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LYAPUNOV EXPONENTS FOR CONTINUOUS
TRANSFORMATIONS AND DIMENSION THEORY

LUIS BARREIRA AND CESAR SILVA

ABSTRACT. We generalize the concept of Lyapunov exponent to trans-
formations that are not necessarily differentiable. For fairly large classes
of repellers and of hyperbolic sets of differentiable maps, the new expo-
nents are shown to coincide with the classical ones. We also discuss the
relation of the new Lyapunov exponents with the dimension theory of
dynamical systems for invariant sets of continuous transformations.

1. INTRODUCTION

The notion of Lyapunov exponent has its origins in the pioneering work
of Lyapunov and can be introduced in the following manner. Given a dif-
ferentiable transformation f: M — M, for each x € M and v € T, M we
define the Lyapunov exponent of the pair (z,v) by

Az, v) = limsup - log [|df™v]).
n—+oo T

These numbers provide precious information about the asymptotic behavior
of the differential of f along the orbit of x, and namely about the expansion
and contraction of lengths on the tangent space. Hence, there is a privileged
relation between the Lyapunov exponents and the study of hyperbolicity.
Furthermore, there is also a profound relation, although hardly obvious, be-
tween them and the stability theory of differential equations and dynamical
systems. In particular, the Lyapunov exponents—including the “abstract”
theory of regularity, which is not so well known, even though its origins go
back to Lyapunov and Perron—play a preeminent role in the stability theory
of nonautonomous ordinary differential equations and in the invariant man-
ifold theory of nonuniformly hyperbolic dynamical systems (see Section 2.2;
see also [2] for full details). On the other hand, without any change, the
fact that the derivative appears in the definition of the Lyapunov exponents
restricts their use to the study of differentiable transformations.

Our main objective is to discuss how the concept of Lyapunov exponent
can be effectively generalized—and applied—to a fairly general class of trans-
formations that are not differentiable (and not even necessarily piecewise-
differentiable in any reasonable sense). More precisely, we introduce new
Lyapunov exponents, for arbitrary transformations, and we consider the
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relation between them and the dimension theory of dynamical systems.
Namely, we establish an upper bound for the Hausdorff dimension of a
class of invariant measures supported on nonconformal invariant sets (for
maps that are not necessarily differentiable), in terms of the new Lyapunov
exponents.

Our approach in defining the new exponents is to imitate the derivative as
much as possible. An alternative approach could be to replace the derivative
cocycle by an appropriate cocycle and then to consider its associated Lya-
punov exponent. However, since the transformations that we consider need
not even be piecewise-differentiable it is unclear how this approach could be
effected.

Relevant departure points for our discussion were the works of Kifer [5]
and Barreira [1], where they considered continuous transformations and in-
troduced notions that motivated our own introduction of the new Lyapunov
exponents. Namely, Kifer introduced numbers that replace the maximal
and minimal values of a Lyapunov exponent. Independently, Barreira intro-
duced numbers that replace the same two values, in the case of repellers of
transformations that are not necessarily differentiable. He also used the new
exponents to obtain estimates for the Hausdorff dimension of the repellers.
Nevertheless, it should be pointed out that it was already clear at that time
that in order to obtain sharp dimension estimates it should be necessary
to introduce appropriate intermediate values of the Lyapunov exponents.
That is, the knowledge of all the values is crucial in the dimension theory
of nonconformal dynamics. We emphasize that in [5] and [1] the authors
consider no intermediate values, but only the maximal and minimal values,
contrarily to what is done here.

In the case of differentiable transformations, the new exponents can also
be used although one would of course prefer the classical ones. However,
since it may not be known a priori whether a given transformation is differ-
entiable, it is crucial to understand how the new Lyapunov exponents relate
to the classical ones. Accordingly, we show that for fairly large classes of
repellers and of hyperbolic sets the two exponents agree almost everywhere
with respect to any finite invariant measure, and thus the two notions can
be used indistinctly (almost everywhere). It turns out that the noninvertible
version of Oseledets’ multiplicative ergodic theorem is crucial for the proof.

The content of the paper is as follows. In Section 2 we recall some notions
from the classical theory of Lyapunov exponents, including Oseledets’ mul-
tiplicative ergodic theorem. In Section 3 we introduce the new exponents
and show that they agree almost everywhere with the classical ones for cer-
tain classes of transformations. Section 4 describes the relation of the new
Lyapunov exponents with the dimension theory of dynamical systems.

2. LYAPUNOV EXPONENTS: CLASSICAL THEORY

2.1. Abstract theory and differentiable transformations. We begin
with the axiomatic definition of Lyapunov exponent. Let V be a linear
space. We say that a function x: V' — RU{—o0} is a Lyapunov exponent if:

1. x(aw) = x(v) for each v € V and o € R\ {0};
2. x(v+w) <max{x(v), x(w)} for each v,w € V;
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3. x(0) = —o0.
We now describe some of the basic properties of Lyapunov exponents (we
refer to [2] for full details). Each Lyapunov exponent x takes at most a
number s < dim V' of distinct real values x; < --+ < xs (besides —o0). For
eachi =1, ..., s we define

Vi={veV:x(v) < xi} (1)
One can show that each V; is a linear subspace of V' and that
{0}=VhcWic---CcVy=W (2)

A collection {V; : i = 0,...,s} of linear subspaces of V satisfying (2) is
called a filtration of V. The filtration defined by the subspaces V; in (1) is
called the filtration associated to the Lyapunov exponent y. We also say
that the number

ki = dimVi — dim ‘/;_1
is the multiplicity of the value ;.

Let now f: M — M be a differentiable map on the manifold M. We
define the (forward) Lyapunov exponent X*: TM — R of f by

N (ay0) = i sup —log [ dfo]
n—+oo T

with the convention that log0 = —oco. Omne can easily show that T, M >

v+ AT (x,v) is indeed a Lyapunov exponent for each x € M, in the sense of

the definition above. Therefore, for each x € M the function A" (z, ) takes

at most a finite number of real values

A(z) << )‘;(m)(l‘)a

for some positive integer s*(z) < dim M. Furthermore, the filtration of
T, M associated to A" (z,-) verifies
{0} = Vi' (@) € Vi* () € - C VE

st(zx)

(33) = T$M7

where

Vit (z) = {v € T,M : X*(2,0) < Af (2)}.

