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LYAPUNOV EXPONENTS, ENTROPY AND PERIODIC ORBITS
FOR DIFFEOMORPHISMS

by A. KATOK (1) (2)

Dedicated to the memory of Rufus Bowen (1947-1978)

Introduction.

1. In this paper I study some dynamical properties of diffeomorphisms on compact
manifolds by combining two different techniques, e-trajectories and the Lyapunov
characteristic exponents. These two approaches were developed separately and for
different purposes. The technique of e-trajectories introduced by Rufus Bowen ([1],
[2], [3]) and D. V. Anosov ([4]; for proofs see [5], [6]) is based on the observation
that assuming some hyperbolicity conditions, dynamical phenomena which are observed
to almost occur for some diffeomorphism usually do occur for that diffeomorphism.
Using this approach Bowen proved a number of profound results concerning the
asymptotic growth and the limit distribution of periodic orbits for Axiom A diffeo-
morphisms and flows, uniqueness and the ergodic properties of equilibrium states and
so on ([2], [3], [7])-

The second approach was developed by Ja. B. Pesin [8] for the study of ergodic
properties (such as ergodicity, entropy, K-property, Bernoulli property) of smooth
dynamical systems with an invariant measure equivalent to a Riemannian volume ([9],
[10], [11]). Many of the ideas used in this cycle of papers had occurred in the earlier
work of Brin and Pesin [12]. A large part of Pesin’s arguments works without special
assumptions about the invariant measure (D. Ruelle has also observed this fact in [21]).
This section contains the description of the behavior of a diffeomorphism near a trajectory
regular in the Lyapunov sense (for definitions of regularity, see [8], no. (0.3); [9], §3; [13])
and the construction and the properties of invariant contracting and expanding manifolds,
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of the Stiftung Volkswagenwerk for the visit.
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138 A. KATOK

except for the absolute continuity ([8], §§ 1, 2). It is possible to consider a neigh-
borhood of a regular trajectory with non-zero Lyapunov exponents as something similar
to a neighborhood of a hyperbolic set, and use a technique very close to e-trajectories.

2. To describe more carefully some problems which can be studied from this point
of view, let us recall a few very basic notions about the Lyapunov exponents.

Let f be a diffeomorphism of a compact s-dimensional manifold M and 4f: TM —-TM
the derivative (linear part) of f. Let us fix a smooth Riemannian metric on M, i.c., a
scalar product (and consequently a norm) in every tangent space T,M, xeM, which
depends on x in a differentiable way. The number

(0.1) (0, )= Tim 2120

n —> 0 n
is called the upper Lyapunov exponent for the tangent vector ve TM. The function x*
being defined on the tangent bundle TM takes on at most s values on each tangent
space T,M and generates a filtration

L,(x) CLy(%) C ... CLyy(x)=T,M

of every such space. Namely, there are numbers y;(x) <yq(x)<...<y,u(x) such that
x (v, f)=7y(x) for veL;(x)\L;_,(x). The numbers y;(x) are called the upper Lyapunov
exponents of f at the point x and the number £;(x)=dim L;(x) —dim L;_,(x) is called
the multiplicity of the i-th exponent. None of these values depend on the choice of a
Riemannian metric.

In[[df"]|

In general, the limit of may not exist but even the existence of such

limits (which are called in that case the Lyapunov exponents) for all »eT, M does not
prevent a pathology in the asymptotic behavior of (df"), as n tends to infinity. Such a
pathology is prevented by the conditions of regularity ([8], no. (0.3); [9], § 3) which in
particular guarantee the existence of Lyapunov exponents. The multiplicative ergodic
theorem proved by Oseledec [13] (for later proofs see [14], [15]) implies that for any
Borel probability f~invariant measure pu the set of regular points has measure 1. More-
over, for almost every regular point x the exponents y;(x) of f~! at x and their multi-
plicities &;(x) are equal to —y,,y _;+4(%) and k., ; (%) respectively, for i=1, ...,7r(x).

The functions r(x), y;(x), k;(x) are measurable and f~invariant with respect to any
Borel invariant measure p. Therefore, if p is an ergodic measure, then the functions are
constant almost everywhere. In this case we will denote these essential values of r(x),
xi(%), k(x) by 7, y¥, &Y respectively.

If all the functions y;(x) are different from zero p-almost everywhere, then we
will say that u is a measure with non-zero Lyapunov exponents. In the case of ergodic
p this means that y¥+o for 1=1,...,7™

The case of a measure with non-zero Lyapunov exponents is the center of our
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LYAPUNOV EXPONENTS, ENTROPY AND PERIODIC ORBITS FOR DIFFEOMORPHISMS 139

interest because the behavior of df along a regular trajectory with non-zero Lyapunov
exponents is hyperbolic although the hyperbolicity is non-uniform (for an interesting
discussion on this subject, see [g], § ). To overcome non-uniformity, Pesin elaborated
some technique which we reproduce partly in § 2 of this paper.

3. We apply the combined approach mentioned above to two special problems:
(1) relationships between the Lyapunov exponents and the entropies of f (the topological
entropy A(f) and the measure-theoretical entropies 4,(f) where yu is a Borel probability
J-invariant measure), and (ii) connections between the properties of exponents and the
periodic points of f.

The first problem was solved for C? diffeomorphisms when the measure p is equiv-

alent to a Riemannian volume. Namely, let X”(x)zi:Xi(%Mki(x)xi(x). Then:
(0.2) k()= [ 27 (3)dp.

This result consists of two parts. The inequality
(0.3) k) [ A (%) ds

was proved in 1968 by G. A. Margulis for any C' diffeomorphism. This inequality was
generalized to any Borel probability f~invariant measure; a similar estimation for &( f)
has also been found ([16], [17]).

The estimation of the entropy from below is a more delicate undertaking. It was
proved for p equivalent to a Riemannian volume by Pesin ([9], § 5, another proof is
in [10]) who used hard machinery developed in [8] including the absolute continuity
of systems of invariant manifolds. Pesin’s proof essentially works for a C!'** diffeo-
morphism («>0) and for any measure p such that the conditional measures on expanding
manifolds are absolutely continuous with respect to the Riemannian volumes on those
manifolds ([22]).

Let us denote for a regular point xeM through E} the subspace of T,M corre-
sponding to the positive Lyapunov exponents (see details in § 2), and through #%(x)
the Jacobian of df, restricted to the subspace E} (we assume that some Riemannian
metric on M is fixed). Then:

n—1

(%)= lim = 3 In| £ f*)|

n>® g ko0
and consequently:
fx”(x)du Zfln | £%(x) |du.
With this remark we can rewrite (0.3) as a kind of variational inequality:
h( )= In|#*(®)du<o.

139



140 A. KATOK

Note that the function #*(x) is defined on a set which has measure 1 with respect
to any Borel probability f~invariant measure (). Measures with absolutely continuous
conditional measures on unstable manifolds play the role of equilibrium states for the

‘“potential” | #%(x)]. After the previous discussion it seems natural that the following
relation

sup (A, (f) — [ In | £(x)|d) =,

is true always. However, it can be shown that it is false. The counterexample was
suggested by R. Bowen (an oral communication of D. Ruelle) and by the author. Let
me describe this example.

Yz B Y1

Let f be a diffeomorphism of the two-dimensional sphere S? with three expanding
fixed points p,, p,, ¢ and one saddle point 7. Suppose that the stable and unstable mani-
folds of the point 7 form two loops ¥,, v, which divide S? into three regions A, A,, B (see
the picture, where ¢ is a point at infinity). As n—+ o0 every point from A,\{p,} tends
to v;, from A,\{p,} to y, and from B\{¢q} to y;Uy,. Every probability invariant

measure p is concentrated on the four fixed points so that f W (¥)dp.>c>0 while:
h,(f)=o0 and &i(f)=o.

This example shows that the Lyapunov exponents of measures concentrated on
periodic orbits may not have any influence on the entropy (*). However, except for
this case such an influence exists.

Corollary (4.2). — If a C*** (a>0) diffeomorphism f of a compact manifold has a Borel
probability continuous (mon-atomic) invariant ergodic measure with non-zero Lyapunov exponents
then h(f)>o.

4. Let us proceed now to the discussion about the exponents and periodic points.
Let us denote by Per f the set of all periodic points of f and by P,(f) the number of
periodic points with period 7, z.e. the number of fixed points for f”.

