PERIODIC EXPANSIVENESS OF SMOOTH SURFACE
DIFFEOMORPHISMS AND APPLICATIONS

DAVID BURGUET

ABSTRACT. We prove that periodic asymptotic expansiveness introduced in
[14] implies the equidistribution of periodic points to measures of maximal en-
tropy. Then following Yomdin’s approach [50] we show by using semi-algebraic
tools that C'°° interval maps and C'*° surface diffeomorphisms satisfy this ex-
pansiveness property respectively for repelling and saddle hyperbolic points
with Lyapunov exponents uniformly away from zero.

1. INTRODUCTION

In this paper we establish new relations between the entropy and the
growth of periodic points of smooth dynamical systems. In general the
topological entropy may not be equal to the exponential growth in n of
n-periodic points. Of course it may be less, e.g. when the system has
uncountably many periodic points, but it may also be larger : there are even
minimal (therefore aperiodic) smooth systems with positive entropy [33].
However these two quantities coincide in many cases, in particular under
some expansive and specification properties. Then one may also wonder
if periodic points are equidistributed with respect to measures of maximal
entropy.

For expansive homeomorphisms with the standard specification property
R. Bowen proved in [7] the equality between the entropy and the growth of
periodic points, together with the equidistribution of periodic points with
respect to the unique invariant measure of maximal entropy. In particular
these properties hold true for topologically transitive subshifts of finite type
and Axiom A systems []. Also by a celebrated result of A. Katok [30] any
C*e surface diffeomorphism admits hyperbolic horseshoes with entropy ar-
bitrarily close to the topological entropy so that the exponential growth in n
of saddle (hyperbolic) n-periodic points is larger than or equal to the topo-
logical entropy.

Here we will prove the following result:
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Main Theorem. Let f : M — M be a C* diffeomorphism of a com-
pact surface M (resp. a C° interval map) with positive topological entropy
htop(f) > 0.

Then for any 6 €]0,hwop(f)[ the set Per® of saddle (resp. repelling) n-
periodic points with Lyapunov exponents d-away from zero grows exponen-
tially in n as the topological entropy. Moreover these periodic points are
equidistributed with respect to measures of maximal entropy, i.e.:

e limsup, , % logﬁPerfL = htop(f),
e for all increasing sequences of positive integers (ng) satisfying

. 1 5
kgr-&r-loo nilg log ﬁPernk = htoP(f)’

any weak-star limit u of the sequence (ﬁPelr‘; > zcPert 53,) is an
ng "k k
f-invariant measure of maximal entropy, i.e.:

h(p) = hiop(f)-

We list now some comments and earlier related works enlightening the
above statement:

i. Periodic points with small Lyapunov exponents. For 1 < r < oo V.
Kaloshin [34] has proved that in Newhouse domains (i.e. C" open sets with
a dense subset of diffeomorphisms having an homoclinic tangency) generic
C" smooth surfaces diffeomorphisms have arbitrarily fast growth of saddle
periodic points (see [1] for analytic examples). Kaloshin stated his result for
finite r, but his proof also works for r = co. For these C'*° surface diffeo-
morphisms we can therefore not replace the sets PerfL with the sets Per,, of
all n-periodic points in our Main Theorem. In fact, it follows from the Main
Theorem that any family of saddle periodic points of a surface diffeomor-
phism with exponential growth larger than the topological entropy contains
periodic points with an arbitrarily small Lyapunov exponent. Finally we
also recall that by Kupka-Smale theorem [37, 44] all periodic points of a C”
generic diffeomorphism are hyperbolic (in particular the sets Per,, are finite
for all positive integers n).

ii. Systems with Lyapunov exponents uniformly away from zero. When
all invariant measures are hyperbolic with Lyapunov exponents uniformly
away from zero then one may consider in the Main Theorem the set Per,
of n-periodic points (because in this case we have Per = Per, for some
positive ¢). Such nonuniformly hyperbolic smooth surface diffeomorphisms
have been built and studied in [21, 45]. More recently P. Berger proved that
Henon like diffeomorphisms satisfy this property and our result recover then
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the equidistribution property shown in [1].

iii. Comparison with a weaker form due to Chung and Hirayama. A version
of the above theorem was proved for C'*+¢ surface diffeomorphisms f in [23]
(see also [29]), where the authors considered for some fixed ¢,d > 0 and for
any positive integer n the subset Perj (c) of x € Per§ with ||Tfia;ka, I (Tfixfk)_l | >
ce® for all k € N and for all 0 < i < n. The union |J, Per?(c) is the set
of periodic points of its closure, say K;. = J,, Perj(c). Moreover Kj is a
uniformly hyperbolic set. According to the aforementioned pioneer work of
R. Bowen the exponential growth in n of Per’(c) coincides with the topo-
logical entropy restricted to K5 .. Then by Katok’s Theorem one concludes
that the exponential growth in n of Per? (c) goes to hiop(f) when ¢ and & go
to zero. Under C*° smoothness assumption our Main Theorem shows the
stronger fact that the exponential growth in n of (.-, Perfl(c) is equal to
the topological entropy. By using Bowen’s result Chung and Hirayama also
proved that periodic points in Perfz(c) are equidistributed with respect to an
invariant measure p. which is converging to a measure of maximal entropy
when ¢ goes to zero.

iv. The case of topological Markov shifts. A similar picture occurs in the
non compact setting of connected topological Markov shifts with a count-
able set of states. Indeed the (Gurevic’s) entropy of such a Markov shift,
which may be defined as the supremum of the measure theoretic entropies
of invariant ergodic probability measures, coincides with the supremum of
the topological entropy of finite subgraphs. As for a C'*% surface diffeo-
morphism the system thus contains a family of subshifts of finite type with
entropy arbitrarily close to the entropy of the system. Although periodic
points are equidistributed with respect to measures of maximal entropy for
these finite subgraphs, this is false in general for the topological Markov
shift. By a result of Vere-Jones [1(] it holds true for the so called strongly
positive recurrent topological Markov shifts (see Proposition 2.3 in [10] for
some (equivalent) definitions of strongly positive recurrence).

v. Positive recurrence in Sarig’s Markov representation. The above results
must be compared with the recent work of O. Sarig about the coding of
C1+@ gurface diffeomorphisms. In [17] he built for any § > 0 a finite to one
topological Markov shift extension of any surface diffeomorphism on a set of
full measure for any hyperbolic ergodic measure with Lyapunov exponents
d-away from zero. Then the finite subgraphs of this Markov shift correspond
to the hyperbolic sets. However it is unknown if the connected components
of this Markov shift are strongly positive recurrent even for C'°° surface dif-
feomorphisms.
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vi. Existence and finiteness of ergodic measures of maximal entropy. Build-
ing on Yomdin’s theory, S. Newhouse proved that any C'>° map on a compact
manifold admits an ergodic measure of maximal entropy [13] (see also [18]).
J. Buzzi proved also in [18] that there were only finitely many such measures
for C'*° interval maps with positive topological entropy. It was very recently
shown by using Sarig’s Markov representation that it also holds true for
surface diffeomorphisms [20]. In our Main Theorem we do not know how to
identify the limits p of periodic measures in Per® (in general the measures p
are not ergodic). For topologically transitive such systems, uniqueness of the
measure of maximal entropy has been established in [18] [20] so that peri-
odic points in Per® are actually equidistributed with respect to this measure.

vii. Lower bound on the growth of periodic points. By applying Gurevic’s
theory to the Markov representations of Sarig [17] and Buzzi [18] for respec-
tively smooth surface diffeomorphisms and interval maps, these dynamical
systems when they admit a measure of maximal entropy (in particular in
the O case) satisfy the following estimate':

Jp e N\ {0}, liminf e "Mr(Htper, > 0.
n—-+o0, p|n
We will prove in the Appendices that we can replace in the above inequality
the set Per,, by PerfL for any positive d less than the topological entropy. This
follows from the construction of Sarig in the first case whereas for interval
maps we have to slightly modify the Markov representation of Buzzi. In
particular we get the following statement.

Corollary 1.1. With the assumptions and notations of the Main Theorem,
there exists a positive integer p such that :

o lim, . o pn % logﬁPeri = hiop(f),

° _ — _
any weak-star limit of (ﬁPerfL Zmeperi 696) _— s a measure of mazx

imal entropy.

viii. Open question. Does the Main Theorem also hold true for C" surface
diffeomorphims with finite r > 1 provided hyop(f) > AT (f)/r where AT(f)
denotes the supremum over all invariant measures of the sum of the positive
Lyapunov exponents?

The proof of the Main Theorem follows from the following general strat-
egy: any subset of periodic points whose growth is larger than or equal to
the topological entropy, but with zero local exponential growth, is equidis-
tributed with respect to maximal measures. Moreover its exponential growth
rate is in fact equal to the topological entropy. By local exponential growth

1n the present paper N := {0, 1, ..., } will denote the set of nonnegative integers.
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we mean the exponential growth in n of the n-periodic points lying in a arbi-
trarily small n-dynamical ball. From Katok’s Theorem we then only have to
check that (Per?),, has zero local exponential growth rate for a C*-surface
diffeomorphism (or a C*° interval map). In [14] [15] such systems are said
to be asymptotically periodic-expansive. This condition was used there to
build so-called uniform generators. In our setting we get:

Corollary 1.2. Let f : M — M be a C™ surface diffeomorphism (or
interval map).

Then for any 6 > 0 there exists a uniform §-generator P, that is a finite
measurable partition P of the complement of UneN\{o} Per,, \ Perg such that

the mazimal diameter of the elements of \/j__, fEP goes to zero when n
goes to infinity.
8
Moreover we may assume that with per’(f) := SUPeN\ {0} W the

partition P satisfies

4P < emax(hop(f) per (1)) 4 1

When the surface diffeomorphism is nonuniformly hyperbolic with Lya-
punov exponents uniformly from zero (as discussed in ii.), then for some
positive § the uniform J-generator is covering the whole surface.

2. LOCAL PERIODIC GROWTH, THE ABSTRACT FRAMEWORK

Let (X,T) be a topological dynamical system, i.e. X is a compact metriz-
able space and T is a continuous map from X into itself. We denote by
Per(T) (or Per) the set of periodic points of (X,T). When P is an invari-
ant subset of Per(T") and n is a positive integer we let P, be the subset of
n-periodic points in P, that is

Pn={x e P, Tz = x}.

For any invariant subset P C Per we let
1
gp = limsup — log #P,,.
n N

We also introduce the following local quantity. For any ¢ > 0 we denote
by Br(z,n,e€) (or just B(x,n,€)) the n-dynamical ball at = of size € :

Br(z,n,e) = ﬂ T-*B(T*z,e).
0<k<n
Then we let

1
gp(€) = limsup — sup log § (P, N B(z,n,€))
n N zeX

and

gp = lim gp(e).
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The local periodic growth g5 is defined in a similar way to the tail en-
tropy h* introduced by M. Misiurewicz in [11] and somehow represents for
the periodic growth what the tail entropy does for the topological entropy.
In general h* and gp,, may differ for the same reasons as for the topological
entropy and the (global) periodic growth. For systems with the standard
specification property” we always have gper > htop and gp,, > h* [25].

We may also define gy, by using the infinite dynamical ball

B(z,00,¢€) := m T-*B(T*z,e),
a<k<+4oo
with « = —oco it T is invertible and o« = —1 if not. Observe that when p

belongs to P, N B(x,n,€) then we have
Pn N B(z,n,e) C B(p, o0, 2€).
Consequently we have:

Lemma 2.1.

1
gp = lim lim sup — sup log # (P,, N B(z, 00, €)) .
e—0 n N yxeXx

Alternatively we may also take the supremum over z € P, on the right
hand side.

Recall a topological system (X,T') is expansive when there is € > 0 so
that for all x € X the infinite dynamical ball B(x, o0, €) is reduced to the
singleton {z}. The system will be said to be asymptotically P-expansive
when g5 = 0. Aperiodic systems as well as expansive ones are obviously
asymptotically P-expansive for any P C Per.

Clearly if (X,T) is asymptotically P-expansive with finite topological
entropy then the growth in n of n-periodic points of P is at most exponential
and we have more precisely:

Lemma 2.2.
gp S htop(T) + g;;'

We give now a lower bound for the entropy of any equidistributed mea-
sure for P. For any n we let v/ be the atomic measure given by v} :=
ti?%n Z$E77n Sz, where §, is the Dirac measure at x. Clearly v is an invari-
ant probability measure.