The number
kf (z) = dim VT () — dim VT (2)
is the multiplicity of the value A () for each i. We denote by

pi(@) < < phn (@)

the real values of the Lyapunov exponent A\*(z,-) counted with their multi-
plicities, i.e., for each i we set

pjirimvitl(x)ﬂ(x) T pjimvf(x)(x) =\ (2).

When the map f: M — M has a differentiable inverse one can also define
a Lyapunov exponent for negative time. Namely, the function A=: TM — R
given by

1
A" (z,v) = limsup — log ||df 0|

n——00 ’n’
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is called the (backward) Lyapunov exponent of f. Similarly, for each x € M
the function T, M > v — A~ (x,v) is a Lyapunov exponent, and hence takes
at most a finite number of real values

AL (@) > >/\5 (z)( )

for some positive integer s~ (x) < dim M. The filtration of T,,M associated
to A7 (z,-) verifies

TeM =V (2) D DV, (@) DV, () = {0},

where

Vi(z) ={veT,M: X\ (z,v) <\ (x)}.

7

We define the multiplicity of the value A; (z) by
ki () = dimV;" (z) — dim V;, (2)
for each 7, and denote by

pr(E) = 2 P 1y ()
the values of the Lyapunov exponent A~ (z, ) counted with their multiplici-
ties.

2.2. Regularity and the Multiplicative ergodic theorem. Using the
above structure we can now introduce the fundamental concept of regularity.
Let f: M — M be a differentiable map with differentiable inverse. A point
x € M is called Lyapunov regular (or simply regular) with respect to f if
the following holds:

1. sT(z) = s~ (z) =: s(x);

2. there exists a decomposition
s(z)

T,M = EB H;(z)

such that for each i =1, ..., s(z) we have

T(2) =@ Hj(x) and V; (x) =P Hjx);
=1 :
3. if v € Hi(z) \ {0} then

1
: vt ) — N () —-
i oog 7ol = X (@) = <37 (2) = hila),

with uniform convergence on {v € H;(x) : ||v| = 1};
4.

s(x)
: n
dim — 10g|det dfn| = E;A ) dim H;(x).
(2

The notion of regular point is fundamental in the stability theory of linear
and nonlinear nonautonomous ordinary differential equations and in the the-
ory of nonuniformly hyperbolic dynamical systems. Namely, the exponen-
tial stability of a linear autonomous ordinary differential equation y' = Ay
is immediate when all the values of the (forward) Lyapunov exponent are
negative, and the same happens under sufficiently small perturbations, i.e.,
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for y' = Ay+ f(t,y), with f(¢,0) = 0 (and thus keeping zero as a solution of
the perturbed equation; one can certainly consider more general situations).
On the other hand, an arbitrarily small perturbation

y' = Ay + f(t,y),

with f(¢,0) = 0, of a linear nonautonomous ordinary differential equation
y' = A(t)y with all values of the Lyapunov exponent negative may have
unstable solutions starting arbitrarily near zero. It turns out that in the
presence of regularity (in the sense that there exist regular points) the zero
solution of a sufficiently small perturbation of a linear nonautonomous ordi-
nary differential equation with all values of the Lyapunov exponent negative
is stable (and in fact asymptotically stable). A similar behavior occurs in
the theory of nonuniformly hyperbolic dynamical systems. As such, regular-
ity plays a fundamental role in the stability theory of differential equations
and dynamical systems. See [2] for related discussions.

The notion of regular point demands considerably from the structure
provided by the Lyapunov exponents AT and A~. Therefore, it is crucial to
discuss conditions under which there exist regular points. The Multiplica-
tive ergodic theorem of Oseledets [7] provides a surprisingly strong positive
answer from the point of view of ergodic theory. We denote by L'(M, ) the
set of p-integrable functions on M. We also write log™ a = max{loga,0}
for each a > 0.

Theorem 1 (Multiplicative ergodic theorem). If f: M — M is a differen-
tiable map with differentiable inverse and p is a finite f-invariant measure
on M such that log* ||df||, log™ ||df 7| € LY(M, ), then p-almost every
x € M is reqular.

Theorem 1 says that from the point of view of ergodic theory regularity
is a typical property. In particular, if f: M — M is a C! diffeomorphism
of a compact manifold, then the set of regular points has full measure with
respect to any finite f-invariant measure on M.

When f is not necessarily invertible we still have the following result.

Theorem 2. If f: M — M is a differentiable map and w is a finite f-
invariant measure on M such that log™ ||df|| € L*(M, u), then for pu-almost
every x € M the following properties hold:

1. fori=1, ..., s7(z) and v € V;* (z) \ V", (2) we have

1
lim ~ log [|dfv|| = A}
Jim —log [ldfyv]| = A (x), (3)

with uniform convergence in v on each subspace F C Vf(x) such that

FVE(z) ={0};

2.
1 S+(.'x)
li — log|det df?| = E EX () (x). 4
n—1>I—&I-loo’l’L Og| © fm| gt i (I‘) i (CC) ( )

In particular, the uniform convergence in Theorem 2 is essential in Sec-
tion 3. The statement in Theorem 2 is due to Oseledets, even though, strictly
speaking, he only discussed the property of uniform convergence in the in-
vertible case (that in our setup corresponds to the situation in Theorem 1).



6 LUIS BARREIRA AND CESAR SILVA

Furthermore, to our best knowledge, the property of uniform convergence
was only formulated explicitly in the appendix to [4]. Nevertheless, the
statement can indeed be recovered by essentially following arguments of
Oseledets. For completeness—and since the uniformity is essential in Sec-
tion 3—we give a simple proof of this property. For a proof of the remaining
statements in Theorem 2 see for example [2].

