LORENZ LIKE FLOWS: EXPONENTIAL DECAY OF CORRELATIONS

FOR THE POINCARE MAP, LOGARITHM LAW, QUANTITATIVE
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ABSTRACT. In this paper we prove that the Poincaré map associated to a Lorenz like
system has exponential decay of correlations with respect to Lipschitz observables. This
implies that the hitting time associated to the system satisfies a logarithm law. The hitting
time 7,.(x, zg) is the time needed for the orbit of a point = to enter for the first time in a
ball B,(zg) centered at g, with small radius r. As the radius of the ball decreases to 0
its asymptotic behavior is a power law whose exponent is related to the local dimension

of the SRB measure at zo: for each zo such that the local dimension d,(z) exists,
. logT.(x,x0)
Ny =gy ulwo) 1

holds for p almost each z. In a similar way it is possible to consider a quantitative
recurrence indicator quantifying the speed of coming back of an orbit to its starting point.
Similar results holds for this recurrence indicator.
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1. INTRODUCTION

It is well known that a chaotic dynamics may share several statistical features with
stochastic systems. These statistical features are often described by suitable versions of
classical theorems from probability theory: law of large numbers, central limit theorem,
large deviation estimations, correlation decay, hitting times, various kind of quantitative
recurrence and so on.

In this article we consider a class of flows which contain the celebrated Geometric Lorenz
flow and we will study some of its statistical features by a sharp estimation for the decay
of correlations of its first return map on a suitable Poincare section. This will give a
quantitative recurrence estimation and an estimation for the scaling behavior for the time
which is needed to hit small targets (logarithm law).

Let @' be a C! flow in R?. Quantitative recurrence estimations and logarithm laws can
be seen in the following framework: we are interested to a quantitative estimation of the
speed of approaching of a certain orbit ®'(z) (starting from the point z) of the system to
a given target point zo. Let B,.(zg) be a ball with radius r centered at xy. We consider
the time

(2, 20) = inf{t € RT : ®'(x) € B,(w0)}

needed for the orbit of x to enter in B, (xz¢) for the first time and the asymptotic behavior
of 7.(x, xo) as r decreases to 0. Often this is a power law of the type 7, ~ =% and then it
is interesting to extract the exponent d by looking at the behavior of

log 7 (x, x
(1) R(x,x0) = limu.
r—0 —logr
In this way, we have a hitting time indicator for orbits of the system.!
If the orbit ®! starts at x, itself and we consider the second entrance time in the ball

(2) 7/ (x0) = inf{t € RT : ®'(z¢) € B.(x0), i, 5.t.9"(20) & B, (o)}

(because the orbit trivially starts inside the ball) with the same construction as before, we
have a quantitative recurrence indicator. If the dynamics is chaotic enough, often the above
indicators converge to a quantity which is related to the local dimension of the invariant
measure of the system and in the hitting time case this relation is called logarithm law.

I Another way to look at the same phenomena is by considering the behavior of the ratio of the distance
— log d(q)t(a:),:ro)

Togt as t — oo (for the equivalence see [18]).
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Hitting time results of this kind (sometime replacing balls with other suitable target
sets) have been proved in many continuous time dynamical systems of geometrical interest:
geodesic flows, unipotent flows, homogeneous spaces, etc. etc. (see e.g. [6, 20, 23, 38, 30,
32]). For discrete time systems this kind of results hold in general if the system has fast
enough decay of correlation ([16]). Mixing is however not sufficient, since this relation does
not hold in some slowly mixing system having particular arithmetical properties ([18]).
Some further connections with arithmetical properties are shown in interesting examples
as rotations and interval exchange maps (see e.g. [14, 21, 22]). This kind of problem
is also connected with the so called dynamical Borel Cantelli results (see [17] and e.g.
[41, 20, 17, 13]). Moreover, in the symbolic setting, similar results about the hitting time
are used in information theory (see e.g. [37, 24]). About quantitative recurrence, our
approach follows a set of results connecting a quantitative recurrence estimation with local
dimension (see e.g. [36, 35, 7, 9]). We remark that the speed of correlation decay for
Lorenz like flows is not yet known (although some are proved to be mixing, see [29]) hence
quantitative recurrence and hitting time results cannot be proved directly using this tool,
instead of this we will consider a Poincare section, estimating its correlation decay and
work with return times.

1.1. Statement of results. Let I = [, 3] be a unit interval, we consider a flow X* on

R? having a Poincaré section on a square ¥ = I x I satisfying the following properties:

1): The flow induces?® a first return map F : ¥ — ¥ of the form F(z,y) = (T'(z), G(z,y))
(preserves the natural vertical foliation of the square) and:

1.a): There is ¢ € I and k > 0 such that, if z;, 25 are such that ¢ ¢ [z, 25| then
Vy e I:|G(x1,y) — G(xo,y)| < k- |x) — 4

1.b): F|, is A-Lipschitz with A < 1 (hence is uniformly contracting) on each leaf :
G(@,91) = Gz, 92)| < A~ [y1 — 2

1.c): T : I — I is onto and piecewise monotonic, with two C! increasing branches on
the intervals [—3,¢),(c, 2] and T" > 1 where it is defined®. Moreover lim T'(z) =

27 12 -
Tr—cC
L T(0) = 4, T (z) = 0.
1.d): ﬁ has bounded variation.
By the statistical properties of the map T, which is piecewise expanding, under the
above assumptions, it turns out that F' has a unique SRB measure pr. We then ask the

following property for the flow:

2): The flow X' is transversal to the section ¥ and its return time to ¥ is integrable
with respect to up.

In Section 2.1 we will describe the geometric Lorenz system and we show that it satisfies
these properties.

2Up to zero Lebesgue measure sets.
3The condition 7" > 1 can be relaxed to A[infrer(T'(x))] < 1 provided that the map T is eventually
expanding in the sense of [44], Chapter 3.
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The main results of the paper concern some statistical properties of Xt and F, more
precisely:

Theorem A (decay of correlation for the Poincaré map) The unique SRB measure
ur of F has exponential decay of correlation with respect to Lipschitz observables.

This result is proved in Section 4 (Theorem 4.7) where the reader can also find a precise
definition of correlation decay. The proof also uses a regularity estimation for the invariant
measure ppr which can be found in the Appendix I (Lemma 8.1) and is proved by sort of
Lasota-Yorke inequality. We remark that a stretched-exponential bound for the decay of
correlation for a two dimensional Lorenz like map was given in [12] and [2].

We say that a point zy € R? is reqular if there are y, € ¥ and ¢, > 0 such that X
induces a diffeomorphism between a neighborhood of yy and a neighborhood of xg.

In Section 3 we recall how to construct an SRB ergodic invariant measure for the flow
X! which will be denoted by px. It turns out that this measure has the following property

Theorem B (logarithm law for the flow) For each reqular xy such that the local
dimension d,, (xo) is defined it holds

3) lim log 7.(, x¢)

r—0  —logr s (o) = 1

for a.e. starting point x.

This is proved in Section 6 (Theorem 6.3) and uses the above decay of correlation
estimation for the first return map F', a result from [16] giving the hitting time estimation
for systems having faster than polynomial decay of correlations and finally the integrability
of return time is used to get the result for the flow.

Using the main result of [35], by a similar construction, if the flow also satisfies

3): the map T has derivative bounded by a power law near ¢: there is a § > 0 s.t.
(r — ¢)°T"(x) is limited in a neighborhood of ¢
in Section 7 (see Corollary 7.4) we prove the following

Theorem C (quantitative recurrence) If the flow satisfies conditions 1),2), 3) above,
then for a.e. x it holds

_ loo 7/
=d,, (r)—1, liminfm

_ log 7/ ()
(4) lim sup—————+= ity

U =d, (x)—1.

T =X
In the Appendix II we give an auxiliary result, using a theorem by Steinberger [40]
showing that the local dimension is defined a.e. for the Geometric Lorenz system.

2. GEOMETRIC LORENZ'MODEL

In this section we will introduce and motivate the so-called Geometric Lorenz system.
This is the main example where our results will be applied. Indeed we will see that
assumption 1.a),...,1.d) and 2) of the introduction are verified for this model. The results
in this section are however not strictly necessary for the proofs of our main theorems. The
reader familiar to the construction of such models can skip it and start at Section 3.
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In 1963 the meteorologist Edward Lorenz published in the Journal of Atmospheric Sci-
ences ([27]) an example of a parametrized 2-degree polynomial system of differential equa-
tions

T =a(y —x) a =10
(5) y=rr—y—xz r =28
Z=uay— bz b=28/3

as a very simplified model for thermal fluid convection, motivated by an attempt to un-
derstand the foundations of weather forecast. Later Lorenz [28] together with other ex-
perimental researches showed that the equations of motions of a certain laboratory water
wheel are also given by (5).

Numerical simulations performed by Lorenz for an open neighborhood of the chosen
parameters suggested that almost all points in phase space tend to a chaotic attractor.

An attractoris a bounded region in phase-space, invariant under time evolution, such that
the forward trajectories of most (positive probability) or, even, all nearby points converge
to it. And what makes an attractor chaotic is the fact that trajectories converging to the
attractor are sensitive with respect to initial data: trajectories of two any nearby points
get apart under time evolution.

FI1GURE 1. Lorenz chaotic attractor

Lorenz’s equations proved to be very resistant to rigorous mathematical analysis, and
also presented serious difficulties to rigorous numerical study. As an example, the existence
of a chaotic attractor for the original Lorenz system where not proved until the year 2000,
when Warwick Tucker did it with a computer aided proof (see [43, 42]).