Lemma 2.3. Let (X,T) and P be as above. Assume §P, < oo for all

n. Then for any weak-star limit u of (ufk)k, where (ng)g s an increasing

1

sequence of integers with gp = limy - log #Py,., we have

n

2For a continuous interval map this property is satisfied if and only if the map is topologically
mixing [5].
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h(p) = gp — gp-

Before the proof we recall some basic definitions and facts about entropy
in ergodic theory [27]. For a Borel probability measure y on X * and a finite
Borel partition P of X we let H,(P) be the Shannon entropy of p with
respect to P:

Hy(P) == p(A)log p(A).
AeP
By concavity of x — —zlogx on [0, 1] we always have

(1) Hy,(P) < logiP.

Observe also that the map v — H, (P) defined on the (compact) set of Borel
probability measures endowed with the weak-star topology is continuous at
p whenever p(0A) = 0 for every A € P. When @ is another finite Borel
partition we may define the conditional quantity H,(P|Q) as follows:

H,(PIQ) == — Y u(B)H,s(P),
BeQ

where p? is the conditional measure on B defined by pu?(C) = £ (ﬁg)(}) for

any Borel set C. The following inequality is well-known:
(2) H,(P) < H,(Q)+Hu(P|Q).

If v is moreover T-invariant the sequence (%) , with P = \/Z;é T-FpP,
n

is nonincreasing and its limit is usually denoted by h,(P). Then the measure
theoretic (or Kolmogorov-Sinai) entropy h(u) of p is defined as the supre-
mum of h,(P) over all finite Borel partitions P. When (FP), is a sequence
of finite partitions whose diameter is going to zero then one can show (see
[27]) that:

h(p) = lillcfn hyu(Pr).

Let us go back now to the proof of Lemma 2.3.

Proof. Let p be the limit of a subsequence (v} ); and let € > 0. Let P be

ng
a partition of diameter less than e with p(0A) = 0 for all A € P. For any
large n we let @), be a finite Borel partition of X finer than P™ such that

any element of (),, contains at most one point of P,.
H,(P")

For any invariant measure v, the sequence ( o

) is nonincreasing.
n

Therefore we have for any 0 < < ny, (in what follows vy, := v} ):

1 1
-H,, (P > —H,

7% ~ n

(P"*).

30f course all these notions may be defined in a more general context, but we will always
consider topological dynamical systems on compact metrizable spaces in the present paper.
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From (2) and (1) we get then:

1 l 1 n
PHn (P = o (Huy, (Qu) = Hu, (@ui|P™))
1
> — Hl/nk(Qle>_ Z Vﬂk(A)Hy;j‘ (an) )
"k AcPk *
1 l 1
-H, (P') > — (logtP,, — sup logf(Pn, NA)|.
[ Nk AEP"k

As the diameter of any A € P is less than ¢ we have

1 1
ZHVnk (Pl) > ni <10g ﬁpnk — sup IOgﬁ (Pnk N B(:c,nk,e))> .
k

rzeX

By continuity the left term is going to %Hu(Pl) when k goes to infinity,
whereas for the right term we have

1
lim inf — <log iPp, — sup logt (Pn, N B(z, ng, e))>
ko nyg zeX

v

1
lim — 1 o —
1]?1% og {Pn,,

lim sup L sup log # (Py,,, N B(x, nk, ¢€)),
k Nk zeX
> gp—gple).
Thus we get for all positive integer [:
LHL(PY > gp — g3(0).
and by taking the limit in

hu(P) = gp — gp(e).
The above inequality holds for any finite partition P whose elements have
diameter less than e and boundaries with zero pu-measure. Since these par-
titions generate the whole Borel sigma-algebra up to sets of zero u-measure
we get therefore:

h(k) > gp — gp(e).
Finally we conclude the proof by taking the limit when € goes to zero. [J

By the variational principle [30, 31] the topological entropy is equal to
the supremum of the measure theoretic entropy of all invariant measures.
A measure whose entropy attains this supremum (and therefore is equal to
the topological entropy) is said to be maximal or of maximal entropy. Such
measures do not always exist (even in intermediate smoothness, i.e. for C”
smooth systems with r < 400 [12]). The following corollary gives a new
criterion for the existence of maximal measures and the equidistribution of
periodic points with respect to these measures beyond Bowen’s result:

Corollary 2.1. Assume T is asymptotically P-expansive and gp > hop(T).
Then we have

® gp = htop(T)}
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o any weak-star limit of (ka)k with gp = limy, ,leﬁpnk is a measure of
mazimal entropy.

For a topological system (X,7") with the small boundary property a mea-
sure theoretic analogue of g5 was defined in [15]. A system is said to have
the small boundary property” when it admits a basis of neighborhoods with
null boundary, i.e. with null g-measure for any invariant measure p. Let
(ex )k be a decreasing sequence of real numbers going to zero. Then for any
invariant measure u we let

(3) Gp(n) = Tim Tmsup Be(vy)
Vnn_)—ooht
with

Pl = / log # (P 1 Bz, 1, €)) dvm (),

where 1, are periodic measures associated to a periodic point in P, with
minimal period equal to n. When there is no such sequence (v,),, converging
to p we let g (p) = 0. Then we have the following variational principle (see
Appendix B):

(4) g = sup gp(p).
m

Remark 2.1. In the statement of Lemma 2.3 one can replace g by gp(i).
The easy proof is left as an exercise for the reader.

3. LOCAL PERIODIC GROWTH FOR C", r > 1, INTERVAL MAPS AND
SURFACE DIFFEOMORPHISMS

We investigate here the local periodic growth for C” smooth systems
f: M — M for a real®> number r > 1 on a compact manifold M. It is
known that for C" generic diffeomorphims in dimension larger than one
the growth of hyperbolic periodic points is superexponential in Newhouse
domains [34] and thus these diffeomorphisms have infinite local exponential
growth gp with respect to P = Per. Similar explicit examples have been also
built on the interval [35]. When f : M — M is a surface diffeomorphism
(resp. a C' interval map) we let Per’ for § > 0 be the set of saddle (resp.
repelling) periodic points of f with Lyapunov exponents §-away from zero.
For any f-invariant measure p we let x*(u, f) be the integral with respect
to p of the positive part of the largest Lyapunov exponent, i.e. x*(u, f) :=
S limy, Llog™ | T, f||du(x). We also denote by R(f) = sup, x™(u, f) its
supremum over all invariant measures, which can be written as R(f) :=
lim, L log™ sup,ex |75/ (see [11]).

A1t was proved in [39] that on a finite dimensional manifold any dynamical system with count-
able periodic points have this property.

5The map fis C" if it is |r] times differentiable and its |r]-differential map is r — |r|-Holder.
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Theorem 3.1. Let f be a C" interval (or circle) map with r > 1. Then for
any 6 > 0 and any invariant measure u we have

+
G ) < 1 T)
in particular
R(f)
r—1

For surface diffeomorphisms we will show the following upper bound:

*
gPer5 <

Theorem 3.2. Let f: M — M be a C" surface diffeomorphism with r > 1.
Then for any 6 > 0 and any invariant measure p we have

Ipeys (1) < m max (X (. £), xT (1, f7)
in particular
2(3r — 1)

9;6r5 = m max (R(f)a R(f_l)) .

The examples built in [17] show that the upper bound in Theorem 3.1
for C" interval maps with finite » > 1 is sharp. But we do not think this
is the case for surface diffeomorphisms in Theorem 3.2. Let us now give
some consequences of the above theorems. First recall we have by Katok’s
theorem [36] and its noninvertible version [22, 19]:

Theorem 3.3. Let f be a C" surface diffeomorphism (or interval map) with
r > 1 and let p be an invariant measure with positive entropy. Then for any
0<d<h(p):

gPer5 Z h’(lu')7
in particular for any 6 < hiop(f),

Ipers 2 htop(f)'

Therefore any C*° surface diffeomorphism or interval map f is asymp-
totically Per’-expansive and satisfies Opers = hiop(f) for any 0 < 6 <
hop(f). Stronger lower bounds follow from the Markov representations built
in [47],[18] and from Gurevic’s theory:

Theorem 3.4. [17][18](See Appendiz A) Let f be a C" surface diffeomorp-
shim (or interval map) with r > 1 admitting a measure of mazximal entropy.
Then for any 0 < § < hyop there is a positive integer p such that

liminf e "Mee(HgPerd > 0.
n—-+o00, pln

The main statements of the Introduction follow then directly from Corol-
lary 2.1.

Question 3.1. Is any C* diffeomorphism f : M — M with dim(M) > 3
asymptotically Per’-expansive for all 0 < § < htop(f) ¢



PERIODIC EXPANSIVENESS OF SMOOTH SURFACE DIFFEOMORPHISMS AND APPLICATIONS

A symbolic extension is a topological extension by a subshift over a finite
alphabet (a symbolic extension does not need to be Markovian and the ex-
tension does not have to be finite-to-one). Existence of symbolic extensions
for smooth systems has been widely studied. Such extensions are known for
C* smooth systems but also for C" (with r > 1) interval and surface maps
(it is still open in higher dimension for finite » > 1). In [15] the authors
refine the abstract theory of symbolic extensions developed in [9] to build
uniform generators (see Theorem 1.2 in the Introduction). This is done not
only by controlling the entropy at different scales as in [9] but also but also
by using the local periodic growth, captured by the map p + g (). Uni-
form generators are directly related with symbolic extensions with a Borel
embedding (see Theorem 1.2 in [15]). In this context we get with Theorems
3.1 and 3.2:

Corollary 3.1. (See Appendiz C) Let (M, f) be a C" surface diffeomor-
phism, resp. a C" interval map, with r > 1.

Then for any 6 > 0, there is a symbolic extension 7 : (Y,S) — (M, f)
and a Borel embedding v : B — Y with B a Borel set with full measure
for every ergodic measure except periodic measures in |, (Pern \ Peri) such
that o f = o o1 and wo = ldentityg and

sup  h(v) = B(p),

v, S*v=v and T*v=p

where for any for any f-invariant measure p we let:

E(p) == h(p) + m (X (s )+ xT (s f7H),

resp. E(p) = h(p) + W

Moreover the cardinality of the alphabet of Y may be chosen to be less
log #Perd,

than or equal to emax(supy, B(u)per®) |1 i per := SUPpeN\{0} — n

Corollary 1.2 stated in the introduction follows then from Theorem 1 in
[15] by taking r = co. Indeed, in this case the alphabet of ¥ may be chosen
less than or equal to e™ax(hop(f ):Per’) 11 and a uniform 0-generator is given
by P :=~!Q with Q being the zero-coordinate partition of Y (for a proof
we refer to Theorem 1.2 in [15] which relates uniform generators and sym-
bolic extensions with a Borel embedding).

The upper bounds on the local periodic growth obtained above in Theo-
rems 3.1 and 3.2 are reminiscent of the following ones obtained by J. Buzzi in
[18] for the tail entropy of a C" map f on a compact manifold of dimension

d:
aR(f)

h*(f) <
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In fact, the proof of both estimates uses semi-algebraic tools introduced by
Y.Yomdin in [50].

4. THE CASE OF INTERVAL MAPS

The proof of Theorem 3.1 will follow quite directly from the following
reparametrization lemma of dynamical balls proved in [12]. For a C" (with
r > 1) smooth map f, we let ||f|, := max,_; ), 1) l0e where || £¢)]|o
is the usual supremum norm of the s-derivative of f for s < [r] (where
[r] denotes the integer part of r) and || f"|| is the r — [r] Holder norm of
D, We also let H : [1,+00[— R be the function defined for all ¢ > 1 by

H(t) = ~log(}) — (1 - 1) log(1 — 1),

Lemma 4.1. [12] Let f : S' — S! be a C" circle map with r > 1 and let
0 > 0. Then for any positive integer p there is € > 0, depending only on
|fPl», such that for all x € S and for all positive integers n there exists a
finite collection of intervals J,(x) with the following properties :

(i) VJ € Tnlx), Yy, z € J, |(f") (y) = (f") (2)] < §supres [(F7) (1),
(ii) {y € S, |(f") (W) > e} N B(x,n,€) € Uses, ) )
(11i) log 8T (z) < [n/p] (ﬁ + H([\ (z, fP) — pd] + 3)) (A (z, fP) — po) +
[n/plA+ B,

where A is a constant depending only on r, whereas B is a constant depend-
ing only on f and p (not on n). Also we have used the notation

[n/p]—1
XE (o, f7) ::m}p] S log™ [(f7) (F72).
§=0

Proof of Theorem 3.1. For a fixed § > 0 we will in fact prove the following
stronger upper bound for any f-invariant measure p:

X (p) =9

r—1
Let p be an f-invariant measure and let 0 < v < 1. We consider an integer
p = p(p,7,r) so large that %flong](fp)’\du ~ xt(f,n), % < 1 (with
A = A(r) as in Lemma 7.1) and H(py) < 1. We apply Lemma 7.1 for f,
p and ¢ and we let € > 0 be as in the statement. It follows from the first
item there is at most one point of Peri in any J € J,(x) as f™ is expanding
on any such interval J intersecting Perfl (once one takes n with ™ > %)
Then for any periodic measure v, supported on the orbit of a periodic point
& € Per® with minimal period n we have whenever e, is less than e:

PBr(vn) = i/logﬁ (Pn N B(z,n,€e)) dvp(z) < i/log $Tn(x)dvy ().

