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Zusammenfassung

Stochastische Fliisse werden haufig fiir die Beschreibung des Verhaltens von passiven Par-
tikeln in einem turbulenten Fluid genutzt. Man denke etwa an die zeitliche Entwicklung
eines Olfeldes auf der Oberfliche eines Ozeans. Mathematisch kénnen stochastische Fliisse
als Losung von stochastischen Differentialgleichungen mit stetiger Abhingigkeit vom An-
fangswert gesehen werden. In dieser Arbeit wollen wir das chaotische Verhalten dieser
Objekte analysieren.

Scheutzow und Steinsaltz [SS02] haben gezeigt, dass sich fiir eine grofie Klasse stocha-
stischer Fliisse eine nicht triviale beschriankte zusammenhéangende Menge linear ausbreitet,
wenn sie nicht auf einen Punkt zusammenschrumpft. An einigen Beispielen zeigt sich, dass
obere und untere Schranken fiir die lineare Ausbreitung weit auseinander liegen. Eine
spezielle Klasse von stochastischen Fliissen sind isotrope Brownsche Fliisse. Diese Fliisse
bilden eine natiirliche Klasse von stochastischen Fliissen und wurden von Ité [It656] und
Yaglom [Yagh7] eingefithrt. Das Bild eines Punktes unter diesen Fliissen ist eine Brown-
sche Bewegung und der Kovarianztensor zwischen zwei verschiedenen Brownschen Bewe-
gungen eine isotrope Funktion allein abhéngig von ihren Positionen. Einer Idee von Dolgo-
pyat, Kaloshin und Koralov [DKKO04] folgend, hat van Bargen [vB11] fiir planare isotrope
Brownsche Fliisse mit einem positiven Top-Lyapunov Exponenten die genaue lineare Wach-
stumsrate bestimmen koénnen. Das erste Hauptresultat der vorliegenden Arbeit erweitert
diese Aussage und beschreibt den asymptotischen Trager von Trajektorien eines planaren
isotrope Brownische Fliisse: Wir zeigen, dass die Menge der linear skalierten Trajektorien
mit Anfangswert in einer nicht trivialen kompakten zusammenhéingenden Menge gegen die
Menge der Lipschitz Funktionen konvergiert, wobei die Lipschtitz Konstante durch die oben
erwahnte lineare Wachstumsrate gegeben ist. Konvergenz ist hier im Sinne der Hausdorff
Metrik zu verstehen.

Das zweite Hauptresultat dieser Arbeit ist die Untersuchung der Entropie eines stocha-
stischen Flusses und die Relation zu seinen positiven Lyapunov Exponenten. Wir werden
hier die sogenannte metrische Entropie verwenden, die von Kolmogorov [Kol58] und Sinaf
[Sin59] eingefithrt wurde. Diese Grofie beruht auf einem rein maf-theoretischen Ansatz um
das chaotische Verhalten eines Evolutionsprozesses zu messen. Demgegeniiber beschreibt
die asymptotische exponentielle Rate des Auseinanderstrebens von Trajektorien von nah
beieinander liegenden Anfangswerten einen geometrischeren Ansatz — diese Divergenzraten
werden Lyapunov Exponenten des Flusses genannt. Die Formel, die diese beiden Gréfien in
Relation zu einander setzt, ist als Pesin Formel bekannt und wurde in den 1970er Jahren
von Pesin fiir sogenannte deterministische dynamische Systeme zunéchst gezeigt. Unter
gewissen Voraussetzungen kénnen stochastische Fliisse als sogenannte zufdllige dynamische
Systeme aufgefasst werden. Diese Systeme werden wir spater im Detail einfiihren. Fir
zufillige dynamische Systeme auf einem kompakten Zustandsraum wurde Pesins Formel
von Ledrappier und Young [LY88] und Liu und Qian [LQ95] gezeigt. In der vorliegenden
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iv Zusammenfassung

Arbeit werden wir Pesins Formel fiir zuféllige dynamische Systeme auf dem nicht kompakten
Zustandsraum R? verallgemeinern. Im Anschluss kénnen wir damit dann zeigen, dass Pesins
Formul auch fiir eine groBe Klasse von stochastischen Fliissen auf R? gilt.

Um Pesins Formel fiir zufillige dynamische Systeme auf R? zu zeigen, bendtigen wir
eine Aussage iiber die Absolutstetigkeit von Maflen auf lokalen stabilen Mannigfaltigkeiten.
Diese Mannigfaltigkeiten korrespondieren zu den verschiedenen Lyapunov Exponenten und
bestehen aus den Punkten des Zustandsraumes, deren Trajektorien mindestens mit expo-
nentieller Rate, gegeben durch die Lyapunov Exponenten, zueinander konvergieren. Die
Hauptfolgerung dieses Theorems ist, dass die Lebesgue Mafle bedingt auf die lokalen stabilen
Mannigfaltigkeiten und das auf diesen Mannigfaltigkeiten induzierte Lebesgue Maf3 absolut
stetig (und sogar dquivalent) sind. Grob gesprochen bedeutet dies, dass die lokalen sta-
bilen Mannigfaltigkeiten eine geeignete Partition des Raumes bilden. Dieses Resultat wurde
in [KSLP86] fiir deterministische dynamische Systeme auf einer kompakten Riemannschen
Mannigfaltigkeit bewiesen. Das dritte Hauptresultat der vorliegenden Arbeit ist die Fr-
weiterung dieser Aussage von [KSLP86] auf zufillige dynamische Systeme auf dem R.



Abstract

It has been suggested that stochastic flows are used to model the spread of passive tracers
in a turbulent fluid. One might think of the evolution in time of an oil spill on the surface
of the ocean. Mathematically stochastic flows can be seen as solutions of certain stochastic
differential equations which depend continuously on the initial value. In this thesis we are
interested in the analysis of the chaotic behaviour of these objects.

From Scheutzow and Steinsaltz [SS02] it is known that for a broad class of stochastic
flows a non-trivial bounded connected set expands linearly in time if it does not collapse.
Nevertheless, upper and lower bounds for the linear growth turn out to be far from each
other in some examples. A special class of stochastic flows are isotropic Brownian flows.
These flows are a fairly natural class of stochastic flows and have been first introduced by
TIt6 [1t656] and Yaglom [Yagh7]. For this class of stochastic flows the image of a single point
is a Brownian motion, and the covariance tensor between two different Brownian motions is
an isotropic function of their positions. For planar isotropic Brownian flows with a strictly
positive top-Lyapunov exponent van Bargen [vB11] determined the precise linear growth
rate following an idea of Dolgopyat, Kaloshin, and Koralov [DKK04]. The first main result
of this thesis extends this result to an asymptotic support thoerem for planar isotropic
Brownian flows: We will show that the set of linearly time-scaled trajectories starting in a
non-trivial compact connected set is asymptotically close (in the Hausdorff distance) to the
set of Lipschitz continuous functions, where the Lipschitz constant is the linear growth rate
mentioned above.

The second main result of this thesis shows a relation between entropy of a stochastic
flow and its positive Lyapunov exponents. Here, we use the notion of metric entropy intro-
duced by Kolmogorov [Kol58] and Sinal [Sin59], which is a purely-measure theoretic way of
measuring the chaotic behaviour of some evolution process. Whereas a more geometric way
is given by the asymptotic exponential rate of separation of nearby trajectories. These rates
of divergence are called the Lyapunov exponents of the flow. The formula relating these
two objects is known as Pesin’s formula and was first established by Pesin in the late 1970s
for so-called deterministic dynamical systems acting on a compact Riemannian manifold.
Certain stochastic flows can be seen as so-called random dynamical systems, which we will
introduce in detail later. For these random dynamical systems on a compact state space
Pesin’s formula has been proved by Ledrappier and Young [LY88] and Liu and Qian [LQ95].
In this thesis we will show that Pesin’s formula holds true even for random dynamical sys-
tems on the non-compact state space R%. By this we will finally show that a broad class of
stochastic flows on R? satisfies Pesin’s formula.

In order to prove Pesin’s formula for random dynamical systems on R? we need the
so-called absolute continuity theorem of local stable manifolds. These manifolds correspond
to the different Lyapunov exponents and consist of those points in space whose trajectories
converge to each other exponentially at least with the rate given by the Lyapunov exponent.



vi Abstract

The main consequence of the absolute continuity theorem is that the Lebesgue measure
conditioned on the family of local stable manifolds and the induced Lebesgue measure on
these local stable manifolds are absolutely continuous (in fact, even equivalent). Roughly
speaking, this means that the local stable manifolds form a proper partition of the state
space. This theorem was proved in detail for deterministic dynamical systems on a Rieman-
nian manifold in [KSLP86]. The third main result of this thesis is to extend the result from
[KSLP86] to random dynamical systems on R.
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Chapter 1

Introduction

One important topic in stochastic analysis is the analysis of stochastic differential equations
of the type

t t
pst(z) =2 +/ b(psu(x)) du +/ o (psu(z)) dW,, 0<s<txe Rd, (1.0.1)

where W = (W' ...,W™) is a m-dimensional Brownian motion and b : R — R and
o : RY — R¥™™ are appropriate drift and diffusion functions. There are many results on
the existence and uniqueness of solutions of different types of this equation, see for example
[IW89, Chapter IV]. Moreover, under certain assumptions on the functions b and o (see for
example [IW89, Chapter V.2]), the solution of the stochastic differential equation (1.0.1)
generates a stochastic flow of homeomorphisms, that is, a family {¢s; : s,t € [0,00)} of
random onto homeomorphisms on R? that satisfies almost surely

1) Sou,t o @s,u = Sos,t fOI‘ all s,t,u S [07 OO),
ii) s, =1id|ga for all s € [0, 00),
iii) (s,t,2) — @s(z) is continuous.