Proof of the uniform convergence in Theorem 2. Let X be the full measure
set composed of the points z € M for which there exist the limits in (3)
and (4), without assuming the uniform convergence in (3). Let z € X. We
need to show that

lim —log 1nf demvH = hm —10gsupde$vH = A/ (2),

n—4+oo N

where C' = {v € F: ||v|| = 1}.
Consider an orthonormal basis eq, ..., e, of F, and for each n € N let

m

Up = ch,jej ceC
j=1
be a vector at which v — ||df}v|| attains its minimum. We choose an integer
j(n) € {1,...,m} such that |c, j(,)| = max;|c,,;|. Since YT, cnj? =1, we

have
’Cn,j(n)| > 1/\/%

We denote by p,, ; and ¢, ; respectively the distance and the angle between
df7'e; and df}} span{e; : i # j}. Note that p, ; = ||df}e; sinpy ;. We have

df;un = Cnj(n) df €j(n) + Z I dfne] )
J#i(n) Enj(n)
and hence

ldfz unll = [en. i) | Pn.j(n) \Flldfz oL TR
Using the existence of the limits in (3) and (4) it can be shown that

1
lim log\sin onjl =0

n—-+0oo

(and this does not require the unlform convergence in (3); see Theorem 1.5.1
in [2]). Since j(n) can only take a finite number of values, we obtain

.1 n
lim nf -~ log]|df;'un||
.1 .1 .
> Eg}r&f E IOngfgclej(n) H + Bg}r{g ; log’SIH (Pn,j(n)’ (5)
R | | .
> minliminf °log||dfy'e; | + minlim inf - log|sin pn | = X (),
where the minima are taken over all j € {1,...,m}.
For each n € N, choose now a vector

m
n = dejej eC
=1



LYAPUNOV EXPONENTS FOR CONTINUOUS TRANSFORMATIONS 7

at which v — ||df2v|| attains its maximum. We have

ldfzvnll < " ldngl - lldfe;] < Y ldfiesll

j=1 j=1
and hence
lim sup — log]|dffvn| < AF(x). (6)
n—+oo T
The uniform convergence is the combination of (5) and (6). O

3. LYAPUNOV EXPONENTS FOR CONTINUOUS TRANSFORMATIONS

We introduce in this section a version of Lyapunov exponents for maps
that are not necessarily differentiable. Following the abstract theory briefly
presented in Section 2.1 it is reasonable to consider as many values of the
exponent (counted with their multiplicities) as the dimension of the whole
space. The basic idea behind the definition is to imitate the derivative as
much as possible.

3.1. The new Lyapunov exponents. Let f: R™ — R™ be a transforma-
tion on R™. We emphasize that f is not necessarily differentiable.

Let d be the metric on R™. For each z € R™ and k € {1,...,m} we
define the number

1 dlfm n
A;:(a:) = inf limlimsup —log  sup M,
LELrk6=0 n—too M " yecy6mnr 4T, Y)

(7)

where L, ;. denotes the family of sets of the form x + F' for some subspace
F C R™ of dimension k, and

Co(0,n) = {y € B,(6,n) \ {z} : [f'z, fy] C fB.(,n) for j € {0,...,n}};
here
B.(6,n) = {y € R™ : d(fiz, fy) < 6 for j € {0,...,n}}, (8)

and [v, w] C R™ denotes the line segment between the points v and w. We
refer to the numbers

A (2) < Af (@) < - < Ah(@)

as the Lyapunov exponents of f at the point = (note that there is no danger
of confusion with the classical Lyapunov exponents). These numbers play
the role of the Lyapunov exponents in the case of maps that are not differ-
entiable. We observe that the value of each AZ_(SU) does not change when we
replace d by an equivalent metric in (7) and (8).

It would also be interesting to define an appropriate Lyapunov exponent
(in the sense of the abstract theory in Section 2.1) for which the numbers
that we introduce would be the values of that Lyapunov exponent (again
in the sense of Section 2.1). However, this approach seems to be of rather
formal nature in our context. Nevertheless, it has been applied with success
in other contexts, such as in the study of a pendulum with dry friction in [6]
(in this case the system is piecewise-differentiable, and thus the situation is
unrelated to ours).
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3.2. Relation with the classical Lyapunov exponents. We now con-
sider a differentiable transformation f: R"™ — R™. For each x € R™ and
ke {1,...,m} we define the number

1 dfm
Cl-:(x) = inf limsup—log sup lldf vl
dim =k n—too M~ ver\fo) V]

)

where the infimum is taken over all subspaces F© C R™ of dimension k.
Clearly

cH(@) < cf (@) < - < ¢ (a).

We now relate these numbers with the values p; (z) of the classical (forward)
Lyapunov exponent at z, i.e., the values of the Lyapunov exponent A*(z, -)
counted with their multiplicities (see Section 2.1).

Theorem 3. Let f: R™ — R™ be a differentiable map and p o finite f-
invariant measure on R™ such that log™ ||df|| € L*(R™, ). Then, for u-
almost every x € R™ and each k=1, ..., m we have

1
+ + :
o () =¢cl(x)= lim —log sup
k F n—toon yeanjor V]

where G is any subspace of dimension k > dim V,", (z) such that G C V;" (z)
for some 1.

Proof. By Theorem 2, for u-almost every x € R™ and each i = 1,...,s"(z),
we have
1l
R T

whenever v € V" (z) \ V., (), with uniform convergence on each subspace
F C V" (z) such that F NV  (z) = {0}. Let 2 € R™ be one of these
points. Giveni € {1,...,s7(z)}, let G C V;* () be a subspace of dimension
k> dim V,© (). We first show that

1 df?
lim —log sup ldfz vl =

)\jx:p'Fx. 9
R 1oE S T A (@) = a(e) ©)

This is clear when ¢ = 1 (simply take F' = G in Theorem 2). We proceed by
induction on ¢. We first observe that

1 ldfzvll
lim —log sup >
n—toon  ieq\qop vl T n—teon [[w]

g ldell o i

\Y

whenever w € G\ V;*, (z).

We now establish the reverse inequality. Let v, € G be a vector with
||lun|l = 1 at which the supremum in (9) is attained. We write vy, = ay, + by,
where a,, € V" (z) N (V;,(z))* and b, € V7 (x). Clearly ||a,| < 1 and
lbn|| < 1, and thus

ldfonll < lldfy anll + lldf; on]|

ldfzoll lafzol - (10)

< sup
vevr @it @ oy P wevt @y 19
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By the induction hypothesis,

1 df?
lim —log sup l4fz ]

=" (z) < Af(2).
n=too n Tyt () (o) |l !