In order to construct a class of flows having properties which are very similar to the
Lorenz system and are easier to be studied, Afraimovich, Bykov and Shil'nikov [1], and
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Guckenheimer, Williams [19], independently constructed the so-called geometric Lorenz
models for the behavior observed by Lorenz. These models are flows in 3-dimensions for
which one can rigorously prove the existence of a chaotic attractor that contains an equilib-
rium point of the flow, which is an accumulation point of typical regular solutions. Recall
that v is a regular solution for the flow X* if X*(x) # z for all x € 4. The accumulation of
regular orbits near an equilibrium prevents such sets from being hyperbolic [33]. Further-
more, this attractor is robust: it can not be destroyed by any small perturbation of the
original flow.

We point out that the robustness of this example provides an open set of flows which
are not Morse-Smale, nor hyperbolic, and also non-structurally stable [33, 10]. Recall that
a flow is structurally stable if there is a neighborhood of it in the C* topology such that
the global structure of orbits of any two flows in this neighborhood are the same up to a
homeomorphism preserving orientation of the orbits.

2.1. Construction of the geometric model: near the equilibrium. In this paper
we will consider a class of three dimensional flows which will be defined axiomatically. To
show that these axioms are verified in the geometric Lorenz models we give a detailed
introduction to this model.

We first analyze the dynamics in a neighborhood of the singularity at the origin, and
then we complete the flow, imitating the butterfly shape of the original Lorenz flow (see
Figure 1 and compare with Figure 3).

In the original Lorenz system the origin p = 0 = (0, 0, 0) is an equilibrium of saddle type
for the vector field defined by equations (5) with real eigenvalues \;, i < 3 satisfying

A
(6) 0<?1§—)\3<)\1<—)\2

(in the classical Lorenz system \; ~ 11.83 , Ay & —22.83, \3 = —8/3).

If certain nonresonance conditions are satisfied (see [39]) this vector field is smoothly
linearizable in a neighborhood of the origin. To construct a model which is similar to
the original Lorenz one we start with a linear system (Z,y, 2) = (Az, A2y, A32), with A;,
1 < i < 3 satisfying relation (6). This vector field will be considered in the cube [—1,1]3
containing the origin.

For this linear flow, the trajectories are given by

(7) X0, 10, 20) = (v, yoe?!, 20e™),

where (z9, Yo, 20) € R? is an arbitrary initial point near p = (0, 0,0).
Consider ¥ = {(z,y,1) : [z] <172, |y| <1/2} and

¥ ={(z,y,1) €X:z <0}, S t={(z,y,1) €X:2>0} and
Y=Y uxt=3\T, where T = {(z,y,1) € X :2=0}.

> is a transverse section to the linear flow and every trajectory crosses ¥ in the direction
of the negative z axis.
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Consider also ¥ = {(z,y,2) : |z| = 1} = 2~ U Xt with >* = {(z,y,2) : = £1}. For
each (g, 90, 1) € X* the time ¢ such that X*(xg,yo, 1) € X is given by

1
(8) t(zo) = W log ||
1

which depends on xy € ¥* only and is such that ¢(xy) — 400 when xy — 0.
Hence, using (8), we get (where sgn(z) = z/|x| for z # 0 )

A A
Xt(xo)(l"o,ym 1) = (Sgn($0)>yoe/\2't(m)>6/\3%@0)) = (Sgn($0)>yo‘x0’_ﬁ> ’wo!_ﬁ)-

Since0<%<—)\3<)\1<—)\2,Wehave%<a:—:\\—i’<1<ﬂ:—:\\—f.
Consider L : ¥* — %% defined by
(9) L(z,y,1) = (sgu(z)ylz|’, |z|%).

It is easy to see that L(X*) has the shape of a cusp triangle without the vertex (41,0, 0).

> 3

,_
MR
+

X=+1

FI1GURE 2. Behavior near the origin.

In fact the vertex (£1,0,0) are cusp points at the boundary of each of these sets. The fact
that 0 < a < 1 < 3 together with equation (9) imply that L(X*) are uniformly compressed
in the y-direction.

Clearly each segment ¥* N {z = x¢} is taken by L to another segment 3+ N {z = 2} as
sketched in Figure 2.

2.2. The random turns around the origin. To imitate the random turns of a regular
orbit around the origin and obtain a butterfly shape for our flow, as it is in the original
Lorenz flow depicted at Figure 1, we proceed as follows.

Recall that the equilibrium p at the origin is hyperbolic and so its stable W#(p) and
unstable W*"(p) manifolds are well defined, [33]. Observe that W*(p) has dimension one
and so, it has two branches, W**(p), and W*(p) = W™ (p) U {p} U W™~ (p).

The sets $F should return to the cross section ¥ through a flow described by a suitable
composition of a rotation R4, an expansion F.4 and a translation 7.
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FIGURE 3. T o Ry takes % to 3.

The rotation R, has axis parallel to the y-direction, which is orthogonal to the x-
direction (which is parallel to the local branches W**(p)). More precisely is such that
(z,9,2) € X%, then

(10) Ryi(z,y,2) =

The expansion occurs only along the z-direction, so, the matrix of Ej is given by

(11) Eig(z,y,2) =

S O >
S = O

0
0
1

with 0 - (%a) < land f-a-2'"* > 1. The first condition is to ensure that the image of
the resulting map is contained in X, the second condition makes a certain one dimensional
induced map to be piecewise expanding. This point will be discussed below.

Ty : R® — R3 is chosen such that the unstable direction starting from the origin is
sent to the boundary of & and the image of both % are disjoint. These transformations
Ry, Eyp, Ty take line segments Y% N {z = 2} into line segments XN {z = z,} as sketched
in Figure 3, and so does the composition 74 o Fiy o0 R.

This composition of linear maps describes a vector field in a region outside [—1,1]? in
the sense that one can use the above matrices to define a vector field V' such that the time
one map of the associated flow realizes Ty o E19 o Ry as a map Xt — ¥. This will not be
explicit here, since the choice of the vector field is not really important for our purposes.

The above construction allow to describe for each ¢ € R the orbit X*(x) of each point
z € X: the orbit will start following the linear field until £* and then it will follow V
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coming back to ¥ and so on. Let us denote with B = {X'(x),z € ¥,t € R*} the set where
this flow acts. The geometric Lorenz flow is then the couple (B, X*) defined in this way.
The Poincaré first return map will be hence defined by F': ¥* — ¥ as
| TyoFEyoR o L(x,y,1) for x>0
(12) Flz,y) = { T oFE ygoR_olL(x,y,1) for x <0
The combined effects of T4 o R4 and L on lines implies that the foliation F* of ¥ given
by the lines ¥ N {x = 2} is invariant under the return map. In another words, we have

(%) for any given leaf v of F*, its image F(7) is contained in a leaf of F*.
2.3. An expression for the first return map and its differential. Combining equa-

tions (9) with the effect of the rotation composed with the expansion and the translation,
we obtain that F' must have the form

(13) F(I‘,y) = (fLO(x)ngO(xvy))
where fr,: I\ {0} — I and g, : (I \ {0}) x [ — I are given by

el :{ ﬁgzg iig with fi = (=1)'0 -z +b;,i € {0,1}, and

B gz y-2°) <0
(15) gLo(x7y) - { gO(Ia’y . ZE’B) T > 0’

where ¢1|I~ x I — I and go|I*T x I — I are suitable affine maps. Here I~ = (—1/2,0),
It =(0,1/2).

s 2

@>— //////,,::::::::::
—<@I

b L N RN TN
r f(x) X
FIGURE
FIGURE 4. F'(X7). 5. Projection
on [.

Now, to found an expression for DF' we proceed as follows. Recall ' =T oFEyjoR oL,
Lisasin (9), DRy is as in (10). Given ¢ = (z,y) € ¥* with > 0, we have
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. . xﬂ_l xﬂ

o - T

Restricting the rotation and the other linear maps to ©* and composing the resulting
matrices we get

8 N 1‘(0171) O

The expression for DF at ¢ = (x,y) with < 0 is similar.

2.4. Properties of the map gr,. Observe that by construction g, in equation (12) is
piecewise C?. Moreover, equation (16) implies the following bounds on its partial deriva-
tives :

(a) For all (z,y) € ¥*, 2 > 0, we have 9,gr0(7,y) = 2°. As 3 > 1, |z| < 1/2, there is
0 < A < 1 such that

(17) |0y9Lo| < A

The same bound works for z < 0.
(b) For all (z,y) € ¥* 2 # 0, we have 0,gr.(z,y) = B-2°7% As 3 —a > 0 and
|z| < 1/2, we get

(18) |ango| < Q.

Item (a) above implies that the map F' = (fLo, 910) is uniformly contracting on the leaves
of the foliation F*: there is C' > 0 such that

(xx) if 7 is a leaf of F* and x,y € 7 then
dist (F"(z), F"(y)) < A" C - dist(z, y)

where A can be chosen as the one given by equation (17).

-12 0 +1/2

FIGURE 6. The Lorenz map fr,.
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2.5. Properties of the one-dimensional map f;,. Now let us outline the main prop-
erties of fr,. We recall that we chosen 6 such that 6 - o - 217 > 1.
The following properties are easily implied from the construction of X*:

(f1) By equation (14) and the way 7% is defined, fr, is discontinuous at = 0. The
lateral limits f1,(0%) do exist, f1,(0%) = £3,

(f2) fro is C* on I\ {0}. By the choice of 6 f} (1/2) > 1. By the convexity properties
of fr, we then obtain that

(19) fro(x)>1  forall  xel\{0}.
(f3) The limits of f;, at z = 0 are lim,_o f],(z) = +o0.

We obtain that f;, is a piecewise expanding map. Moreover fr, has a dense orbit, which
in its turn implies that the closure of the maximal invariant set by fr, is the whole interval
I, see [5, Lemma 2.11].