On the other hand, it turns out that not every stochastic flow is governed by a stochastic
differential equation of the type in (1.0.1), roughly speaking some involve too much random-
ness for only finitely many Brownian motions, as for example isotropic Brownian flows that
will be introduced in the next paragraph. The question whether a stochastic flow can be
expressed by a solution of a stochastic differential equation was resolved by Kunita [Kun90],
introducing a more general class of stochastic differential equations, so-called Kunita-type
stochastic differential equations (see Section 2.1.1):

t
gos,t(x):x-i-/ F(psu(z),du), 0<s<tazecRY

where F : RY x [0,00) — RY is a continuous semimartingale field (see Section 2.1.1). In
[Kun90] it has been shown that there is a one-to-one correspondence between the solution of
stochastic differential equations of a Kunita-type and stochastic flows of homeomorphisms.
We will state some of these results in Section 2.1.1. Sometimes we will abbreviate g, by
¢ if there is no risc of ambiguity.



2 1. Introduction

An important class of stochastic flows, which will be the focus of interest in Chapter 3,
are isotropic Brownian flows (introduced in Section 2.3). These stochastic flows have the
additional property that the homeomorphisms on disjoint time intervals are independent
and their distributions are temporally homogeneous and invariant under rigid motions in
space. Isotropic Brownian flows were first introduced by It6 [It656] and Yaglom [Yagh7].
For this class of stochastic flows it turns out that the trajectory of a single point is a
Brownian motion, and the covariance tensor between two different Brownian motions is an
isotropic function of their positions. As already mentioned above, they are not governed by
a stochastic differential equation as (1.0.1), but by an equation that involves infinitely many
independent Brownian motions (see [LJ85] and [BH86]). Isotropic Brownian flows and, in
particular, their local structure have been extensively studied in the 1980s by Le Jan [LJ85]
and Baxendale and Harris [BH86] among others. In particular they have calculated the
Lyapunov exponents of these flows in terms of the isotropic covariance function. Lyapunov
exponents describe the exponential rate of separation in a certain (usually random) direction
of infinitesimally close trajectories and they crucially affect the global behaviour of the flow.
These exponents were first introduced in the theory of random dynamical systems, which
we will introduce later in this introduction.

One important area of research is the global behaviour of stochastic flows. Its study was
stimulated by Carmona’s conjecture [CC99, Section 5.2.] that the diameter of the image
of a compact set could expand linearly in time but not faster. For stochastic flows this
conjecture was proved by Cranston, Scheutzow, and Steinsaltz [CSS00] and improved by
Lisei and Scheutzow [LS01] as well as by Scheutzow [Sch09]. Maybe even more surprising
than this upper bound is the existence of points that move with linear speed, although
each individual point as a diffusion grows on average like the square-root of the time. This
lower bound was proved first for isotropic Brownian flows which have a strictly positive top-
Lyapunov exponent by Cranston, Scheutzow, and Steinsaltz [CSS99] and under more general
conditions by Scheutzow and Steinsaltz [SS02]. Nevertheless, upper and lower bounds for the
linear growth turn out to be far from each other in some examples. In case of planar periodic
stochastic flows (stochastic flows on the torus) Dolgopyat, Kaloshin, and Koralov [DKK04]
used a new approach based on the so-called stable norm to identify the precise deterministic
linear growth rate of such flows. Using this approach van Bargen [vB11] identified the precise
deterministic growth rate for planar isotropic Brownian flows, which have a strictly positive
top-Lyapunov exponent, that is, there exists some deterministic constant K such that for
any non-trivial bounded connected set X, for T — oo, we have

—dlam((p;’T(X)) — K in probability.

Not only the linear growth rate has been analyzed in the last years but also the behaviour
of the individual trajectories of stochastic flows. Scheutzow and Steinsaltz [SS02] investi-
gated so-called ball-chasing properties of the flow, which is the existence of a trajectory that
follows a given Lipschitz path in a logarithmic neighborhood [SS02, Theorem 4.2], where the
Lipschitz constant is basically the lower bound of linear growth mentioned in the previous
paragraph. The first main result of this thesis is Theorem 3.1.1 (see also [Bis10]) where
we will study the asymptotic behaviour of the individual trajectories of a planar isotropic
Brownian flow or to be more precise of the linear time-scaled versions. We will show con-
vergence in probability of the set of time-scaled trajectories in the Hausdorff distance to the
set of Lipschitz continuous functions starting in 0 with Lipschitz constant K, which is the
deterministic growth rate for a planar isotropic Brownian flow mentioned above. That is,
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for a non-trivial compact connected set X, for T' — oo, we have

1
U {[0, 1]3t— Tgooﬂﬂ(x)} — Lipy(K) in probability,

reX

where Lip(K) denotes the set of Lipschitz continuous functions specified above. We will
show the following: On the one hand, for any time-scaled trajectory there exists a Lipschitz
function with Lipschitz constant K starting in 0 such that this function is close to the time-
scaled trajectory. This yields an upper bound on the speed of the trajectories. Hence, we will
call this inclusion the upper bound. On the other hand, we show that for any given Lipschitz
function with Lipschitz constant K starting in 0 there exists a trajectory that approximates
this Lipschitz function. This gives a lower bound on the maximum speed of the trajectories.
Thus, we will refer to this inclusion as the lower bound. As far as the author knows such
a complete characterization of the asymptotic behaviour of the trajectories of stochastic
flows is a novelty in the present context and hence yields a new and deeper understanding
of the expansion of non-trivial compact connected sets under the action of planar isotropic
Brownian flows.

The obvious quantity to measure uncertainty or chaotic behaviour is the notion of en-
tropy. In information theory entropy, first introduced by Shannon [Sha48], can be interpreted
as the mean number of yes-no questions that are necessary to encrypt a finite signal. There
exist several notions of entropy in different fields of research which might lead to confusion
as the following quote (see [Geo03] or [Den90]) might indicate:

When Shannon had invented his quantity and consulted von Neuwmann how to
call it, von Neumann replied: ”Call it entropy. It is already in use under that
name and besides, it will give you a great edge in debates because nobody knows
what entropy is anyway.”

The notion of entropy we want to use in our considerations is the so-called metric entropy
introduced by Kolmogorov [Kol58] and Sinal [Sin59]. First let us explain what this notion
of entropy is for the evolution process generated by successive applications of some (fixed)
measure-preserving transformation on some finite measure space. This evolution process is
called a deterministic dynamical system. The entropy of such a system, given a partition
of the space, is the asymptotic exponential rate of yes-no questions necessary to encrypt
the trajectory of a particle evolving with this system with respect to this partition (see
the definition in Chapter 4). Taking the supremum over all appropriate partitions then
yields the entropy of the system. Thus, entropy can be seen as a description of the chaotic
behaviour of typical trajectories generated by the system.

Since we finally want to achieve a result on the entropy of certain stochastic flows we
need to introduce not only deterministic but random dynamical systems. A random dy-
namical system is the discrete evolution process generated by the composition of random
diffeomorphisms acting on some state space which will be assumed to be chosen indepen-
dently according to some probability measure on the set of diffeomorphisms. This notion
follows [Kif86] and [LQ95] among others where these systems on a compact state space have
been studied. We will see that stochastic flows with independent and stationary increments
if temporally discretized can be seen as such random dynamical systems. At first sight it
seems to be quite restrictive to consider only discrete systems but it turns out that not
only the entropy but also the other quantities we are interested in provide temporal scaling
properties. By these scaling properties the results do not depend on the discretization and
hence can be seen as the ones corresponding to continuous time process. Let us remark that
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Arnold introduced in [Arn98] a more general class of random dynamical systems. It has been
shown by Arnold and Scheutzow [AS95] that under quite general assumptions there exists
even a one-to-one correspondence between stochastic flows with (only) stationary increments
and random dynamical systems in the sense of [Arn98]. Since we will extend results from
[LQY5] to random dynamical systems on the non-compact state space RY we stick to the
notion of random dynamical systems from [Kif86] and [LQ95].

In the definition of entropy, the existence of an invariant probability measure is an essen-
tial part. For random dynamical systems, it is much too restrictive to assume invariance of
some probability measure for each possible diffeomorphism. Hence, the notion of invariance
had to be extended to random dynamical system. A random dynamical system can be linked
to a deterministic system by adding the probability space to the state space and introducing
the skew-product (see Section 4.2.1). But still, the notion of entropy for random dynamical
systems with respect to an invariant measure can not directly be deduced from the determin-
istic case since in many interesting cases this quantity equals infinity (see [Kif86, Theorem
I1.1.2] and the discussion in [vB10b, Section 6.2]). Consequently, Kifer extended the notion
of entropy in [Kif86] to random dynamical systems: a probability measure is said to be
invariant for a random dynamical system if the average over all possible diffeomorphisms
preserves the measure (see the definition in Section 2.2.1). Hence, entropy of a random dy-
namical system given a partition of the state space is the asymptotic exponential rate of the
averaged (with respet to randomness) mean number of yes-no questions necessary to encrypt
the trajectory of a particle evolving with this system with respect to this partition weighted
with the invariant measure (see Lemma and Definition 4.2.3). Again taking the supremum
over all appropriate partitions yields the entropy of the random dynamical system. Thus,
entropy can be seen as a description of the chaotic behaviour of typical random trajectories
generated by the system.