On the other hand, taking F' = V" (z) N (V;*,(z))* in Theorem 2 we obtain

1
lim —log sup

noteo vt (@) ivoy 10

Pk

It now follows from (10) that

ldrzol _ s

1
lim —log sup <A (2) = pjf (2).

n—toon  yeanfor V]l
This establishes the identities in (9).
For every subspace G C V;"(z) of dimension k > dim V;*,(z), it follows
from (9) that

1 n
¢f(z) < lim —log sup | df o]l
n—+oo n ve@\{0} ||,UH

pr (@).

On the other hand, for each subspace F of dimension k > dim V,, (z) there
exists vp € F\ V.7, (z) such that

Lo dfforll +
nEJroo n log ”’UF” - Al (x) Pk (I’),
and thus
. .1 ldfpvr|
(z) > Zlog =8 > N\ () = pf
“k ($) - dirgg«f:k nginoo n log HUFH - )\Z (.CL‘) Pk (.CL‘)
This establishes the desired result. O

We now start discussing the relation between the new exponents A;: ()
and the classical Lyapunov exponents.

Proposition 4. If f: R™ — R™ is a differentiable map then A (z) > ¢ (z)
foreachx e R™ and k=1, ..., m.

Proof. Let L =x + F € Ly . For each n € N we choose v, p € F' (possibly
depending on z) with ||v, r|| = 1 such that

d n
w20
verv(oy V]l
The differentiability of f ensures that

lim d(frz, f"(x + evp,r))
e—0  d(z,x+evy )

= [ldfvnr|-

= ||dfz vn,Fl.
On the other hand, for each sufficiently small ¢ > 0 we have z + v, r €
Cz(d,n), and thus

d(f"x, f*(x + evpF))
d(z,x +ev,p)

sup d(frz, f*y)

>
y€C(8,n)NL d(x,y)
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Letting € — 0 yields

d(f"z, f"
sup BT g, .
y€Cq(6,n)NL (7,y)
and hence
1
AZ_(SL‘) > u ir}u{; lim sup — log ||df; v, F| = cz(x)
mib=k n—otoo N
This completes the proof. O

Before proceeding we recall the notion of repeller. Let f: R™ — R™ be
a differentiable map and J C R™ a compact f-invariant set (i.e., such that
f~'J =J). We say that f is expanding on J and that J is a repeller of f
if there exist constants ¢ > 0 and a > 1 such that

ldfzvll = ca™[[v]|

for each z € J, v € R™ and n € N. Note that in this case f is a diffeomor-
phism on some neighborhood of each element of J.

Let now a € (0,1]. We say that a differentiable map f: R”™ — R™ has
a-bunched derivative on the set J if df, is invertible and

I(fa) =M1 ldfall < 1

for every x € J. This property was introduced in [1]. The simplest nontrivial
examples of expanding maps with bunched derivative are the following.

Example 1. Consider the map f: R? — R? given by fz = Az, where

-6

for some p, ¢ € Z such that |p| > |¢| > 1. One can easily choose p and ¢ so
that f has a-bunched derivative on R?. In fact,

I(dfe) M M dfe ]l = lal = pl,

and thus, when |p| < |¢/'*® the map f has a-bunched derivative.

We can also consider similar examples in R™. Consider the map f: R™ —
R™ defined by fx = Az, for some invertible matrix A with distinct eigen-
values, all of which with absolute value bigger than one. We have

Ilfe) M2 ldf | = (min [ M)~ max [ A,

and choosing the numbers )\; in such a way that max; |A\;| < (min; |A\;]) =172

the map f has a-bunched derivative on R™.

I

We note that any sufficiently small C! perturbation of a C! map with
a-bunched derivative still possesses this property (with the same «).

We now continue the study of the relation between the new Lyapunov
exponents and the classical ones. We want to show that the two notions
agree in the case of repellers with bunched derivative. The following is the
main step in our approach.

Theorem 5. Let f: R™ — R™ be a C't transformation with an f-
invariant compact repeller J on which f has a-bunched derivative. Then
A} (z) = ¢ (z) for eachx € J and k=1, ..., m.
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Proof. By Proposition 4 it remains to show that A (z) < ¢} (z) for each
x € J. Choose § = d(x) > 0 such that f is a diffeomorphism on the ball
B, (0) of radius 0 centered at z. For each n € N we have B;(d,n) C By(0)
and hence f is also a local diffeomorphism on B, (4, n).

Consider y € Cy(d,n + 1) and j € {0,...,n}. We have

dfy (@) !
= df}, dfy(dfs) " (df4,) "
= df}, (df},) " + df},df,(df.) " (dff,) !
— df}, (df},) "
- df;y(df}r)_l + df}ydfy(df’”)_l(dfjj”‘y)_ldf}y(df}r)_l
— df}, (df},) " df 4, (dfh,) !
- [1 +df}, df, (dfe) N (df},) 7t — dfj;y(dfj;y)‘l} dff,,(df},)™"
= |1+ dff, (dry(ars ) = D], | drf, () "
Therefore,
ldfy (@ |
ldf?, (dff,) 1|

< 1+ [ldfh, | - 1 (dfy (dfz) ™" = D) (df,) "l

) . 11
<1t Culaf -ty —drl -l Y

<1+ CiColldff Il Iy = 21N (dry,) s
where
Cy = max{||(df,) 7| : v € J},
and Cy > 0 is chosen in such a way that
ldfo = dfw|l < Callv —w|®

for every v, w € R™ (recall that f is of class C17).
We now estimate each of the terms in the right-hand side of (11), starting
with ||y — z||“. Let h; be the local inverse of f/ on By;,(d). We have

ly = zll = lIh; (F1y) = by ()| < lld(hy)all - 17y — Fall,  (12)
where z is some point in the line segment between fly and flz, and thus
also in f7B;(6,n+ 1), by the definition of C;(d,n + 1). Therefore

fPhjz € fBy(6,n+1) C By, (6) (13)
for£ =0, ..., 7.
Since the derivative of f is a-bunched on J and J is compact, we can
choose A\ < 1 sufficiently large and ¢ sufficiently small so that
I(df) e lldfall < A

for every z in the d-neighborhood Js of J. Let now 8 > 0 be such that
e®P\ < 1. Eventually making again 0 sufficiently small, we can assume that
if v, w € Js and d(v,w) < 2, then

|log [|(df.) || — log |(dfu) ||| < 8
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. 71 . .
v :
(note that J is compact and v — log||(df,)”"|| is continuous). It follows
from (13) that