(1) If the subspace E¥ is empty it is convenient to set #%(x)= 1.
(3) M. Misiuzewicz observed (personal communication) that this diffeomorphism can be approximated in

1
the C¥ topology 2 =1, 2, ... by a diffeomorphism with the topological entropy bigger than B—%E —¢, where a is
a bigger eigenvalue at the point 7 and ¢ is any positive number.
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LYAPUNOV EXPONENTS, ENTROPY AND PERIODIC ORBITS FOR DIFFEOMORPHISMS 141

In the uniformly hyperbolic situation, i.e. for Axiom A diffeomorphisms, Bowen [1]
proved that the asymptotical exponential growth of the number of periodic points was
determined by the topological entropy:

— InP,(f)
(0.4) lim 2 p),

In § 1 we give a new definition of the measure-theoretical entropy £,(f) of a
homeomorphism of a compact metric space. This definition is similar to the Bowen-

Dinaburg definition of the topological entropy ([18], [19]). Using this definition we
prove:

Theorem (4.3). — For a G'** («>0) diffeomorphism f of a compact manifold and any
Borel probability f-invariant measure y with non-zero Lyapunov exponents:

Tim 255 p ),
n —> o0 n
The upper bound of %,(f) is equal to A(f). In the two-dimensional case
any measure with positive entropy has non-zero Lyapunov exponents. Therefore,
Theorem (4.3) implies the following relation between periodic points and topological
entropy.

Corollary (4.4). — For any C**+* (a>0) diffecomorphism f of a two-dimensional manifold

(0.5) Tim ) > ),

n —> o n

5. In the multi-dimensional case inequality (0.5) is not true for arbitrary diffeo-
morphism. Indeed it might be true generically, z.e. for any f from some dense Gy set in
the space Diff (M) of all C" diffeomorphisms of M with C” topology (r>1). Note that
even in the two-dimensional case the answer is not known for r=r1.

M. Herman asked whether, for diffeomorphisms, positive topological entropy was
compatible with minimality or strict ergodicity. Corollary (4.4) gives negative answers
to both questions in dimension 2. Recently Herman constructed a remarkable example
of a minimal (but not strictly ergodic) diffeomorphism with positive topological entropy.

6. Let me mention one more result which like Corollary (4.4) does not include
any mention of the Lyapunov exponents or even of measures.

Corollary (4.3). — If fis a C'** (a>0) diffeomorphism of a compact two-dimensional
manifold and h(f)>o0 then f has a hyperbolic periodic point with a transversal homoclinic point
and consequently there exists an f-invariant hyperbolic set ' such that the restriction of f into T' is
topologically conjugate to a topological Markov chain (subshift of finite type) and h( f|p)>o0.
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142 A. KATOK

This fact may be considered as a topological counterpart for the following statement
which is an immediate corollary of Theorems (7.2), (7.9), (8.1) from Pesin’s work [g]:

If f is a C? diffeomorphism of a compact two-dimensional manifold with smooth
invariant measure y and £,(f)>o then there exists a set I" of positive measure such
that | is metrically isomorphic to an ergodic Markov chain, i.e. a Markov chain which
is ergodic as a measure-preserving transformation.

7. The relationships between the statements in this paper may be represented by
the following diagram:

Proposition (2.1)

-—

Proposition (2.3) Proposition (2.2)

Proposition (2.5) / \

Corollary (2.2) Proposmon (2.4)

Main Lemma (8 3) Corollary (2. I) Thcorcm (1.1)

Theorem (4. 2) Thcorcm (4 1) Themem (4-3)

Corollary (4-.1)

/

Corollary (4.2) Corollary (4.3) Corollary (4.4) Corollary (4.5)

1. Definition of measure-theoretical entropy through 4/ metrics.

Let X be a compact metric space with the distance function d(-, -), f: X=X a
homeomorphism of X, and d/ an increasing system of metrics on X defined by:

di(x,9)= max d(f'x, f'y).

0<i<n~—1

Dinaburg [19] and Bowen [18] showed independently that the topological entropy 4( f)
can be described through asymptotic behavior of the s-entropy of the space X provided
by the metrics 4/, namely:

h(f)=1im lim I-IL—IEL——)

g>0 n—>w© n

where N(n, ) is a minimal number of e-balls in the d/ metric covering the space X.
We are going to define the entropy 4,(f) with respect to Borel probability f-invariant
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ergodic measure p. by a similar manner. The metric entropy turns out to be the asymp-
totic value of the same kind with some subsets of positive measure instead of the whole
space X. Namely, for ¢>o0, 8>o0, let us denote by Ny(n, ¢, 8) the minimal number of
e-balls in the dl-metric which cover the set of measure more than or equal to 1— 3.

Theorem (x.x). — For every 3>o:

In Ny(n, €, 3 —InN(n, ¢, 3
h(f)=lim lim 220 &0 i i N & 8),
e=>0mn—>o n E>0n—>® n

Proof. — The easy part of the proof is to show that the quantity in the right part
of the formula does not exceed 4,(f). To prove this it is enough to show that:

=— InNi(n, ¢, 8
(r.1) i N8 <y ()
for every ¢>o0, 3>o.
Let us choose a finite measurable partition £ of X such that the maximal diameter of

elements of £ is less than /2. Then, each element of the partition
E_,=EVvflEv...vf "

lies inside some e-ball in the metric df. Let:
A, ={reX:xeq (%), q(x) el ,, (G (*)>exp—n(h,(f; E)+ 1)}

Since f'is ergodic with respect to the measure p. then by Macmillan’s theorem, for
every y>o, w(A,.,)—~>1 as n—>oo. Consequently, for sufficiently large n, we have
(A, ., )>1—3. The set A, . contains at most exp n(k,(f,&)+7y) elements of the
partition £_, and can be covered by the same number of e-balls in the metric d!.

Thus, for every y>o:
E In N,(n, €, 8)
n

n —

Shu-<fa £)+v.

Since y can be taken arbitrarily small and &,(f, §)<A,(f) we obtain (1.1).
For the second half of the theorem we have to recall several definitions and facts
about Hamming metrics.
Let:
Qv ={o=(0, ..., 0,_1): oe{1,...,N}i=o0,1,...,n—1}

where N and 7 are positive integers. The Hamming metric px , on Qy , is defined by:
n—1
—y 1
p%,n(o% (.0) = E 2 (I —Smia;)
1=0

where 3,, is a Kronecker symbol:

R o if k&*/
M7 1 if k=t
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144 A. KATOK

For weQy,, r>0, we denote by B¥(w, 7) the closed r-ball in the metric o} , with
the center in w. The standard combinatorial arguments show that the number of
points in B¥(w, r) depends only on r, N, n and is equal to:

[nr]

(1.2) B(r, N,n)= 2 (N—1)™().

m=0

N—
It is easy to show using Stirling’s formula that for o<r< .

(x.3) lim In B(r, N, n)

n—> n

=rIn(N—1)—rlnr—(1—7) In(1—7).

If £=(¢c;, ..., cy) is a finite ordered measurable partition of X we can, for every
positive integer #, define the map ¢y : X—>Qy , by o} ((x)=(ky(x), ..., k,_4(x)) where
S x€6 ).

The pre-image of the metric py, defines a semi-metric on X which we denote
by dF&.

Now we proceed to the proof of the inequality:

(1.4) ky(f)< lim fim N & 9)

T e>0n—> n

Obviously, the theorem follows from inequalities (1.1) and (1.4).

We can assume that the measure p is everywhere dense in X, i.e., the measure
of any non-empty open subset of X is positive. The general case is reduced to this parti-
cular case by replacing X by its closed subset supp p.

For a partition £ of X, let us denote by ¢¢ the union of the boundaries d¢ of all
elements cef and let:

where v is a positive number and:
U, (c)={xec: TyeX\¢, d(x,»)<y}.
Since YQOUY(g):ag then  lim u(U,(£)) = u(%%).
Let us fix some finite ordered measurable partition £ of X such that w(9€)=o.
2
Let €>o0 be small and find vye(o, €) such that p,(UY(E))<%. If x, yeX and d(x, y)<y

then for every i:0<i<n—1 either the points f*x and f'y belong to the same element
of £ or both of them belong to the set U, (£). Let us denote for brevity the characteristic
functions of the set U,(§) by yx, and let:

n—1
B, .={xeX: X XY(f"x)<§}.
' i=0
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LYAPUNOV EXPONENTS, ENTROPY AND PERIODIC ORBITS FOR DIFFEOMORPHISMS 145

2
Since f dep.<€Z and f preserves the measure p. we have:
X

n 2 n—1 X n—1 .

o 8 (fa)du> f 3 1 (fr)de

4 X i=0 X\Bp, ¢ i=0
>Zu(X\B, )

so that pL(X\Bn,z)<Z.