If A (2, fP) —pd > py we have H([N] (z, f7) — pd]+3)) (A} (z, f?) — pd) <<

Ipers (1) <
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Thus for n >> max(B,p) with B as in Lemma 7.1 we get

1 1 )

g R R / (N & £7) = 98) (),
< 1 1
~op(r=1) n/p

As all terms in this last sum are equal we have

+ [ roxsTu@ivn(@) S [ Gog" 107 ()] = 00) ().

When v, is going to p then this last term is going by continuity of the
integrand to

p(rl_l) (/bg* |(fp)/|du—p5> N W

o () —
We conclude that gg_,(u) = limy limsup,, _,, P () < %. O

[n/p]—1

> [ togt 1 7)) ) o)
J=

5. N-HYPERBOLIC HEXAGONS

In the next sections we consider a C" surface diffeomorphism with r > 1.
The proof of the Main Theorem for such a diffeomorphism follows the same
strategy as the above one dimensional case. In Lemma 7.1 we reparametrized
dynamical balls by intervals with bounded distortion so that they contain
each at most one repelling periodic point. In dimension two we introduce
now local hyperbolic hexagons which play somehow the same role as these
intervals.

We first define a notion of ”finite time local hyperbolic sets” involving
cones and we recall some related terminology and notations.

5.1. Cones. Let (E, | -||) be a two-dimensional Euclidean vector space and
v, w be two (nonzero) noncolinear vectors in E. The associated cone C'(v, w)
of E is the subset of the vector space E given by C'(v,w) = {av+ pw, af >
0}.

The aperture of the cone C'(v,w), which will be denoted by ap(C(v, w)), is
the unsigned angle Z(v, w) €]0, [ between v and w and the center of C'(v, w)
is the line R(v + w). We also refer to the two unit vectors generating this
line as oriented centers of the cone. A subset C' of E is said to be a cone
when there are v,w € E with C' = C(v,w). For @ > 0 and a cone C' with
aperture less than = we let C'(«v) be the cone with the same center as C' but
with ap(C(«)) = aap(C). Finally two cones C,C" are said transverse when
C N = {0} and a-transverse for @ > 0 when for any (u,u’) € C x C’
the unsigned angle between u and v/ is in o, 7 — af. A regular C! curve
A :[0,1] — E is said tangent to a cone C' when 0 # X' (t) € C for all t € [0, 1].

For any 0 < a < 7 we fix C, the family of cones of R? (endowed with the
usual Euclidean norm) with aperture equal to « centered at the lines given
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by the [4/a] + 1-roots of the unity in {z € C, Re(z) >0} ~ R x R C R?.
Clearly the cones C' in C,, but also the cones C'(1/2) for C' € C, are covering
R? and the cardinality of C, is less than 4/a + 1. Finally we let €, be the
collection of pairs of cones - later called bicones - (C,C") € C, x C,, given by
a-transverses cones.

5.2. n-hyperbolic set. Let n be a fixed nonegative integer. We consider a
sequence (E, |- ||x)k=0,....n of two-dimensional Euclidean spaces with (Ey, || -
llo) = (En, || - ||n) and we denote by By the unit ball of (Eg, || - ||x) and by
O the zero of Ej for k =0, ...,n. We fix some isometry between (Ep, || - ||o)
and (R2,] - ||) with the usual Euclidean norm || - || and we again denote by
¢, the corresponding (via the isometry) family of cones in Fj.

Let F := (fx : Br = Ek+t1)o<k<n be a sequence of C'! maps such that
fx(0g) = Ogy1 and fi is a diffeomorphism onto its image for all k. For
0 < 1 < n we denote by f! = f;_; o... o fo the [*"-composition defined on
the I-dynamical ball B(F,l) := {z € By, fix € B; for 0 <j <l—1}. By
convention we let f0 to be the identity map on By.

Definition 5.1. Forn € N, C > 0, § > 0 and o > 0, an open subset U,
of B(F,n) C Ey is said to be (C,0, a, n)-hyperbolic (or shortly n-hyperbolic)
when there are two bicones (Cy,, Cs) in €, and two (transverse) C™ smooth
unit vector fields e, : U, — Cy and es : U, — Cy such that for any y € Uy,
we have :

o T,f" (eu(y)) € Cu with | Ty f" (eu(y)) |ln > Ce™,
o T,f" (es(y)) € Cs with | T, f™ (es(y)) ln < C~te™™.

The vector fields e, and es are called respectively the n-expanding and n-
contracting fields of the n-hyperbolic set U,.

If we let v, be an oriented center of the cone C,, then by changing e, for
—e, we may assume Z (vy,e,(y)) < 4 for all y € Up. As the cones C, and
C, are transverse and have the same aperture we can write v, = Aes + ey,
with |A| < |B|. Therefore, for C, o and ¢ fixed, provided Ce™ is large
enough, the vector T, f"(v,) belongs to Cy(3/2) and ||T,f™(vy)|| > %e”‘s.
Thus we may always assume e, = v,, for large n if we relax the first item of

Definition 5.1 by replacing C,, by C,(3/2) and C by C/3.

Remark 5.1. The n-expanding and n-contracting fields are not canonical.
When working later on with the dynamical system given by a surface diffeo-
morphims (and not a sequence F as above), they will not a priori correspond
with the Oseledets unstable and stable directions, which do not vary smoothly
and are not globally defined. Indeed the n-expanding and n-contracting fields
only depend on the n-first iterations of the dynamical system. However for
a saddle hyperbolic n-periodic point y lying in a n-hyperbolic set Uy, the vec-
tors es(y) and Ty, f"e,(y) associated to U, are respectively close to the usual
(Oseledets) stable and unstable spaces (whenever Ce™ is large enough,).
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5.3. Hyperbolic hexagons. We define in this subsection hyperbolic hexagons
as a generalization of the usual notion of rectangles that we first recall now.
Let U be an open set of Ey. For two transverse one dimensional foliations
Fu and Fg on U a rectangle is the image of a bifoliation chart, i.e of a
topological embedding ¢ : [0,1]2 — U which straightens simultaneously the
stable and unstable foliations: for all x and y in [0, 1] the sets ¢({z} x [0,1])
and ¢([0,1] x {y}) are pieces of a leaf of F, and F, respectively.

If F, and F; are generated by two transverse C'*° smooth non vanishing
vector fields e, and es; on U we introduce the following generalization of
rectangles :

Definition 5.2. With the previous notations an open subset H of U is
said to be an hexagon when any two points in H may be joined by a C!
reqular curve in H which is either tangent everywhere to C(ey, es) or tangent
everywhere to C(ey, —es).

For e € {—1,1} we let F{ and F§ be the oriented one dimensional folia-
tions associated to ee, and ees. Then an hexagon is an open set satisfying
the following (oriented) accessibility-like property °:

Lemma 5.1. An open subset H of U is an hexagon if and only if for any
x,y € H there is €,,€e5 € {—1,1} and x = 21,...,2, = y € U such that for
all 1 <1i < p the points z;_1 and z; are in the same leaf of F, and the path
in this leaf from z;_1 to z; is oriented as F5> for a =u or s.

In the above statement we point out that p may depend on x and y, but
€u, €5 are independent of 7.

When an hexagon H is a subset of a rectangle given by a bifoliation C'*°
smooth chart ¢ : [0,1]2 — U (it will be always the case in the following)
then ¢~1(H) is an hexagon in ]0, 1] for the usual foliations in vertical and
horizontal lines. In this case we have:

Lemma 5.2. Let H be an open subset of |0, 1[2 then the following conditions
are equivalent :

e H is an hexagon for the horizontal and vertical foliations,
o there are 0 < a < b <1 and c¢,d € [a,b] as well as functions ¢ <7 :
la,b[—]0,1[ such that:
— n (resp. () is lower semi-continuous (resp. upper semi-continuous),
—n (resp. () is nondecreasing on la,c| (resp. ]d,b[) and nonin-
creasing on |c,b[ (resp. la,d[),

with” H = {(z,y) €]0,1%, ¢(z) <y <n(x)}.

e any pair of points in H may be joined by a monotone staircase func-
tion (with finitely many steps).

63ee [2] for the usual notion of accessibility in smooth dynamical systems.
"Such sets look like usual hexagons. This explains the terminology.
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The easy proofs of the two above lemmas are left to the reader. We will
now consider hexagons with respect to the contracting and expanding fields
associated to a m-hyperbolic structure.

Definition 5.3. Let U, be a n-hyperbolic set of F as in the Subsection 5.2.
Let e, and es be the n-expanding and n-contracting associated vector fields.

A subset R, of Uy, is called a n-hyperbolic hexagon when Ry, is an hexagon
with respect to e, and es. When U, is an (C, 6, a,n)-hyperbolic set with re-
spect to the constants we will say that R, is a (C,J, a, n)-hyperbolic hexagon.

A set Ry, is called a generalized n-hyperbolic hezagon when there are
C.6,a such that R, is the Hausdorff limit of the closures of a sequence
of (C, 8, a,n)-hyperbolic hexagons (then we also say that Ry, is a generalized
(C, 6, a,n)-hyperbolic hexagon).

We say x € B(F,n) is a n-periodic point for F := (f : By — Ek11)o<k<n
when "z = z. The following key lemma will allow us to bound the number
of periodic points by counting the number of hyperbolic hexagons covering
a dynamical ball.

Lemma 5.3. For all C, 0, «, there is an integer N = N(C, 0, «) such that
any generalized (C, 0, «,n)-hyperbolic hexagon carries with n > N at most
one n-periodic point for F.

Proof. Let us first consider a (C, 0, a, n)-hyperbolic hexagon R,, with respect
to (Cy, Cs) € €,. Assume by contradiction that R, contains two n-periodic
points p and g. We can assume (by exchanging e, with —e,, or/and e, with
—es) that there is a C! regular curve \ : [0,1] — M with A\(0) = p and
A(1) = ¢ such that N (t) € C(es,e,) for all t € [0,1]. Thus one can write
N (t) as X, (t) + N, (t) with X, (t) € RTe, and N,(t) € RTes. Also for v = u, s
we let 2., := f[o,l] M (t)dt € C and w := f[o,l] Ty f™ (X, (1)) dt € C,. For
some positive constant C'(a) depending only on o we have (we write || - || for
Il - llo =1 - Iln to simplify the notations):

C(a) /[ Ty (L) L

A\

[

> CC(a)e"‘S/
[0,1
> CC(a)e™ |,

] X () dt,

and we get similarly
lws|l < C7HCHa)e ™™ |-

Thus for n large enough w, — x,, € Cy(2) and ws — x5 € C4(2). This
contradicts the fact that p — ¢ = z, + z5 = w, + w5 and the transversality
of the cones Cy(2),Cs(2). Finally if p and ¢ are n-periodic points of a

generalized n-hyperbolic hexagon R,,, which is the Hausdorff limit of (Fﬁ) .
where (RF);. is a sequence of (C, d, a, n)-hyperbolic hexagons. Then p —q =
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Ty + x5 >~ wy + ws for any p, g in sz (with some large k) respectively close
to p and ¢. It leads to the same contradiction. This concludes the proof of
the lemma. O

Remark 5.2. In the above proof we used in a essential way that the n-
expanding and n-contradicting fields, e,, and es, and their image under T f™
lie in the same bicone (Cy, Cs). It is not enough to assume their image lies
in another bicone of €,.

6. SEMI-ALGEBRAIC TOOLS

We now recall some results of semi-algebraic geometry which will be used
in the next section to build a collection of n-hyperbolic hexagons covering a
given n-dynamical ball. We refer to [3] for an introduction to semi-algebraic
geometry.