1(df pen,) ™M1 < €2l (df )1 (14)
for{=0,...,n
We now return to (12). Since d(h;), = (dfh )71, it follows from (14) that

, i1 o
ld ()l = 11(dfy )M < TTINAf pen,2) 7M1 < Cae™ TS pey) s
=0 /=1

where

Cs = SB)pH(dfw)_lH/ing(dfw)_IH

with the supremum and infimum taken over all w € Js. It follows from (12)
that

J
Iy — @l* < 6 (a1 < Coae® T Idfpe) M1 (15)
(=1
The remaining terms in the right-hand side of (11) are estimated by

J
a7, 11(df7,) " < HdefeyH (df pey) 7D (16)

We conclude from (15) and (16) that

j
ly = 2l *N(df7,) " ldff, | < Cs6%e™ TT (I(dfpey) =M 1 Nlf g2, ) -
/=1

Therefore
ly = /| (1(df4,) " ldf4, || < Cs®6% (e®PA).
It follows from (11) that for each x € J, n € N, y € Cy(d,n + 1), and
j€40,...,n} we have
ldfg (@) < Hldfg, (df ) T L+ CY),
where C' = C1C5C3%6%. We conclude that

ldftdfrth ) < H 1+099) < H 1+Cy) =
Jj=1 Jj=1
Consider now a subspace F' of R™. For each linear map A: R™ — R™ we
write

Av
IAllp = sup 14wl
verv(o} |V
Note that given another linear transformation B: R™ — R™ we have
| BAv]|
IBA|[r = sup < [1B] - [|A]l#-

veF\{0} o]l
Setting A = df;’ and B = dfy (df™)~1 we conclude that

ldfy || 7

AN
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whenever x € J, n € N, and y € C,(d,n). Assume now that w =y —x € F.
Then

1
d(f"e, fy) < /0 1t

< sup df2 | pd(x, y) < 7lldfy || Fd(z, y).
z€C%(8,n)N(z+F)
It follows that
lim sup — log sup M < limsup — log [|df,'[| F,
n—-+oo T y€Cz(8,n)N(z+F) d(l" y) n—+oo 1
and hence

Af(z) < inf lim

1
il d n — + .
dim F=k n_)igg n og || If IFa L ()

This completes the proof. O
The following is now immediate.

Corollary 6. Let f: R™ — R™ be a C'™* transformation with an f-
invariant compact repeller J on which f has a-bunched derivative, and let
u be a finite f-invariant measure on J. Then

A (@) = f (@) = pf (@)
for p-almost every x € J and each k =1, ..., m.

Proof. The result follows immediately from Theorems 3 and 5. (]

A version of Theorem 5 was given by Kifer in [5] in the case of the maximal
and minimal values introduced in that paper (and thus not including any
of the intermediate values introduced here). We note that Kifer considers
arbitrary differentiable flows (and semiflows).

3.3. Invertible transformations. We now assume that f: R™ — R™ is
invertible. In a similar manner to that in Section 3.1, for each x € R™ and
ke {1,...,m} we define the number

A (z) = inf lim lim sup 1 log  sup w
LELym—1410-0 ns—oo 1|~ yec, (6  A(,Y)
where
Co(6,n) = {y € B(6,n) \ {z} : [z, fy] C f'B,(6,n) for j € {n,...,0}}
and
B.(6,n) = {y € R™ : d(fix, fly) < § for each j € {n,...,0}}.

We refer to the numbers A, () as the (backward) Lyapunov exponents
of f at the point z. For each x € R™ and k € {1,...,m} we define the

number
1 afy
C;(;p) = inf limsup — log sup | fva‘
dim F=m—k+1 n——co || yer\iop V]|

Clearly
Ay () 2 Ay (x) = - = A () and o (2) 2 ¢p () 2 -+ = ¢ (2).
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We can also obtain similar results to those above in the case of negative
time. More precisely, altering the proofs in a straightforward manner, we
obtain the following.

Theorem 7. Let f: R™ — R™ be a map with differentiable inverse and p a
finite f-invariant measure on R™ such that log™ ||df || € LY(R™, ). Then,

for pu-almost every x € R™ and each k=1, ..., m we have
_ _ . 1 dftv _
P (x) = ¢ (x) = limsup — log sup ldfz vl =\ (),
n——oc |1 veG\{0} [ v]]

where G is any subspace of dimension k > dim V;™ (z) such that G C V;,,(z)
for some 1.

Proposition 8. If f: R™ — R"™ is a differentiable map with differentiable
inverse then

A (z) > cf(z) and Ap (z) > ¢ ()
1, ..

for each x € R™ and k = ., m.

We can also change the proof of Theorem 5 and establish an appropriate
version in the case of hyperbolic sets. Let f: R™ — R™ be a diffeomorphism.
We recall that a compact f-invariant set A C R™ is a hyperbolic set for f if
there exist a splitting R™ = E*(z)® E"(x) varying continuously with x € A,
and constants ¢ > 0 and A € (0,1) such that for each x € A:

1. dfz(EY) = E%, and df:(E2) = E3.
2. [|df2v|| < eA™||v]] whenever v € E? and n € N;
3. ||df; ]| < eA™||v|| whenever v € EY and n € N.

We write for simplicity As(z) = df,|E*(z) and Ay (x) = df:|E"(x).

Theorem 9. Let f: R™ — R™ be a C'*® diffeomorphism with an f-
invariant compact hyperbolic set A such that

1A @) [(As (@) <1 and - [[(Au(@)) MMl Au(@) | <1 (17)
for every x € A. Then
A (2) = ¢ (x) = —Ay () = —¢; (2)
foreachx € A and k=1, ..., m.