If xeB,, and di(x,y)<y then d%(x, y)<§ ; i.., an intersection of any vy-ball

in the metric 4/ with the set B, , is contained in some ¢/2-ball in the semi-metric d"*.
Let us consider a system U of y-balls in the d/-metric containing Nj(r, v, 3) balls,
and covering the set F, such that p(F,)>1—3. Then w(F,NnB, )>1—38— Z— Suppose
3 -
: s that u(F,NB, )> !

with B, _is contained in some ¢/2-ball in d/'* then there exists a system of N;(n, v, 8) balls

that =<

Since the intersection of every ball from U

. : : : 1—3 . :
in dl* of radius /2 which covers a set of measure bigger than — Using Macmillan’s

theorem we deduce that for a sufficiently large » some part of that set of measure bigger
1—3

than consists of elements of £_, and the measure of each element is less than

exp —n(k,(f, &§)—¢). Consequently, the number of such elements is more than:

(1 —8) exp(n(h,(f, §)—¢))
4

Thus, we have:

w8 NiaSRILOZY (1=
Gz

Combining (1.5) and (1.3) we obtain:

. ln Nf(ni Ys 8)
lim ————2—> 1~

n > n

2h(f,8)—e(1+In(N—1))+elnet(1—e)In(r—e).
Since y<e and ¢ can be chosen arbitrarily small we have:

1
lim lim “—Nf(%e—s) >h,(f, E)

e>0 n—>ow

for every partition & such that w(9€)=o0. We can find a partition with this property
and with sufficiently small diameter (recall that every open set has positive measure)
and consequently with the entropy £,(f, &) arbitrarily close to 4,(f). Inequality (1.4)
is proved. m
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146 A. KATOK

Remark. — M. Misiurewicz suggested another proof of Theorem (1.1) similar in
ideas to his proof of the variational principle. This proof avoids the use of combina-
torial arguments (formulae (1.2) and (1.3)).

2. Behavior of a diffeomorphism near regular trajectories.

In the first half of this section we collect preparatory material about the behavior of
any C'** (for some a>0) diffeomorphism in a neighborhood of a regular trajectory with
non-zero Lyapunov exponents. The main conclusion is that after some non-autonomous
change of coordinates the diffeomorphism becomes uniformly hyperbolic in a neigh-
borhood of the trajectory and the size of this neighborhood oscillates very slowly
(Proposition (2.3)). Actually, we slightly modify notations, definitions and results from
Section 1 of Pesin’s work [8], especially Theorems (1.5.1) and (1.6.1). In the second
half of the section we derive some consequences from the hyperbolicity.

Let f bea C'** («>0) (1) diffeomorphism of a compact Riemannian s-dimensional
manifold M. Let us denote for x>0, £>1 by A, ,the set of all points xeM with the
following properties: there exists a decomposition T ,M=E!®E? such that for every
neZ*, meZ we have for all vectors vedf™E::

[[dfimav ]| <¢ exp—ny exp(ya10= (n+ |m]))|[o|
[[dfimzv]| 267" exp ny exp(—ya10™ (n+|m]))|[2]]
for vedf™E:
|[dfimz0]| =47 exp ny exp(—ya10™ *(n +|m]))|[2]]
[[dfimsv || <¢ exp—ny exp(xa10~*(n +[m]))]|2]]
and for the angle y(x) between the subspaces E and E%
Y(f"%) >t exp—ay10~°|m|
(cf. [8], (1.3-5)-(1-3.7)).
Let for an integer £ with 0<kZ<s:
Al y={xeA, ,: dim Ei=EF}.
Obviously if ¥, <y, £,>¢, then A% , DA%

Xasla®

Proposition (2.1) (cf. [8], Theorem (1.3.1)):

(i) The sets AL, are closed;
(ii) The subspaces ES, E depend on x continuously on the set AL ,.
(iii) For every integer ¢ and £>1 there exists L=1L(q,¢) such that fU(A% ,) CAE .

(1) If f belongs to the class C7, r=2, we will take o =1 in all formulas including «.
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The statement (i) is obvious from the definitions. The proofs of statements of
Theorem (1.8.1) in [8], similar to (ii) and (iii), work automatically in our case.
Let us denote:

U A: =A%, U A=A

£>1
Proposition (2.2). — Let x be a regular point for f with the Lyapunov exponents
Ya(%)5 « oo Yoy (%) different from zero, X(x):1 <mi<n( )]Xi(x)[ and k{x)= (Z) ki(x) be the
<iLr(=z 12 xi(x)<0

number of negative exponents with their multiplicities. Then xe A’fg)’ ¢ Jor some £> 1.
The proof is the same as in [8], Theorem (1.2.1) and below. This proposition
and the multiplicative ergodic theorem imply the following statement.

Corollary (2.1). — For any Borel probability f~invariant measure p. with non-zero Lyapunov
exponents w(A)=1. If moreover u is an ergodic measure, then p(uf)=1, where:

(2.1) r=min |z, k= X k.

i:xl;"<0

The next step is the definition of the so-called Lyapunov Riemannian metric
near regular points which allows us to consider the linear parts of f along the trajectory
of such a point as uniformly hyperbolic operators. This construction is contained in
Theorems (1.5.1) and (1.6.1) of [8]. We summarize their content in a slightly modi-
fied way:

Proposition (2.3). — There exists a number ry>o0 which depends only on f such that for
every point xe AL we can find a neighborkood B(x) and a diffeomorphism @, : B x B *—B(x)
(B — Euclidean r-ball around the origin in R°) with the following properties.

(i) The image of the standard Euclidean metric in B} X B; ™% is a Riemannian metric -, -,

T

in B(x) which generates the norm || ||, in each tangent space T,M, yeB(x) connected with the
norm || ||, generated by the given Riemannian metric, by the following inequalities:

K,< IIII—IIII;SKzA(x)

where K, K, are absolute constants and A(x) is a Borel function of x such that for any integer m:

(2.2) A(Sf"x)<A(x). (min((‘:—’)alml, exp 2. 10_3}m[)).

and:

(2.3) sup A(x)=A% ,<oo.
I‘EA’)C(J

(i1) The map:
Jo=®) ofo®,: Bf XB; *—>R'xR*"*=R*
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148 A. KATOK

has the form:
Jo(t, 0) = (Aju+ hy,(u, 0), Byo + by (u, 2))
where hy (0, 0)= hy,(0, 0)=0, dhy,(0, 0)=dh,,(0,0)=0 and:

—99
A [[<exp —=
” z“ €xXp 100 4

(2-4) B
1B |~ <exp —22

(all norms here and below in this section are Euclidean).
1 Ju—

Let us set k(x)zma.x(;, CXP—I_O%Q ) Then, for z=(u,v), h(2)=_(hy,(2), ks (2)):

(25) ”(dh:c)z,_(dhx)zgllSMA<X)”'ZI_Z2”°"

with an absolute constant M.
(iii) The metric {-, -, depends on x continuously on any set A% ,.
(iv) For any zeM the decomposition
T,M=doO,R*xdD R°*
depends continuously on x for such xeA’;,, that zeB(x).

Although the last two statements are not contained in the cited theorems they
follow easily from the definition of the metrics < ), ([8], formula (1.5.8)) and Prop-
osition (2.1) (ii).

Now we are going to diminish the size of the neighborhoods B(x) to provide
the hyperbolicity of f in the reduced neighborhoods. The new neighborhood C(x)
for xeA% , has the form C(x)=®, (B}, xB;") where:

()
I— 2/a
o) = LR )i )

We shall call the neighborhood C(x) the standard x-box. From inequality (2.2)
we have for any integer m:

(2.6) e( fmx)<e(x) (min ((g)w, exp 2. 10‘3[m[)).