By this definition entropy of a dynamical system is a purely measure-theoretic quantity
and has been studied in abstract ergodic theory (see for example [Bil65], [Roh67], [Par69],
[Wal82], [KFS82]). A more geometric way of measuring chaos is given by the exponential
growth rate of separation of nearby trajectories. These rates of divergence are given by
the growth rates of the differential of the composed maps of the dynamical system and are
called Lyapunov exponents. The formula relating these two different objects is called Pesin’s
formula. It states that the entropy of a dynamical system equals the sum of its positive
Lyapunov exponents weighted with respect to the invariant measure. This remarkable for-
mula was first established for deterministic dynamical systems on a compact Riemannian
manifold preserving a smooth measure (see [Pes76], [Pes77a] and [Pes77b]). Parts of it
were generalized to deterministic dynamical systems preserving only a Borel measure (see
[Rue79], [FHYS83|) and to dynamical systems with singularities (see [KSLP86]). In [BP07]
one finds a comprehensive and self-contained account on the theory dynamical systems with
non-vanishing Lyapunov exponents, usually called non-uniform hyperbolicity theory. The
random case with compact state space has first been treated by Ledrappier and Young [LY88]
for two-sided systems and in more detail later by Liu and Qian [LQ95]. The second main
result of this thesis is Pesin’s formula for random dynamical systems on the non-compact
state space R? which have a smooth invariant probability measure (see Theorem 5.1.1 and
[Bis12b]). As mentioned before, our main objective is a result on the entropy of certain
stochastic flows on R%. An application of Theorem 5.1.1 then yields Pesin’s formula for a
broad class of stochastic flows which have an invariant probability measure (see Theorem
6.0.1).

The proof of Pesin’s formula for random dynamical systems on R? (see Chapter 5) is
divided into two parts: The estimate of the entropy from below (see Section 5.6.1) and the
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one from above (see Section 5.6.2). The proof of the estimate from below follows closely Liu
and Qian [LQ95, Chapter III and IV], the one from below is basically [vB10a] with some
changes due to the more general situation here.

Let us first remark that because of the non-compactness of the state space we cannot
use the uniform topology on the space of twice continuously differentiable diffeomorphisms
as in the compact case. As it will be presented in Section 2.1 (see also [Kun90, Section 4.1]),
we will use the topology induced by uniform convergence for all derivatives up to order 2
on compact sets. By this change of topology we cannot expect that uniform bounds hold
without any further assumptions as in [LQ95, Chapter ITI] to establish local stable manifolds
(in particular the counterpart of Lemma 5.2.4). To replace these uniform bounds, we need to
assume certain integrability assumptions (see Sections 4.3 and 5.1) that allow us to achieve
these estimates.

To bound the entropy from below we have to construct a proper partition (see Section
5.5) such that the entropy of the random dynamical system given this partition can be
bounded from below by the sum of its positive Lyapunov exponents. This partition will be
constructed for almost every random realization via local stable manifolds. Hence, we will
present the construction and the existence of local stable manifolds for random dynamical
systems on R¢ which have an invariant probability measure in Section 5.2. The stable
manifold at any point x in space consists of those points whose trajectories converge to
the trajectory of x with exponential speed. One important construction within the proof
is to define sets, nowadays called Pesin sets, which are chosen in such a way that one has
uniform hyperbolicity on these sets (see Section 5.2.1), that are uniform bounds (in space
and randomness) on the behaviour of the differential of the iterated maps (see Lemma 5.2.1).
A crucial part within the construction of the partition is that the conditional measures with
respect to the family of local stable manifolds of the volume on the state space are absolutely
continuous (in fact, even equivalent) to the induced volume on these local stable manifolds.
This absolute continuity property is deduced in Section 5.4 from the absolute continuity
theorem 5.3.3. Finally, in Section 5.6.1 we will state the proof of the estimate of the entropy
from below using the partition constructed before. The estimate of the entropy from above
(see Section 5.6.2), also often called Margulis-Ruelle inequality, was established in [vB10a]
for certain stochastic flows following an idea of Bahnmiiller and Bogenschiitz [BB95]. This
proof can be adapted to our more general situation by changing only two estimates in the
proof, where properties are used that are not true in general.

The third and last main result of this thesis is the proof of the absolute continuity the-
orem 5.3.3 for random dynamical systems on R¢ as mentioned before — even in a slightly
stronger version (see Theorem 7.1.1 and [Bis12a]). Let us consider a small region around
some point z in space. A submanifold in that region is called transversal to the family of
local stable manifolds if it intersects properly with any local stable manifold. Then the abso-
lute continuity theorem states that for every two transversal manifolds the induced Lebesgue
measures on these manifolds are absolutely continuous under the map that transports ev-
ery point on the first transversal manifold along the local stable manifolds to the second
transversal manifold. This transportation map is usually called Poincaré map or holonomy
map. Moreover, it is possible to show that the Jacobian of the Poincaré map, that is, the
Radon-Nikodym derivative of the measures, is close to the identity map. This gives us uni-
form bounds (on some appropriate set) for any transversal manifold in a small region, which
are essential to prove the absolute continuity property. Also the absolute continuity theo-
rem was first established by Pesin in his famous paper [Pes76] for deterministic dynamical
systems on a compact manifold and later in [KSLP86] for such systems with singularities.
We will state the proof for random dynamical systems on the non-compact state space R¢
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in Chapter 7. It follows very closely the proof for deterministic dynamical systems on a
compact manifold presented in [KSLP86, Part II], which itself is based on Pesin’s original
proof. To compare the Lebesgue measures on the different transversal manifolds under the
Poincaré map, we need to construct for every closed ball in the first transversal manifold
a covering with certain properties. This construction is presented in Section 7.2 before we
finally give the proof of the absolute continuity theorem for random dynamical systems on
R? in Section 7.3.



Chapter 2

Preliminaries and Previous
Results

In this chapter, we will give a short introduction to stochastic flows mainly following [Kun90].
In particular, we will state the main definitions, the representation theorems via stochastic
differential equations of a Kunita-type in Section 2.1 and some previous results we will
use in this thesis. In Section 2.2 we will give a short introduction in random dynamical
systems and describe how discretized homogeneous Brownian Flows can be seen as such a
discrete evolution process. In Section 2.3 we will introduce the important class of isotropic
Brownian flows and state some previous results we will use in Chapter 3. Finally, in Section
2.4 isotropic Ornstein-Uhlenbeck flows are introduced as an example for the main theorem
in Chapter 6, Pesin’s formula for stochastic flows.

2.1 Stochastic Flows

If not mentioned otherwise we will always assume that the random variables are defined on
an appropriate probability space (0, F,P), that satisfies the usual properties. Then we can
define the notion of a stochastic flow.

Definition 2.1.1. A family of random onto homeomorphisms {@s; : s,t € [0,00)} on RY
on some probability space (2, F,P) is called a stochastic flow of homeomorphisms if almost
surely
Z) Ps,t = Pu,t © Ps,u fO’f’ all Sat7u € [07 OO),
it) @s,s =1id|ga for all s € [0,00),
iii) (s,t,x) — s 1(x) is continuous.
It is called a stochastic flow of C*-diffeomorphisms, if additionally almost surely

i) s () is k-times differentiable with respect to x for all s,t € [0,00) and the derivatives
are continuous in (8,t,x).

It immediately follows from i) and ii) that the inverse map of @5 +(w), that is ¢ (w) ™!,

is given by ¢; s(w). This fact and condition ) imply that o, ¢(w)~1(z) is also continuous
in (s,t,2). Condition iv) shows that ¢ ;(w)~!(z) is k-times continuously differentiable with

7
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respect to x. Hence g, (w) is indeed a Ck-diffeomorphism for all s,t € [0,00) if iv) is
satisfied. Often we will abbreviate ¢g + by ¢;.

Let us denote by G the set of homeomorphisms on R?. With the composition of maps
this set becomes a group and can be equipped with the metric

d0(¢7’(/}) = p(¢7 w) + p(¢_17¢_1)

where

o _n  SUPg<n [6(z) — ¥ (z)|
Gl DL vy vres prres

The distance p induces the topology of uniform convergence on compact sets. The set (G, dp)
is then a complete separable topological group. A stochastic flow of homeomorphisms can
be seen as a G-valued continuous random process with index set [0, 00) x [0, 00) satisfying
properties ) and 7). We will call it a stochastic flow with values in G.

For a multi index o = (o, ..., aq) with a; € Ng,i = 1,...,d we write |a| := Zle i
and denote the spatial partial differential operator with respect to a by D, that is

e

DY = ————— il —.

0x{™" - - - Oz
If there are several spatial variables we will use D} to indicate the partial differential operator
acting on the j* spatial variable. Later we will also often use D, f or Df(z) to denote the
differential of a function f evaluated at x.

Let G* C G be the set of all C*-diffeomorphisms on R¢. It is a subgroup of G and
equipped with the metric

di(p, ) = > p(D¢, DY) + > p(D¢~!, D)

la|<k lo| <k

it is again a complete separable topological group. A stochastic flow of C*-diffeomorphisms
can be regarded as a G*-valued continuous random process with index set [0,00) x [0, 00)
satisfying properties i) and 4i). Analogously, we will call it a stochastic flow with values in
Gk

Often the analysis of a stochastic flow ¢ ; is divided into the analysis of the forward flow
{@s,+ 10 <s <t < oo} and the backward flow {¢; s : 0 < s <t < co}. In general we will call
a G-valued random process g, with index set {0 < s <t < oo} satisfying properties i) and
ii) a forward stochastic flow with values in G and a G-valued random process ¢; ; with index
set {0 < s <t < oo} satisfying properties i) and i) a backward stochastic flow with values
in G.