6.1. Nash maps and their degree. A semi-algebraic set of R? is a set
which may be written as a finite union of polynomial inequalities. Semi-
algebraic sets are finite union of real analytic manifolds (also called Nash
manifolds). A map f : A € R? — R® is called semi-algebraic when its
graph I'y := {(z, f(z)), = € A} C R4"¢ is semi-algebraic. A real analytic
semi-algebraic map on a Nash manifold is called a Nash map. Here we only
consider Nash maps defined on cubes ]0, 1[¢ for d € N (by convention we let

0, 1[°= {0}).

The algebraic complexity of a Nash map may be quantified as follows. The
complexity comp(f) of a Nash map f :]0,1[%— R¢ is the minimal integer n

for which we have
Ty= U () (P20}

i=1,....,nj=1,....,n
for 7;; € {>,=} and for polynomials P; ; € R[Xq,..., X4;¢] with total de-
gree® less than or equal to n.

In the present paper we will work with another notion. The degree deg( f)
of a real Nash map f :]0,1[¢— R is the minimal total degree of the van-
ishing polynomials of f, i.e. polynomials P € R[Xy,..., Xq, Xg+1] \ {0}
with P(z, f(z)) = 0 for any = €]0,1[¢. The map f being real analytic
we may assume the polynomial P to be irreducible. When f is a polyno-
mial map defined by a polynomial F' € R[Xjy,..., X4| the degree deg(f) of
f is then equal to the (usual) total degree deg,(F') of F. For a Nash map
¢ = (¢1,..., pc) :]0,1[7— R we let the degree of ¢ be the maximal degree of
its components ¢y, ..., @e.

In general the graph of a real Nash map may not be written as the zero
locus of a vanishing polynomials. However , the degree and the complexity

8The total degree of a monomial [, Xlﬁ" is the sum ), 5; and the total degree of a polynomial
is defined to be the largest total degree of its monomials.
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of a Nash map are equivalent in the following sense (Proposition 4 in [241]) :
there is a function a = a4, : N — N such that for any Nash map f :]0,1[?—
R® we have

(5) deg(f) < a(comp(f)) and comp(f) < a(deg(f)).

6.2. Yomdin-Gromov Lemma. A fundamental tool in the Reparametriza-
tion lemma of dynamical balls by hyperbolic hexagons is the following pow-
erful lemma due to Yomdin and Gromov [50][32]. We recall the functional
version of this lemma in dimension 3 (we later apply this lemma in local
charts of the unit tangent bundle of a compact surface).

Definition 6.1. A map ¢ = (¢1, ..., ¢q) :]0, 1[4— R? is said triangular when
the it -component ¢; of ¢ only depends on the it"-first coordinates, i.e. for
all (z1,...,24) €]0,1[* we have

d(x1, s za) = ($1(21), p2(21, T2), -0y P71, -, Ta))-

Observe that triangular maps are stable under composition (when the
composition is well defined).

When r is an integer the C” norm |[|¢)||, of a C" map ¢ : U — R€ for an
open set U C R? is defined as follows:

o (k)
ol o= max [

with [[v® | = max  sup [|8%(z)|| for k € N.
U

€N, [al=k ze

Theorem 6.1. [32] (see also [13][10]) Let r be a positive integer and let
f:]0,12— R* be a Nash map. Then there is a family F of Nash maps
¢ = (1,02, ¢3) )0, 1[%—]0,1[3 with 0 < dy < 3 such that:

o cach ¢ € F with dy = 3 is triangular and is a diffeomorphism onto
1ts 1mage,

o S0 = 1Y) € Uper 0000,1[%),

o [[llr, [ fodlly <1 for any ¢ € F,

e §F and maxycr deg(p) is bounded from above by a constant which
depends only on deg(f) and r.

The key point in the above statement lies in the last property : the number
of reparametrizations used to control the derivatives of f depends only on
the degree of f, not on its C" norm || - ||,. This lemma was introduced by
Yomdin and Gromov [50] [32] to bound the local dynamical complexity of
C" maps through Taylor-Lagrange polynomial interpolation. More recently
applications in diophantine geometry were discovered by Pila and Wilkie
(see the survey [51]).
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Remark 6.1. The reparametrization maps ¢ are uniformly continuous (in
fact 1— Lipschitz) and therefore extend continuously on the closed cube [0, 1]%
Thus we may assume dg = 3 for all ¢ in the above statement if one replaces
the second item by

FH0-11M c | oo, 12
PpeF
Remark 6.2. In [32] (also in [5]) the authors have worked with the complez-
ity and not the degree, but this is irrelevant as these notions are equivalent
by (5).
6.3. Degree of a composition. For the purpose of the next section we
need to control dynamically the degree of semi-algebraic maps. Using elim-
ination the following rule of composition for the degree was proved in [11].
Lemma 6.1. Let ¢ :]0,1[°—]0, 1[ and ¢1, ..., ¢e :]0, 1[2—]0, 1[ be Nash maps
then
deg (¢o(d1, P2, -, 00)) <[] deal(en)-
1=0,1,2,...,e

The lemma is obviously satisfied for polynomial maps (¢;);. In fact we
have in this case deg (¢o(¢1, P2, ..., ¢c)) < deg(¢o) max;—1 2, . deg(;).

We recall some basic facts of elimination theory used in the proof of
Lemma 6.1. Let A be a factorial ring and P,Q € A[X]. The resultant
Resx (P, Q) € A, which is the determinant of the Sylvester matrix of P and
@, satisfies the following properties (see [38]):

e Resy(P,Q) =0 if and only if P and @ have a non constant common
factor in A[X],
e Resx (P, Q) belongs to the ideal (P, Q) generated by P and Q.

When A = R[Xjy,...,X,,] the resultant Resx (P, Q) is a polynomial in
X1, ..., X, and the total degree of Resy (P, Q) € R[Xy,..., X,;] is bounded
from above by the product of the total degrees of P and (), seen as poly-
nomials in the n + 1 variables X1, ..., X;;, X (Theorem 10.9 in [18]). In this
case we note also that any common root (1, ..., 7, z) € R of P and Q
satisfies,

ReSX(P7 Q)(xlv ceey xn) =0.

We go back now to the proof of Lemma 6.1.
Proof. Fori=0,1,2,...,e we let P; be a vanishing irreducible polynomial of
1; with minimal total degree. We eliminate the variable Y; in
Py(Yy,....Y.,Y) =0,
Pl(Xla ey Xda Yl) =0.
Observe that for all (z1,, ..., 24, Y2, ..., ye) € [0, 1] 1F¢ we have

{ PO ((d)l(xlv ...,.Td), Y2, -y Ye, ¢0 (¢1(.’E1, "'7xd)7y27 ceey ye)) = 07
P1 (x1, ey Ly gi)l(xl, ...,a:d)) = 0,
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and therefore the polynomials Py and P; as elements of R[ X7, ..., X4, Y1, ..., Y, Y]

have the common root

(xl) oo Ld ¢1($17 ---,de),y2, -~y Yes ¢0(¢1($1> '-'7$d)7y27 ooy ye) .

In particular the resultant in Y; of Py and Pp, say @1 := Resy, (FPp, P1) in
R[X1,..., X4, Yo,..., Y., Y], vanishes at (z1, ..., Tg, Y2, -+, Ye, Po (P1(1, ..., Td), Y2,
for all (21,...,24,Y2,...,eq) €]0,1[*"1F¢. Moreover we have deg,(Q1) <
deg;(Py)deg,(Py). This proves the lemma for e = 1 because in this case
()1 is a vanishing polynomial of ¢g o ¢1.
For larger integers e we eliminate by induction on 1 < k < e the variable
Y41 in
{ Qr(X1,.., X4, Vi1, ..., Ye,Y) =0,
Pu(X1,..., Xa, Y1) =0.

with Qk = ResYk(Pk,Qk,l) € R[Xl,...,Xd,YkJrl,...,Ye,Y]. As (Pz)l are
irreducible, the polynomials @y are not zero. Also Q. = Resy, (Pe, Qc—1)
is a vanishing polynomial of g (¢1, 12, ...,%4). Finally we have deg,(Q.) <

Hi:O,l,..,e deg,(F;) = Hizo,l,...,e deg(¢);). u

Then we get by an immediate induction that the algebraic degree grows
at most exponentially in n after n-compositions. This estimate on the dy-
namical degree will be crucial to control the number of hexagons covering a
given dynamical ball (Lemma 7.2).

Corollary 6.1. Let 1,19, ..., ¥y, :]0,1[%=]0,1[* be Nash maps then

deg(tno...othpory) < deg(thy0...0t)deg(vh1)? < deg(thn) [  degl(vi)?.

i=1,..n—1

This result first appears in [I 1] to compute the dimensional entropies of
a product.

6.4. Covering semialgebraic hyperbolic sets by hexagons. We cover
now an n-hyperbolic semi-algebraic set by a collection of n-hyperbolic hexagons
with cardinality bounded by a function depending only on the algebraic com-
plexity of this set. Let us specify the precise form of the semi-algebraic sets
that we will consider.

Fix a pair (C,, Cs) of cones in Fy belonging to €,. Then we may choose
an isometry between (Eo,| - |lo) and (R2,]| - ||) so that the center of C, is
mapped to {0} x R. Using the notations of Subsection 5.2 we consider a
n-hyperbolic set U, with respect to F and (C,, Cs) of the following form :
there are Nash maps ¢ :]0,1[>— B and 1 :]0, 1[>— T (with B and T being
respectively the Euclidean unit ball and unit sphere of R?) such that:

e ¢ is a diffeomorphism onto its image and with U, denoting the iso-
metric image of U,, in R? we have

Un = ¢(10,1[%),

vy Ye))
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e the n-expanding vector field e, on U, is given by
eu(d(t,s)) = v, = (0,1) for all (¢, ) €]0,1[%,
e the n-contracting vector field e; on U, is given by
es(B(t, s)) = ¥(t,s,0) for all (t,s) €]0, 1%

We recall the n-expanding and n-contradicting vector fields given by the
n-hyperbolic structure on U,, (cf. Definition 5.1 ) do not correspond to the
Oseledets distribution.

Lemma 6.2. Let (Up,¢,1) be as above. Then there is a collection H of
generalized n-hyperbolic hexagons such that

U, C U H, and
HneH

i1 < P (deg(¢),deg(v)),

for a universal polynomial P.

Proof. We have U,, = ¢(]0,1[?) = Uo<a<i/2 ¢(La) with I =]a, 1 — a[?. Thus
by compactness it is enough to cover for any 0 < a < 1/2 the set ¢(I,) by
generalized n-hyperbolic hexagons as in the lemma with a universal polyno-
mial P which does not depend on a.

We fix once and for all 0 < a < 1/2. As ¢ :]0, 1[?>— R? is a diffeomorphism
onto its image we may extend smoothly on the whole space R? the restriction
of e; on ¢(I,) in such a way the extended C'*° field, denoted by eZ, does not
vanish and belongs also to the cone C,. The vector fields ef and e, = (0, 1)
being smooth non vanishing vector fields on R? lying in the transverse cones
Cs and C, there is a diffeomorphism © : [0,1]> — R? > ¢(Ja,1 — a[?)
which straightens simultaneously the foliations associated to el and e, i.e.
O({t} x [0,1]) and ©([0,1] x {s}) are respectively tangent to e, and e? for
all (¢,s) € 0,1]2.

We let 01, (resp. ex(I,)) be the boundary of I, given by the four edges
of the corresponding square (resp. the extreme set of I, given by the four
corners). A point z in 9¢(1,) = ¢(91,) will be said singular when :

o cither x € ¢(ex(1,)),

e or e, is tangent to d¢(I,) at x, but e, is transverse ? to d¢(1,) on
U\ {z} for a neighborhood U of z,

e or e, is tangent to d¢(I,) at x, but e, is transverse to 0¢(l,) on
U\ {z} for a neighborhood U of x.

Claim 1. Let S be the set of singular points. Then we have
1S < P (deg(¢), deg(v)))

for a universal polynomial P (which does not depend on a)

9As ¢ and e are real analytic it is equivalent to say the image by ¢ of the edge of I, containing
¢~ 1(x) is not an integral curve of the vector field es.
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We consider the subset S, of [0, 1] given by the z-coordinates of the sin-
gular points through the chart ©, i.e.