Now recall that the variation var ¢ of a function ¢ : [0, 1] — R is defined by

var ¢ = sup Z |p(zi—1) — P(z3)]|
i=1

where the supremum is taken over all finite partitions 0 = 2o < 1 < --- < z, = 1,
n > 1, of [0,1]. The variation var; ¢ = var(¢|.J) of ¢ over an arbitrary interval J C [0, 1] is
defined by a similar expression, with the supremum taken over all the z¢,xq, -+, 2, € J,

with inf J < a9 <2y <--- <z, <supJ. One says that ¢ has bounded variation, or ¢ is
BV for short, if var ¢ < oc.

The one dimensional map has the following property, which is important to obtain the
existence of an SRB invariant measure and its statistical properties.

Lemma 2.1. Let X! a C? geometric Lorenz flow as before and fr, be the one-dimensional
map associated to X'. Then f,l 1s BV.
Lo

Proof. Each branch of f;, is the composition of an affine map with x® then it is a convex
function. Hence, the derivative f;  is monotonic on each branch, implying that (f/,)~" is
also monotonic. On the other hand, (f;,)~" is bounded because f/, > 1. Thus (f;,)"" is
monotonic and bounded and hence is BV. 0

We have seen that f;, is a topologically transitive piecewise expanding map Wlth

BV. The statistical properties of such maps are well known. Next we state a result about
it, which will be used later:

Proposition 2.2. ([44], Prop.3.8) The one-dimensional fr, admits a unique invariant
probability jiy,  which is absolutely continuous with respect to Lebesque measure m, it is
ergodic and so a SRB measure for the map. Moreover djy, /dm is a BV function and in
particular it is bounded. Furthermore fr, has exponential decay of correlations for L' and
BV observables and any a.c.i.m. converges exponentially fast to the invariant measure:
there are constants C > 0 and A > 0, depending on the system such that for each n and
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observables f,qg:
[ st s@an— [ g [ f(:c)dm‘ <O Nl 1 fllav - e

Summarizing, for what it was said above, the study of the 3-flow can be reduced to the
study of a bi-dimensional map F' and, moreover, the dynamics of this map can be further
reduced to a one-dimensional map, fr,, since the invariant contracting foliation enables
us to identify two points on the same leaf, see Figure 5. The quotient map fr, obtained
through this identification will be called one dimensional Lorenz map. Figure 6 shows the
graph of this one-dimensional transformation, and Figure 4 sketches F'(3*).

3. A SRB MEASURE FOR A LORENZ LIKE FLOW

In this section, following [44] we construct a SRB measure for a flow X* which satisfies
the assumptions 1a),...,1d),2) in the introduction. As noticed in the previous section, these
assumptions are satisfied by the Geometric Lorenz system.

Properties 1a),...,1d) implies that the flow Poincaré map has an invariant foliation and
the one dimensional induced map 7' is piecewise expanding. Piecewise expanding maps
(see Proposition 2.2) admits a unique invariant probability measure pg which is absolutely
continuous with respect to Lebesgue measure m.

From pr we may construct a SRB measure pp, for the first return map F' through the
following general procedure ([11, 44]). Since pr is defined on the interval I which can be
identified to the space of leaves of the contracting foliation F*, we may also think of it
as a measure on the og-algebra of Borel subsets of ¥ which are union of entire leaves of
F?. Using the fact that F' is uniformly contracting on leaves of F* we conclude that the
sequence

of push-forwards of p7 under F' is weak*-Cauchy: given any continuous v : ¥ — R

[odE = [wernan a1

is a Cauchy sequence in R, see [44, pp.173]. Define pur to be the weak*-limit of this
sequence, that is,

[ e =t [ vacpry

for each continuous ¢. Then up is invariant under F', and it is an ergodic SRB measure
for F'. The last statement follows from the fact that ur is an ergodic SRB measure for T,
together with the fact that asymptotic time-averages of continuous functions ¢ : ¥ — R
are constant on the leaves of F*.

Given any point = whose orbit sooner or later will cross ¥ we denote with ¢(x) the first
strictly positive time such that X*@(z) € ¥ (the return time of z to ). Coherently with
the Geometric Lorenz system, we will denote by ¥* the (full measure, by the assumption
1 in the introduction) subset of ¥ where t is defined.
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Now we show how to construct an SRB invariant measure for the flow, when the return
time is integrable:

(20) / tdup < oo.

Denote by ~ the equivalence relation on ¥ x R given by (w, t(w)) ~ (F(w),0).

Let N = (X* x R)/ ~ and v = 7. (up X dt), where 7 : ¥* x R — N is the quotient map
and dt is a Lebesgue measure in R. Equation (21) gives that v is a finite measure. Let
¢ : N — R3 be defined by ¢(w,t) = X*(w). Let ux = ¢.v. The measure py is a SRB for
the flow X*:

T
%/ ¢(Xt(w))dt—>/¢dux as 1T — o0
0

for every continuous function ¢ : R® — R, and Lebesgue almost every point w € ¢(N).

We end the subsection remarking that the Geometric Lorenz flow has integrable return
time, hence the above construction for the invariant measure can be applied to it. As
before denote by ¢ : ¥\ I' — (0,00) the return time to 3. Then, recalling Equation (8)
there are K, C' > 0 such that

— K og(d(w,T) — C < t(z) < —K log(d(w,T)) + C.
Combining this with the definition of pp and the remark made above that duy,,/dm is
a bounded function, we conclude that

Proposition 3.1. The return time is integrable

3.1. Local dimension. Let us recall the definition of local dimension and fix some nota-
tions for what follows.

Let (M, d) be a metric space and assume that p is a Borel probability measure on M.
Given x € M, let B,(z) = {y € M;d(z,y) < r} be the ball centered at x with radius r.
The local dimension of p at x € M is defined by

lo B, (x
d,(z) = lim log p(By(x))
r—00 log r
if this limit exists. In this case pu(B,(z)) ~ %@,
This notion characterizes the local geometric structure of an invariant measure with

respect to the metric in the phase space of the system, see [45] and [34].
We can always define the upper and the lower local dimension at x as

1 B, e B,
dy (x) = lim sup %r(x)) , d, () = lim Tlilgo %r(@)'
If d*(x) = d(z) = d almost everywhere the system is called exact dimensional. In this

case many properties of dimension of a measure coincide. In particular, d is equal to the
dimension of the measure u: d = inf{dimy Z; u(Z) = 1}. This happens in a large class of
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systems, for example, in C? diffeomorphisms having non zero Lyapunov exponents almost
everywhere, [34].

3.2. Relation between local dimension for F and for X!. Let us establish a relation
between d,,,, and d,, which will be used in the following.

Proposition 3.2. Let x € R? and w(x) be the projection on Y. given by w(x) =y if x is on
the orbit of y € ¥ and the orbit from y to x does not cross X.. For all reqular point x € R3

(22) Qo (@) = dy (1 (@) 41, dy (1) = ™ (w(2)) + 1.

Proof. First observe that for product measures as pux = pur X dt, where dt is the Lebesgue
measure at the line, the formula is trivially verified. But, by construction uy = ¢.(dup x
dt), where ¢ : R® — R? is a local bi-Lipschitz map at each regular point. Since the local
dimension is invariant by local bi-Lipschitz maps, it follows the required equation (22). O

4. DECAY OF CORRELATIONS FOR TWO DIMENSIONAL LORENZ MAPS

In this section we estimate the decay of correlations for a class of Lorenz like maps
containing the first return map of the geometric Lorenz system described above. Inspired
by a remark of R. S. Mc Kay (see [31], p. 8), this will be done by estimating the speed
of approaching of iterates of suitable measures (corresponding to Lipschitz observables) to
the invariant measure. For this purpose we will consider the space of measures on X as a
metric space, endowed with the Wasserstein-Kantorovich distance, whose basic properties
we are going to describe.

Notations. Let us introduce some notations: we will consider the sup distance on
> = [—31,1]% so that the diameter, diam(X) = 1. This choice is not essential, but will
avoid the presence of many multiplicative constants in the following making notations
cleaner.

As before, the square ¥ will be foliate by stable, vertical leaves. We will denote the leaf
with z coordinate by 7, or, with a small abuse of notation, when no confusion is possible
we will denote both the leaf and its coordinate with ~.

Let fu be the measure p; such that duy = fdu. Moreover, let us sometime for short
denote the integral by p(f) = [ fdu. Let 1 a measure on . In the following, such measures
on X will be often disintegrated in the following way: for each Borel set A

(23) n(A) = / 3y [y (AN ) dpte

with p, being probability measures on the leaves v and p, is the marginal on the z axis
which will be an absolutely continuous probability measure. We will also denote by ¢, its
density.

Let us consider the projection m, on the y coordinate. Let us denote the "restriction” of
1 on the leaf v by

fily = 7y (Do (V) p1y)-
This is a measure on [ and it is not normalized. We remark that p|,(I) = ¢,(vy). If Y is
a metric space, we denote by PM(Y') the set of Borel probability measures on Y. Let us
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finally denote by L(g) be the best Lipschitz constant of g : L(g) = sup,, % and set
Iglliip = llglloc + L(g)-

4.1. The Wasserstein-Kantorovich distance. Let us consider a bounded metric space
Y. Let us consider the following notion of distance between measures: given two probability
measures p; and po on Y

Wi (pi, o) sup !/gd/h /gd/m\)
Y

gElhp

where 1lip(Y") is the space of 1-Lipschitz functions on Y. We remark that adding a constant
to the test function g does not change the above difference [ g duy — [ g dps. The above
defined W has moreover the following basic properties.

Proposition 4.1. [3, Prop 7.1.5] The following properties hold

(1) Wy is a distance and if Y is separable and complete, then PM(Y') with this distance
15 a separable and complete metric space.