Furthermore, for z=(u, v)e®; *(C(x)) we obtain from (2.5) the following estima-
tion of the non-linear part of f:

o (1A
(2.7) (.|| <MAG 2l < 2 2

For xeAf, we have from (2.3):

_ 2/a
(2.8) s(x)z(—l—u:—g%l— (2M)~Y5(AE )=l = (R, 3, £)>o.
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We shall need the following uniformly shrinked version of the standard boxes.
Namely, let us fix a number 4:0<i<1 and set for xeAf

- G(x, by =D, (B}, xBi..)).
Let us denote by UX%" (o<y<1,8>0,0<k<1) the following class of
(s—k)-dimensional submanifolds of the neighborhood C(x, 4):
Uyt ={®,(graph ¢) : 9eC'(BiL), Biw), [[9(0)[[<3, [ dp[|<v}.
Obviously if v,>v,, 3,>38, then UYX-2:A>U¥ 3k  We define in a similar way
the class SY'®" of k-dimensional submanifolds of C(x, A):
S704 {0, (graph ¢) : peC(Bhey, Biird), [l 0(0)[[ <3, [Idel| < v}.
The following proposition shows that for a properly chosen number y and for any

sufficiently small § the classes UY'>* are frinvariant and every manifold from such a
class is expanding with respect to the Lyapunov metric -, - );. For y>o, let:

1—A(y)
v =""2),
Proposition (2.4). — Suppose that xeAL ,, 8<hs(x) and NeUY":8k  Thep:

x) ¥(x), 8. (1+2Nx)),h.
3

(i) FNNC(f(x))ey
(ii) for any two pomts yl, 95eN:

G S SO (5500009
where d, (-, -) is the distance function generated by the metric { -, - ..
Remark. — We can assume that the constant M is large enough so that
S(G(x) CB(f(#))-

Proof. — It is more convenient to work in the Euclidean space R’ rather than in
the neighborhoods C(x) and C(f(x)). So, we take a map ¢eC'(Bj;}, By) such
that ¢(0)<3, [|de|[<y(y) and show that the set

Je(graph @) N (Bhs(f XBhs 1)

can be represented in the form graph ¢, where:
~_C1Rs—k Rk
9eC (Bicgians> Bheian)s

1431200 10 and Fo)<3( T2

200,

This fact implies the statement (i) of the proposition. To prove the second state-
ment we shall show that for any v,, 2,€Bj.f

k(o) 00 —Ailo(en), > (5 + 2 ) o) (o), o]
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Let w=(w,, w,) be a tangent vector to the manifold graph ¢ at the point (¢(v), ).
Then:

(2.9) o || <v(x) .|| ws]l-

Let us consider the vector:

(%)(zp(v),u)(wn w,) :(Amw1+(d}llx)(cp(v),v)(wlﬁ w,), wa2+(dh2z)(qp(v),v)(wls w,))

(%h %2)
From (2.7%), (2.9) and (2.4) we have:

A

1<) o 4 L2 el

100

(1—2(x)

< (00700 + T2 ) Yl

120122 ()l = E [ 4 )

> (1100~ ) )l
We want to show that:
(2.10) &[] <0 -y () - (]
To do that it is enough to prove the following inequality:
a1+ )
< (10— T2 ()

Let us omit the dependence of A and ¥y on ¥ in the subsequent computation. We

—2
have (recall that y= 120 ):

A1 —2) +(1—7\)2(I+ 1-)\)<)\(1——)\) +(1—)\)2: I—l()\+3(1_)\))

20 100 20 20 50 20 5
I—A 3 I—A 2
< 20 ()\+3(1—7\))— 20 (I'—‘—S-(I——)\))
1I—x  (1—2)%
~ 20 50
I—2A (1—7\)2( I——)\)
< 20 100 I+ 20

)b = )
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Inequality (2.10) shows that the tangent space to the manifold f,(graph ¢) at
every point belongs to the cone:

Kipvoo =1 (015 w3) ¢ [0 || <A -v(x) - [ el [}-

Thus f,(graph ¢)=graph ¢ where ¢ is a map defined on some subset of the ball B}~
(see remark) and |[[dg]|<A(x).v(x)-
We want to show that the domain of the map § contains the ball Bj (. It is
easy to see that this domain coincides with the image of the map:
Ty =Ty0fro (@ Xid) : Bif->R*~*
where:
ny: R*=RX R TF>RIF

is the natural projection. The explicit expression for =, is:
(2.11) 7,0 =Bo 4 hy,(¢(2), v).
The map =, is expanding since we have, from (2.4) and (2.7) (vy, 2,€Bj;.}):
[[700 01— 105 [[ 2 || B (01— o) || — [ Aoy (1), 1) — a0 (9(v2), v2)]]
(1—A(x))*

100

14

227 ()| or—val|—

(2.12) 2(7\_ (1 57\(5)())2)”01__,,2”>(§+2;m)]]vl—vzll

(Ilor—2a|| ]l (21) —@(23)]])

> [|o1—vg]]-

Suppose that 2edBj;F, i.e., |[[v]|=he(x). Then the substitution of v;=v, v,=0
gives us:

Il (20—

=(exp 2107 %)e(x)h

)llol1> ) 1o

so that by (2.6):
[[mp2[|>he( £(#))-
On the other hand, it follows from (2.11), (2.7) and (2.6) that:
[[mg0 ]| <he(f(x))

so that the image of the boundary of the disc Bj;,f lies outside the disc Bjgf, while the
image of its center lies inside. Since =, is an expanding map we can conclude that:

—k iy
T (B’SLE(Z) ) 2 B;E(f (=)

i.e., the domain of the map § contains the ball Bf,s(_,(';».
Let v, be the solution of the equation:

Jx(9(20), 2)=(%(0), 0).
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The equation can be rewritten in the form =,5,=o0 or:
29 =—B, " (hy,(#(25), 2,))-
Let us omit the dependence of A and vy on y as above.

From (2.4) and (2.7) we obtain the following estimation of ||y,]]:

1< 4 ol
or:
IA(1—2)
(2.13) lall <252,
Furthermore:

?(0) = Ay(®(20)) + hiu(9(20), 20)

so that we can estimate ||¢(0)]||, namely:

FOI<Ale@ -+ vlfze )+ X ()] + (1 +1) 1%

100 100 100

SS()\_}_?\Z(I—-)\)Y_}_(1—7\)2+7\(I~)\)(1 +Y))

_ I—Af(A%y  I—A k(1+y)))
—8()\—'— 2 (E_F 50 T 50

(157 = (57)

For these estimations we used inequalities (2.4), (2.7), (2.10) and (2.13).

To finish the proof of (i) we have to show only that for veBj k)
[13(@)[| <he(f(%))-
For:

IFI B+ 14511 1l1< (1) 3 +-avhe )

< (1»1_7\) hsix) —|—hs(z‘{(§x))<ha(f(x)).

AMr—>a
We used the inequalities Ay= (x )<L d e:(f(x))>2

20 8o e(x) g
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Let us proceed to the proof of (ii). We have:

| fal@(21)5 1) —fa(@(22), va) ||

>HB 01— vg) || — || Ag(@(21) — @(v)) [|— || A (v1), 01) — Ao (9(22), 23) |
2N 1””1-”2H—>‘Y”01_"U2H_ ) (1+) [[oa—]|
2(7\—1_7\(12—;7\) _(I";O)\) )Hvl_v2H> ()\—1__1_;_—0_)‘)”1)1__02”

( 4= +107\)”01 vzll>(—2%+%)(l+‘{)””1‘””2”

> (5 5) 0o, 20— (6000, 51 m

We do not formulate explicitly the result similar to Proposition (2.4) for the
classes SY®-%* In the next section we will use both of these results.

In general we do not guarantee that the number ¢(x) and the map ®, depend
on x continuously on the sets A* ,. Indeed, Proposition (2.3) (iii) and (iv) provide
continuous dependence of the classes UY' %" and S %" on these sets if we consider instead
of manifolds from the classes their pieces of fixed size.

Let us denote the neighborhood:

A —k
(Dz(Bhs(k, x, )2 X B;a(k, X l)/2)

of a point xeAf , by C(x, &, %, y, ) (cf. (2.8)). Sometimes for convenience of notation
(if the numbers £, y, ¢ are fixed) we shall write ¢ instead of ¢(&, y, ¢£) and C(x, ) instead
of G(x, k&, ¥, £).

Furthermore, we shall call any manifold of the form NNC(x, k) where:

he
1""1h
NeU™3

an admissible (u, h)-manifold near x and any manifold of the form:
hs

NAG(x, k) where NeS™

an admissible (s, k)-manifold near x.

Let d(-, -) be the distance function generated by the given Riemannian metric
on M. We have from Propositions (2.1) and (2.3):

Corollary (2.2). — For any k, y>o0, (>o, {3<i o<h<1 there exists a

number x=xn(k, 3, £, B, k) such that if x, yeAL ,, d(x,y)<x, NeU§¥melkxlhh (roep
Ne S;BY(I)J'BEUC: %)k ) then:

NNCG(x, &, &, 3, ¢)
is an admissible (u, h)-manifold (resp. (s, k)-manifold) near x.
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154 A. KATOK

Proposition (2.5). — Let xeAk ,, o<k<1. Then any admissible (s, k)-manifold near
the point x intersects any admissible (u, h)-manifold near that point at exactly onme point and the
intersection is transversal.

Proof. — (i) Existence. Let K=, (graph ¢), L=®,(graph §) be an admissible
(s, k)-manifold and an admissible (u, #)-manifold near x, respectively, with:

9eC!(Byp, Bix") and  {eCl(B;5", Byp)-
Let us consider the map:
Yo Bl Bi,.