Given a forward stochastic flow {ps;:0 < s <t < co} with values in G, there exists
an unique stochastic flow {@s;:s,t €[0,00)} with values in G such that its restriction
to the index set {0 < s <t < oo} coincides with the above ¢,;. In fact its restriction
to the backward time parameters is the inverse of ¢, that is @, ; = gos_,} for 0 < s <
t < oo. Hence when considering the backward flow associated to a given forward flow
{pst:0<s<t< oo} we will denote it by {¢;s:0 < s <t < oo} because of the property
Pts = Pat-

An important class of stochastic flows are Brownian flows.
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Definition 2.1.2. A stochastic flow ¢ with values in G (or G*) is called a Brownian flow
with values in G (or G¥) if for anyn € N, 0 < tg < t;---t, < oo the random variables
{@t'iflvti}1<i<n are independent. It is called a homogeneous Brownian flow, if additionally

for any h > 0 the laws of {ps;: 0 <s <t < oo} and {pstni+n:0<s <t < oo} coincide.

In this sense a Brownian flow with values in G (or G¥) is a stochastic flow with indepen-
dent increments with respect to the composition of maps in the group G (or G¥).

2.1.1 Stochastic Flows and Stochastic Differential Equations

The aim of this section is the development of a representation of stochastic flows of home-
omorphisms and diffeomorphisms respectively in terms of solutions of certain stochastic
differential equations and vice versa as established in [Kun90].

Driving Fields and Local Characteristics

First we need to introduce some notation. For m € Ny we will denote by C™(R%:R9) or
simply C™ the set of m-times continuously differentiable functions f : R? — R?. If m = 0
we will often denote C° by C.

Let us define for f € C™

1£1,, = sup f(l’)')+ S sup |D°f(w)

z€R4 (1+ 2] 1<|al<m z€R4

and denote C}" := {f € C™ : || f||,, < oo}. Then C}" is a Banach space with the norm ||||,.
For § € (0,1] we will denote by C™? the set of all functions f € C™ such that D*f for
|a] = m are ¢-Holder continuous. Introducing for f € C™

De — D~
Wllgs = 1+ S sup (22S @) = D)

#y |z —y[°

\(x|:mm

the space C;™° == {f € O™ : [fllys < o0} is a Banach space with the norm [|-|,,,. -
A continuous function f : R? x [0,00) — R%; (z,t) + f(z,t) is said to be an element of
C’g"’é is f(t) = f(-,t) is an element of C’Z”"S for any ¢ € [0,00) and for any T' < oo

T
| 15O lgt < 4.
If | f()|l,,4s is uniformly bounded in ¢ then f is said to belong to the class cme,
Let us further define for m € Ny the space C™ which consists of all functions g :
R¢ x RY —» R? that are m-times continuously differentiable with respect to each spatial
variable. For g € C"™ let us define

lglly, := sup l9(z,y)l sup |DiD3g(x,y)]
syere (L [2)(L+ ) | _C= o yere

and for § € (0, 1]

lgllms = llgllm + D IDEDsgl5

lee|=m
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where

||g||6~ p— sup |g(l’,y) - g(xlvy) — g(x’y/) +g(x/7y/)|
el o=/’ ly — /|

Then we can define Cj* := {g cC™: g~ < oo} and C;™° = {g ceCm: lgllmmss < oo}.
A continuous function g : RY x R? x [0,00) — R%; (2,y,t) — g(x,y,t) is said to be an
element of CZT’& if g(t) = g(-, -, t) is an element of C;n"s for any t € [0, 00) and for any T' < oo

T
A g dt < +o.

If [|g(t) |, s is uniformly bounded in ¢ then g is said to belong to the class CN’Z;(S.

Let us now consider a family of R?-valued continuous semimartingales {F(z,t)}¢>0 in-
dexed by z € R on a filtered probability space (2, F, (F;);>0, P) and consider the canoni-
cal decomposition of the semimartingale F(x,t) = M (z,t) + V(x,t) into a local martingale
M (z,t) and a process V(x,t) of locally bounded variation. The process F'(z,t) is called a
continuous C™?-semimartingale if t — M(-,t) is a continuous local martingale with values
in C™9 or simply continuous a C™?-local martingale and ¢ — V (-, 1) is a continuous C™°-
process such that DV (z,t) for all |a| < m, € R% is of bounded variation. We will further
assume that there exists a covariance function a : R? x R¢ x [0, +00) x Q@ — R%*? and a
drift function b: RY x [0, +00) x Q — R? such that

<M@JWMMM=AGMW%WM7 W@w=lmmwm7

where (-, -); denotes the quadratic variation process at time ¢. The pair (a,b) is called the
local characteristics of the family of semimartingales F(x,t),x € RY.

The classification of the semimartingales F(z,t),z € R? is made according to the regu-
larity of the local characteristics. The local characteristic a(z, y, t) belongs to the class Bg“’é

if a(x,y,t) has a modification that is a predictable process with values in C'gn’é and for all
T < o0

T
/ a(t)];, s dt < +o0c  P-almost surely. (2.1.1)
0

Analogously the local characteristic b(x, t) is said to be in BZ”/"V if b(x, t) has a modification

that is a predictable process with values in C;" 0" and for all T < oo
T
/ [0 ,r 5 dt < +00  P-almost surely. (2.1.2)
0

In this case the pair (a, b) is said to belong to the class (BZ”’(S, B;n/’g/). The pair (a,b) belongs
to the class (B™?° BZZ/"V) if (2.1.1) is replaced by

ub

ess sup sup |[la(t)|;, s < +o0
we) 0Zt<T

and (2.1.2) by

ess sup sup |[|b(t)|,,, 45 < +o00.
weR 0<t<T
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If m = m' and § = ¢’ the pair is said to belong to the class B;n’é (or BZ};‘S). Often
we will simply write F € B;™ (or B"y’) to indicate that the local characteristics of the
semimartingales F(z,t),z € R?, belong to the class B;"’(s (or B;’Z’é).

Kunita-Type Integrals

Let F(x,t),z € R? be a family of continuous C-semimartingales with local characteristics
(a,b) belonging to the class Bl? % for some § > 0 and let { fi}t>0 be a predictable R%-valued
process satisfying for all T' < co P-almost surely

T T
/ a(fs, fs,8)ds < +o0, / b(fs,s)ds < +oo. (2.1.3)
0 0

If f is a simple process, that is there exists n € N, 0 = tp < t; < --- < t,, < +00 and
functions f;, € C, 0 < i < n such that

n—1
ft = Z ftil[ti,ti+1)(t) + ftnl[tn,-‘roo) (t)7
=0

then the It6-Kunita stochastic integral of f with respect to the local martingale field M (x, t)
is defined by

t n
/ M(fs,ds) := Z {M (frintstisa ANt) — M (frne, ti AE)}.
0

1=0

If f; is a general predictable process satisfying (2.1.3) then there exists a Cauchy-sequence
{f™} of simple predictable processes such that for any T < oo and n,m — oo P-almost
surely

T
| atz s = 2a(2, £205) £ £ s) ) ds 0
0

Then it can be shown (see [Kun90, Section 3.2]) that (fg M(fr, ds)) converges uniformly

n
in ¢ on compact subsets of [0, c0) in probability. This limit, the It6-Kunita stochastic integral

of f with respect to the local martingale field M (z,t), will be denoted by fot M(fs,ds). So fi-
nally we can define the It6-Kunita stochastic integral of f with respect to the semimartingale
field F'(z,t) by its canonical decomposition, that is for any T' < co

T T T
/ F(fs,ds) = / M(fs,ds) —|—/ b(fs, s)ds.
0 0 0
Analogously one can define a Stratonovich-Kunita integral (see [Kun90]).

Representation of Stochastic Flows

Now we are prepared to discuss the connection between stochastic flows and stochastic
differential equations of the type

dX; = F(X;,dt), t>s (2.1.4)
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for some s > 0, where F' is a semimartingale field as introduced in the beginning of this
section.

For fixed s € [0,00) and z € R? a continuous R%-valued process ¢ +(z), 0 < s <t < 0o
adapted to {F;}+ is called a solution of (2.1.4) starting in z at time s if it satisfies

¢
wsi(z) =2 —|—/ F(psu(z),du), forallt>s. (2.1.5)

Existence and uniqueness of a solution is proved in [Kun90, Theorem 3.4.1]:

Theorem 2.1.3. Let F(z,t) be a continuous semimartingale with values in C with local
characteristics belonging to the class Bg’l. Then for each s and x the equation (2.1.5) has
an unique solution.

Consider a stochastic flow {ps; : s,t € [0,00)} with values in G* for some non-negative
integer k and let {F,;: 0 < s <t < oo} be the filtration generated by the flow, which is for
s < t the least o-algebra F ; containing of all null sets and (.0 (Puw s - <u < v <
t +¢). The forward part {ps;: 0 < s <t < oo} is called a forward C*°-semimartingale
flow if for every s, {¢s; : t € [s,00)} is a continuous C*-*-semimartingale adapted to
{Fst : t € [5,00)}. Analogously a backward C*?°-semimartingale flow is defined. The
stochastic flow is called a forward-backward C*°-semimartingale flow if its forward part is a
forward C*°-semimartingale flow and ist backward part is a backward C*°-semimartingale
flow, simultaneously.

Then for any sufficiently smooth forward semimartingale flow the following theorem (see
[Kun90, Theorem 4.4.1]) yields the existence of an unique continuous semimartingale field
such that (2.1.4) holds:

Theorem 2.1.4. Let {¢s; : 0 < s <t < oo} be a forward C*?-semimartingale flow for
some k >0 and § > 0 such that for every s the local characteristics belong to the class B{f"s.
Then there exists an unique continuous C*¢-semimartingale F(z,t) with F(x,0) = 0 (for
all e < &) with local characteristics belonging to the class B{f’é such that for each s and x
the process {@s,t € [s,00)} satisfies (2.1.5).

Remark. [Kun90, Theorem 4.4.1] is slightly more general, since it suffices for the local
characteristics to belong to the class B9 for some k£ > 0 and § > 0, which we did not
introduce here.