(2) If Y is bounded, a sequence is convergent for the Wi metrics if and only if it is
convergent for the weak topology.

Remark 4.2. (distance and convex combinations) If a +b=1,a > 0,0 > 0 then

(24) Wi(ap + bpa, apz + bpa) < a- Wi, piz) + b - Wi(pa, pa).
Indeed

Wh(apy + busg, aps + buy) = sup (\/g d(a-,ul—irb-,ug)—/g d(a-ps+0b-ug)|) =

g€llip(Y)

= sup (Ia-/gdu1+b-/gdu2—a-/gdus—b-/gdml)
g€llip(Y)

< sup (\a/gdm—a-/gdu3\+\b-/gdu2—b-/gdu4\)=
g€1lip(Y)

sup (a-I/gdul—/gdugler-\/gduz—/g dual) < a-Wi(pa, ps) +b- Wi(uz, f4)-

g€llip(Y)

We also remark that the same kind of estimation can be done if the convex combination
has more than 2 summand.

Remark 4.3. If g is /-Lipschitz and puq, 9 are probability measures then

‘/gdﬂl—/gdﬂﬂ <0 Wi, p2).
% %
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4.2. Wassertein distance and decay of correlations over Lipschitz observables.
We give some general facts on the relation between W; distance and decay of correlations.

Let (Y, F, 1) be a dynamical system on a metric space with invariant probability measure
1. The transfer operator associated to £’ will be indicated with F™.

Proposition 4.4 (decay in function of distance). Let py be a probability measure which
is absolutely continuous with respect to pu, and dpy = f(x)dp (hence [ f(x)dp = 1). Let
g € lip(Y') then

| [ o @) f@ydn = [ gladdul < Lig) Wi((F*) )
Proof. Dividing by L(g) we can suppose g € 1lip(Y). As [ g(F(x))f(z)dp = [ g(x)d(EF* (1))

then the decay of correlations between f and g can be estimated in function of the distance
between (F*)™(u1) and p as:

[ o @) f@dn— [ gl =1 [ gpdE ) - [ g

< sup / g dF ) = [ g dul) = Wi((F*)" )

g€llip(Y

Conversely,

Proposition 4.5 (distance in function of decay). If for each f € L'(u), f > 0 and
g € lip(Y) it holds

[ o @) f@dn= [ s@in [ g@dul <€ L) 1f]1s- 20

then taking du, =

Proof. Consider g € 1lip. Hence

Ll -2m) [ [ 9(F"(@)) f@)dp = [ f(z)dp [ g(x)dp| _
= - =

= | [ g@atF(m) - [ gtwydn

since this hold for each g hence W1 (F*" (1), ) < C - ®(n). O
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4.3. Disintegration and Wasserstein distance. We will consider maps having an in-
variant foliation, as we have seen in the Lorenz map. The invariant measure will then be
disintegrated as in Equation (23) into a family of measures ;. on almost each stable leaf
~ and an absolutely continuous measure pu, on the unstable direction.

If u' and p? are two disintegrated measures as above, their W, distance can be estimated
in function of some distance between their respective marginals on the x axis and measures
on the leaves:

Proposition 4.6. Let p', u? be measures on X as above, such that for each Borel set A
o 1(A) = [ ;AN y)dus
o 1*(A) = [ 5(ANy)dus
with . absolutely continuous with respect to the Lebesgue measure, moreover let us
suppose
(1) for almost each vertical leaf v, Wy(pb, pi3) < e and
(2) SUP||h|lee<1 ‘ f hdu; - f hd/iﬂ <9
then Wiy (u', p?) <e—+4.

Proof. Considering the W, distance and disintegrating p! and p?:

(25) Wi(u', 1) < sup |u'(g) — 1?(9)| =
g€llip
—awp | [ / aude ~ | / ).
g€llip weI ~el
Adding and subtracting [ f7 g(* dux the last expression is equivalent to

sup | / / b~ | / 2y +

g€llip

o[ [otdizant [ [ oeimiza
This becomes

up | ([ oty gty + [ [ atriant — [ [ oteyiniant <
g€llip
< sup | 6de / / ) dpsdp, — / / «)dpZdp’] <
g€llip
(26) <elf / i~ [ / )y dye|

Since g € 1lip and diam(X) = 1, then by adding a constant to g (which does not change
[ gdpy — [ gdp? ) we can suppose without loss of generality that ¢ < 1 and then for
almost each ~ it holds h(y) = | f g(* d,u7| < 1. Hence, by assumption (2) the statement
is proved. O
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4.4. Exponential decay of correlations. Now we are ready to prove that a Lorenz
like two dimensional map F' has exponential decay of correlations with respect to its SRB
measure p. We recall (see Proposition 2.2 ) that for a piecewise expanding map of the
interval 7', there are constants C' > 0 and A > 0, depending on the system such that, if g
and f are respectively L; and BV (bounded variation) observables on I for each n it holds:

@) | / 9(T"(2)) (x)dm — / g(a)du / F(@)dm] < C - lgl, - | flloy - e

(recall that m is the Lebesgue measure above). Next, we consider systems behaving as the
first return map of the Geometric Lorenz system and prove

Theorem 4.7. Let F': ¥ — 3 a Borel function such that F(z,y) = (T'(z),G(z,y)). Let
W be an invariant measure for F with marginal p, on the x-axis (which is invariant for
T:1—1). Let us suppose that

(1) (T, us) satisfies the above equation 27 and T~ (x) is finite for each x € I.

(2) F is a contraction on each vertical leaf: G is \-Lipschitz iny for each x with A < 1.

(3) w is regqular enough that for each ¢-Lipschitz function f : 3 — R the projection
7*(fu) has bounded variation density f *, with

(28) | Fllsv < K¢

where K is not depending on f.
Then (F, i) has exponential decay of correlation (with respect to Lipschitz observables).

We already saw that the first two points in the above proposition are satisfied by the
first return map of the Geometric Lorenz system. In the Appendix I we will prove that
also the above point 3 is satisfied by a systems containing the Geometric Lorenz one.

We point out that this is the hard part of the proof that Lorenz like maps have expo-
nential decay of correlations and this will be done by a sort of Lasota-Yorke inequality.
Putting together all the necessary assumptions this prove Theorem A in the introduction.

Before the proof of Theorem 4.7 we also make the following remark which is a simple
but important fact implied by the uniform contraction on stable leaves

Remark 4.8. Under the above assumptions, let us consider a leaf v and two probability
measures 4, v on it. Then

Wi(F"(p), F*(v)) < AWi(p,v).
Proof. This is because the map is uniformly contracting on each leaf. If g is 1-Lipschitz on

F(v) then g(F (%)) is A-Lipschitz on . This implies that

| gd(F*u)—/ gd(F*V)Izl/goqu—/goFdVISAWl(u,V)
ol Y

F(v) F(v)

finishing the proof. 0

4which can also be expressed as f(x) = [ f(z,y) dpl-. .
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Proof. (of Theorem 4.7) Let us consider v = fu with f > 0 being ¢—Lipschitz.and [ fdu =
1 The strategy is to use Proposition 4.6 and find exponentially decreasing bounds for ¢
and d so that we can estimate the Wasserstein distance between p and iterates of fu and
then apply Proposition 4.4 to deduce decay of correlations. Let us consider the leaf ~,
with coordinate z. The density f , by item 3 has bounded variation and || f||py < K¢.
Let v, = fm (as before m is the Lebesgue measure). Let us consider the quotient map 7.
Let g € Ll([_§7§]) Since |fg d T*n V;B fg dﬂ$| - |fg Tn )f( dm fg d,U/a:|
by equation (27)

!/gd(T*"(Vx)) —/gdux! <llgllz, - Ifllzv - C- e,

implying that sup, < | [ 9dT*"(vz) — [ gdpa| < || fllpy - C-e " < KIC- e~ and hence
we see that item (2) at Proposmon 4 6 is satisfied with an exponential bound depending
on the Lipschitz constant ¢ of f.

Let us consider v = F*"v again. Since, as said before the map F' sends vertical leaves
into vertical ones then there is a family of probability measures v on vertical leaves such

that
(F*"v) / / *)dvld(T™" (v)))-
vel

To satisfy item (1) at Proposition 4.6 and hence conclude the statement we only have to
prove that there are Cs, Ay s.t.

vy Wi, ) < Cy - e ?n

this is by uniform contraction on stable leaves.
Indeed, by remark 4.8, if v, and p, are the two probability measures on the leaf v then
the measures F*(v,), F*(p,) on the contracting leaf F'(y) are such that

Wi(F"(vy), F7(py)) < A= Wilvy, py)-

Now let us consider F'~1(y) = 7; U7s... Uy, and apply the above inequality to estimate
the distance of iterates of the measure on the leaves. For simplicity let us show the
case where the pre-image of a leaf consists of two leaves as it happen in the Geometric
Lorenz system, the case where the pre-image consists of more leaves is analogous: let hence
F~1(y) = 71 Uy, after one iteration of F* on the measures v and u the "new” measures

= (F*(v)), and ., (which is equal to (F™*(u)), because p is invariant) on the leaf v will
be a convex combination of the images of the ”o0ld” measures on v; and 7,

V}/ZG'F*(V%)—F[)-F*(VW),

(29) oy =@ F*(py,) + b F*(ps,)

with a +b = 1,a,b > 0 (the second equality is again because p is invariant). By the
triangle inequality (remark 4.2)

Wl(yi,uy) <a- Wl(F*(V’Yl)>F*(M’Yl)) +0b- Wl(F*(V’YQ)>F*(M’YQ))
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and by remark 4.8
Wl(Vi,,Uq) < /\(CL : Wl(”"ﬂuﬂ"ﬂ) +b- Wl(”vmﬂ"m))

hence
WI(Via N'\/) <A SUP(WI (Vw M"/))‘
v

The same can be done in the case when the pre-image F~!() = 7, is only one leaf or more
than two, hence by induction Wl(u;‘, ) < A", and the exponential bound on the distance
of iterates on the leaves (item 1 of Proposition 4.6) is provided. O

5. HITTING TIME: FLOW AND SECTION

We now consider again a Lorenz like flow, with integrable return time, i.e. a flow X
having a transversal section > whose first return map satisfies the assumptions of Theorem
4.7 and the return time is integrable, as before. As before F': ¥\ ' — ¥ is the first return
map associated.