Since this map is continuous it has a fixed point %, (by the Brower fixed point
theorem). Thus, $(¢(u,))=1u, or:

(2.14) (g, (up)) = (Y(9(u))s @(to))-

But (ug, ¢(uy)) egraph ¢, ($(p(u,)), ¢(uy))egraph ¢ so that (2.14) implies that:
D, (4o, 9(u)) eKNL.

(ii) Uniqueness. Let (u,, v,)egraph ¢ngraph ¢. Then if (u, v)egraph ¢ the
following inequality is true:
(2.15) o —oo|[<v]w—uol|
and similarly for (u, v)egraph ¢:
(2.16) [lo—ol| =y~ [l# —uo]l.

Since y<1 inequalities (2.15) and (2.16) are satisfied simultaneously only for
U=1uy, V=10,.

(iii) Transversality. Once more let:

(49, vo) egraph N graph ¢.

If £=(n,%)eT,, ., graph ¢ then:

(2.x7) HEl<~[Ixll-
If £€=(,%)eT,, ., graph ¢ then:
el =y~ il

Thus if £eT,,, ,,graph ¢nT, ,,graph ¢ then by (2.16) and (2.17) we have £=o.
This means that the intersection is transversal. m

3. Approximation of recurrent regular point by periodic point.

Main Lemma. — Let f be a C'** (a>0) diffeomorphism of a compact s-dimensional
Riemannian manifold M. Then for any k=o, ..., s and any positive numbers y, ¢, 8 there
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exists a number =14k, y, £, 8)>0 such that if for some point xeAl, and for some
integer n one has

(3.1) Srxe s,

and

(3-2) d(x, frx)<¢

then there exists z; point z=2z(x) such that:
(1) fre=z

(i) d(x, 2)<5;
(1ii) the point z is a hyperbolic periodic point for f and its local stable and unstable manifolds are
the admissible (s, 1)-manifold and admissible (u, 1)-manifold near the point x, respectively.

Let us fix some numbers B>

A
I+8 (v) and £:0<k<1 and assume that:

(3-3) d(x, f"x)<min(x(&, ¥, ¢, B, k), x(k, %, 4, B, 1))

where the number » is found from Corollary (2.2).

Moreover, by Proposition (2.3) (iii) we can find for every o<t<1i the
number ¢ =1{(y, ¢, v) such that if xeA%, and conditions (3.1) and (3.2) are satisfied
then for every ;, »,eC(x, 1):

< d_z(M<T—1.

(3-4) IRENEN

We assume that ¢ in (3.2) is chosen to satisfy (3.4) with = sufficiently close to 1;
particular choice of = will be specified below (cf. (3.9), remark after (3.20), (3.25)).
Other conditions on ¢ will occur explicitly in the course of the proof (cf. (3.6), remark
after (3.12)).

During the proof of the Main Lemma we shall use the following simplified notations:
¢ instead of e(&, x,¢) and C(x, &) instead of C(x, &, &, %, ¢). Also, we shall omit the
dependence of ¥y and A on y.

All other constructions here and below will be effected for the chosen number 7
(which may be very small if 8 is small, cf. (3.36)) and for A=1. Obviously for =1
some of the notations become simpler.

We shall use this second version of the constructions only in the final step of the
proof dealing with assertion (iii).

Step 1. — Let us denote by Ay and B, the following manifolds:
AO = ((D/"I(B;:a(/":c) X{O})) ﬁé(x, h)
By=,({o}x B:;")
2
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Obviously, B, is an admissible (#, #)-manifold near the point x. Since
q)fﬂz(st(/"x) X{O}) € s;)'::(r), h

then by Corollary (2.2) the manifold A, is an admissible (s, 2)-manifold near x.
Let us define the manifolds Ag, By, i=1, ..., 2—1 in the following way:
Al=f"1ANC(f" 1x, k)
Al=fTA'INC(f"ix, b)) i=2,...,n—1
Bé =/B,
Bi=fBi 'nC(fi~'x, k) i=2,...,n—1.

We can conclude from Proposition (2.4) (i) that each manifold B is a part of a
manifold from the class U,A,(’;’) % (or maybe the whole such manifold). Similarly, A? is
a part of a manifold from S},ffi’xo'h. Now let:

A, =f1A " NC(x, k)
B, =fBi'nC(x, k).

Applying once more Proposition (2.4) (i) we can conclude that the manifold A,
is a part of an admissible (s, £)-manifold near the point x and B, is a part of a manifold
from the class U7'%* Thus Corollary (2.2) and (3.3) guarantee that B, is part of an
admissible (u, £)-manifold near x.

We shall show that if d(x, f"x) is small enough then By actually does coincide with some
admissible (u, h)-manifold near x. This statement is a particular case of a statement that
will be proved in Step 2. So the reader can either omit the subsequent proof and
proceed directly to Step 2 or try to understand the idea of both proofs (which is basi-
cally the same) on the particular case which is technically easier.

Suppose that B, is the proper part of an admissible («, £)-manifold near x. Then
we can extend B, to a manifold B,CU»*" apply inductively Proposition (2.4) (ii),
then Corollary (2.2) and construct manifolds NieU}‘-;Y’O”‘, t=0,...,n—I, and an
admissible (u, £)-manifold ﬁl near x such that for some point yeB\By:

FfizeN;, i=1,...,n—1 and f"yeB,\B,.
Since yeB,\B, we have:

, he
(3-5) (%, 9)> -

Let:
J"x =0 (uy, vy)
Sy =0 (us, v5)
and assume that:

(3.6) &1, 7)< ’if
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Then:
(3-7) d(f"%, [ ) S| wm—us ||+ [[os—va || <[|oa ]| + [ e ]| +vh-<

k k
S S0+ +vh.e<T (14 37).

It follows from Proposition (2.3) (i) that (3.6) can be fulfilled if ¢ is chosen small

enough.
On the other hand it follows from Proposition (2.4) (ii) that:

(3.8) Goul S5 90> (54 1) it ).

2 2\
Suppose that in (3.4) 7 is chosen so that:

14
(3-9) T>

Then we have combining (3.4)-(3.9):

h I—}—I:)\
€ ’ n n
1+ 302 RS> (S5 )
14—
2\
I—A\ , he I—A
‘>‘(I+ 2 )d’”(x’y)>?(l+ 2 )
; 3 ) =gv(0)>L(1—2
or: 2 (o =sv(0> 1 (1)

which is a contradiction.

Thus we have proved that B, is an admissible (%, #)-manifold near x.

arguments show that A, is an admissible (s, #)-manifold near the same point.

Step 2. — Let us define by induction the manifolds:
ALAL L AU B B LB m=1,2, ...

in the following way
A:n zf_lAmmC(fnﬂix: k)

(3.10) Al =fIAINC(frix, k) i=2,...,n—1
A, =frA NC(x, k)
B,=/B,
(3.11) Bl =f(Bi-'nC(fiix, k), i=2,...,n—1

(B, .. =B 'nC(x, k).

Similar
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We shall apply arguments similar to those that were used in Step 1 to prove that:

For every m=1, 2, ..., B, is an admissible (u, h)-manifold near x and A,, is an admissible
(s, h)-manifold near x.

We shall use induction in m. Let us assume that B,, is an admissible (%, £)-manifold
near . Then, by (3.11) and Proposition (2.4) (i), B, ,; is a part of a manifold from

ny, (LEA\R B
the class Uf},\,,C ) and, consequently by Corollary (2.2), B,,; is a part of

(u, h)-admissible manifolds near the point x. Let B,=®,(graph ¢) where
9€ C'(Bip", Bicp).

Let us extend B,, to a manifold:

h:-:h

mE U:’ B ) Em = gra'ph ’5: ’({\)'E ct (B;Jx?’ Bli:s(x))a
~ he ~
H<P(0)HSZ, 14 <r.