Proof. Since the distributions E® and E" are df-invariant, using (17) one
can reproduce arguments in the proof of Theorem 5 to conclude that there
exists 7 > 0 such that for each z € A and y € C(d,n) we have

ldfy [ E°(x)]] < 7lldfy | E* ()| (18)
whenever n < 0, and
ldfy |E*(x)|| < 7l[dfy | E* ()] (19)

whenever n > 0.

Observe now that for each £ the numbers c: (x) and ¢, (x) are nonzero and
¢ (z) = —c; (z) = cx(z). This is a consequence of the uniform estimates in

the definition of a hyperbolic set. Furthermore, again since the distributions
E?® and E" are df-invariant, one can easily show that each ci(z) can be
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computed by solely considering subspaces F' inside E*(z) or E"(z). More
precisely, if cx(z) < 0 then

1 dfm
ck(x) = inf limsup —log  sup ldfz vl
F potoo N ’UGF\{O} HU”

1 df?
= —inflimsup — log sup ldfz vl
G no—oo In| iearioy VIl

where the infimum is taken over all subspaces F', G C E*(x) respectively of
dimensions k and dim E*(xz) — k + 1. Similarly, if c¢x(z) > 0 then

1 dfm
ck(x) = inf limsup — log  sup ldfzvll

1 afr
= —inflimsup — log sup lfz vl
n——oo 1| “ueavioy vl

where the infimum is taken over all subspaces F', G C E*(x) respectively
of dimensions k£ — dim E*(z) and m — k + 1. Using these formulas together
with the inequalities in (18) and (19) one can reproduce arguments in the
proof of Theorem 5 to show that

Af(z) <cf(z) and A (z) <cp (2).
The desired result follows now immediately from Proposition 8. (]

The following is now an immediate consequence.

Corollary 10. Let f: R™ — R™ be a C'** diffeomorphism with an f-
invariant compact hyperbolic set A satisfying (17) for every x € A, and p a
finite f-invariant measure on A. Then

Af (@) = pf (@) = ¢ (2) = —A; (1) = —pj () = —cj (x)
for pu-almost every x € A and each k=1, ..., m.

We note that the new notion of Lyapunov exponent can easily be ex-
tended to flows (and semiflows), and analogous proofs allow us to obtain
corresponding versions of the previous results. Following our approach, we
can also consider Lyapunov exponents for maps defined in smooth manifolds
with the help of the exponential map.

4. RELATION WITH DIMENSION THEORY

We illustrate here how the Lyapunov exponents introduced in Section 3
are related with dimension theory. Instead of describing more general situa-
tions we consider on purpose a particular class of transformations for which
our results are still nontrivial. More precisely, we consider invariant sets of
a class of “expanding” transformations that need not be differentiable.

4.1. Basic notions. We denote by dimy F' the Hausdorff dimension of a
set F' C R™. Given a finite measure p on R™ we define the Hausdorff
dimension of u by

dimg p = inf{dimg Z : p(R™\ Z) = 0}.
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We also need the alternative approach of Douady and Oesterlé in [3] to the
Hausdorff dimension. Given an ellipsoid £ C R™ with semiaxes a,,(F) >
-+ > a1 (FE), for each t € [0,m] we consider the number

wi(E) = am(E) - @y 1)1 (E) (@1 (E))- 1,
For each set A C R™ let
p(At) = liminf 3w, (E),
EcU

where the infimum is taken over all finite or countable covers of A by ellip-
soids E such that wy(FE)Y/* < e. The following result in [3, Proposition 1]
provides an alternative definition for the Hausdorff dimension.

Proposition 11. dimgy A = inf{t : u(A,t) = 0} = sup{t : p(A4,t) = +oo}.

We now briefly recall the nonadditive version of the topological pressure
introduced in [1]. Let f: X — X be a continuous map of a compact metric
space, and U a finite open cover of X. Given U = (Uy,...,U,) € U™ we
define the open set

X(U) = f "0
k=1

Consider a sequence ® = (¢, )nen of functions ¢, : X — R. For each n € N
we define

(@, U) = sup{|on(z) — on(y)| : =, y € X(U) for some U € U"}.

Let diam U be the diameter of the cover U. We assume that

%(i*u) — 0. (20)

lim sup lim sup
diam U—0 n—oo

Given U € U™ set

o(U) = SUpx (1) ¥n %f X(U)#+o .
—00 it X(U)=o
For each Z C X and o € R let
M(Z,0,®,U) = lim inf > exp(—am(U) + ®(U)), (21)

vel’

where the infimum is taken over all I C U, U¥ such that {X(U): U € T'}

is a cover of Z. When « goes from —oo to 400, the quantity in (21) jumps
from +o00 to 0 at a unique critical value. Thus, we can define

Pz(®,U) = inf{a € R : M(Z, a, ®,U) = 0}.
Using (20), it is shown in [1] that there exists the limit
Py(®)= lim Py(d,U).

diam U—0
The number Pz(®) is called the nonadditive topological pressure of ® on
the set Z (with respect to f). We emphasize that Z need not be compact
nor f-invariant. When ® is the sequence of function (¢ o f™),en for some
fixed continuous function ¢: X — R the number Px (®) coincides with the
classical topological pressure of the function ¢ (with respect to f). See [§]
for a detailed discussion.



LYAPUNOV EXPONENTS FOR CONTINUOUS TRANSFORMATIONS 17

We also need a nonadditive version of the so-called Bowen’s equation. Let
®; = (¢nt)nen be a sequence of functions ¢, +: X — R for each ¢ in some
interval I C R. We assume that:

1. @, satisfies (20) for each t € I;
2. there exist constants ¢, co < 0, such that if x+ € X, n € N, and
s, t € I with s # ¢, then

Pn,s(2) = Pni(x)
s—1t
Under these assumptions we can establish the following statement, with a

slight modification of the proof of Theorem 1.9 in [1].

cn < < con. (22)

Proposition 12. The function t — Pz (®y) is strictly decreasing and Lip-
schitz, and there exists a unique number tp > 0 such that Pz(®:,) = 0.