S, = n(071S),

where 7 : [0,1]2> — [0,1] is the projection on the first coordinate. Let us
reorder this set as follows

Sy i={r1 <x2 < ... <K}

Claim 2. For any 1 <[ < K there are monotone maps nll <. < 77%\/1 :
|z, x4 [— [0, 1] with Ny < 4S such that

(]xlv $l+1[>< [07 1]) N @71 © ¢(Ia) = U1§i<Nl{(x’ y)v x E]xlv xH—l[?
n (@) <y <nit (@)}

As already observed in Lemma 5.2 the sets E; := {(z,y), = €]z, z141[, ni ' (z) <
y < nitl(x)} are hexagons for the horizontal and vertical foliations, and
thus the sets ©(E)) are n-hyperbolic hexagons. Therefore Lemma 6.2 will

be proved once we have shown Claim 1 and Claim 2.

Proof of Claim 1. For a singular point « ¢ ¢(ex(I,)) either e, or es is tan-
gent to 0¢(I,) at ©(z). Thus it is enough to prove that the wedge prod-
ucts (0,1) A 9s¢(t,) and 4(t,i,0) A rp(t,i) (resp. (0,1) A d5¢(i,s) and
¥(i,5,0) A Osg(i, s)) for i € {a,1 — a} vanishes either for all ¢ €]0, 1[ (resp.
for all s) or for N values of ¢ (resp. s) with N < P(deg(¢), deg())) where P
is a universal polynomial (independent of a). But these maps being Nash on
10, 1] either they vanish everywhere or the number of their zeroes is less than
or equal to their degree. By using again elimination theory one easily checks
that for any Nash maps f, ¢ :]0, 1[— R the degrees of fg, f+g and f" depends
polynomially on the degree of f and g, i.e. there are universal polynomials
Q € RIX,Y] and R € R[X] with deg(fg),deg(f + g) < Q(deg(f),deg(g))
and deg(f’) < R(deg(f)). Moreover for a Nash maps h :]0, 1>~ R and for
any c €]0, 1] the degree of h. := h(c,.) is less than or equal to the degree of
h. As the above wedge products are obtained by such operations on ¥ and
the coordinates of ¢, this concludes the proof of the lemma. O

Proof of Claim 2. 1t is easily checked from the definition of singular points
that the set (Jzy, ;41[x[0,1]) N$(I,) may be written as the union of ”slices”
of the form {(z,y), = €]z;,x141[, n(z) < y < ((z)} with n and ¢ being
monotone (cf. Figure 1). Finally let us see why the number of such slices
is less than or equal to 4S. The boundary of ©~! o ¢(1,) is a Jordan curve
7y : [0,1] = [0,1]? given by four C* smooth Jordan arcs (corresponding to
the image of the edges of I,). Moreover the graph of any 1! (with 7} as in
the statement of Claim 2) is a piece of 7, i.e. thereis 0 < a;; < bj; <1
such that the graph of 1! coincides with Y(lai, biy[). Finally notice that S C
Ui {r(@ain), v(big)}. Let i # j. We may assume aj; > b;y and m(y(bi1)) = @
(the other cases being similar). Then either © o g(ex(14))Ny([big, aji]) # 0
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Figure 1: The n-hyperbolic set ¢(1,) (in red) through a straighten-
ing chart of the n-contracting and n-expanding foliations. The blue
vertical lines represent the expanding leaves in the domain of the chart at
the singular points of 0¢(Ia).

or y(a;;) and y(b;;) belongs to the same C* smooth (open) arc. But as
(141 =)m(v(aiyg)) > w(y(biy)) = 2 < w(y(aj;)), there is in this case t €
[bi1, aj;] such that the vertical line is tangent to v at v(t), i.e. e, is tangent
to 0¢(1,) at © o y(t). In both cases there is t € [b;;, a;;] such that © o (¢)
belongs to S. In particular the number of function 775 above |z, x;41[ is less
than or equal to {S.

O

O

7. REPARAMETRIZATION LEMMA

We prove now a Reparametrization Lemma of dynamical balls for sur-
face diffeomorphisms as Lemma 7.1 for interval maps. We follow a general
scheme in Yomdin’s theory by first approximating locally our given C” dif-
feomorphism by polynomials and by then applying semi-algebraic tools. The
main novelty in the present paper consists in approximating not only the
C™ map but also the action of its derivative on the unit tangent bundle. A
similar approach was developed in [12] to build symbolic extensions of C”"
smooth surface systems with r > 1.

7.1. Local dynamic. Let f: M — M be a C" diffeomorphism on a Rie-
manian surface (M, || - ||) with » > 1. We fix a point x € M, a scale €
less than the radius of injectivity of (M, ]| - ||) and two positive integers
p << n. Let exp be the exponential map on the tangent bundle TM. For
0 <k < I[n/p] (resp. k = [n/p] + 1) we let (Eg,| - |x) be the Euclidean
space (Tprpy M, || - || proy) (vesp. (TynoM, | - [|fne)) and By be its unit ball.
We define the e-rescaled local dynamics of fP at x till the time n as the
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following sequence of functions F'(e,p) = (Fy : By, C Ej, — Ek+1)k:0,,._7[
: for any 0 < k < [n/p], we let

n/p

F = (expﬂkﬂ)pm(e.)) o fP o expprpy(€.)
and
-1 n—[n
Finyp) = (exppng(e)) ™ o froin/rlp 0 €XP f(n/plpy (€.)-

We also let F! = Fj_j0...0Fy for 0 <1< [n/p] +1 and F° = Identity so
that we have FI?/PI+1 — (expfnm(e.))f1 o ff"oexp,(€e.). When p divides n the
image exp, (B (F2(e,p),[n/p])) by exp,(e.) of the unit [n/p]-dynamical ball
for F}(e,p) is exactly the [n/p]-dynamical ball B»(x,[n/p],€) at x for fP.

In the following the point = will always be assumed to be a periodic point
with period n, so that we have (E[n/p]+1, ” . H[n/p]+1) = (Eo, || . Ho)

7.2. Covering dynamical balls with hexagons. We first generalize the
notion of hyperbolic hexagon in the context of a smooth surface dynamical
system as follows. A subset of M is called a local n-hyperbolic hexagon
(resp. a local generalized n-hyperbolic hexagon) for f at = € Per, when it
is for some k the image by f~* o exp sk, Of a n-hyperbolic hexagon (resp.
generalized n-hyperbolic hexagon) of the sequence f}lkw(e,p). Obviously
Lemma 5.3 again holds true with this generalized definition : there is at
most one n-periodic point in a generalized local n-hyperbolic hexagon for
large enough n.

In the lemma below we consider a Riemannian (C” smooth) surface (M, ||-
||). We denote again by || - || the bundle norm induced by the Riemannian
structure of M on bundle maps F' : TM — TM over f: M — M and we
let m be its conorm, i.e. for any x € M we let

| F (2, )] f(a
IF(z, )] = e
vETy M\{0} [v]2
and
F(x, .
m(F(z,.)) = in M
veT, M\{0} V]|

We fix once and for all a finite C" atlas A of M. Then the C" norm | f|,
of any smooth map f : M — M with respect to A (the choice of A will
be implicit later on) is the maximum of the C” norms || - ||, (as defined in
Subsection 6.2) of f over the collection of relevant charts.

Lemma 7.1. Let f : M — M be a C" surface diffeomorphism with r > 1
and let 6 > 0.

Then for any integer s > r and for any positive integer p with pd >> s,
there exists € > 0 depending only on || fP||,, such that for all positive integers
n and for all x € PerfL, there exists a finite collection Jp(x) of subsets of M
with the following properties:
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(i) any J € Tn(x) is a local generalized n-hyperbolic hexagon,
(ii) Per’ N B(z,n,€) C Usegn) 7

(i) 08 17 (x) < [n/p) 235 e, £7)+200/p] (75 + 1) Al 2) 40 /p] A+ B,
where A is a constant depending only on r,s, whereas B is a constant de-
pending only on f, 6 andp (not onx andn). Also we have used the notations

[n/p]—1
- 1 HTfPJ':ppr
An(z, fP) = n/pl ; log <7W> e

[n/p]—1

PRACT L) ep— logt | T, 2|

The upper bound in (iii) looks independent from the parameter 6 but
this is not the case as p is chosen large compared to s/J. In fact by the
already mentioned works of Kaloshin one can not replace the subset Per’
of periodic points by the set Per of all periodic points in the above statement.

We prove now Theorem 3.2 assuming Lemma 7.1. Let u be a f-invariant
probability measure. We denote by x(u, f) := [ limy, 2 log || T, f"|/du(z) the
largest (maybe nonpositive) Lyapunov exponent of p. Fix § > 0 and s € N
with s > r. We let p be a positive integer such that

pd > s,

A
i<<17
p

1
[ o8 1T dute) = x* (. ) and
1 [edl ) -1
— [log | ——= | du(x) ~ )+ , .
p/ g <m(Txfp) px) = x(u, f) + x (s f77)
As there is at most one periodic point in Perfl in a local generalized n-
hyperbolic hexagon, we get for any periodic measure v, supported on the

orbit of a periodic point x € Perfl with minimal period n and for k£ with
€ < €

PBr(vn) < Tll/log 8T () dvy (z).

Then for n large enough compared to B and for s large enough compared
to r we have
2

— [ lo x)dvy (v — My (2, fP) + ——=u(z, fP) ) dvp(x
n/l g4I (x)dvn(z) < /(pT)\n( F7) p(1 —1))\n( & )> n(2),
1T /7]

S e A G

) dvp(2).
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When v, is going to p then by continuity of the integrand this last term is
going to

2 ) 2 T e o
2 Jogt imprante) + 2 frow (L) aue

2 2
;X+(M7 f) + (T’ _

) (s )+ X 1)

and thus we conclude that

Ipers (1) = h’gn th/il—Sble PBr(vn) < m

This completes the proof of Theorem 3.2.

max (X+(M, f)>X+(Na f_l)) :

7.3. Reparametrization lemma for the tangent map. Let F = (F)o<k<m
be a sequence of C” maps with > 1 from the unit Euclidean ball B C R? to
R2. We consider the action of the differential of F on the (trivial) unit fiber
bundle € := {(z,u,v), * € B, (u,v) € Sy xS} where S, = TIR? = T is the

Ty F*(u) c
[T F* (u)l
T'M. For two sequences of integers A = (aog, ..., ax,...am) € Z™! and
B = (b, ..., bg, ...bm) € Z™ ! we define the associated dynamical balls

Brr(AB) = Mocrem {(m,u,v) e BxTxT|Frze B0,1),
| Ty Fio(ur) || € [, %1,

T Fr(on) | € [ e,

unit circle. For any 0 < k < m and for any u € TJ}M we let up =

and
BiA(AB) = Mycpem {(a:,u, v) € BxTxT|Fz e B(0,2),
| Tpep Fio(ur) || € [e 7, e®*F2),

| T Fr(on) | € [ 2,71,

By applying Yomdin’s reparametrization method to the tangent map we
obtain the following lemma (we postpone its proof in the next section).

Lemma 7.2. Let F be as above. Then for all integers s > r, for all a > 0
and for all sequences A, B of m+1 integers there is a family Z,,, = Z,,(A, B)
of Nash maps 1 = (1, 19,73) :]0,1[>x]0,1[x]0,1[— Bx T x T continuously
extendable on [0,1]% x [0,1] x [0, 1] such that:
(1) Any is a diffeomorphism onto its image and ¥ (x,v,w) = (Y1(z), Y2(z,v), P3(z, w))
for all (z,v,w) (i.e. ¥1; resp. o; resp. 3 depends only on x; resp.
x,v; TeSp. T, W).
(1i)
Brr(A,B) ¢ |J »(10.1 x [0,1] x [0,1]) € Bf#(A,B)
YELy
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and for any ¢ € I,,, for any k=0,...,m + 1, the sets

U Twl(x)Fk(wg(l',’U)) and U Twl(m)Fk(wfﬂ(x?w))
(z,v)€[0,1]2x[0,1] (z,w)€[0,1]2x[0,1]
>2

1 1
F S S
X max (1, <|| kHT) ) X max (1, <||Fk||r) ) ,
€9k e bk

(iv) for any ¢ € I, the degree of 1 is less than A™+!,

are contained in cones of R? with aperture less then /2,

(iii)

1
LN EFelle N Il T
17, < BA™ Hogkﬁm max (1, | Fxll*, < o r ’ r

e~ bk

where A is a constant depending only on r, s, whereas B depends only on «
and on the C" norms || - ||, of F (not on m).