Let 2o € R? and

X' (2, 20) = inf{t > 0|X"(x) € B, (x0)}
be the time needed for the X-orbit of a point x to enter for the first time in a ball B,.(xg).
The number 7X°(, xo) is the hitting time associated to the flow X' and B, (x).

If v € ¥ and B*(xg) = B,(x9)NY, we define 7.>(z, 79) = min{n € N*; F"(z) € B>(x0)}:
the hitting time associated to the discrete system F.

Given any z we recall that we denoted with ¢(z) the first strictly positive time, such
that X*®)(x) € ¥ (the return time of x to ). A relation between 7% (z, 0) and 7= (z, 7)
is given by

Proposition 5.1. If [, t(x) dup < oo, then, there is K >0 and a set A C ¥ having full
ur measure such that for each xo € X, v € A

(30)  elr) - T, z0) - / tx) dpp < 7 (2, m0) < o(r) - 77, m0) - / t(z) dpr
2 2
with ¢(r) — 1 as r — 0.
Proof. Let us assume that x, xq € Y. Since the flow cannot hit the section near xy without

entering in a small ball of the space centered at z before, there is e(r) — 0 as r — 0 such
that 7°(x, o) and X' (x, 7o) are related by

7 (,x0)

(31) (@) Se(r)+ Y H(F(x)).

i=0
Moreover the transversality condition implies that there is a K such that

TIE(T(iD,iBo)

(32) X (wwo) 2 [ Y HF(2))] ~elr).

1=0
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The last inequality follows by the fact that if the flow at some time crosses the ball centered
at zy then it will cross the section at a distance less than Kr, where K depends on the
angle between the flow and the section (when r is small approximate locally the flow by a
constant one).

The above sums are Birkhoff sum of the observable ¢t on the F-orbit of x and ppg is
ergodic. Then there is a full measure set A such that

%Zt(F’(x)) —>/2t(x) dpup, as n— o0

for x € A. Hence

2(

1 T

(2, )

CU,CU())

t(F'(x)) —>/t(x) diup, as n— o0
i=0 X
for x € A. Thus we get that for each z € A
"

(

72 (z,20)

@) > HF ) =) oz [ te) dae
i=0 >z
with ¢(r) — 1 as r — 0. Combining Equations (31,32) and (33) we get (30). O

Let 7 be the projection on 3 defined in Proposition 3.2. The above statement implies
the following

Proposition 5.2. There is a full measure set B C R3 such that if zy € R? is reqular and
x € B it holds
log 7X" (z,20) .. log7>(x,m(x0))

34 lim —————= =1
(34) oy —logr o0 —logr

Proof. The above Proposition implies that if z¢,x € ¥ and x € A then

log 7'7,Xt (z,0) log 77 (x, x)

(35) lim = lim

=d .
r—0  —logr r—0  —logr ur (T0)

This is also true for each z € B = 1~ 1(A). If 2y € R? is a regular point, the flow X induces
a bilipschitz homeomophism from a neighborhood of xy to a neighborhood of 7(zg) € .
Hence there is K > 1 such that

1, (2, 7(20)) + Const < 7°5(x, 20) < T, (w, 7(20)) + Const

where Const represents the time which is needed to go from 7(zg) to xy by the flow.
Extracting logarithms and taking the limits we get the required result. ([l

We recall that (see Section 3) the assumption [, t(x) dup < oo is verified for the geo-
metric Lorenz flow. Hence these results applies for this example.
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6. A LOGARITHM LAW FOR THE HITTING TIME

In this section we give the main result for the behavior of the hitting time on Lorenz
like flows. First let us recall a result on discrete time systems.
Let (Y, T, ) be a measure preserving (discrete time) dynamical system. We say that

(X, T, 1) has super-polynomial decay of correlations with respect to Lipschitz observables
if

[oorrau= [ordu- [v-an] < el 1ol -0

with lim,, 6, - n? = 0 for all p > 0 and || - || is the Lipschitz norm.
In [15] it is proved the following fact for discrete time systems:

Theorem 6.1. Let (Y, T, p) a dynamical system having superpolynomial decay of correla-
tions as above. For each xy € Y such that d,(x¢) is defined

lim log 7. (x, x0)
r—0 —logr

= du(xO)

for p-almost each x € Y.

We can apply this to a 2-dimensional systems (3, F, ur) satisfying the assumptions of
Theorem 4.7 since we proved that the system has exponential decay of correlations. We
hence conclude the following

Corollary 6.2. Let F' : X — X be a map with an invariant measure pp satisfying the
assumptions of Theorem 4.7. For each xo € ¥ such that d,,,.(xo) exists then
log 7%
lim g7, (I,[L’())

0 —IOgT = d#F(xO)'

for pp-almost x € X.

Now, if we consider a flow having such a map as its Poincaré section and integrable
return time, we can construct as in Section 3 an SRB invariant measure px for the flow.
By Proposition 5.2, Corollary 6.2 and Proposition 3.2 we can estimate the hitting time to
balls for the flow by the corresponding estimation for the Poincaré map and we get our
main result, which corresponds to Theorem B in the introduction (where all the necessary
assumptions on the map are listed):

Theorem 6.3. If X! is a Lorenz like flow, that is a flow having a transversal section, with
a Poincaré map satisfying the assumptions of proposition 4.7 and integrable return time,
then for each reqular xo € R* such that d,,, (zo) exists, it holds
log X' T,T
lim —&Tr % T0) (z, 7o)

0 —logr s (0) =1

for px-almost each x € R3.
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7. QUANTITATIVE RECURRENCE FOR LORENZ LIKE SYSTEMS

We now recall a general result proved by Saussol in [35] about quantitative recurrence
in order to apply it to a Lorenz like flow. The result shows that the power law behavior of
the recurrence rate can be estimated in function of the local dimension if the system has
fast enough decay of correlations.

Let (Y, u,T) be discrete time dynamical system. Given a set A C Y, we denote the
boundary of A as 0A.

Theorem 7.1. [35, Thm 4, Lemma 13]. Let (Y, T, u) be a measure preserving dynamical
system. Assume that the entropy h,(T) > 0 and T is such that there exists a partition A
(modulo 1) into open sets such that for each A € A the map T is Lipschitz with constant
Lr(A). Furthermore, suppose that

(1) the set S(A) = U{0A € A} is such that there are constants ¢ > 0 and a > 0 so that
p({r e X dist(z,S(A)) <e}) <c-e™
(2) the average Lipschitz exponent

> u(A)log" Ly(A)

AcA
is finite,
(3) the decay of correlation of T is super-polynomial.
Then
(36) lim inf log7v(2, ) =d,(x), and limsup log 7+ (2, ) =dt(z) a.e.
r—0  —logr K ’ r—0 —logr g

Let us first show that the above theorem can be applied to the Geometric Lorenz system.

Lemma 7.2. The first return map (F, 3, ur) of the Geometric Lorenz system (described
in Section 2) satisfies the hypothesis of Theorem 7.1 above.

Proof. Since we have proved that the system (F, %, ur) is exponentially mixing, item (3)
at Theorem 7.1 is satisfied.
The partition A = {4;}, with

1 1 o

37 AZ - T I, ] E Z
(37) (z +1 z) Tt
where I denotes the interior of I, satisfies (1) and (2) at Theorem 7.1. Here we note that
F is not globally Lipschitz, but from Eq. (16) we get Ly(A;) < K -4°, with 8 > 1 and
K > 0.

Moreover, the fact that pup has a bounded density marginal (the density will be denoted
by fo as before) on the x direction implies that the measure of the sets A; can be estimated
by

2 -sup(fo)
p(4;) < -
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Thus,
2
Z log" Lp(A Z log™ (K -i” sug)(fo) < 00
1
AeS(A) AeS(A)
This finishes the proof. O

In the same way, replacing Equation 16 with assumption 3) in the introduction it can
be proved that the above theorem applies to Lorenz like flows:

Lemma 7.3. If the system (F,%, up) is the first return map of a flow satisfying assump-
tions 1.a),...1.d),2),3) of the introduction, then it satisfies the hypothesis of Theorem 7.1.

Applying Theorem 7.1 to such system, then we get
Corollary 7.4. For the system (F, %, ur) it holds

log 75 (z, x log 72 (z, x) .

. ) :
lim inf =d, . lim sup =d,,, pr—ae.

r—0 — 10g r r—0 - IOg r

Finally, remarking that regular points have full measure, with the same arguments as in
Proposition 5.2 by Theorem 3.2, we get

Corollary 7.5. For the Geometric Lorenz flow and for Lorenz like flows as above it holds

log 7(a) _ log 7(x) _

liminf ————==4d, —1, lim sup oy — L px —ae..

r—0 — IOg r r—0 - IOg r

where 7' is the recurrence time for the flow, as defined in the introduction.

This is the content of Theorem C in the introduction.