~

B

In other words, ¢=9¢
Bigk

Let us define the manifolds B, i=1,...,n—1 and B, +1 by formulas similar
o (3.11):
B,=/8,
(3.12) Bi =fBi-'nC(fi1x, k), i=2,...,n—1
B, =fB 0 G s, )N G(S" s, h).
Obviously, if d(f"x,x) is small enough then B, ,DB,.,. Applying Prop-
osition (2.4) (i) inductively we conclude that for i=1,...,n—1:

ke (52

BinC(fix, h) C U
and:
g, currs(ET
In other words:
B, C(f', k)= ®g,(graph )
B, = ®p.(graph 3,)
where for i=1, ...,n:

'(‘p’¢EC1 (Bs k

he(fiz)? Bhs(ﬂ z))

1—[—)\)

2

(3-13) [[F:0)]I< 4(
14 [<Xy.
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Let us consider the point:
By = Qf"z(an(o)’ O)
and set:
z=f"""%, t=0,1,...,n—1.
Since zieB" we can represent these points in the form:

= ®i,(3i(2), %)

where by (3.13):
(3.14) @I IE il < (“22) 2 i,

Now let us consider a A-dimensional manifold:
N = (Df":c(Bhs(I"x) X{O}) GS]“E‘xO "
which contains the points f"x and z, and apply to that manifold inductively the statement

similar to Proposition (2.4). We can conclude from that statement that zeN; for

some N;eS:*" and, consequently:

(3-15) o]l < vI13:(@)]]
Combining (3.14) and (3.15) we obtain:

(3-16) @<

he I+A\ i
4((1%-2722’ ”‘4(1—};7)(142_1)'

Since BiNC(f'x, k) CB: nC(fix, k) we can represent the first manifold in the
form:

B‘;nﬁC(fix, h) = q)fix(graph ai'D.)'
It follows from (3.16) that z,eB, and consequently zeBi,NC(f'x, k).
In other words, u;€D;. The arguments from the proof of Proposition (2.4)
(esp. (2.11) and (2.12)) show that:

(3-17) Di+1="'°aiDinB;s /;ku
where:
(3.18) 7"%;(”) =B/izv+h2ﬁz($i(v)’ v).
Obviously:
D,=B;;".

Every map T is expanding on B“’_f" (and consequently on D;) and by (2.12) the

coeflicient of expansion is bigger than ——}—-7\. Thus (3.16), (3.17) and (3.18) imply
the following statement:
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If D; contains a ball around v; of radius r then D, | contains a ball around v, of radius:

'—minf (2L vty Yhe  (THAVEH
r_mm((2+2)\)r,/ze(f x) : ( ) )

(T+¥)\ 2
: (%) 2 )y L2 .
Since (x)>¢ and, by (2.6), ) 2max(§,7\ )> s > We have:
s(fi+1x)>(¥\) e(x)
whence:
(3.19) r’Zmin((é—i—i)r, h(l—y)s(f“'lx)).

Applying inequality (3.19) inductively and using the fact that D, contains a ball

h
around v, of radius (1——«{);(a (what follows from (g.16) for i=0) we obtain that
D, contains a ball around the origin (recall that z,=o0) of radius:
. 1 1\'he .
min ((I_Y)'(E—i_ﬁ) 2 h(1—y)e(f x)).
This number is bigger than:
he (1 1\
@) G(4)
This means that if = in (3.4) is close enough to 1 then:

)=graph o,

n

(I)z_l q)f"z(graph EFn

where the domain of ¢, covers the ball Bjj*.
In other words, since:

Bm+1 = (D/"x(gra‘ph $n ) ﬁé(x, h)

n

this manifold is an (u, £)-admissible manifold near the point x.

Step 3. — By Proposition (2. 5) every manifold A, intersects every B,, &, ¢{=o, 1, ..
at exactly one point. We denote this point of intersection by 2, ,. Obviously:
x=2z frA=12;.
Let us prove that iof k>1, {>0 then:
(3.21) S =2 1,011
In other words, we are to prove that:
fnzk,IEAk—l and "z ,eB, ;.
The first inclusion follows directly from the definition of z, , and (3.10) because:
Sz ef A CTTALTIC. L CA, .
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To prove the second inclusion it is enough to show that for i=1, ..., n—1:
(3.22) Sfi%,.CB;

because in this case:

(3-23) f"zk,l:f(fnﬁlzk,l) CfB?—l
and since:
(3-24) fnzk,lCAk-—ICé(x: k)

we have from (3.23), (3.24) and (3.11) that:
S 6By 4.
Now we proceed to the proof of (3.22) by induction in i. Suppose that:

i—1 i1
S 7y ,eB

Then: : i
Sz CfB; !

and by (3.10):
S CAAZTH = AT INfC(Sf ™ a, B

e, by (3.11):
Sia  CSBTINfC(f " 2, b)=f(B; ' N C(f*~'x, k) =Bj.

Step 4. — Let us assume that in (3.4) we have chosen:
I I\ 1100
(3-25) T (;+27\(X)) .
We shall prove that for every Ry, ks> 1, £>0:
(3.26) da,c(zkl,li Zk,,l)swd;(zk,—l,!+la Z—1,0+41)

—n+1/100

where AN =A'(y,n)= (1 + . ) <1. The following inclusion follows from (g. 22)
2 2M(y)

and (g.11):

(3-27) Flae=f1(f " a)ef BT =BnC(f'x, h).

Since B, is an admissible (, £)-manifold near the point x it follows from Prop-
osition (2.4) (i) that the manifold B{nC(f*x, k) is a part of a manifold from the class:

U;,:;Y’ ETh (1‘;—)\);’ h.
Therefore, we have from Proposition (2.4) (ii) and (8.27) using (3.25) and (3.4):
da:(zkl-—l,l—l—l’ zk,—l,l+I)ZTdI,"x(zkl—l,l+1’ Zk,—l,!+1)
I 1\,
>7 (; + 2—)\) Ay (24,05 %,,0)
2Nz, &,,0)-

(Recall that s-(#)zge(f"x).)
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162 A. KATOK

Similarly, we have for 2>o0, ¢,,f,>1:

(3.28) Ay (%, 0,5 2, 0) SN dp(Zi0, 0,15 Zpp1,0,-1)
Step 6. — Now we are going to prove that:

(3-29) ,31_{1}0 4y (%515 % _1,1) =0

and:

(3-30) kéld’;(z"“”” Z p1) < 0.

We have:

B2 —15 Ze—1,0) S g (% —15 Zo—1,6—1) T A (Z_1, 015 Z_1,0)-

We shall estimate each term in the right-hand part of this inequality.

The points z, ,_, and z,_, ; , belong to the manifold B, ,. From (3.21) we have:

f”(k—l)zk—l,k—l = 2y, or—2€By o
fn(k—l)zk,k~1 = 2,2 —2€By 2.

For every i=o, ...,k—2 inequality (3.26) gives:
B2 ii—tai> Zemi k1 4+ SN (2o i hri> 1 —i ki)

and consequently:

(3.31) &y (B -1 21, 6— ) SN 71 (2, 3 — 25 20,20 —2) S 26R(N)F N

Similarly, using (3.28) instead of (3.26) we obtain:
(3-32) dz(zk—l,k—U Z_ 1,0 (A NV (2 2.1 %ok—2,0)

< 2eh(N)FL

Since A'<1 (3.29) follows immediately from (3.31) and (3.32). The same two

inequalities imply (3.30) because:
dz,(zk+1,k> zk,k——l)sdxl(zk+1,k’ zk,lc)_{_da:,(zk,k’ 2 k—1)
< 4eh (V)%

It follows from (3.30) that the sequence 2, ,_;, k=1, 2, ... converges as ko0 to some
point zeC(x, &).

Since by (3.21) 2% _,,=f"%;_; we have from (3.29):

n, __ 13 n — i — i —
S z-,}‘_‘;‘}of zk,k—1—,}1_{rzozk—1,k",}1_{r}°Zk,k—1—z-

Thus, we have proved (i).
Since f*is a continuous map then by (3.27):

(3-33) f‘z:limf‘zk’k_le(}(f‘x, k)
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and consequently:
(3-34) 4 (%, fi2)< ahe( fix) < 2hr,.

It follows from the compactness of M and Proposition (2.3) (i) that there exists
a constant K>o such that for every point _yeA=kU Af , and every two points
s Xe
w,w,eC( y, 1):

(3-35) d, (w,5)> Kd(w, w,).
Therefore, from (3.34) and (3.35):
f i 4 —1
d(x, )< | max  d(f'x, f'2)<S 2k K
Taking:

SK
(3-36) h<2—,0

we obtain the statement (ii).
Step 6. — In this section we shall prove that df]" is a hyperbolic linear operator.
For o<8<1 let us denote by K; and L; the following cones in R*:
Ko ={(w, wp) eR*XR*™* 2 || || < B[ wa}
Ly ={(w;, w5) eR*XR*7F 1 [[a,|| < B |20y ][}

It follows from the proof of Proposition (2.4) (the section starting from (2.9)
through (2.10) and below) that for xeA% ,, (4, v)eBf, xBi,"

(3‘37) (%)(u,v)KyC K?q‘
Moreover, for weK,:
(3.38) 1> (5 + )1l

The proof of (3.38) is similar to the proof of part (ii) of Proposition (2.4). Since
weK, we have [|w[|<(1—y)7'||w,||. Furthermore, we have from (2.4) and (2.7):

”(%)(u,v)(wl’ w2)]| = ”(Axwla wa2)+(dhx)(u,v)(wls w2)”
2 |I1Byws || — || Ao || — [[(dho) u, o] - ] 0]

=2 (=) [l =l — 2
_ A=A A1—r)  (1—n)2
=(7\ 1_( 20 20 100 ))lel

<(Z+ 2 )l
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similarly, we have for f~':

(3-39) (@f7 "), Ly C Ly
and for weLY:

I
(3.40) ol > (5 + 35 )01l

Let us now consider the periodic point z constructed in the previous section.
Inclusion (3.33) shows that, for i=o,...,n—1, we have f'z=®;,(4,7) for some
(w5 v;) €B} ;< Bl . Let us set:

i'z)
= (fn12)u, g, 00000+ + O Yedug, v
Applying (3.37) inductively for (uq, vy), (uq, v1)=f,(uy, 2y), etc., we obtain:
(3.41) F2 K CRopy
and from (3.37) and (3.38) we can see that for weK,:

(3.42) Bl (34 ) el

Similarly, from (3.39) and (3.40) we have:
(343) (ch?)z)_lLYC L)\"Y
and for wel,:

(3-44) [|(F) ]| > ( )H w|].