Assuming the above Reparametrization Lemma we prove now Lemma 7.1.
We fix once and for all § > 0 and s > r. We also let p and n > p be integers
as in Lemma 7.1 and we consider some z € Per?.

For y € Perfl we let v, and w, be respective representatives in T'M of
the unstable and stable directions at the hyperbolic periodic point y.

1. Reduction to periodic points with uniform angle. For x € M, k € Z and
a cone C' in Tyr; M we denote by Texp sx,C the subset of (y,v) € T'M with
y = expsryy’ and v = Tyexppe, (v') for some ' € TywpM and v' € C.

Claim. It is enough in item (ii) of Lemma 7.1 to cover by local hyperbolic
hexagons the set

E = {z € Per’ N B(f*z,n,€) | (v, w.) € (TexprxCu(l/Q),Texpfnsz(1/2))}

for some 0 < < n and for some bicones (Cy,Cs) of TgxeM ~ R? in €,,
the number « depending only on § and f.

Indeed there is such an a = «(d, f) > 0 that for any (y,v,w) with y €
B(z,n,e) and v,w € TylM satisfying || T, f"(v)| > e, || T,f™(w)|| < e™"
the unsigned angle between T}, f*(v) and T}, f®(w) is in Ja, ™ — o for some
0 < k < n (one proves similarly that the angle between the stable and un-
stable directions is bounded from below by a constant depending only on §
and f on a set of u -positive measure for any ergodic hyperbolic measure
with Lyapunov exponents d-away from 0). Also z = ffy € B(f"z,n,e€)
when x and y are n-periodic points and thus the desired cover is obtained
by taking the pull back by f* of hexagons covering the above subset E of
Per’ N B(f*z,n,¢). Finally we note that in the Claim we may choose the
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identification Tpx, M ~ R? in such a way C,, is centered at {0} x R.

2. Choice of the local dynamics. Let m = [n/p]. We consider the sequence
F = (Fo, F1, ..., Fy,) obtained by letting F; € FJl(e,p) for I # 0,m and
Foy, F,,, corresponding to the connected pieces of the orbit of z (with length
less than 2p) starting and finishing at f"z, i.e. if k € [Kp, (K + 1)p] with
K < m then we let

Fn = (expf"”":r:(ﬁ'))

-1
Fy = (expjucinng(e)) o fEHP ™ o exp e (e)

Whenever K = m we replace (K + 1)p by n in the definition of Fy. For
simplicity we may assume x = 0 and thus F = FJ'(¢,p) in the following
without loss of generality.

'o frEP g exp sy, (€.) and

3. Fixing the growth of the derivative. For y € Per’ N B(x,n,¢) we denote
by (¢, vy, wy,) the image of (y, vy, wy) through the local chart at = given by
the inverse of the exponential map at z, that is y = exp, v/, v, = Ty/expi(vl’/)
and wy = T,rexp,(w;) (we recall that we choose ¢ less than the radius of
injectivity of M). Later on we consider the following set £ of sequences
(A, B):
£ :={(A,B) € Z"'xZ™ ! Iy € Per’ NB(x,n, €) with (y', vy, wy) € Brr(A,B)}.

We recall that H : [1,4+o00[— R is defined for all ¢ > 1 by

D= (1= )log(1 =)
Claim. There is a constant D depending only on f and p such that
(6) e < 100/P] (e()\n(xvfp)[n/p]—&-D)H(pd/Q))2‘

H(1) = — log(

Let us prove this claim. We consider the sequences (I}.(y))o<k<m and
(l3(y))o<k<m of positive integers defined for all k& = 0,...,m and for all

) o TyFk(vy/) 1
y € Per) N B(x,n,¢) as follows (recall (vy)r = T € T'M and
Yy y/
.. . TyFk(wy/) 1 )
similarly (wy )i = T PR (ol € T'M):
(I Tpry Fi ((wy)r)
I - Y Y 1
k() 0g < m (T Fi) +
and _
[ Tpry i
ly(y) = |log g +1.
I [ Tpny Fr. ((vy)r) |l

Clearly we have

(1) 1) < [l (M)] i1
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Then we may choose € > 0 so small compared to 1/|| f?||min(2,) that for any
y € B(z,n,€) we have

T, F ToF;
o (LY oy (ML
m(TFky/Fk) m(T()Fk)

Since z is a saddle n-periodic point with Lyapunov exponents §-away from

zero we have
m

3 [ ToFk||
- > A
log (m(ToFk> = no

k=0
T, f*
sup log <H 24l >

zeM, 0<k<2p m(Tsz)

Observe also that

Zl (vl )~ masta )| <5

We will use the following combinatorial fact [12]:

Fact. For any real number o > 0 the number of sequences of positive integers
(KOs ey o) with 31 ki < (m + 1)0 is less than e(m+DoH (@),

When applying the above Fact to the sequences (1. (y))o<k<m and (I} (y))o<k<m
with
S | To Fy|| ) >
m+1)o = lo ( +1
( ) kZ:O < *\m(ToF)

we obtain that the number of such sequences of positive integers satisfy for
some constant D depending only on f and p:

S ())o<kms UL(Y))ockem)} < 2Onl@fMmEDIH@I/2)

Indeed with D = 5sup_cs g<p<2pl0g ( | (Tsz)> we have :

(m+1)o < mA,(z, fP) + D and

no po
> — 1.
“m+17 2 .
This implies the inequality (6) of the claim as for ¢ > 0 small enough we
have also

|1 (y) — [log Ty Fie (wy)i)] + log m(ToFy)| < 3,

1

< 3.
| Tpry Fre ((vg)i) |

Li(y) —

log — log || To Fy||

4. The n-hyperbolic structure. To obtain the combinatorial Inequality (6)
we just needed that z belongs to Perd (in the definition of £ we could have
considered general triples (y/,v/,w’) with y € B(z,n,€) and v/, w' € T, M).
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We fix now sequences A = (ag, ..., Gk, ...am) and B = (bg, ..., by, ...by,) with
(A,B) € &, in particular we have

Zak > nd and Zbk > nd.
k k

Here we have used the fact that the sequences A and B are associated
to a triple (y,vy,w,) with y € Per’ and vy, wy being the usual unstable
and stable spaces of the hyperbolic point y. The maps (F)); in F are
defined on the tangent spaces along the orbit of . By a change of fixed
isometric charts, we may assume Fj : B C R? — R? (we did not change
the notations for simplicity). Then we apply Lemma 7.2 to F with 2s
instead of s. Let 1) = (11, 49,13) € Z,, such that there is z € Per® with
(vz,wy) € (Texp,Cyu(1/2), Texp,Cs(1/2)) and (2, v, w’) in the image of 1.

Let (z.,t.,5,) € [0,1]2 x [0,1] x [0, 1] be such that (2/,v},w}) = ¥ (x,,t., s,).

s Yz

Claim. The sets 11(]0,1[?) are (m + 1)-hyperbolic sets for F.

Indeed the vector fields (¥1(z), ¥2(z,t2))zey, qo,12) and (P1(7), P3(, $2))zep (0,112)
defines an hyperbolic structure on 1 (]0, 1[?) by letting es (11 (x)) = 12(z, )
and e, (¥1(z)) = ¥3(z,s.), because for any = €]0,1[2 we have ¥(x) €
B (A, B) by item (i) of Lemma 7.2 and thus :
o 108 [Ty, (1 ™ (. 1)) | 2 i (ar — 1) 2 mpd,
o 108 [Ty, 71 (0, (e 52)) | = Yo — 1) 2 mps
Moreover since the angle between Ty, () F™ ! (¢a(x, v2)) and Ty, (,) F™ 1 (42(y, v2)),
respectively between Ty, ) F™ ! (¢p3(,w.)) and Ty, () F™ ! (¢3(y, w.), is
less than a/2 for any y €]0, 1[2. But as pointed out in Remark 5.2 it is not
enough to control the aperture of the two cones given by the images of e
and e, under TF™t!. We need also to check that these images lie in Cj
and C, respectively. As z is in Perfl the vectors 1a(x,,t,) and ¥3(z.,s,)
are the usual stable and unstable (Oseledets) directions of the saddle hy-
perbolic periodic point z. Therefore they are invariant under T, (.., ) F m+1,
Since we have (v,,w,) € (Texp,Cyu(1/2),Texp,Cs(1/2)) we get finally for
any = €0, 1[%
o Yo(x,v:) and Ty, () F™ (¢h2(w,v2)) lie in C,
o Y3(z,v;) and Ty, () ™ (2, ¢3(x,w,)) lie in C,.
As already mentioned (see the discussion below Definition 5.1) we may

assume the n-expanding field e, to be constant equal to the oriented center
(0,1) of the cone C,,.

5. Cover by hexagons. For any Nash map ¢ = (11,12, ¥3) as above, the set
¥1(]0, 1[?) may be covered by a collection of generalized (m + 1)-hyperbolic
hexagons for F with cardinality less than P (deg(t)) for some universal
polynomial P by Lemma 6.2. According to the upper bound on the degree
of 9 given by item (iv) of Lemma 7.2 we have for some universal constant A:
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Any 11(]0,1[%) may be covered by a collection C(1)) of generalized (m + 1)-hyperbolic
(7) hezagons with §C () < A™TL,

6. Bounding the cardinality of the cover. By letting ¢ > 0 small enough
when defining the local dynamics F.'(e, p) we may assume for all k& that:

| Ex|lr =~ ||ToFy|| since we have Fj(0) =0
and then

o (el IEl- ) o I ToFkll
e’ e~bk m(TOFk)’

so that by Lemma 7.2 (iii) we get (the constants A and B may change at
each of the following steps):

2
1 Fk Fk
tZm(A,B) < BA™sup(ap) [Tock<m max (LHFkH’T’ <He . ) <H ‘b‘l > >
Fill\ Fell.
2s 2s
xmax<1’<u k\r> >xmax<1,(‘ kur> )
ek e_bk
IToFll \77 [ IToFl 7T
1 0Fkl \ 7T ofkll )\t
< BA™ 1| To Byl 7, | Al o
= HO§k<m maX( ’H 0 k” ’<m(ToF]f)> ’<m(T0Fk)> ) ’
1
x max | 1 (HTOF]CH>S ‘
"\ m(ToFy,)

Lastly observe [n/p|A\f (z, fP) ~ Y, log™ || To Fy|| and similarly [n/p]\,(z, fP) ~

> i log ( |T%F]’;”)> Therefore we obtain

(8) T (A B) < BAme[n/p]%/\3(:v7fp)+2[n/p](Til+2%S)/\n(fc,f”)'

7. Conclusion. If H is a generalized (m + 1)-hyperbolic hexagon for
F then exp, H is a local generalized n-hyperbolic hexagon at z for the
corresponding n-hyperbolic structure. Thus the collection 7, (z) of local
generalized n-hyperbolic hexagons given by

TIn(z) == U U exp, C(¥)

(A,B)eE \WeTn(A,B)
satisfies the conclusion Lemma 7.1. Indeed one checks easily that

Per N B(xz,n,e€) U J.
JETn ()
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Moreover by combining Inequalities (6), (7) and (8) and by choosing p so
large that H(pd) < 1/s we get with A depending only on r, s and B on f, §
and p:

108 1,(0) < [0/ o £7) 4 2] (2 2) A7)+ o/l + .

This completes the proof of Lemma 7.1.

Remark 7.1. The cone C,, being fized centered at the y-axis it would have
been equivalent to reparametrize the dynamical ball

m {(CC,U) € BXT| FFze B(0,1),||Tre,Fi(u)|| € [e%, e 1],
0<k<m

I T Fo(on) | € ™ e

with v = (0,1) in Lemma 7.2. Even if it involves four dimensional maps we
prefer the general version given in Lemma 7.2.

7.4. Proof of the reparametrization Lemma. We prove now the reparametriza-
tion lemma (Lemma 7.2) for the tangent map stated in the previous subsec-

tion. For simplicity we assume r € N\ {0,1}. The general case follows the

same lines.

