma for invariant lagrangian submani-

folds.

Lemma A.3. Let N and K be two lagrangian submanifolds inside
an energy level H-1{k} of a hamiltonian H : M — R of a symplectic
manifold (M, w). Let 8 € N be a nonsingular point for the hamiltonian
vector field. Let (t,z;p), t = xo, be Darboux coordinates coordinates for
N,0<t<1,|z] <e asin Lemma A.2. Choose 0 < g3 < &1 < €.
Then there exist a sequence Ny, of lagrangian submanifolds of (M,w)
such that:

(a) N, = N in the C* topology.
(b) NoNA=NnNA, where A := {(t,z;p) | max; |z;| > e or 0<
1
t< i}
(c) H(N, N B) ={k}, where B=AU{(t,z;p) |
(d) Ny N D is transversal to K, where D = {(t,z;p)|t = 1, and
max; |z;| < ea2}.

Proof. Let ¢ : [—¢,e]" ' — [0,1] be a C° function such that
o(r) = 0 if max; |7;| > €1 and ¢(z) = 1 if * € [~e2,e9]" L. Given
s=(81,...,80-1) € R"! with |s| small, let hg : [—¢,¢]" ! — R be the
function hg(x) := 14 ¢(z) Y20 s; #;. Then

dxhs = (81, cey Snfl), if zxz¢€ [—52, 62]n_1;

dzhs =0, if  max|x;| > ;.
(2
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Let p® : {1} x [—&,e]"t — R" be defined by p*(1,z) := (p§(x), dshs),
where p§(z) : [—¢,€]""! — R is defined by the equation

(41) H((1,2);p5(z)) = k.

Since the curves t — (t,z,p = 0) are solutions of the hamiltonian equa-
tions,

H,, ((1,2),0) =1 #0.

By the implicit function theorem, for s small we can solve Equation (41)
for (s,z) — p{(x) and this is a C* function on s and x.
The graph of p*:

Graph(p®) := {((1,2);p°(2)) |z € [—e,e]" '} c HH{k}

is an isotropic submanifold of H _1{%}. Indeed, its tangent vectors are
generated by & = ((0 €); W) and

1 s

Ip;
dp A dx (&, &) Z Pk 4ok (e;) (%’fd (e:)
0
8; 8pl-_ &h &h

=0.

Oz B Ox; N Ox;0x; B Oxj0x;
When s is near zero, the submanifold Graph(p®) is C*° near
Graph(p®) := ({1} x [—&,e]" ") x {eo} C N.

The tangent subspace to Graph(p") is generated by the vectors 5? =
((0,€;);0). Condition (c) in Lemma A.2 implies that, the hamiltonian
vector field on A is X = ((1,0);0). Then X is transversal to Graph(p°).
Then for s small, the hamiltonian vector field X is also transversal to
Graph(p®).

Let

N, =[3 <t <1 [lz] < €] [) S22, ( Graph(p)),

We are adding the flow direction to the isotropic submanifold Graph(p*)
of the energy level [H = k]. Then Nj is also isotropic. Since dim Ny = n,
Ny is a lagrangian submanifold. Since the projection 7|y is a diffeomor-
phism and when s — 0, N, converges to N in the C* topology, it follows
that 7|y, is also a diffecomorphism for s small. Then Ny is the graph
of a 1-form n(t,z) € T*B defined on [,1] x [—¢,e]""1. Since Nj is
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a lagrangian submanifold, the 1-form 7y is closed. Since its domain is
contractible, s is exact: 15 = d; ;) us. Adding a constant if necessary
we can assume that us = hg on {1} x [—¢,e]" !, Extend us to a C™
function on B such that

us(t,z) =t, if rnlax\xi| >e or t<i

hH(l) us(t,z) =t, in the C* topology.
S—

This can be done using the Whitney extension theorem [55].

By construction H(dus) =k = H(K) ont € [%,1]. Since Graph(du,)
and I are lagrangian submanifolds, they are invariant under the hamil-
tonian vector field. Hence Graph(dus) and K are transversal over (¢, x)
€ [3,1] x [—e2,e2]" 1 if and only if their intersections with [t = 1], (=,
drus(1,x)) and K N [t = 1] are transversal over z € [—e9,e2]" !, By
construction of us we have that

Opus(l,2) = s € R*1 for x € [—e9,e9)" L.
Observe that the submanifolds Graph(du,) on (¢, z) € [3,1] x [—e2, 9],
parametrized by s are a foliation of (t,2;p) € [3,1] x [—&2,e2]" 1 x
[—8,08]"~1. The projection of K N [t = 1] into the transverse direction
to the foliation is given by [—e2,e2]" 1 3 x — d,v where the function
v : [—€,e]" 1 — R is defined by K N[t = 1] = Graph(dv). Therefore
Graph(dus) is transversal to K if and only if s is a regular value for
x +— dzv. By Sard’s theorem the set of regular values of dv has total
measure, in particular there is a sequence s,, — 0 of regular values. The
sets N, := Graph(dus, ) are the required lagrangian manifolds. q.e.d.
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