The following equalities follow directly from the definition of ®, and f, (cf. Prop-
osition (2.3) (ii)):
4 = (V) g, oy 0 FLb o (40,
= (dpnz) (o) © (ADZ )20 () 1 o FLL(d D),
Let us denote for o<f<1:
K‘3 =(dD,) 4, vy Kp
Ly =(d®,)y,, vy Lg-

(w40, v0)
(%05 Vo)

Since d®, transforms the Euclidean norm in R® into the norm ||-||, the properties
similar to (g.41)-(3.44) with the cones IN{Y and iY instead of K, and L, and with the
norm || ||, instead of the Euclidean norm in R" take place for the operator:

(dD,) 1, 090 Fo (dO; 1), : T,M—>T,M.
The operator
(dDpn,) 4y, 090(dD; 1), : T,M->T,M
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transforms the norm ||-{|; into ||-||,., and the decomposition
(dq)z)(uo, ua)Rk X (dq)x)(uo, vo)Rs -k
into (dPpn2) (g, o REX (AD 1) . o R T

It follows from Proposition (2.3), parts (iii) and (iv) that if the number ¢ in (3.2)
is chosen sufficiently small then:

(3-45) (dq)f"z>(un, u,,)ny C le/w
(3-46) (dq)f"z)(u,,,v")L)\y C Ly
and consequently:
(3-47) dj:znf{v CIN{-AWY
(3-48) df; "L, Ciyupye
Moreover, (3.9) together with (3.42) and (3.44) guarantee that for weKY:

’ I'—.A}\ ’
(3.49) Nl (1452 el
and for weiY:

! I_)\ ’

(3.50) 1l (14222l

Standard arguments (which we do not reproduce) show that:
H, = kD()dfz’m Ky(x)

and:

are respectively an (s-k)-dimensional subspace and a k-dimensional subspace of
T,M invariant with respect to df;. Since H,nH,={o} we have:

T,M=H,®H,.

Obviously H, C KY(X), H, C’im) so we can apply (3.49) and (3.50) and conclude

that the spectrum of df}'| lies outside the unit circle A and the spectrum of df}'| lies
H, H,

inside A. Therefore, df] is a hyperbolic linear operator.

Step 7. — Finally we shall prove the statement about local stable and unstable
manifolds. We explain in detail the case of stable manifolds; unstable manifolds are
treated similarly. Let us construct the manifolds A, and B,, #=o,1, ... for A=1.
Obviously, they are extensions of corresponding manifolds constructed for smaller #.

The set S, of all (s, 1)-admissible manifolds near x can be provided a C’-topology
in the following way. Let W,, W,eS;:

W,;=®,(graph ¢,), i1=1, 2.
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Then the distance:

Po(W1, Wy) — mex [ ¢1(2) — @a(u)][-

€/2

Obviously, the closure S, in this topology consists of all C-manifolds W of the form:
€
W ={®, graph ¢ : 9eC’(B},, B; "), ||9(0) HSZ’

|| p(ur) — @ (ua) || <vllu—u,|, ¥ uy, ”26322}-

This closure is a compact set. Consequently, the sequence {A,}, m=1, 2, ... contains
a subsequence {Amz}’ {=1,2,... m—>oo, such that A, , converges in the C’-topology
to some manifold ACS,.
Let weA. 1 shall prove that
(%) fweC(x, 1) for m=1,2,...;
(%%) for some constants K>o, A<r1:

d(f™w, 2)<K(X)™d(w, z).

Let us fix m and find a sequence of points wzeAml such that w:zlllg wy.
If m,>m then by (3.10):

(3-51) f’”"weAm[_mCC(x, I)

which implies (*).

We have from the statement similar to Proposition (2.4) (ii), Proposition (2.3) (i)
and (3.9):

d(fmn w, Z) — d(fmn w,fm”z)SKfid;(fm”w,f'”"z)
—A\ "™
(3.52) <kt (14 727) i, .
I—A
2

<K 'K,A(%) (1 4 )_md(x, 2).

~ '—)\ —1
To verify (#%) it is enough to set in (3.52) K=K;'K,A(x) )\=(I —l——l—?«) . It

follows from (%) and (**) that A is contained in the local stable manifold V*(z) of the
point z for f™.
Since T,V*(z)=H, and (d®;'),H,CK, we can conclude that locally near z the
manifold V*(z) has the following form:
V*(z) = ®,(graph ¢)

where ¢ is a C! function defined in a neighborhood of u, with the values from R*~* and
|l deu, || <v-
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Since the manifold ®; ' A has the same form we conclude that, locally, A coincides
with V*(z). Since the extension of any arbitrarily small piece of the local stable mani-
fold is unique we come to the conclusion that A is a local stable manifold. m

Remark. — The above arguments actually show that the sequence{A,}, m=1, 2, ...
converges in the C’-topology because any limit point of that sequence may serve as the
manifold A in that argument and the local stable manifold is unique.

4. Proof of the main results.
Theorem (4.x). — Let f be a G+ * («>0) diffeomorphism of a compact manifold M, and
w a Borel probability f-invariant measure with non-zero Lyapunov exponents.  Then Per f2supp w.

Proof. — Let us fix some smooth Riemannian metric on M with distance function
d(, ) and denote by B(x, r) the r-ball around the point xe M. To prove the theorem we
shall show how to find a periodic point in the ball B(x,, ) for a given point x,esupp w
and a number e>o.

First, we can find numbers %, y, ¢ such that:

u(B(xo,-Z—)nAf(’,)>o
(cf. Corollary (2.1)) and define the number:
b=4(k765)>0
4
satisfying the assertion of the Main Lemma. Let B be a subset of the intersection

B(xO,Z)r\A’;, ; such that u(B)>o0 and the diameter of B is less than ¢. By the

Poincaré recurrence theorem, for almost every point x€B there exists a positive integer
n(x) such that f™?xeB and consequently d(x,"@x)<{. Since BCA%, we can apply

the Main Lemma and find a point z of period zn(x) such that d(x, z)<£s—}. Obviously:
d(xy, 2)<d(xo, %)+ d(x, z)<§. n
Let us set Per,(f)={xePerf: x is hyperbolic and has a transversal homoclinic
point}.
Theorem (4.2). — If in addition to the assumptions of Theorem (4.1) the measure p. is
ergodic and not concentrated on a single periodic trajectory then Per;, fO supp p.

Progf. — First, let us show that the Lyapunov exponents of u. cannot be of the same
sign. If so we can suppose (taking f ' instead of f, if necessary) that all exponents are
negative. Suppose that xis a recurrent point of f (¢.e. f™x—x for some sequence n,—>00)
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and that xeA% , for &, y from (2.1) and some ¢. Then there exists a positive integer m

and £, >0 such that f™ maps the disc B(x, ;) into itself and f™ is a contracting
Biz,€,)

map. Consequently the points f*x tend to some point » as % tends to infinity.
Obviously f™y=y. If y#f°x for some integer s then x is not a recurrent point.
Consequently in this case almost all recurrent points are periodic. But since almost all
points are recurrent and w is an ergodic measure it has to be concentrated on a single
periodic trajectory.

Now we are able to follow the line of the proof of theorem (4.1) but instead of
a single set B we take two different points x,, x,e M with the following properties:

. €
(1) X15 xzeB (xO::l");
(ii) there exists £ such that for any 3>o0 w(A% ,AB(x;,3))>0, i=1, 2,

1+A(y)
8

(1i1) d(xy, x5) < é min (z, % (k, % s , h)) where the number x is found from
Corollary (2.2).