On the other hand the following theorem (see [Kun90, Theorem 4.6.5]) gives the existence
of a forward stochastic flow of diffeomorphisms given a sufficiently smooth semimartingale
via the stochastic differential equation (2.1.4).

Theorem 2.1.5. Let F(x,t) be a continuous C-semimartingale whose local characteristics
belongs to the class B;f’é for some k > 1 and § > 0. Then the solution of the stochastic
differential equation (2.1.4) based on F has a modification {ps: : 0 < s <t < oo} such
that it is a forward stochastic flow of C*-diffeomorphisms. Further it is a forward C*=-
semimartingale for any e < 4.

Theorem 2.1.4 and 2.1.5 show that stochastic flows and semimartingale fields are linked
by the Kunita-type stochastic differential equation (2.1.4).

Remark. In [Kun90] all the above is originally considered only on a finite time interval,
that is 0 < s <t < T for some T' < +00, but with a standard localizing argument for local
martingales the results become true as stated above.
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Representation of the Backward Flow

Let {pss : 0 < s <t < oo} be a forward C*-semimartingale flow such that for every
s > 0 the local characteristics belong to the class B{f’& for kK > 1 and § > 0. Then there
exists by Theorem 2.1.4 a continuous C*¢-semimartingale F(z,t) with F(z,0) = 0 (for all
e < ) with local characteristics belonging to the class B;f 9 that generates the flow via
the stochastic differential equation (2.1.4). According to [Kun90, Section 4.1] the backward
flow {15 : 0 < s <t < oo} corresponding to the forward flow is then generated by the

semimartingale field F(x, t), that is for every ¢t > 0 and = € R?

t
ors(r) =z — / F(gom(x),dr) for all s € [0, 1],

where F':= F — 2C and C : R% x [0,00) = R% is the correction term of F(x,t) defined by

1t y
Ci(z,t) = 5/ %a J (,y,u)|y=z ¢ du for 1 <i<d.
0 T 9%

Furthermore by [Kun90, Corollary 4.6.6] if k& > 2 and F is additionally a backward C-
semimartingale with local characteristics belonging to the class Bf % then the backward flow
{prs : 0 < s <t < oo} is a backward C’“_l’e—semimartingale flow for any ¢ < §.

2.1.2 Previous Results on Stochastic Flows

Clearly we cannot cover all interesting facts on stochastic flows in this section, so we will
only state those which we will use in the following chapters.

Control on Fluctuations

One interest in the analysis of stochastic flows is the asymptotic behaviour of sets evolving
under the action of the flow. An important theorem to control this evolution is the following
theorem by Scheutzow [Sch09, Theorem 2.1]. Given a control on the two-point motion, we
get an upper bound for the probability that the image of a ball which is exponentially small
in time T attains a fixed diameter up to time 7.

Theorem 2.1.6. Let ¢ be a stochastic flow. Suppose there exist A > 0,0 > 0 such that for
each x,y € R there exists a standard Brownian motion W such that for all t > 0

pe(2) = i(y)] < | — ylexp(AL + o W),
where Wy 1= supy<,<; Ws. Define for v >0

O if 7> A+o%d
I(v) = qd(y—A—30%d) if A+ 30%d<y<A+0%d
0 ify <A+ %a2d.

Then for all u > 0 we have

1
lim sup = sup log P ( sup  sup |or(z) — @e(y)| > u) < —I(y),
Tooo 1 xp ©,y€Xp 0<t<T

where supy, means that we take the supremum over all cubes Xr in R? with side length
exp(—T).
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Proof. The theorem can be proved via Kolmogorov’s continuity theorem using the explicit
probabilistic upper bound for the modulus of continuity. This proof and four others can be
found in [Sch09, Chapter 2.3]. O

Remark. Let us remark, that in [Sch09] the previous theorem is formulated in a more
general version. It even suffices that (t,z) — ¢;(x) is a random field with values in some
complete separable metric space. Also the control on the two-point motion can be slightly
relaxed by some moment condition.

Integrability of Spatial Derivatives

If the flow is sufficiently smooth we can consider its spatial derivatives. In [IS99, Theorem
2.2] Imkeller and Scheutzow establish integrability results, which we will use in Chapter 6
to show that Pesin’s formula holds for a broad class of stochastic flows.

Theorem 2.1.7. Let the generating semimartingale field F of the stochastic flow ¢ be of
class Bﬁ;}l for some k > 1. Then for all T > 0, there exists ¢,y > 0 such that for all
1 < |a] < k the random variable

_ + 1/2
Y, = sup sup |D%,(y)|e (oe"Iv)
yERA 0<s,t<T

1s ®.-integrable, where

. :[0,400) = [0,+0); =« n—>/ exp(—ct®)z'dt.
1

Markov Property of Brownian Flows

Finally let us consider a Brownian flow ¢ and the filtration {F; ; : s,t € [0, 00)} generated by
the flow (see previous Section). Due to the independent increments and the flow property a
Brownian flow or precisely its n-point motion satisfies according to [Kun90, Theorem 4.2.1]
a Markov property: For 0 < s <t <u < oo, n € N and z1,...,z, € R? we have

P ((su(®1), .., @sultn)) € E| Foy) (2.1.6)
=P ((orulyn), -, otulyn)) € E)

b
Yi=ps, (i)

where E is a Borel sets in R™®. We will use this property in Chapter 3.

2.2 Homogeneous Brownian Flows as Random Dynam-
ical Systems
In this section we will first introduce the notion of random dynamical systems as introduced

in [Kif86], [LY88] and [LQI5]. In Section 2.2.2 we will see that homogeneous Brownian flows
can be seen as random dynamical systems in this sense.
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2.2.1 Random Dynamical Systems

A random dynamical system on R? (or any other state space) is the discrete-time evolution
process generated by successive applications of randomly chosen maps from some set of
diffeomorphisms on R?. These maps will be assumed to be independent and identically
distributed according to some probability law on the set of diffeomorphisms.

Since the randomness here lies in the choice of the diffeomorphic maps, it is convenient
to consider this space as our probability space. To be precise, let us denote the space G¥,
the space of k-times continuously differentiable diffeomorphisms on R?, here and in Chapter
6 by Q. Equipped with the topology induced by uniform convergence on compact sets for
all derivatives up to order k it is according to Section 2.1 a separable Banach space and we
can introduce a measurable structure on Q by considering its Borel o-algebra B(2). Further
let us fix some probability measure v on (2, B()), according to which the diffeomorphic
maps will be chosen successively. Hence let

(N, BN, N = ﬁo@, B(Q),v)

=0

be the infinite product of copies of the measure space (2, B(Q2),v) and let us define for every
0= (fo(®), fi(®),...) e N andn e N

Y = id |ga, 5 = fa-1(@) o fpn—a(@)o---o fol@).

So f; : ON — Q denotes the i*" coordinate function on the sequence space QN. The
random dynamical system generated by these composed maps, that is {f2 : n > 0,0 €
(ON. BN, v™M)}, will be referred to as X+ (R4, v).

Let us define what is meant by an invariant measure of the random dynamical system.

Definition 2.2.1. A Borel probability measure u on R® is called an invariant measure of
XT(RYv) if

/ n(F1) du(f) = e

Q

All this is a perfect generalization of deterministic dynamical systems. If the measure
v is a point measure on some diffeomorphism on R% we are exactly in the situation of a
deterministic dynamical system with some fixed deterministic diffeomorphism acting on the
state space and some measure invariant for this transformation.

Remark. Let us remark that the notion of random dynamical systems can be generalized
to random dynamical systems over metric dynamical systems as introduced in [Arn98]. The
main generalization is that these systems can be defined in continuous time and with only
stationary instead of independent increments. For more details on these system we refer the
interested reader to [Arn98|. It has been shown in [AS95] that a broad class of stochastic
flows with (only) stationary increments can be seen as such more general dynamical systems.
But since we will generalize results from [LQ95] we will only work with the notion introduced
in this section. On the other hand the discretization of the flow is not a big issue since we
will see later that the quantities we are interested in provide scaling properties such that
they can be seen as the ones corresponding to the continuous time process (see Chapter 6).

Remark. In Chapter 4, 5 and 7 we will use the previous notations but we will omit the bar
“—7" above the ) and w since there we do not deal with the flow and its probability space,
so there is no risk of ambiguity.
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2.2.2 Homogeneous Brownian Flows as Random Dynamical Sys-
tems

Our aim is now to construct from a homogeneous Brownian flow a random dynamical system
in the sense defined in Section 2.2.1. The following construction in our simpler case can
be found in [Dim06, page 31] and bases on [AS95], which shows even in a more general
setting that there is a one-to-one correspondence between stochastic flows with stationary
increments and random dynamical systems in the sense of [Arn98].

Let the homogeneous Brownian flow ¢ be defined on the probability space (€2, B(f2), P)
and let ¢ have values in G* for some k& € N. Then we can construct a random dynamical
system as follows:

As in the end of [Dim06, Section 1.2] we can construct the flow ¢ on its canonical
pathspace (Q7 F, f’), where

Q:=C ([o, 00),G*) == {f:10,00) = G* : f is continuous and f(0) = idga }
equipped with the topology of uniform convergence on compact sets and
F:=B(C([0,00),G?))

the Borel o-algebra on . Where as before G¥ is equipped with the uniform convergence
on compact sets for all derivatives up to order k. The measure P on (Q F ) is then defined
by the increments of the flow, that is for alln € N, 0 < t; <ty < --- < t, < co and all
B e B(G?)™" set

({w (@(t1),@(t2) ow(t1)~ ,...,@(tn)o@(tn_l)_l) € B})
=P ({w : (900,151 (wv ')’ Pty ,to (w7 ')7 e Pty (wv )) € B}) .