8. APPENDIX I: ABOUT REGULARITY OF THE MEASURE nr

In this section we are going to prove that the SRB measure of a Lorenz like map satisfies
item 3 of Theorem 4.7. We remark that this is a kind of regularity assumption for the
measure (g (a certain projection is BV). The proof is done in several steps and it will be
completed at the end of the section. The statement we are going to prove is:

Lemma 8.1. Let F(z,y) = (T'(z), G(z,y)) be a Borel map preserving the vertical foliation,
such that:

(1) There is k > 0 such that, if x1,x9 are such that 0 & [x1,x5] then Y € I :
‘G(xby) - G(aj%y)’ <k- |.CE1 - 'TQ‘

(2) Fly is A-Lipschitz with A < 1 (hence is uniformly contracting) on each leaf .

(3) T : I — I is onto and, piecewise monotonic, with two C' increasing branches on
the intervals [—3,c),(c,3] and T" > 1 where it is defined. Moreover lim T(z) =

§,xlir£1+T(x) =-1T(c)=-3, }ELIIiT’(x) = 00.

PR
(4) = has bounded variation.

then (3, F') has an unique invariant SRB measure which satisfies item 3 of Theorem 4.7.
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We recall that the existence and the uniqueness of the SRB measure can be obtained by
the general arguments exposed in Section 3. To proceed to prove the above statement, we
need to introduce some concepts.

To deal with non normalized measures as the measures p|y on the leaves are, we consider
the following modification of the Wasserstein distance: let b1lip(I) be the set of 1-Lipschitz
functions on I having L., norm less or equal than 1 (b1lip(I) = 1lip(I) N {g, ||glle < 1}).

Let us consider two finite measures pu, v and the distance

WP (p,v) = sup \/gdu /ng\
gebllip(I)

Remark 8.2. We remark that choosing g = 1 we obtain W (u,v) > |u(I) — v(I)|.

Let us consider the space M(I) of Borel finite measures over I with the distance W7.
Given a function G : I — (M (I), W}) we define the variation of G as follows: let x1, ..., 2,
be an increasing finite sequence in I (which induces a subdivision in small intervals) let
Sub be the set of such subdivisions. We define the variation of G as:

Var(G,z1,...,z,) = ZWl G(zi+1))
i<n
Var(G) = sup Var(G,z,...,x,).
(x;)eSub

We will consider the Lebesgue measure on the section X and its iterates by F. The
strategy is to disintegrate along stable leaves and estimate the variation of the induced
function I — (M (I), W?) proving that this is uniformly bounded. Le us precise this point:
if 4o is a finite measure on X, by disintegration this induces a function G, : I — M([)
defined almost everywhere by

Gu(y) = ply-

Suppose that G, is defined everywhere. The BV norm of G, will be an estimation of the
regularity of p. For example, the Lebesgue measure on the square ¥ induces a function
(G,, which is constant everywhere and its value is the Lebesgue measure on the interval.
The variation in this case is obviously null. We remark that each iterate of the Lebesgue
measure by F* induces a G pen () which is defined everywhere (see eq. 38 ). We will give
an estimation of the variation for these iterates in our system.

Definition 8.3. We say that a measure p on ¥ is K-good if the function G, : I — M (1),
with G, (v) = p|, as above is well defined and s.t. Var(G,) < K.

Some preliminary lemmata and remarks.
Remark 8.4. We remark that if y is K-good then sup, (u|,(1)) <1+ K.

Proof. Since p is a probability measure then for some ~y, ul,(I) < 1 if for some £ it was
ple(I) > 14 K then by Remark 8.2 this would contradict the assumption.
This elementary remark about real sequences will be used in the following. ([l
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Lemma 8.5. If a sequence a,, is such that a,+1 < Aa, +k for some A < 1,k >0, then

sup(a,) < max(ag, ——)

1—A
Proof. 1f for some m, a,, > % then there is § > 0 such that a,, = %, Hence, a1 <
AR g = B g Similarly a, < A = a1 < 75 0

The following is analogous to remark 4.8 for the distance W}, and also follows by uniform
contraction on stable leaves.

Remark 8.6. Let F' be A contracting as above. Let us consider a leaf v and two finite
(non necessarily normalized) measures y, v on it. Then

WP (F* (), F* () < |u(y) = v+ X W, v).

Proof. If ¢ is in bllip on F'(7y) then g(F'(x)) is A-Lipschitz on -y, moreover since |g| < 1then
lgo F' — 8] < X for some 6 < 1. This implies that

| gd(F*u)—/ gd(F*V)\=|/goqu—/goFdV|S
Y ol

F(v) F(v)
e-\u(f)—v(f)\+\/<goF>—edu—/<goF>—edu\ <

() = v(D)]+ X W (p,v).
N

Now we are ready to prove the main technical lemma estimating the regularity of the
iterates F*"(m). We will explicit the assumptions we need on F.

Lemma 8.7. Let F(z,y) = (T(x),G(z,y)) be a Borel map preserving the vertical foliation
such that:

(1) There is k > 0 such that, if x1, zo are such that 0 ¢ [x1, x2] then Vx € I : |G(xy1,y)—
G2, y)| < k- |oy — 2o
(2) Fly is A-Lipschitz with A < 1 on each vertical leaf 7.

Let 1 and o two close leaves with that F~' () = {ai,as}, F7 () = {61, B} and
suppose that T" is defined in the points «; and (; and at these points T" > 1. Let ugbe a
probability measure on ¥ such that il is defined everywhere and

M0|'y(1) = ?0(7)
for a bounded density function fo. Then
WP (F* (10) s F*(10) |1s) < [Folen) = Fo(B)] 4+ AW (oo 0], )+
+[folas) = Fo(B2)| + AW (kolass 110l )+

_ — 1 1 - 1 1
+2 - k-sup fo(lag — B1]| + | — Ba|) + sup fO‘T’(oq) - T/(ﬁl)‘ + sup f0|T/(oz2) — T’(ﬂ2)"
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Proof. Let F*(uo)|,, be the restriction of F*(110) to the leaf 4. Remark that

(33) F* (o), = ﬁf? (tolan) + %Q)F (t0]as)

where F,, : I — I is given by F,,(y) = m,(F(y, ;)) and

1 1
F*(po)ly, = WF;; (t0ls,) + wFEQ(MO\ﬁQ)

with similar notation for Fj,. Now the remaining part of the proof is a (long) straight-
forward calculation:

WY (F* (o) by, F* (o) ;) = sup | gd(F*(Mo)\wl)—/g d(F* (o) |)]

g€lblip

and

/ g d(F* (o)) = / gd(ﬁfﬁ;wal)+@F52<uo|@>>,

/ g d(F* (o)) = / gd(ﬁm%(uo\m+%®F@<uom

let us estimate these two terms:

[ s k) = [ gl (olo) + s P ole)) =

= s [ Sl + g [ a(Fe@)dl)
and similarly
/ gd(F*(1o)|y) = ﬁ / 9(Fy (1)d(pols,) + ﬁ / 9(Fy (1))d(pol3,).

Hence

| [ oatF )l = [ ga(F* (o)) =

1 1
g @) dcko) + i [ (Pl

1

~ 7ty | 9En o) = 5 [ o)l

To estimate the last expression by the triangle inequality, let us add and subtract

1 1
) /Q(Fm(y))d(uo\al) +w/g(FﬁQ(y))d(uo‘a2)

obtaining

| / gd(F* (o)) — / gd(F*(10)])| < |A] + |B|
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where
4= mlal) / 9<Fa1<y>>d<uo\al>+@ / 9(Foy (1)) d(p0] )
i | 9 F k) = s [ oFu (o)l
and
B = gz [ 90 + g [ oFa()dlale)

1 1
~ 7ty | 9RO o) = 5 [ o w)dol)

Estimation of A. Now let us estimate A:

1 1
Py | O ) ke) = g [ s )drle)] +

1 1
gy [ 9 Fe ko) = i [ o )k = 1+ 11

let us analyze the first term in the sum (the estimation of the other term is similar)

1 1
~ 17 [ g(Fm(y))dwm)—W [ 9 i) =

1 [ 5o Fea(9)) = 559 ) )

adding and subtracting 77 1)g(Fﬁ1 (y)) we obtain

[ ot ﬁgwﬁmwﬁgwy))—%al)g(wy)) dlsoko)] <
< 1 [ T ) = o ) dlplan)| +

+ [ T,(lal)g 3 (0) = 59 ) Al

Now, since fo is bounded pg|a, (I) < sup(f,) and then

|| a0 00) = 5y () il < 500 Fols =

The other summand is

|| g 9Fea0)) = s () dohon)| < | [ a(Foy () = 9(F ) il

By assumptlon ) then |F(y,a1) — F(y, 51)] < k- |y — 1| and hence

\/ ) — 9(Fy, (9)) diolan)] < K- lon — ] -sup T,
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summarizing

(39) I <sup f| |+ k- |oq — Bi] - sup fo.

1
T'(an) T’( 1)
Considering in the same way the summand /7 in the expression of A, this gives
|A| < k-sup fo(lag — Bi] + |ag — Ba])+
— 1 1 1 1
su + su — .
pf0|T/(oq) T/( )‘ pfO‘ ( 2) T/(62)|
Estimation of B. The upper bound on B follows by contraction on stable leaves. Indeed,

B < \ﬁ / g(Fm(y))dwm)—ﬁ / 9(Fy, (0))d(pol )| +
1

1
e / 0P ()lnl) = 777 / 9(Fy, (0)d(pol )

now, since F' contracts all the leaves by a factor at least A by Remark 8.6 it holds

BI < gy ko) = il (D] + MWy ) +

+%<rmra2m — ol (D)) + AWt ).