Such two points exist because w is a continuous measure.
Let us now take subsets:

d(xy, d(xy,
BICA’;,,nB(xl, (xiox”), B2CA’;’,nB(x2, b x2))

10

such that for 1=1, 2, p(B;)>o0 and:
d(xl’ x2))

diam B,<¢ (k, Yo £s 00

Using the Poincaré recurrence theorem we can find points y,€B,, p,€B, and
positive integers n( y,), n( y,) such that f"®y eB,, f"¥y,eB,. Therefore, we can apply
the Main Lemma and find periodic points z;, 2z, such that:

d(xla x2)

d(z,9,)< oo » =Lz

Let us estimate the distance between z; and z,. Evidently:

d(xy, %3) —d( 1, %1) — d (21, 1) — d( ya, %2) — d(23, 9s)
<d(zy, 25)

Sd(xy, x9) +d( 91, %1) +d (21, 1) +d( a5 %2) +d(23, 93)

whence:

1
Ed(xls %9)<d(zy, 25)< gd(xls X3)-

The inequality on the left shows that 2,4 z,, the one on the right together with (iii)
and the last statement of the Main Lemma guarantee that the stable manifold W*(z,)
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has a point of transversal intersection with W"(z,) and the unstable manifold W*(z,)
with W*(z,). Indeed, local pieces of W*(z;) and W?*(z,) are (s, 1)-admissible manifolds
near the point p,, and local pieces of W*(z;) and W*(z,) are (u, 1)-admissible manifolds
near the same point. By Proposition (2.5), W*(z,) has a point of transversal intersection
with W?(z,), and W?%(z;) with W*(z,). It is well known that the existence of such two
points of transversal intersection guarantees the existence of transversal homoclinic
points for z; and z,. m

Corollary (4.1). — Under the assumptions of Theorem (4.2) the diffeomorphism f has a
closed invariant hyperbolic set T' such that the restriction of f to T' is topologically conjugate to a
topological Markov chain (subshift of finite type) and k( f|r)>o.

This fact follows immediately from Theorem (4.2) and the existence of such a
set I' in any neighborhood of the trajectory of any transversal homoclinic point [20].

As an immediate consequence of this fact we obtain something like an estimation
of the topological entropy from below:

Corollary (4.2). — If a C'** diffeomorphism f of a compact manifold has a Borel probability

invariant continuous non-atomic ergodic measure with non-zero Lyapunov exponents then h( f)>o.

If dim M =2 then the converse of Corollary (4.2) is true. Combining this
remark with Corollary (4.1) we obtain the following result:

Corollary (4.3). — Any C*** diffeomorphism of a two-dimensional manifold with positive
topological entropy has an invariant set as described in Corollary (4.1).

Proof. — Since h(f)=sup k,(f) where sup is taken over the set of all Borel
probability f-invariant measures (or only over the set of ergodic measures) we can find
an ergodic invariant measure p. with positive entropy. Such a measure is obviously conti-
nuous. Let y,>y, be the Lyapunov exponents of u. Since the entropy is less than or
equal to the sum of positive Lyapunov exponents then y,>o0. Since h,(f™")=#h,(f)>0
then — x>0, t.e., x2<0. Consequently we can apply Corollary (4.1). m

The presented results give some rather qualitative information about the set of
periodic points. The next theorem gives an estimation of the asymptotic growth of the
numbers of periodic points.

Theorem (4.3). — With the assumptions of Theorem (4.1):
( 7 InP.(f)
max e

o, lim
n —>00 n

)> 400

Progf. — We can assume that p is an ergodic measure. In this case we shall
construct for every positive numbers e, / and every positive integer n a finite set

169
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K,=K, (¢, ¢) satisfying the following four properties (for some r the set K, (¢, ) may be
empty):

1. K,eAl ,, where y and % are defined by (2.1).

2. If x,yeK, and x+y then di(x,y)>e(k, y, )t~ (cf. (2.8)).

3. For every xeK, there exists a number m(x): n<m(x)<(1+e)n such that
Sm@xe Ak , and:

- ek, 1, f))
d(x, f )<4’( %ol > " 10f )"
4. For every e>o:
1 !
lim lim OO0 5 ),
>0 n—>w

To proceed to the construction of the sets K, let us choose a finite measurable
partition £ such that:

d1am£<¢( s X L —M)

s and E>{AF ,, M\AZ 3.

The last condition means that every element of £ either belongs to the set A%, or is
disjoint from this set. Let us set:

Ay ={xeAf ,: Am: n<m<(1+¢)n such that the points x and f™x
belong to the same element of E}.

We define the set K, as a maximal subset of the set A% satisfying the separation
property 2. The properties 1, 2, g are true by definition. Let us check 4.

Lemma. — lim (k%)= (AL ,).

n —> o

Proof of the lemma. — We fix an element cef belonging to the set A , and set:
[n(1+e)]
c,w:{xec: kZ Lo SEx) <np(e) (I —{—%), E Xo(fFx)>np.(c) (1 + ):
=0

where y, is a characteristic function of the set c.
Obviously ¢, ,CA%%N¢. By the ergodic theorem we have p(c\, ) —>0. Applying
these arguments to every element c¢ef belonging to A% , we obtain that

w(AR) —>u(A,). m

Since K, is a maximal subset of A%% having the property 2, the union of
e(k, 1, ¢).¢""-balls in the d/-metric around points of K, covers the set A%%. Otherwise
we could add any uncovered point of A%% to K, and produce the greater set with the
same property. Consequently by the deﬁmtlon of the numbers N(n, ¢, 3) (see § 1) we
have:

(4 I) Card anNf(n’ E(k, % [) °[_1a I ""(‘"(AI)‘(,,’; )
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Using the lemma we conclude that for every 3>1— (A"
1 —1
o 2 Card K, (e, [)Z lim In Ni(n, e(&, y, £) .67, 8).

n— o n n— o n

Thus the property 4 follows from Theorem (1.1).

Having the sets K, (¢, £) we can finish the proof of the theorem. For every point
xeK, we can by the Main Lemma find a periodic point z=2z(x) of period m(x). If
x,7eK, and =xsy then:

di(2(x), 2()) = d)(x, ) — dl(x, 2(x)) —d](, 2())

4.2
(£-2) zgs(k, 1 8) £

so that the points 2(x) and z(y) are different. Consequently:

[(1+e)n]
% P,(f)=Card K,(s, ¢)

and:

p (> Card Kale t)

n<m<(1+s)n en

Thus, we can find a sequence of integers m,:n<m,<(14¢)n, such that:

lim InP, (f) > Lim i(ln Card K, (s, /) —In z-:n)

( ) n>o m, T asom, n
4-3
I . InCard K, (s, ¢)\ 1
> (i 2RI ()t

where by the property 4:
Jime()<o. w

Corollary (4.4). — For every C*** («>0) diffeomorphism f of a 2-dimensional manifold:

max(o, fimg 2 ))> 4 ),

Proof. — We can suppose that A(f)>o sinceif (f)=o the inequality is obviously

true. Then for every £>0 we can find a Borel probability f-invariant ergodic measure p.

such that &,(f)>k(f)(1—e)>o0. In the proof of Corollary (4.3) we have shown that

one of the Lyapunov exponents of yu is positive and the other is negative. So we can
apply Theorem (4..3) and conclude that for every e>o:

iy 2 2l

u——)ﬂ)

——>h,(f)>h(f)(1—e). =
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The next fact shows that we can approximate the entropy of any “good” invariant
measure by the entropies of limit distributions of periodic points. Let us set:

L,(e, ) ={2(x) : xeK,(e, £)}.

Thus, L,(s, ¢) is a set of periodic points with periods between n and (1+¢)n. Let
further u,(c, /) be a uniform measure concentrated on the set L, (e, ¢).

Corollary (4.5). — For any condensation point Q. of the sequence of measures y,(c, ) in
the weak topology we have:

he(f) 2 b () —9(0).
(For the definition of the function ¢(f) see (4.3).)

Proof. — Let £ be a finite measurable partition of M such that:

(i) diam g< SR 0 0) ’27;’ ‘)
and
(1) (%) =o.

Condition (i) and inequality (4.2) show that every element of the partition &§_,
contains at most one point of the set L, (s, £). Therefore:

(4-4) H, (§_,)=In Card L, (¢, /) =In Card K, (e, ¢).

Suppose that u, —{ in the weak topology. Property (ii) implies that for every
positive integer m:

(4-5) lim H,, (2_,)=Hy(Z_,).
If m<n, then:
Hoo® o) HuE)

m ,

(4-6)

Combining (4.4), (4.5), (4.6) with the property 4 of the sets K, (¢, /) we have:

Tl i OB D p () —e). m

m k> ny,
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