7.4.1. An adapted space of smooth functions. For any integer s > r we let
Cg*(10,1[2x]0,1[x]0, 1[) (resp. Dg*(]0,1[*x]0,1[x]0,1[)) be the set of func-
tions from 0, 1[2x]0, 1[x]0, 1] to R? x R? x R? (resp. R? x R x R) of the form
P(x,v,w) = (P1(2), Y2(z,v), Y3z, w)) for (z,v,w) €]0, 1[>x]0, 1[x]0, 1| where:

e the map 1 admits bounded continuous partial derivatives 07; with
v € N2 satisfying |y| < r,
o for i € {2,3} the maps 1); admit bounded continuous partial deriva-
tives 97; with v = (v1,72) € N2 x N satisfying |y1| < r — 1 and
Il +72 <s.
In particular the map 1 (resp. 2, ¥3) is O (resp. C"'). Moreover the
maps 1o, ¥3 and their derivatives w.r.t. = of order less than r are C*~"+1
w.r.t. v and w. In fact we will consider in the following only such maps ¥
where 19 and 3 and their derivative w.r.t. = are real analytic w.r.t. v and
w. In other terms we can take s as large as we want.
We endow these vector spaces with the following norm || - ||,s. For 1 <
E <rand 0 <1< s we first let py;(¢’) be the maximum of the supremum
norms of 9%y, 0910219 and 83185)21#3 over all v, a1, 81 € N2, ap, 82 € N
with [v] =k, |a1| < k=1, |ag| + a2 =1, |[81] < k—1and [51| + B2 = .
When k = 0 we let po (1) be the supremum norm of ¢, (for any [). Then
we let 4], s be the norm defined as:

‘WHT,S = max Pk,l(¢)~

0<k<r,0<I<s
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For a C® map 1 we recall the C*® norm ||1||s is given by the maximum
over v € N* with |v| < s of the supremum norms of 9”%). In particular when
a map 1 in Cg*(]0,1[2x]0,1[x]0, 1[) is C* we have ||[¢]/,s < [|[¢]]s.

7.4.2. Proof of Lemma 7.2 by induction on the length of F. We fix F, A,
B, @« > 0 and s > r as in the statement of the lemma. We consider the
(nonautonomous) cocycle G over F given by the normalized action of F
on the unit tangent bundle. More precisely we let G = (Gg)o<k<m be the
following sequence of functions of € : for all (z,v,w) € €,

ToFp(v)  ToFp(w) >
N F ()| 1T Fr(w)|| )

Gi(z,v,w) = (Frx,vg, wg) = <Fk(m)

Also we define the iterated sequence (Gk)0§k§m+1 inductively by
G = Identity
and for 0 < k < m and for all (z,v,w) € € with = € (}_, F~'B,
GF Yz, v, w) = Gy o GF(z, v, w).

By an induction on the length m of the sequence F we will prove the
following claim.

Claim. For any m € NU{—1} and for any sequences A and B of m+1 inte-
gers, there is a family of Nash maps ¥, = {4™} with ™ :]0,1[?>x]0, 1[x]0, 1[—
B x T x T and a universal constant A" such that:
(1) ¢m(m7 U, w) = (¢{n($)’ wgn(x’ v)’ ¢§n($7 w))’
(2) for any0 < k < m+1, the map GFoyp™ belongs to Cg*(]0, 1[*x]0, 1[x]0, 1[)
and

|G o g™

78 g 17
(3)

Brr(A,B)c | ¢™([0,1 x [0,1] x [0,1]) € Bf+(A,B),
Pmel,,

(4)

1 1 2
L Emlle N Emllr ) T
ﬁ\I’m S A/ max <17 ||Fm||7“ ) < elm 1 9 e*bm+l

1 1
Fm r s mi|r s
Xmax(l,(” | ) )Xmax(l,(”lz H ) >
eam+1 e Om+1
Xﬁ‘l’m_l.

(5) for any map ™ € W,, there is ™ ' € W,,_1 and a Nash map ¢, :
10, 1[2x]0, 1[x]0, 1[0, 1[>x]0, 1[x]0, 1[ with deg(¢m) < A’ such that
Y™ =™ Lo g,,. Moreover for any 1p~' € U_1 we have deg(yp~1) <
A/
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The above claim implies easily Lemma 7.2 as follows. We consider a
fixed cover U, of ]0,1[*=]0, 1[2x]0, 1[x]0, 1[ by subcubes with diameter less
than a/n. For any such subcube S € U, we let ng :]0,1[*— S be the
affine (homothetic) reparametrization of S. Then the map G* o ¢ being
1-Lipschitz for any 0 < k < m + 1 the image of G¥ 0™ ong is contained in
a subcube with diameter less than /7. But for any u,v € T we have

|lu—wv]| = 2|sin <L(u,v)>‘ ,
2
7r
so that with ¢ = (1,9, 13) = Y™ o ng the sets
U Ty, (@) F* (2(z,v)) and U Ty () FF (3 (z, w))
(z,v)€[0,1]2x[0,1] (z,w)€[0,1]2x[0,1]

are contained in cones of R? with aperture less then /2. Together with
item (3) of the Claim we get item (ii) of Lemma 7.2 by letting Z,, :=
{y™ong, Y™ € U, and S € U,}. Finally :

e for all nonnegative integers m we have

iZm < o X {1V,

1 1 2
L NF T (Nl T
< HU, x U, 1 x A max (1, | Fomll7 <€a::1r> ) <e—btr:$
Foll\ # Fnllr ) *
o (17<u m\r) )Xm&x (1,(” mur> )
eam+1 e_bm+1
1 F = F 20\
1 r—1 r—1
< Mo x40y x AT max (LHFW’(H f,c"r) ’<H —kb’kr> ) !
0<k<m © ¢

1 1
o (1, <quHT) ) o (1, <qu||r> ) |
eak e—bk

so that we obtain the estimate (iii) on the number of reparametriza-
tion maps in Lemma 7.2 by letting B = U, x f¥_1 and A > A’,

e for all ¢y = Y™ ong € I, there are ¥,,_1 € V,,—1 and a Nash
map ¢, with deg(¢,,) < A’ (where A’ is a universal constant) and
Y™ =™ 1 o ¢,, so that:

deg(y)) = deg(y™ ons),
= deg(W”)a
= deg(wm_l o ¢m)’
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then by Corollary 6.1:
deg(y) < deg(dm)' x deg(y™ ),

< Aldeg(y™ ),

< AMHD o max deg(yvh),
POew

< Al4m+5.

so that we get the upper bound deg(y)) < A™ in Lemma 7.2 (iv) on
the degree of the reparametrization maps by letting A > A’.

This concludes the proof of Lemma 7.2.

7.4.3. Proof of the induction. Now we go back to the proof of the claim which
follows from Yomdin’s approach : we first renormalized the reparametriza-
tion maps to kill the derivatives of order r and then we apply Yomdin-
Gromov Lemma to the Taylor-Lagrange interpolating polynomials of degree
r — 1 to conclude.

Let A = (a)reny and B = (b )ren be two sequences of integers. By argu-
ing inductively on m we build the family of Nash maps V¥,,, for the sequences
A™ and B™ given respectively by the m -+ 1-first terms of A and B.

1. The base case of the induction. We let A = ((1, ..., {p) be a Nash atlas
of T, i.e. the maps (;, 1 <[ < p, are Nash diffeomorphisms from | — 1,1[ to
T with U,y ,G( - 1,1)) =T.

For the family ¥ _; = {¢~1} it is enough to let 1p~! = (1/1{1, @Z)gl, ¢§1) be
such that ] ! are homotheties covering the unit ball B whereas py 1(:1:,1))
and 13 ' (z,w) do not depend on x and are equal to ¢;(v) and (;(w) for
L<i4,5<p.

We assume now the collection ¥,, already built for some integer m €
Nu{-1}.

2. Killing the highest derivatives by homothetic renormalizations. The tan-
gent map T'F), 1 acts naturally on & by letting for any (z,v,w) € €:

TFpi1(x,v,w) = (Fp12, T Fps1v, To Fppw).
As the map p := G™ " oyy™ belongs to Cy*(]0, 1[*x]0, 1[x]0, 1]) it has the
form p(x,v,w) = (p1(x), pa(x,v), p3(x,w)) for (x,v,w) €]0,1[2x]0,1[x]0, 1[.
In this case the Faa di Bruno formula the derivatives of the composition

TF,, 41 0G™ 1 oyp™ gives for some universal polynomial R depending only
on r and s:

HTFm+1 o G™o meT,s < ”Fm+1||TR (HGTM_1 © ¢m||7“78) .
By induction hypothesis we have [|G™'! o ™||, s < 1. Thus for some
constant C' = C(r, s) we get
(9) [T Fmns1 o G 0P lrs < Cl[Fmiallr-
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We cover the unit square ]0, 1[? into isometric open subsquares {S} with

diameter less than

1 1 _1_
((emr) - (@imar) - (dmr)
min | | —— —_— —_— )
( CllFmallr /" \Cl Fmallr "\C||Fpny1llr

Similarly we cover the second and third factor |0, 1[ by isometric open subin-

tervals {R} and {7} with diameter respectively less than
e—bm+1 ;

(o) = ()
—_ an T T .
C”Fm+1||r C||Fm+1Hr

For any v = (Y1, ¢2,13) € C¢*(]0,1[*x]0,1[x]0, 1) and (u,v,w) € (RT)?

we denote by (u,v,w) -1 the function (w1, vipa, wips). Then for any S, R, T
we let oMt = ((b’ln'H, qbglﬂ, g”“) be the coordinatewise affine (homo-
thetic) reparametrization ¢™+! :]0, 1[>x]0, 1[x]0,1[= S x R x T so that

I o= e (17 et (T By 0 G oy 0 674

<

with a,,, b,,, ¢, defined as follows

1

® Am = Ol
(min(1,a,e*m+1))8/sFlal/(r=1)

e b, = maXq s eTm+1
b )P/l D)

Pr,s ((ama b, em) - (TFmg10 G"tlo Q;Z)m) )

9

. (min(l,ame_
® ¢ = MaXy g o mt1

where the maxima holds over (a, 8) € N2xN with |a| < r—1and |a|+8 = s.
For such pairs (a, ) we have g + % > ﬁ%ml > 1. Thus we get
b < ap and ¢y < Ay,

I

and therefore by Inequality (9):
I<p (TFm+10Gm+1°¢m><1
- CHFm-&-l”r -

3. Taylor-Lagrange approximation. In our setting the multivariate Taylor-
Lagrange Inequality may be written as follows for ¢ = (11, 92,v3) € Cg*(]0,1 [2x]0,1[x]0, 1])

at (o, v0,wo) €]0,1[%x]0,1[x]0, 1[:

x—x0)" .,
(2, v,w) = > (V!O)(a Y1(20),0,0)
veN?| jy|=r—1
z — 20)*(v — vo)? (w — wp)? o
-y = (aw?y)!( OV oo o, vo,wo)lne < C'prali),

(a.8,7)
where the last sum holds over all (o, 3,7) € N? x N x N with |a| < r — 1,
|a|+ 8 < s and |a|+v < s and where C’ depends only on r and s (for r ¢ N
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we should here consider the Taylor-Lagrange polynomial of degree [r]). One
may change the constant C' in the previous paragraph 2., so that we have

1=y (Lm0, 1) - (PEppy 0 G 0™ 0 6™)) < 10

Thus there is a polynomial P = (P, Py, P3) : R x R x R — R? x R? x R?
with P(z,v,w) = (Py(x), Py(x,v), P3(z,w)) for all (z,v,w) € R? x R x R
and with deg,(P1) < r and deg,(P),deg,(P3) < s such that

II:= P —(1,e 41, ePmtt) . (TFpy10 G og™o g™ ) ||, < 1.

4. Applying Yomdin-Gromov Lemma. By applying the Yomdin-Gromov al-
gebraic lemma to P for the smoothness parameter s (see Remark 7.2 below),
we get Nash maps 6 :]0, 1[?x]0, 1[x]0, 1[-]0, 1[>x]0, 1[x]0, 1| reparametriz-
ing the set

P~1(B(0,2) x B(0,1+ ¢) x B(0,2))
U
(TFpi10G™ o™ o ¢m™H) ™! (B(0,1) x B(0, e +1+1) x B(0,e0m1))
U
(v™ 0 ™) (Brr(A,B)).

Moreover the maps 6 have the form 0(t, s, u) = (01(t), 2(¢, s), 05(t,u)) for
all (¢, s,u) where the degree of # is bounded by some universal constant A =

A(s). Also we have § € Dg*(]0,1[*x]0, 1[x]0, 1[) and Pof € Cx*(]0, 1[*x]0, 1[x]0, 1])

with
[0]lr,s < [|0]ls <1 and [|[Poffs <|Pod|s <1

By applying again Faa di Bruno formula we get for some universal polyno-
mial R depending only on r and s:

IIT = |(1,e "t e t1) . (TEppq0G™ o™ o™t 00)

‘r,sa

IN

< RIL0lrs) + [P o0
Therefore there is a universal constant C' = C(r, s) such that
(10) TTT = [[(1,e70m+1, ¢bi1) . (TFpsy 0 G™ 0™ 0 g™ 0 0) |y < C.