4.2. Geometric constructions and examples. Let f: R™ — R™ be a
continuous transformation and J C R™ an f-invariant set. We assume that
J can be decomposed into disjoint sets Ry, ..., R, such that

+oo
7= U B

where for each n € Nand i1, ..., i, € {1,...,p} the set R;,..;, is an ellipsoid
and satisfies

n—1
Riy.iy 0T = [ f ¥Ry, 0 ).
k=0

See Figure 1 for an example with p = 2. This is called a geometric construc-
tion and we refer to J as the limit set of the construction (see [1, 8]). One
can think of the sets Ry, ..., R, as the elements of a Markov partition of J,
although no exponential behavior is assumed here. We also assume that:

1. we can define a function x: {1,...,p}N — J by
oo
X(iriz---) = (] Riy-vins (23)
n=1

i.e., the intersection in (23) contains one and only one point for each
sequence (iyiz---) € {1,...,p};

2. for each x = x(iyiz---) € J the k-th axis Li(z,n) of the ellipsoid
R, ...;, satisfies

n n
A,j(x) = lim lim sup 1 log sup M,
0—=0 nstoo M y€Cr(8,n)NLy (x,n) d(l‘a y)
i.e., the axes of each ellipsoid coincide with the directions at which
each of the exponents is attained;
3. for each © = x(ii2---) € J the images under f of the extreme points
of the line segment R;,..;, N Lx(fz,n — 1) are the extreme points of
R;, i, N Ly(x,n).
We note that since the sets Ry, ..., R, are disjoint, we have I;,...;, "R,
@ whenever (iy---i,) # (j1-- - jn) and hence y is injective.

1"'j7L =
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Rio R
R, R 2

-

FIGURE 1. The construction of the set J

Roy

Under the above assumptions it is easy to verify (by considering the ex-
treme points in condition 3) that

1 ar(l, 1.
A (x) > limsup lim sup — log ACURSER YY)
l—too n—too N ar(Riy i)

(24)

for every « € J. Given a finite f-invariant measure p on J and a > 0 we
say that J has distortion at most a with respect to p if

1 ap(Rs 4o
A} (z) < limsup lim sup — log Ui 1)

+ 25
{—+oo0 n—+oo N ak(Ril"'in+l) ( )

for p-almost every x € J.

In particular, one can consider the following simple differentiable model
as a motivating example. Namely, if f is an expanding map of class C1+¢
and additionally behaves as a product of conformal maps with the directions
Li(n) = Li(x,n) independent of = for each fixed n, then J has 0-distortion
(with respect to any invariant measure). This is a consequence of the prop-
erty of bounded distortion in each direction L(n), in the sense that there
exists M > 0 such that if n e N, z, y € R;,..;, and k=1, ..., m then

R IO
|7y Zs(m)]

The above notion of distortion can be though of as a generalization of the
property of bounded distortion in the differentiable case, with the parame-
ter v describing the degree of distortion.

We now consider maps that are not necessarily differentiable. In partic-
ular we show that there exist:

1. nondifferentiable maps with zero distortion;
2. maps for which (24) is not an identity.

We present a class of examples building on examples constructed in [1].

Example 2. Fix numbers a > b > 0 and choose § > 0 such that § <
(a —b)/2. We now define inductively an increasing sequence m,, € N. For
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each j € N let
sj=a Z m; +b Z m;,
i odd< j i even< j
and 7; = mq +---+m; . Fix m; € N. For each j € N we choose m; > m;_;
such that |s;/r; —a| < §/j when j is odd, and |s;/r; — b| < 6/j when j is
even. Finally, for each n € N we define

N = s a(n —n;) for j odd
N b(n —n;) for j even’

where j is the largest positive integer such that n; < n. It is straightforward
to verify that

sup{A\¢ — A\ppe: £ >m} =bn (26)
for every n, m € N. We now consider a geometric construction in the line
with p = 2 such that each set R;,...;, is an interval in [0, 1] with length exp A,
(see Figure 2), and define a map f on J induced by the symbolic dynamics.
Namely, for each x = x(i192---) € J we set fo = x(igiz---).

We also require that each of the sets R;,...;,1 and R;,...;,2 contain respec-
tively the left and right endpoints of the interval R;,..;,. This guarantees
(see Example 2.6 in [1]) that if x, y € J N R;,...;, with 2 # y then

d(f"e, fry) _ e+ Y ket

dlx,y) M+ Y ket

for some m € N and k; € {—1,-1,0,1,2} for each j (although not all
sequences k; are admissible). Using (26) we conclude that
d(fm n Am—n 1—2 Oi e*bj bn 1-3 —-b
sup (f wuf y) _Supe . X Egl — > € ( 76; )
yeCuo(om)  A(x,y) m e’ 1+2 ijl e b 1+e

)

provided that b > log3, and the Lyapunov exponent satisfies AJ (z) > b.
On the other hand, using again (26), we have
(Rin+1"-in+e)

I Log ™ I L
im sup — log = lim sup — log
n—+oo T al(Ril---inJrg) n—+oo 1 eAn-+e

e

= b. (27)

In view of (24) we conclude that the set J has zero distortion.

It is simple to verify that f cannot be extended to a differentiable map
on some open neighborhood of J. Namely, the sequence exp(Ay,/An41) does
not converge but instead oscillates infinitely often between a and b, while
when f is differentiable the sequence converges to f’ at each point of J.

Rip V—— —— Rip Ry — — Ry

F1GURE 2. The construction of the first example
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This example illustrates that even some nondifferentiable maps may have
zero distortion (in the sense that we can take av = 0 in (25)), which in turn
allows us to establish sharper dimension estimates.

Example 3. We proceed in a similar way to that in Example 2 to produce
a geometric construction with p = 2, such that each set R;,..;, is an interval
in [0, 1] with length exp A,, (with A, as in Example 2). Since the identities
in (27) are independent of the location of the intervals R;,...;, we have

1 a1 (Ri, 1.
lim sup lim sup — log M

=b.
{—+400 n—+oo N al(Ri1~~in+4)

On the other hand, by locating the intervals differently (see Figure 3) we
can easily construct examples with A (z) > b for some z € J. This shows
that (24) may in general be a strict inequality.