If we now discretize the flow uniformly with step size one we can define by the stationarity
of the flow the measure

l/::Pong_%

n (Q,B(Q)) and by independence we are exactly in the situation of Section 2.2.1 with
(roughly speaking) fo(w) = @(1) = ¢o,1(w, ).
Finally a probability measure x on R? is an invariant measure of the homogeneous
Brownian flow ¢, if it is an invariant measure for the one-point motion of the flow in the
sense of discrete (one-step) Markov chain, that is for any Borel set A of R?

| (et ap = ua),

Thus one immediately sees that by definition a probability measure p on R? is invariant for
the homogeneous Brownian flow if and only if it is invariant for the corresponding random
dynamical system.

2.3 Isotropic Brownian Flows

In this section we will introduce an important class of stochastic flows, with which we will
deal in Chapter 3: isotropic Brownian flows. Let us first define an isotropic Brownian flow
by its properties, then we will state the implications to the generating semimartingale field
and its local characteristics.
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Definition 2.3.1. A stochastic flow ¢ is called

i) translation invariant if its distribution is invariant under space translations, that is
for all z € R the laws of {¢s(-+2) : 8,t € [0,400)} and {ps+(-)+2z: 5, € [0,+00)}
coincide;

1) rotation invariant if its distribution is invariant under orthogonal transformations in
space, that is for all orthogonal matrices O on R® the laws of {5100 : s,t € [0,400)}
and {O o sy @ s,t € [0,400)} coincide.

A homogeneous Brownian flow on R® for d > 2 is called an isotropic Brownian flow, if it is
additionally translation and rotation invariant.

Covariance Tensor of an Isotropic Brownian Flow

According to Section 2.1.1 under suitable regularity conditions there exists a continuous
local martingale field M and a continuous vector field v such that for all s > 0 and = € R¢

t t
pst(z) == —|—/ M (s (z),dt) +/ v(psu(z))dt for all t > s.

Then the properties of the isotropic Brownian flow immediately imply (see [BH86, Section
3]) that v(z) = 0 and that the covariances of the M, called the generating isotropic Brownian
martingale field, for s,t € [0.00), x,y € R are given by

E[(M(t,z),&) (M(s,y),m)] = (s At) (b(z,p)&m), & neRY

where b : R? x R? — R%*? ig the so called isotropic covariance tensor. The distribution
of the isotropic Brownian flow {p,, : s,t € [0,00)} is determined by this covariance tensor.
The invariance under spatial translations implies that b(z,y) = b(x —y,0) = b(z — y) (even
only on the distance between x and y) and the invariance under orthogonal transformations
implies that

b(x) = 0O~'b(02)O0, (2.3.1)

for all orthogonal matrices O on R?. Usually one assumes b to be at least 4-times continu-
ously differentiable (see [BH86, Conditions (2.2)]), but we will even assume b € C'°, since
we will use results from van Bargen [vB11], where this is assumed. Beside this the regularity
of the isotropic Brownian flow and hence the regularity of b is not crucial for our results.
In this case we get from [Kun90, Theorem 3.1.2] and Theorem 2.1.5 that ¢ is a flow of
C*°-diffeomorphisms. Furthermore, the isotropy property (2.3.1) implies that b(0) = cid|ra
for some constant ¢ > 0. Since ¢ = 0 implies that ¢ = id|ga for all s,¢ € [0, 00) and thus
is not of interest here. For ¢ > 0 at the cost of rescaling time by a constant factor we can
and will assume that b(0) = id|ga. In order to avoid the trivial case where the flow consists
of translations, we will also assume that b # id|g«. Since the properties of the flow we are
interested in do not depend on rigid translations of the space by a Brownian motion added
to the generated isotropic Brownian flow, we can and will assume that lim|,|_, b(z) = 0.

According to [Yagh7, Section 4] (and as described in [BH86]) a covariance tensor with
the above properties can be written in the form

b () = (Br(lz]) = By (|2]) T + 0y B (lz]) if 2 #0,
“ 57;j if x = 0,
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fori,j =1,...,d, where By and By are the so-called longitudinal and transversal (normal)
covariance functions defined by

Bpr(r) = bii(re;), Bn(r) := bii(rej),
for » > 0 and i # j, where ¢; denotes the " unit vector in R%. Further we can define
Br=-B(0)>0,  By:=-By(0)>0,

the negative second right-hand derivative of the longitudinal and respectively transverse
covariance function. These quantities describe the local behaviour of the By, and By re-
spectively around 0. In particular we have the following results from [BH86, Section 2].

Lemma 2.3.2. The longitudinal and transversal covariance functions of an isotropic Brow-
nian flow satisfy for r 0
1 1
BL(T):1—§ﬁLT2+O(T4) and BN(T)Zl—EﬂNTE-i-O(?’A).

Furthermore B, and By satisfy

With these quantities we can give a Lipschitz type estimate on the norm of the derivative
of the quadratic variation of M (¢,z) — M (t,y). The following proof is due to Scheutzow, see
also [vBSW11, Lemma 4.4].

Lemma 2.3.3. Let ¢ be an isotropic Brownian flow with generating isotropic Brownian
field M. The function A(t,x,y) := %(M(m) — M(-,y))¢ satisfies for allt >0, z,y € R?
the inequality

||.A(t7:r7y)|| < max{ﬂl;ﬁf\’} |x - y|2 )

where ||-|| denotes the spectral norm on R*¥¥9.

Proof. Observe that by definition of the covariance tensor we have

A(t, 2, y) = 2(b(0) — b(z — y)).

According to [vB11, Lemma 1.6] x is an eigenvector of b(x) to the eigenvalue Bp(|z|) and
any vector z # 0 perpendicular to z is an eigenvector of b(z) to the eigenvalue By (|z]).
Since the matrix A(t, z,y) is symmetric we have

[ A,z y)[| = [|2(b(0) — b(z — y))|| (2.3.2)
= 2max{1l — Br(|z —y|); 1 — By (lz — y|)}.

Now consider an R%-valued centered Gaussian process U(z), = € R?, with covariances
E[U;(x)U;(y)] = bij(x —y) for 1 <i,j < d. Then by stationarity and Schwartz’ inequality
we have for r > 0

BH(T) — lim lim E Ul(hel) — Ul(O) Ul(—(T + 5)61) — U1(—7"€1)
L h—06—0 h

~E[U{(0)U{(re1)] > —E[U](0)*] = B{(0).
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By Lemma 2.3.2 for each 7 > 0 there exists some 6 € (0,r) such that

1 1
By(r) = Br(0) + 5 BL(0)r* > 14 5By (0)r* = 1~ %Lr%

The estimate on By follows in the same way, so from (2.3.2) we get

LA, 2, y)Il < max{Br; Bx} e —y|*.

The Backward Flow of an Isotropic Brownian Flow

In case of an isotropic Brownian flow ¢ we are in the special situation that according to
[BHS86, (3.7)]) the correction term C' of the generating isotropic Brownian martingale field
M (see Section 2.3) vanishes. Hence by the results on backward flows of Section 2.1.1 the
generating martingale field of the backward flow equals the one of the forward flow. Thus
we get that the distribution of the forward and backward flow coincide.

Lemma 2.3.4. If ¢ is an isotropic Brownian flow it has the time reversal property, that is
for fited T > 0 the law of {pst: 0 <s <t <T} and {or—s17—1:0<s<t<T} coincide.

Proof. See [Dim06, Corollary 1.2.1]. O

Lyapunov Exponents of Isotropic Brownian Flows

Lyapunov exponents characterize the exponential rate of separation of infinitesimally close
trajectories and play a crucial role in the analysis of isotropic Brownian flows. For these
they have been calculated for isotropic Brownian flows by Baxendale and Harris [Bax86].

Usually these quantities are achieved for random dynamical systems with an invariant
probability measure by the multiplicative ergodic theorem [Arn98, Chapter 3]. We will
state the multiplicative ergodic theorem for random dynamical systems with independent
and stationary increments in Section 4.3. It turns out that the random dynamical system
in the sense of [Arn98] associated to an isotropic Brownian flow does not have an invariant
probability measure but the Lebesgue measure on R%. As described in detail in [Dim06,
Section 1.2 and Chapter 2] there are two ways how one can still achieve Lyapunov exponents
for isotropic Brownian flows. At first one can consider for z € R the flow ¢g ¢ (-) — @s.¢(7) +
x, which centered around the trajectory of z now even has a fix point, and makes the
multiplicative ergodic theorem applicable with the Dirac measure on z as the invariant
probability measure. Another way is to consider for € R? the spatial derivative Do n
at x whose law coincides with the law of the product of n independent and identically
distributed random variables each having the distribution D¢ 1. This turns out to be a so-
called linear random dynamical system for which there exists a version of the multiplicative
ergodic theorem [Arn98, Chapter 3] that does not rely on the existence of an invariant
probability measure. Alltogether this gives the following theorem.

Theorem 2.3.5. Let ¢ be an isotropic Brownian flow with covariance tensor b. Then there
exist real numbers \; for 1 < i < d and for P ® A-almost all (w,z) € Q X R? there is
a family of linear subspaces Vgy1(w,x) := {0} C Vy(w,z) C --- C Vi(w,z) = R? with
dim(Vi(w,z)) = d+1—1 for 1 < i < d (even measurable in (w,z)) such that for any
1<i<d

1
lim —log|Dypon(w, )¢l =X if and only if & € Vi(w,z)\Vit1(w,x).

n—+oco n
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The numbers \;, 1 < ¢ < d, are called the Lyapunov exponents of the isotropic Brownian
flow and they are given by

1
)\i=§((d—i)5N—i5L)7 1<i<d,
where B, and BN are as before.

Proof. See [BH86, Section 7] and [Dim06, Section 1.2]. O

2.3.1 Previous Results on Isotropic Brownian Flows

Again we cannot state all interesting facts on isotropic Brownian flows in this section, so we
will focus on the results we will use in the following chapters.