Summarizing, V g € bllip

(40) ' [ ot ol ~ [ st ol <
= T/(ﬁ )(|M0|a1( ) H0|ﬂ1( )‘ + AWl(MO‘a17M0‘ﬂ1))
7 (ol (1) = ol + XA ol )+
_ — 1 1 1 1
+2ksup fo(lar — Bi] + |ag — Ba]) + Squo‘T,(al) T3 )’ + sup fo’ T'(a) - T/(ﬂg)‘
finishing the proof. ([l

Remark 8.8. We remark that this last step in the proof (equations 40 and following) is
the only one where the expansivity of T' is explicitly used. In fact, an equivalent result can
be obtained with the weaker assumption /\(ingT/(x)) < 1, instead of 7" > 1.

zE

A similar lemma holds for the case where the pre-image of v, and 7, is only one leaf.
The proof is similar to the previous one.

Lemma 8.9. Let F': ¥ — X be as above, satisfying points (1)-(3) of Lemma 8.7. Let
yiand v be two leaves and suppose that F~1 () = {a1}, F~ () = {61 }. Let us consider
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a probability measure py on ¥ such that po|y(I) = fo(7) for a bounded function f, , then
WY (F*(10) lyys F*(10)|,) < [folan) = Fo(B) + A~ Wilkolay ol )+

— — 1 1

+2-k SuP(fo)(‘Oél ﬁl‘)—i_sup(fO)‘T/(Oél) T/(ﬁl)|

The above lemmata give the following result, in the spirit of the Lasota Yorke inequality
(see in the following proof, eq. 42 and compare with [25], [26] e.g.) giving an upper bound
on the variation of iterates F™*"(u).

We recall that by the classical Lasota-Yorke inequalities, for piecewise expanding maps
of the interval, iterating a bounded variation density gy we get a sequence of uniformly
bounded variation densities,

(41) Var(T™(gom)) < Cy,

where Cy, depends on gy and on the dynamics 7.

Theorem 8.10. Let F' : X — X be as above, satisfying assumptions (1)-(4) of Lemma
8.1. Let p, = F*"(ug) where uo is K-good and has BV density on the x azis, f,. Then,
3+070+(C?0+1)Var(%)+2k(0?0+1))

T—X :

each pi, 1s K'-good, where K' = max (K,

Proof. Let us consider a subdivision 71, ..., 7, made of small intervals and set s; = T ([i, 7i41))-
If we are in the case of Lemma 8.7 s; consists of two small intervals, if we are in the case
of Lemma 8.9 s; consists of one small interval and in the remaining case we have one
small interval and an interval of the type (aq, %) or (—%, £1) (this can happen only in two
intervals containing the points T'(—3) and T'(3) ) of the subdivision). The endpoints of all
these pre-image intervals (Si)ie(l,...,n) constitute another subdivision 77, ..., v}, of I.

Let us estimate the variation of u; = F*(jg) on the subdivision 71, ..., ,. Let us suppose
that the intervals of 74, ...,7, which are of the third type are (v;,, vj,+1) and (7j,, Vio+1)-
In this case we bound trivially from above the variation: W (4 visp1) < Sup fo (for
i =1,2). Lemma 8.7 and Lemma 8.9 imply

Yi; 0 M1

Var(Gu v, - n) =

> Wilpalys ) < 2sup Fo+ Y [ Fo(37) = Folvip )l + AWa (ol s polye, )+
i<n i<m
—i—Zkaup?o(]”yf — %nl) + sup fol ,1 N 1* -
i< (i) T (%‘4—1)
Hence

_ _ _ 1 _
Var(Gu,, 7, .., 7m) < 2sup fo + Var(f,) + sup fOVCL’I“(F) +sup fo2k + A\Var(G,,)

and we conclude that

_ _ _ 1 _
(42) Var(G,,) <2sup f,+ Var(f,) +sup fOVar(F) +sup fo2k + A\Var(G,,).
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If f,are the marginals of p; then as recalled before Var(f;) < C'?O. This allows to Iterate
the above inequality and obtain, by Lemma 8.5

2+ 30?0 + (C?o + 1)Var(%) + 2/6(0?0 + 1)
- )
1—A
(remark that sup f, < Var(f,) + 1) finishing the proof. O

sup(Var(G,,)) < max(Var(G,,)

If 14 is a good measure, the measure fu associated to a Lipschitz observable f is also a
good measure:

Lemma 8.11. If u, is a sequence of K—good measures on ¥ and v, = fu, with f be
(-Lipschitz and || f|l < € then each v, is a (3(K + {)-good measure.

Proof. let v, and 7, be two close leaves

/mwwmwmm—/mwwwwmw

71 2

Wlo(yn‘vu Vn‘w) = Sup
g€ebllip

we recall that |g| < 1, hence

’/‘ o) umg—/ﬂﬂﬂwdeM)é
V’ Fle20) dlaky) = [ 95 m) )
V’ Fle) ng—/ﬂﬂﬂwdeM)<

+

< 20 WY (b bnle) + €y = el sup(pel (1))
v
hence Var(G,,) < 20K + (K +1). O

Remark 8.12. If p, is K-good for each n and g,, : I — I is the marginal, such that

9n(7) = pnl4(1),
since [7,,(71) — Gn(72)| < WP (tnly, ftn+.) then it holds
(43) Var(g,) < K
for each n.

Remark 8.13. If y,, — pand v, = fu, , v = fuwith f be (-Lipschitz then v,, — v.(this is
easily obtained because [ hf du, — [ hf dp, for each continuous h since hf is continuous).

We are finally ready to end the proof of the main proposition of the section.

Proof. (of Lemma 8.1) We prove that f as defined at item 3 of Theorem 4.7 has bounded
variation and Var(f) < 3¢(K’ + ¢, where { is the Lipschitz constant of f and K’ is given in
Theorem 8.10 and does not depend on f. Let u, = F*™(m) be the sequence of iterates of
the Lebesgue measure. By Theorem 8.10 these are K’-good. Since the invariant measure
1 is a SRB with full basin, hence p,, — p in the weak topology. Then for each continuous
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h it holds p,(h) — w(h). In particular this holds for the functions which are constant
on each contracting leaf. Let h be such a function. Then [, h du, = [, hg,dz where
G, (2) = pin|s, (I) are the densities of j, on the z axis as in Remark 8.12.

Let f be ¢-Lipschitz, v, = fu, and v = fu as required by Lemma 8.1. Since A is
constant along the leaves, again [;, h dv = [, hfdz and [, h dv, = [, hf,dz where f, () =
[, f d(pnly) as above. By Remark 8.13

/h dv,, — / h dv
) b
/ hf,dr — / hfdz.
I I

We have to prove that f is BV. By Lemma 8.11 the measures v, are (3(K’ + £)-good.

Now by Remark 8.12, Var(f,) < 3¢K' +( . By the Helly theorem there is a sub-sequence
?ni converging in the L' norm to some bounded variation function f such that Var( f) <
UK+ 4. ) 3

Hence [hf, dv — [ hfdx for each h as above and so [ hfdx = [ hfdz for each contin-

uous h and then this implies that they coincide a.e.. Hence f can be supposed to be BV

and having Var(f) <3(K'+ 1 . O

hence

9. APPENDIX II: EXACT DIMENSIONALITY

In several of the above results we used the local dimension of the system at certain
points. In this section we recall a result of of Steinberger ([40]) about the local dimension
of Lorenz like systems and prove that for the geometric Lorenz system the local dimension
is defined at almost every point.

Let us consider a map F : [0,1)> — [0,1]* F(z,y) = (T(x), g(z,y)) where

(1) T :[0,1] — [0, 1] is piecewise monotonic. This means that there are ¢; € [0, 1] for
0<i< Nwith0=1¢ <+ <ecy =1such that T|(¢;,cr41) is continuous and
monotone for 0 < ¢ < N. Furthermore, for 0 < i < N, T|(c;,¢;41) is C* and that
inf,es|7"(x)| > 0 holds where P = [0, 1] \ Up<i<n€;.

(2) g:10,1)> — (0,1) is C* on P x [0, 1]. Furthermore, sup |0g/0x| < oo, sup |0g/dy| <
1 and |(dg/0y)(x,y)| > 0 for (z,y) € P x [0, 1].

(3) F((ci,civ1) x [0,1]) N F((¢iy civ1) % [0,1]) = 0 for distinct 4, j with 0 <4, < N.

Now consider the projection m, : I? — I, set V = {(—1/2,0),(0,1/2)} and V; =
V%, 7'V, which is a partition of E = (22, H~'(I \ {0}) into open intervals. For z € E
let Jip(x) be the unique element of Vy which contains z. We say that V is a generator if
the length of the intervals Ji(z) tends to zero for n — oo for any given x. Set

Y(x,y) =log|T'(x)| and @(z,y) = —log|(dg/dy)(x,y)|.

The result of Steinberger that we shall use is the following
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Theorem 9.1. [40, Theorem 1] Let F' be a two-dimensional map as above and u an
ergodic, F-invariant probability measure on I* with the entropy h,(F) > 0. Suppose V
is a generator, [ -durp < oo and 0 < [pdup < oco. If the maps y — ¥(x,y) are
uniformly equicontinuous for x € I'\ {0} and 1/|f’| is BV then

du(z,y) = hu(F)<f¢1. dpu + fgol' du)

for p-almost all (x,y) € I*.