By composing with D/C-homotheties with D = 1 — 1/e (we already used
this trick, e.g. to prove Lemma 7.2 from the Claim) we may assume that the
ith component, for i = 2 and 3, of TF},, 11 0G™ o™ o™t are respectively
De®n+1- and De~bm+1-Lipschitz. In particularas D =1—-1/e<1<e—1

H (P - (1, e*am-o—l?ebm-kl) . (TFm+1 oMt Y™ o ¢m+1)> o 0”7”78 + HP o 9”7,75,
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the image of )™ o ¢! 0 ¢ is contained in Bf »(A™!, B™!) and
(11) | (TFy10 Gl oymo g™t o 0)1‘ llo <
2inf || (TF 0 G™ o™ 0 6™ 00), (15|
t,s

Moreover these components satisfy also for « € N2 and 8 € Nwith |a| < r—1
and 0 # |a| + 8 < s:

(12) sup |0 (T Fpq1 0 G™ o g™ 0 g™ 0 6) (¢, 5)] <
(t,8)

inf || (TFyui10 G™* 10 4™ 0 6™ 00), (1,9)].
t,s

5. Control of the || - ||, s-norm of the normalized action. We may also control
the derivatives of the normalized action according to the following fact:

Fact. There is a homogeneous universal polynomial R € R[ Xy, ..., X;|, such
that for any non vanishing C" smooth map u we have for any o with || = r:

. R(lullo 1l - el
sup 0 (/) (@)l < =

Together with Equation (11) and Equation (12) we indeed obtain for
another constant C = C(r, s):

HGm+2 oy o ¢t o Ollrs < C.

By composing again by 1/C-homotheties we may assume C' = 1. Then we
let ¥,, 11 be the collection of maps ¥, 11 = {¥™ o ¢™*1 0 #}. One checks
easily that this family satisfies the properties of the Claim. This concludes
the proof of the Reparametrization Lemma 7.2.

Remark 7.2. In the above proof we apply Yomdin-Gromov Lemma to a
4-dimensional Nash map f :]0,1[>x]0,1[x]0, 1[— R? x R? x R? of the form

f(wv v, w) = (f1($)7 fQ(xa U), f3($7 ’U)))
This follows from the version stated in Subsection 6.2. Indeed we may first
apply this last version to the map (x,v) — (f1(x), fo(x,v)). Then if we let
¢ 3]0, 1[2x]0, 1[—]0, 1[2x]0, 1] with ¢(x,v) = (¢1(x), p2(w,v)) be the triangu-
lar Nash reparametrization maps we apply again Theorem 6.1 to each map

(x,w) — (f10¢1(x), f3(¢p1(x),w)). Denoting by ¢ = (P}, ¢h) the resulting
reparametrization maps it is then enough to consider the family

{(z,0,w) = (61 0 $1(2), d2(¢) (), ), P (2, w))}-

Remark 7.3. From the proof we may in fact explicit the dependence in §
of ﬁPerfL. Let us be more precise for a C* surface diffeomorphisms f. For
any v > 0 there exists an integer N = N(f,6,7) such that for any n larger
than N we have

4Perd < a(8, f)"3emm
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where (9, f) is the angle as in the proof of Lemma 7.1 assuming Lemma
7.2 on page 27.
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Appendices

APPENDIX A. GROWTH OF (Per?),

A.1. The case of C" surface diffeomorphisms with r > 1. Let f :
M — M be a C" with r > 1 surface diffeomorphism. For any y > 0 Sarig
build a finite to one Markov extension m, : (3(Gy),0) — (M, f) such that
Ty (2(Gy)) has full measure for any hyperbolic ergodic invariant measure
with Lyapunov exponents y-away from zero. In fact for any o < 1 we may
choose the parameters in the construction of G, so that we have:

Lemma A.1l.
7y (Per(2(Gy), 0)) C Perqy (M, f).

Proof. Any n-periodic point in Sarig’s graph is given by a closed finite
(bi)chain of so called overlapping charts ¥ := (7, 97) — (¥, 95 )... =
(wgﬂpg) = (d’fﬂ/ﬁ_) )

By Proposition 3.4 in [17] the gradient of f; := (1#;1)7 ofo ¢i+ takes
the form

fi(u,v) = (Au + hq(u,v), Bv + ho(u,v))

with A < e™X, B > eX and ||[Vhj|| < € for j = 1,2 where ¢ may be
chosen small compared to x and 1 — a. In particular for € small enough
the differential map T'f; preserves the cone {(u,v) € R?, |v| > |u|} and
| T fi(u,v)||" > e*X|lv||" for all (w,v) in this cone with the product norm
|(z,y)||! = max(|z|,|y|). In particular the largest Lyapunov exponent at
x =y (V) is bigger then ax. O

It follows from Gurevic’s theory (e.g. see the proof of Theorem 1.1 in [17])
that whenever f has a measure of maximal entropy then for some positive
integer p we have liminf,, ﬁPerfle_”hmP(f) > 0 for any 0 < 0 < heop(f). In
particular these lower bounds holds for C'*° surface diffeomorphisms.

A.2. The case of C" interval maps with r > 1. We need here to intro-
duce a slightly modified version of Buzzi-Hofbauer diagram. This diagram
is built from the symbolic dynamic associated to a partition into monotone
branches. We do not recall the whole construction and refer the reader to
the original paper [18] for details. Therein the author used the "natural par-
tition” given by the complementary set of the critical points. However we
may also work with other partitions. Let hyop(f) > 0 > 0 and > 0. For C"
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interval maps f there exists a countable partition P = P, of [0,1]\ {f' = 0}
into intervals I so that [19]
(13) Ve,y e, Hﬁ,ggi < e

Then we recall that in the Markov representation associated to this par-
tition we let an arrow from the vertex A_,.. Ay € P9t to the vertex
B_,..By € PPt whenever p < ¢ + 1 and B_,..By = A_,11...Ap and
Bo N\ 74 (g £494) = 17 (£ 7).

Buzzi proved that there is a Borel semiconjugation from the Markov shift
to the interval map which induces an entropy-preserving bijection between
measures of positive entropy (see also [10]). In particular if the interval
map admits a maximal measure then so does the Markov shift. In this case
applying the already mentioned works of Gurevic there is a vertex 7 in the
graph so that the number a,, of closed paths of length n at o = A_;...Ap
satisfies for some p
(14) lim inf a,e ") > 0,

pin
By letting I, := f4 (ﬂ%:o fk_qu) these paths corresponds to disjoints n-
monotone branches I C I, with I, C f™(I). The number aj, of the intervals I
with length less than e(*=17hee(H)| T | also satisfies lim inf,,, ale~ e (f) > 0.
For these intervals I we have sup,¢; |(f™) (x)| > e(l=®)"hwop(f) and therefore
according to the distortion property (13) we get

inf |(fn)/(gj)‘ > e((l_a)htop(f)—a)n.
zel

Then any n-periodic point in I has a Lyapunov exponent larger e(1=®)htep(f)—a
which is larger than § if one takes « small enough. Thus we conclude that

Vn € N\ {0}, #Per® > a,

and thus

lim inf #Per® e~"Mor(F) > 0,
pln
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APPENDIX B. VARIATIONAL PRINCIPLE FOR THE LOCAL PERIODIC
GROWTH

We prove here the variational principle (4) stated in Section 2:

(15) gp = sup gp ().
I

Proof. Clearly we have for all k and for all ergodic periodic measures v,
with minimal period n:

1
q:;k;(l/n) S — Sup logﬁ (PTL N B(CE, n, Ek)) )
N reXx

and thus g3 > sup,, g (11). Let us show now the other inequality. Fix o > 0.
We will prove that g5 < sup, gp(n) + 2c. For any k there is a positive
integer n; and a point ) in X satisfying:

1
gp(er) = limsup — suplogt (P, N B(x,n,e)),
n N zex

1
< - log # (Pp,, N B(xk, ng, €x)) + .
k

Moreover we may assume the sequence (ny)x is going to infinity. As already
observed we have also for any py, € Py, NB(z, nk, €x) the following inclusion:

B(wka Nk, €k) C B(pkv Nk, 26k)
We choose such a periodic point p that its minimal period P, < nyj satisfy
1
iPp, N B(w, g, €) = n*kﬁpnk N B(xk, ng, €k)-
We also let (a;); be a nondecreasing sequence of positive integers going to

infinity with €,, > 2¢; for all large enough . Then the associated periodic
measure v, satisfies for large k:

1
mak(ypk> = Fk logﬁ(PPkﬂB(x7Pk76ak))dek(37)7
1
> n7k logﬁ(PPkmB(xvnk72€k>)dypk(x)a
1 log ng

> - log (P 0 Blag, ng,r)) = ==

> gpler) — 2a.
We may assume the period P of pr goes to infinity with k ; otherwise for

large k we would have g3 (e) < 2a and thus g5 < 2a (recall P, is finite for
all n). For any weak-star limit of (1, )i, say p = limy, Vp, 1+ We have finally
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gp(u) = lim hmkSUP Fi(vp )
Z limksup ‘Baw(k) (pr<k) )7
> li}ing}é(ew(k)) —2a = gp — 2a.

This concludes the proof of the lemma. [l
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J
ApPENDIX C. PROOF OF COROLLARY 3.1
The statement below is a consequence of the main result of [15] (Theorem
5.5 and 6.5 therein). We refer to [27] and [9] for the notion of superenve-

lope of the entropy structure and its significance in the theory of symbolic
extensions.

Theorem C.1. [15] Let (X, T) be a topological dynamical system and P an
invariant subset of Per(T') with P, < 400 for all n. We also assume that
X admits a basis of neighborhoods '° with null measure boundary for any
T-invariant measure p which is not a periodic measure in | J,, (Pern \ Perg).

Let E be an affine bounded superenvelope of the entropy structure of (X,T')
satisfying E(p) > h(p) + gp(p) for all T-invariant probability measures p
(in particular g5 < +00).

Then there is a symbolic extension 7 : (Y, S) — (X,T) and a Borel em-
bedding ¢ : B — Y with B a Borel set with full measure for every ergodic
measure except periodic measures in |, (Pery \ Pp) such that o f = o o)
and o 1) = ldentityg and

swp  h(v) = E(n).

v, S*v=v and T*v=p

Moreover the cardinality of the alphabet of Y may be chosen to be less

than or equal to emax(supy BGaper”) 41 it per? .= SUP,, e\ {0} logﬁp’l
By [39] the existence of the satisfactory basis of neighborhoods is ensured
whenever X is finite dimensional. Then it follows from the previous works
on symbolic extensions for C" systems with r > 1 given in [12, 28] that the
functions
2(3r—1) _
o h(p) + = (X (s f) + X (e 7))
r(r—1)
and
+
X, f)
= hp) + V1

are respectively superenvelopes of the entropy structure for a C” surface
diffeomorphism and a C" interval map f with » > 1. Thus, together with
Theorems 3.1 and 3.2 we get Corollary 3.1.

Finally let us explain how we deduce the above theorem from [I15]. In
fact Theorem C.1 corresponds to Theorem 5.5 1° in [15] where the function

g5 is replaced by another function u; defined as the limit in k of ((Qx)")
where:

10r, [15] the authors work with systems with the small boundary property. But as we only
need to embedd periodic points in P the weaker assumption in Theorem C.1 is sufficient.
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i) = [ 1082(0, 1 Bla,n, ) dva (o),

where Q,, is the subset of P of periodic points with minimal period
n and v, is an ergodic invariant measure supported on Q,,,

e (9;)" is the harmonic extension of the function £ (it was first
defined only for ergodic periodic measures) by letting Qx(v) = 0 for
ergodic non periodic measures,

. ((D.k)h)~ is the upper semi-continuous envelope of ()", i.e. the
smallest upper semi-continuous function larger than (Qk)h.

Thus we only have to show that any affine superenvelope E of the en-

tropy structure with £ — h > g5 = limy () also satisfies £ —h > uy =

limy ( ((Qk)h)~. As the function E— h is harmonic and 3, > (Qx)" on ergodic
measures this follows from Lemma 8.2.13 as in the proof of Lemma 8.2.14
in [27]. This concludes the proof of Theorem C.1 from Theorem 5.5 in [15].
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