Moreover, this example can be effected in such a way that J indeed sat-
isfies (25) for some . In order to obtain an example it is sufficient to
locate the intervals R;,...;, as in Example 2 with the exception of those with
i1 =--- =1 = 1. BEach such R;,..;, is located so that its left endpoint does
not necessarily coincide with the left endpoint of R;,...;, , but instead may
be displaced to the right (such as Rj; in Figure 3). This is done in such a

way that at each step n we locate R;,..;,, ,, with 41 = -+ = 4,1 =1, so
that
a 1 d(frzx, f*y)
b+ — < —log—————=-<b
* 2 Sn 8 d(z,y) ta

for every z, y € R;,...;, such that f"z and f™y are endpoints of some interval
R, s, DO Ry .., with m < n. With this procedure we obtain inductively a
geometric construction that satisfies

a 1 d(f"z, f"y)
b+ —- < —log sup ——-_ 2%
2 n y€Cx(8,n) d(x7 y)

for each n € N and each distinct z, y € R;,..;,. This ensures that J has
distortion at most a (and not less than «/2).

<b+a«a

R1 RZ

Ry — —— Ry Rop —— —— Royy
F1GURE 3. The construction of the second example

The geometric constructions in the real line described in the former ex-
amples can be used to obtain “nonconformal” examples in R?. Consider
two geometric construction in the line with intervals Rz‘11~-~z‘n and R%l,,_l-n re-
spectively. A geometric construction in R? can be obtained from these by
declaring that the boundary of each set R;,..;, is an ellipse with major and

minor axis having respectively the lengths of Rz‘l1~-~in and R?l,,,in.
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4.3. Dimension estimates. We establish in this section dimension esti-
mates for measures supported on limit sets of geometric constructions. For
each t € [0,m] we define a sequence of functions ®; = (¢, t)nen on J by

lt)—1

@n»t(lﬂ) =nta —n Z A;r(‘rv n) - n(t - LtJ)AEJ (l‘, n)7

j=1

where
Af (z,n) = inf{A}(z): 2 € Ry }

for each k, and « = x(i1iz---). Since ¢, is constant on each ellipsoid
R;,..;, the sequence ®; satisfies property (20). This family of sequences

may however not satisfy in general property (22) and hence we shall use
“Bowen’s inequalities” instead of Bowen’s equations.

Theorem 13. If the f-invariant set J has distortion at most o with respect
to a finite f-invariant measure p on J then

dimpy p < inf{t € [0, m] : Py(®;) < 0}.

Proof. Let t € [0,m] be such that P;(®;) < 0, and fix € € (0, —P;(®;)/2).
It follows from (25) that for p-almost every x = x(iyiz---) € J there exist
positive integers ¢(z) and n(x, ) such that if £ > ¢(z) and n > n(z,£) then

a’k (Rin+1 "'in+é)

Af(z) < %log ar o) +a+e,
and hence,
agp(Riy.i, ) < exp[n(—A;(x) +a+e)]ar(Ri, - ing,) (28)
< exp[n(—A{ (z,n) + o + ¢)] diam J.
We now consider the set
Qr={ze€J l(zx) <rand n(z,i) <rfori<{l(x)}.
Clearly
J@ =7 (modo).
reN
Fix r € N. By (28), for each x = x(i142---) € Q, and n > r we have
wi(Riy i) < explon,¢(v) + ent](diam J)t (20)
= exp[pnt(Riy-i,.,) + ent](diam J)".
For each ¢ € N we denote by U, the cover of J by the ellipsoids Rj,...;,, -

Take now ¢ > r so large that |Py(®¢, Up) — Py(P4, U)| < € and thus, by the
choice of ¢,
M(Qy, —&, @4, Up) < M(J,—&, @4, Up) = 0.

Hence, for each 6 > 0 there exists a cover of @, by ellipsoids Ry, ..., Ry
such that: I; has length n; +¢ with n; > rfor j=1,..., N; wt(R[j)l/t <4
forj=1,..., N; and

N

Zexp Pn; ¢ (Rp,)e™t < 6.

j=1
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Using (29) we obtain

N N
> wi(Rp) < expon, 1(Ry, e (diam J)' < §max{1, (diam J)™}.
j=1 J=1
Since 0 is arbitrary, we obtain u(Q@,,t) = 0. It follows from Proposition 11
that dimg @, < t. Hence,

dimpg p < dimpg U Qr =supdimyg Q, <t
reN reN

whenever P;(®;) < 0. This establishes the desired result. O

As observed above, under our assumptions the family of sequences &
satisfies property (20) but in general may not satisfy property (22). Assume
now that there exist constants ci, cs < 0 such that

a1 <Af(z,n) < e

for every x € J, n € N and k = 1, ..., m. Then property (22) holds for
all sufficiently small «, and by Proposition 12 there exists a unique number
t > 0 such that Pz(®;) = 0. Furthermore, it follows from Theorem 13 and
the monotonicity of ¢ — Pj(®;) (see Proposition 12) that dimpg p < t.

We now define

Ay =infess{A} (z) : 2 € J},
where inf ess denotes the essential infimum. The following is now a simple
consequence of Theorem 13.

Corollary 14. If the f-invariant set J has distortion at most o with respect
to a finite f-invariant measure y on J then

[t]—1
dimg p <inf < t € [0,m] Z AJr )AI;J > logp + ta

Proof. For each t € [0, m] we define a sequence of constant functions o, =
(S’b/n,t)nEN on J by

Note that this family satisfies property (20). Clearly ¢y, (z) < ©p(x) and
hence Pj(®;) < Pj(®¢). By Theorem 13 we have dimpy p < t whenever
Pj;(®;) < 0. By Theorem 1.4 and Proposition 1.10 in [1] we have

P (<I>t) < hmlnf—log Z exp(@nt(Riyin))-

n—oo n
i10n

Therefore
1 [t]-1
& s n - _ + +
Py(®;) < liminf —log(p"@ny) = logp + ta — Zl AT = (= [tDA])
]:
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and hence
lt]—1
AT (t- [t))A ) <logp + ta.
j=1
This readily implies the desired statement. O
For example, when A = --- = A}, = AT > a, Corollary 14 yields
: log p
d < —.
ey
We can also consider more general symbolic dynamics than the full shift
in {1,..., p}N. In this case it is straightforward to obtain versions of The-

orem 13 and Corollary 14. In fact the statement in Theorem 13 will be
unaltered and in the statement of Corollary 14 we must replace log p by the
topological entropy of the dynamics on the set J.
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