Now we verify that the Lorenz geometric system as defined in Section 3 is exact dimen-
sional. First we observe that for the first return map F' : 3\ I' — 3 associated to the
Lorenz geometric flow its entropy h,(F) > 0, see [5, 4, pp.188]. Next, equations (17), (18),
and the properties of f1, described in Subsections 2.4 and 2.5 guaranty that F' = (f1,, 910)
is a two-dimensional transformation satisfying the above points (1-3). So, all we need to
prove that (3, F,dur) is exact dimensional is to verify that F(z,vy) = (fr.(), 9ro(z,y))
satisfies the hypothesis of Theorem 9.1. For this, let

U(@,y) =log|fr.(z)| and ¢(z,y) = —log|(0gL./0y)(x,y)|.
Then the following result holds:

Proposition 9.2. Forq = (z,y) € ¥, let p(q) = —log [0g10/0y(q)| and ¥ (q) = log|f1,(z)].
Then

(2) 0 < [dur < oo, and
(3) the maps y — (x,y) are uniformly equicontinuous for x € I\ {0}.
where g is the ivariant ergodic SRB measure described in Subsection 3.

Proof. Given q = (z,y) € [—1/2,1/2]?, we provide the calculations for z > 0, the other
case being analogous.
By equation (16) we have

_ a$fLo anyo _ M- a- x(ail) 0
DF(I',y) N ( a$gLo aygLo N g - ﬁ : yx(ﬁ*a) U-T'B ’

Proof of (1): By the expression above we have dgz,/9y(q) = o-z” and so log |0gr./0y(q)| =
log |o - 2°| does not depend on y. Since the measure up is constant at each leaf ¢ € F and
the projection of pp on the z-axis, jiy, , is absolutely continuous with respect to Lebesgue
measure (and even has a finite density), see Proposition 2.2, we immediately conclude that

/ log |0g10/9y(q)|dpr < oc.

proving (1).
Proof of (2): Again from the expression for DF(x,y) above we get f; (v) = M -a -z,
recall 0 < o < 1. Hence, for 0 < x < 1/2, log(f;,(x)) = log(M - a - 2®=1)). Thus

0< /log(fio(x))dup < Ko+ (a—1)[z-log(z) — 2] < Ko+ (o — 1)K,
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proving (2).
Proof of (3)

Note that p(z,y) = —log|(0gL./0y)(x,y)| = log(o) + S - log(|z]) and so the maps
y — (x,y) are obviously uniformly equicontinuous for x # 0.

All together finishes the proof of Proposition 9.2 establishing that pp is exact dimen-
sional. 0

REFERENCES

[1] V. S. Afraimovich and V. V. Bykov and L. P. Shil’'nikov, On the appearance and structure of the
Lorenz attractor, Dokl. Acad. Sci. USSR, 234, 336-339, 1977.

[2] V. S. Afraimovich, N. I. Chernov, E. A. Sataev, Statistical properties of 2-D generalized hyperbolic
attractors, Chaos 5, 1, 238-252, 1995.

[3] L. Ambrosio, N. Gigli, Savare, Gradient flows: in metric spaces and in the space of probability measures,
Birkhauser, 2005.

[4] V. Araujo, M. J. Pacifico, E. Pujals, M. Viana, Lorenz-like flows are chaotic, to appear in Transations
of the American Math. Society.

[5] V. Araujo and M. J. Pacifico. Three Dimensional Flows. XXV Brazilian Mathematical Colloquium.
IMPA, Rio de Janeiro, 2007.

[6] Athreya J.S., Margulis G. A., Logarithm laws for unipotent flows, preprint.

[7] Barreira L., Saussol B., Hausdorff dimension of measures via Poincaré recurrence, Commun. Math.
Phys. 219 (2001), 443-463.

[8] L. Barreira, Y. Pesin and J. Schmeling. Dimension and product struture of hyperbolic measures. Annals
of Mathematics, 149, 755-783, 1999.

[9] Boshernitzan M. D., Quantitative recurrence results, Invent. Math. 113 (1993), 617-631.
[10] C. Bonatti, L. J. Diaz and M. Viana, Dynamics beyond uniform hyperbolicity: A global geometric and
probabilistic perspective, Encyclopedia of Mathematical Sciences 102, Springer-Verlag, Berlin, 2005
[11] R. Bowen,. Fquilibrium states and the ergodic theory of Anosov diffeomorphisms. Lectures Notes in
Math., Springer Verlag, Berlin, 1975.

[12] L. A. Bunimovich, Statistical properties of Lorenz attractors, Nonlinear dynamics and turbulence,
Pitman, 71-92, 1983.

[13] Dolgopyat D., Limit theorems for partially hyperbolic systems, Trans. Amer. Math. Soc. 356 (2004),
1637-1689.

[14] Galatolo S., Hitting time and dimension in axziom A systems, generic interval exchanges and an
application to Birkoff sums. J. Stat. Phys. 123 (2006), 111-124.

[15] S. Galatolo, Dimension and waiting time in rapidly mixing systems, Math. Res. Lett., 2007.

[16] Galatolo S., Dimension and waiting time in rapidly mizing systems, Math Res. Lett. (2007). 123
(2006), 111-124.

[17] Galatolo S., Kim D. H., The dynamical Borel-Cantelli lemma and the waiting time problems, Preprint
Arxiv: math.DS/0610213.

[18] S. Galatolo and P. Peterlongo, Long hitting time, slow decay of correlations and arithmetical proper-
ties, arXiw:0801.3109v2 , 2008.

[19] J. Guckenheimer and R. F. Williams, Structural stability of Lorenz attractors, Publ. Math. IHES, 50,
59-72, 1979.

[20] Hill R., Velani S., The ergodic theory of shrinking targets Inv. Math. 119 (1995), 175-198.

[21] Kim D. H. and Seo B. K., The waiting time for irrational rotations, Nonlinearity 16 (2003), 1861-1868.

[22] D.H. Kim, S. Marmi: The recurrence time for interval exchange maps, Nonlinearity, 21 2201-2210
(2008).



LORENZ:DECAY HITTING,RECURRENCE 35

[23] Kleinbock D. Y. , Margulis G. A., Logarithm laws for flows on homogeneous spaces. Inv. Math. 138
(1999), 451-494.

[24] 1. Kontoyiannis Asymptotic recurrence and waiting times for stationary processes Journal of Theoret-
ical Probability 11,pp. 795-811 (1998)

[25] A Lasota, JA Yorke On the existence of invariant measures for piecewise monotonic transformations
Trans. Amer. Math. Soc, 1973

[26] C. Liverani Invariant measures and their properties. A functional analytic point of view in Dynamical
Systems. Part II: Topological Geometrical and Ergodic Properties of Dynamics. Pubblicazioni della
Classe di Scienze, Scuola Normale Superiore, Pisa. Centro di Ricerca Matematica “Ennio De Giorgi”
(2004).

[27] E. N. Lorenz, Deterministic nonperiodic flow, J. Atmosph. Sci., 20, 130-141,1963

[28] E. N. Lorenz, On the prevalence of aperiodicity in simple systems, Lect. Notes in Math., 755, 53-75,
1979.

[29] S. Luzzatto, I. Melbourne, F. Paccaut The Lorenz Attractor is Mizing Commun. Math. Phys. 260,
393-401 (2005)

[30] Maucourant F Dynamical Borel Cantelli lemma for hyperbolic spaces Israel J. Math. 152 (2006),
143-155.

[31] MacKay RS A steady mizing flow with no-slip boundaries ?, Chaos, complexity and transport, eds
Chandre C, Leoncini X, Zaslavsky GM (World Sci, 2008) 55-68.

[32] Masur H. Logarithmic law for geodesics in moduli spaces Contemporary Mathematics, v. 150 229-245,
1993.

[33] J. Palis and W. de Melo, Geometric Theory of Dynamical Systems, Springer Verlag, 1982.

[34] Y. Pesin, Dimension theory in dynamical systems, Chicago Lectures in Mathematics, 1997.

[35] B.Saussol, Recurrence rate in rapidly mixing dynamical systems, Discrete and Continuous Dynamical
Systems A 15 (2006) 259-267

[36] B. Saussol, S. Troubetzkoy and S. Vaienti, Recurrence, dimensions and Lyapunov exponents, J. Stat.
Phys. 106 (2002), 623-634.

[37] P. Shields, Waiting times: positive and negative results on the Wyner-Ziv problem, J. Theoret. Probab.
6 (1993), no. 3, 499-519.

[38] Sullivan D., Disjoint spheres, approzimation by imaginary quadratic numbers, and the logarithm law
for geodesics Acta Mathematica 149 (1982), 215-237.

[39] E. Sternberg, On the structure of local homeomorphisms of euclidean n-space - II Amer. J. Math.,
80, 623-631, 1958

[40] T. Steinberger, Local dimension of ergodic measures for two-dimensional Lorenz transformations Erg.
th. Dyn. Sys. 20 , pp. 911-923 (2000)

[41] Tseng J., On circle rotations and shrinking target property , to appear in Discrete Contin. Dyn. Syst.

[42] W. Tucker, A rigorous ODE solver and Smale’s 14th problem., Found. Comput. Math., 2, 1, 53-117,
2002.

[43] W. Tucker, The Lorenz attractor exists, C. R. Acad. Sci. Paris, 328, Série I, 1197-1202, 1999

[44] M. Viana, Stochastic dynamics of deterministic systems, Brazilian Math. Colloguium, Publicac¢oes do
IMPA, 1997.

[45] L-S. Young, Dimension, entropy and Liapunov exponents, Ergodic Theory and Dynam. Systems, 2,
1230-1237, 1982

S. GALATOLO, DIPARTIMENTO DI MATEMATICA APPLICATA VIA BUONARROTI 1 Pisa
E-mail address: s.galatolo@docenti.ing.unipi.it
URL: http://www2.ing.unipi.it/~d80288/



36 S. GALATOLO, M.J. PACIFICO

MARIA JOSE PACIFICO, INSTITUTO DE MATEMATICA, UNIVERSIDADE FEDERAL DO RIO DE JANEIRO,
C. P. 68.530, 21.945-970 R10 DE JANEIRO, BRAZIL
E-mail address: pacifico@im.ufrj.br