Control on Fluctuations for Isotropic Brownian Flows

The control in Theorem 2.1.6 on the two-point motion of the flow in terms of a geometrical
Brownian motion can be achieved for isotropic Brownian flows and is basically [Sch09,
Lemma 2.6].

Lemma 2.3.6. Let ¢ be an isotropic Brownian flow with covariance tensor b. Then for
every z,y € R? there exists a Brownian motion W such that for all t > 0

lpe(2) = @u(y)| < |z — y| el DEHVENT,

where r 1= max{fBr; Bn} and Wy := supg,<; Ws. Moreover Theorem 2.1.6 is applicable
with 0® =k and A = (d —1)%.

Proof. If M denotes the generating isotropic Brownian field of the flow then Lemma 2.3.3
implies that the derivative of the quadratic variation of the difference M(¢t,z) — M(t,y)
satisfies the Lipschitz property with « = max{fr; 8n} > 0. Then [Sch09, Lemma 2.6] gives
the control on the two-point motion and thus Theorem 2.1.6 is applicable. ]

Expansion of Sets

As mentioned in the introduction Chapter 1 it is known that the diameter of any non-trivial
bounded connected set grows linearly in time under the action of a stochastic flow provided
its top Lyapunov exponent is non-negative (see [CSS99] and [SS02]). The following theorem
from [vB11, Theorem 2.1] determines a deterministic set /3, which (asymptotically) contains
all trajectories of the flow if linearly scaled and turns out to be an Euclidean ball. The
radius of this ball is then the constant of linear growth for isotropic Brownian flows on R2.
Precisely we have the following result.

Theorem 2.3.7. Let ¢ be a planar isotropic Brownian flow whose top Lyapunov exponent
is strictly positive. Then there exists a deterministic set B such that for any non-trivial
bounded, connected set X and any € > 0 we get

Jm Pl (1-TBC (] | ele) SAL+aTB| =1
z€X 0<t<T
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2.4 Isotropic Ornstein-Uhlenbeck Flows

In this section we want to give a short introduction to isotropic Ornstein-Uhlenbeck flows
following [vBD09] which will be one class of a stochastic flows for which Pesin’s formula
holds.

Let M (z,t) be a generating Brownian field of an isotropic Brownian flow with covariance
tensor b (see Section 2.3) with b € C*. Then define for ¢ > 0 the semimartingale field

V(z,t,w) == M(z,t,w) — cxt

with z € R4, t € [0,00) and w € Q. Then we can define an isotropic Ornstein-Uhlenbeck
flow to be the flow generated by this semimartingale field according to the results in Section
2.1.1.

Definition 2.4.1. An isotropic Ornstein-Uhlenbeck flow is the stochastic flow of C3°-
diffeomorphisms (for any 6 € (0,1)) generated by the semimartingale V (x,t) as above.

Although an isotropic Ornstein-Uhlenbeck flow is obviously not translation invariant it
still provides some of the nice properties of an isotropic Brownian flow.

Lemma 2.4.2. Let ¢ be an isotropic Ornstein-Uhlenbeck flow. Then ¢ is a homogeneous
Brownian flow whose distribution is rotation invariant.

Proof. See [vBD09, Proposition 2.2]. O

Furthermore in [vBD09] the Lyapunov exponents of an isotropic Ornstein-Uhlenbeck
flow or precisely its corresponding random dynamical system have been calculated.

Proposition 2.4.3. Let ¢ be an isotropic Ornstein-Uhlenbeck flow. Then it has d Lyapunov
exponents, which are given by

Ai=(d—i)— —i— —c 1<i<d,

By 8L
2 2

where By and By, are as in Section 2.3. In particular they all have simple multiplicity.
Proof. See [vBD09, Proposition 2.5]. O

Finally the linear drift term in the definition of the generating semimartingale field of
an isotropic Ornstein-Uhlenbeck flow guarantees that the flow has an invariant probability
measure, that is an invariant probability measure x on R for the one-point motion of the
flow. From [vBD09, Remark 3.2] we see that p is a Gaussian measure given by

da
2

ulde) = (£)°

™

_ 2
e cl=l”,

In contrast to isotropic Brownian flows, whose invariant measure is not finite, do isotropic
Ornstein-Uhlenbeck flows have an invariant probability measure, which will be important
for the results in Chapter 6.
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Chapter 3

Asymptotic Support Theorem

In this chapter, we want to prove an asymptotic support theorem for the linearly time-
scaled trajectories of a planar isotropic Brownian flow. As mentioned in the introduction
in Chapter 1 the top-Lyapunov exponent, and more precisely its sign, crucially affects the
asymptotic behaviour of the flow. As shown by Cranston, Scheutzow, and Steinsaltz [CSS99)
and Scheutzow and Steinsaltz [SS02] a non-negative top-Lyapunov exponent implies that any
non-trivial bounded connected set expands linearly in time. On the other hand, if the top-
Lyapunov exponent is negative, then according to [SS02] it seems likely that a small set
contracts to a single point with positive probability. In case of a planar isotropic Brownian
flow with a strictly positive top-Lyapunov exponent van Bargen [vB11] determined the
precise constant of linear growth, see Theorem 2.3.7. In this chapter we want to give a
more detailed characterization of the evolution of sets in this setting or more precisely the
trajectories starting in these sets. To motivate the main Theorem 3.1.1, one might ask the
following two questions: Are there points whose trajectory moves all the time with the linear
speed of the diameter? Are there points whose trajectory moves even faster than the linear
speed of the diameter? It will turn out that for any non-trivial compact connected initial set
the set of linearly time-scaled trajectories is close to the set of Lipschitz continuous functions
with Lipschitz constant given by the linear speed determined by Theorem 2.3.7. Here close
means close in the Hausdorff' distance in the space of continuous functions equipped with
the supremum norm. Roughly speaking, our main theorem says that any trajectory looks
asymptotically like a Lipschitz function. By this we have answered the first question with
yes, whereas the second one turns out to be false, at least in a linear scaling.

The proof of Theorem 3.1.1 is divided into two parts and is based on the ideas of stable
norm introduced by Dolgopyat, Kaloshin, and Koralov [DKK04]. We will first show that for
any linearly time-scaled trajectory there exists a Lipschitz function such that this function
is close to the time-scaled trajectory. This yields an upper bound on the speed of the
trajectories. Hence, we will call this inclusion the upper bound. On the other hand, we will
show that for any given Lipschitz function there exists a trajectory that approximates this
Lipschitz function. This gives a lower bound on the maximal speed of the trajectories. Thus,
we will refer to this inclusion as the lower bound. Lastly, let us remark that the reason for
assuming strict positivity of the top-Lyapunov relies in the fact that we will use results from
[vB11] where this is assumed.

23
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3.1 Main Theorem

Let us denote by ¢ an isotropic Brownian flow on R2. Let X C R? be compact and denote
the set of time-scaled trajectories of the flow starting in X up to some time T > 0 by

Fr(X,w) = U {[O, 15t~ jljgpoytT(:c,w)}
TeEX

for w € Q. Since X is compact and (x,t) — o (z) is continuous we have that Fp(X) is
a compact subset of the set of continuous functions on [0, 1] with respect to the supremum
norm |-|| .. Further denote by Lip,(K’) the set of Lipschitz continuous functions f on [0, 1]
with f(0) = 0 and Lipschitz constant K, which is as well a compact set with respect to
Il .- The Hausdorff distance between two non-empty compact sets A and B of a metric
space is defined by

dp (A, B) := max {sup d(x, B); sup d(y, A)} ,
z€A yeB

where d denotes the metric. Since Fr(X) and Lip,(K') are compact subsets of (C[0, 1], ||-[|..),
the function

(TNU)H?dH(F}(ng)JHPOU(»

is well defined and measurable.
Then we have the following main theorem of this chapter.

Theorem 3.1.1. Let ¢ be a planar isotropic Brownian flow, which has a strictly positive
top-Lyapunov exponent. Then there exists a deterministic constant K > 0 such that for any
e > 0 and any non-trivial compact and connected set X C R? we have

Jim P (diy (Fr(X), Lipg(K)) > €) =0,

where dy denotes the Hausdorff distance, Fr(X) the set of time-scaled trajectories and
Lipy(K) the set of Lipschitz continuous functions on [0,1] starting in O with Lipschitz con-
stant K.

The theorem will be proved in Section 3.3.3.

3.2 Stable Norm

The concept of stable norm presented in this section traces back to Dolgopyat, Kaloshin,
and Koralov [DKKO04], where they considered planar periodic stochastic flows.

Denote by B,.(w) the closed ball in R? of radius r around w € R2. For any R > 1 let Cr
be the set of all connected compact large subsets of R? fully contained in Bog(0), where a
set is called large if its diameter is greater or equal than 1. For v € R?, X C R? and s > 0
define the stopping time

TR(X,v,8) == inf {t > 0: g ore(X) N Br(v) # 0; diam(p, o1+(X)) > 1},

which is the first time when starting at time s the initial set X under the action of the flow
hits an R-neighborhood of v as a large set. For s = 0 we will abbreviate in the following
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78(X,v,0) by 77(X,v). By temporal homogeneity of the flow the laws of 77(X, v, s) and
78(X,v) coincide. If only the distribution matters, we will use 7%(X,v). Then it is known
from [vB11] via some sub-additivity arguments that for v € R? the following limit uniformly
in X € Cg exists

1 1
o] = tli)nolog’ysgg?E[TR(%vt)] = lim EE[TR(X,mf)] :
This limit is called stable norm of v. Further it is known that |-| does not depend on the
precise choice of R > 1 and it is indeed a norm on R?, see [vB11, Section 3.2.2]. Hence for
the sequel fix some arbitrary R > 1. If we denote the closed unit ball in R? with respect

to ||| by B then by Theorem 2.3.7 for any ¢ > 0 and any non-trivial bounded connected
X CR?

lim P | (1-e)TBC | |J @) CA+)TB| =1. (3.2.1)

T—o0
TeX 0<t<T
For our purpose this immediately implies that for any € > 0 and ¢ € (0, 1] we have

Jim P (per(X) CHT(1+€)B) = 1. (3.2.2)

Since the flow is isotropic B is a ball in R? with Euclidean radius K, that is K = 1/ ||e; HR >
0. This deterministic constant K will become the Lipschitz constant in Theorem 3.1.1.

In the sequel we will need the following lemma from [vB11] on convergence in probability
of the time-scaled hitting time to the stable norm.

Lemma 3.2.1. For any € > 0 and v € R? we have

(v, Tv)

lim sup P < T — loll®

T‘“”wGCR

>e):0.

Moreover for any m € N there exists a constant c$) such that

sup P (TR('y,Tv) > (||v||R + 6) T) < DT,
YECR

Proof. [vB11, Corollary 4.7] and [vB11, (3.27)]. O

The following lemma ensures that the diameter uniformly in v € Cr under the action of
the flow stays large after time /7 with high probability for 7" large.

Lemma 3.2.2. For any m € N there ezists a constant c}) such that for T large

sup P < inf diam(ps(y)) < 1> < cPTT™.
YECR s>VT

Proof. Following the ideas of [vB11, (3.15) and (3.16)] for any m € N there exists some
constant ¢ such that for sufficiently small 6 > 0 and n € N large we have

sup P (S,(7)) := sup P | inf diam(ps(y)) <dn | <én™™.
v€CR v€CR S;f};’m
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Similar to [Sch09, Lemma 6] for z,y € R? there exists a Brownian motion W such that we
have almost surely

KR
| e e
it o) = )l = e = ylxp (=5 + v int W2).

where according to Lemma 2.3.3 we have k := max{f8r;8n}. For v € Cr and any integer
k > [VT] we choose on S|7|(7)¢ points ™, y*) € ¢4 (7) such that ||z*) —y*)|| = 6k.
Hence we get for m € N and k large enough

VSEHCI;P <k<%r<1£+1diam(g0t('y)) <1 ‘ S\ (’Y)C)

< i (k)y _ (k) H c
_VSQEP(O%?;H%(J; ) =) < 1| Sir) ()

<P <5/€ exp (—; + \/Eoirtlil Wt> < 1)

2
< %(51@)1/2 exp (_(k)g;(ék:))) .

T V27 2K

Choosing k such that (6k)°8(0K) > §k™ we get

. . c
fQ&P (kgtlggﬂdlam(%(v)) < 1‘ Sir)(7) )
2 log(dk™) 2 k-1 kem
< ok 1/26 < = d 2= kT 2m

- \/27r( ) exp 2k V2T

Then there exists a constant ¢?) such that for T" large

sup P < inf diam(ps(7y)) < 1>
vECR s>VT

< > sup P( _inf diam(%(V))<1‘SLTJ(7)C>
VAREZ k<t<k+1

+ sup P (S7)(7))
vECR
S C,E?L)T_’m‘,
which completes the proof. O

Remark. Observe that in the previous lemma uniform convergence in v € Cg is only
achieved because the sets in Cr are large.

3.3 Proof of the Asymptotic Support Theorem

As before we consider a planar isotropic Brownian flow ¢, which has a strictly positive top-
Lyapunov exponent. The upper bound (Section 3.3.1) and the lower bound (Section 3.3.2)
of Theorem 3.1.1 will be proved first for large sets, that is the initial set X is assumed to be
in Cp for some arbitrarily fixed R > 1. The generalization to non-trivial compact connected
sets will be stated in Section 3.3.3, which then completes the proof of Theorem 3.1.1.
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3.3.1 Upper Bound

This section is devoted to the proof of the upper bound of Theorem 3.1.1, that is the following
theorem.

Theorem 3.3.1. For any e >0 and X € Cr we have
lim P| sup d(g,Lipy(K))>e] =0,
T—oo gEFT(X)

where K is the Fuclidean radius of the stable norm unit ball (see Section 3.2).

The proof of Theorem 3.3.1 is divided into several steps. The main idea is to show
that the time-scaled trajectories behave like Lipschitz functions on some sufficiently small
discrete grid (Lemma 3.3.3), and between two supporting points large growth of the initial
set does not occur (Lemma 3.3.4). For the first estimate we have to control trajectories
starting inside some linearly growing set, which extends the result of Lemma 3.2.1, where
the initial set has a fixed diameter. The basic lemma to control this is the following.

Lemma 3.3.2. For alle >0, v € R? andO<5§6H T we have
R(Bzp(0),vT
limP<T(ET()’v—||v||R >g>:0.
T— o0 T

Proof. Since Br(0) C Bzr(0) for T large we have because of Lemma 3.2.1
P (TR(BéT(O), oT) > (HUHR + 5) T)
<P (TR(BR(O),UT) > (||u||R + s) T) 0.
According to [vB11, Lemma 4.4] there exists a constant o > 0 such that

inf inf P (p:(y) N OBR(0) # 0; diam(p:(y)) > 1) =: p1 > 0, (3.3.1)
YECK t>a

where C}, denotes the set of all large connected subsets v of R? with v N dBg(0) # 0. The
estimate (3.3.1) basically tells that given some extra time « uniformly in v € C}, there is a
positive probability that ¢;(7y) will stay intersected with dBg(0). By spatial homogeneity,
the time reversal property of isotropic Brownian flows (see (2.3.4)) and (3.3.1) we get
P (p11a(Br(0)) N Ber (vT) # @) = (BR(UT) Nria(Ber(0) # 0)
>P (BR(’UT) N S0t+o¢( 7£ U | T ) UT) )
P (7%(B:r(0), UT) <t)
> p1 P (r%(Ber(0),0T) < t).

According to Lemma 3.2.2 for any m € N there exists a constant ¢(> such that for ¢t > /T
we have

P (diam (¢s+o(Br(0)) <1) < c2T—™

Thus we get for t > /T

1 5 (2)
P (75(Ber(0),0T) < t) < p—lP (757 (Br(0),vT) <t +a) + CpﬂlT*m. (3.3.2)
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Further we have

P (TéT(BR(O),vT) < (|\v||R - g) T) (3.3.3)

<P (TéT(BR(O)mT) < (||UHR - %) T
R (Br(0),07) > (|lol)" - £) T)
+ P (R (Br(0),01) < (0" - 2) T)

where the second term converges to 0 for T — oo by Lemma 3.2.1. To estimate the
first term consider an R-net on OBzr(vT), that is there exists N(éT) € N and points
Twq, ... ,T’LUN(gT) € OBz (0) such that

N(eT

OBz (vT) U (v +w;)T),

where N(ET) grows at most polynomial in T for a fixed degree m € N. Thus we get
estimating the first term in (3.3.3) using isotropy of the flow

P (T (Br(0).07) < (Il = 5) T 77(Br(0).07) > (Jo)* = 2) ) (3.34)
N(ET) .
< Y B (Ba1) > (11"~ 5) 7|
R (BR(0), (v+w)T) < (ol = 5) T)
N(ET)

™

Il
-

g
P (TR(<PTR(BR(0),(U+W)T)(BR(O)%UT) > §T>

K2

< N(

My

T) sup P (TR(’Y7€1§T) > ET)
YECR 3

< N(&T) sup P (TR(’Y7€1§T) > (§||61HR + E) T) .
YECR 6

This last probability converges according to Lemma 3.2.1 uniformly in v € Cr as o(T™™)
for m > m to 0 as T — oo. Hence combining (3.3.2), (3.3.3) and (3.3.4) we get for

t= (||U||R—€)TandT2 2o

1 = R € c _
ng(TETB 0), vT §(v 77>T)+ﬂTm
P (T (Ba(0).0T) < () = 5) T) + 2
— 0,
as T — oo, which completes the proof. O

Using Lemma 3.3.2 we will show that all time-scaled trajectories starting in a linearly
growing set behave like a Lipschitz function for a given mesh size At.
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Lemma 3.3.3. Let e € (0,1) and At € (0,1). Then for 0 <& < % we have

. 1 1
lim P sup Tm — TgoAtT(x)

T—oo <$€B§T(O)

> AtK(1 +€)> =0.

Proof. Since |v| = K ||v]| and & < AtK § we have for some constant ¢* specified below and
T large

P sup |z — parr(z)| > AtK(14¢)T
z€B:7(0)

<P ( sup  |lparr (@) > At (1 + %) T)

z€B:7(0)

<P (32 € Br(0): [arm(@)]* = At (1+5)7)

. g
+P( inf ||¢M(x)||R>At 2>T

x€Bs7(0)
<P(3weR?: o] =at(1+ ) : pavr(Ber(0) N Br (vT) #0)
+P ( ejignf loarr(x)] > ¢ log(AtT)>

<P (Elv eR?: |u]|® = At (1 ) -7(0),vT) < AtT)
+P (diam(cpAtT(BgT(O))) < 1)

+P ( inf Joar(z)] > ¢ log(AtT)> .
€ Bz (0)

First observe that [SS02, Theorem 4.2] yields the existence of a constant ¢* such that the

probability that there exists some 2 € Bgr(0), which remains in a logarithmic neighborhood

of the origin, that is |ps(x)| < c¢*logs for all s > AtT, converges to 1 for T' — oco. Hence

the third probability converges to 0 and because of Lemma 3.2.2 the second probability

converges to 0 as well. Thus we get

T—oo z€B:7(0)

lim P ( sup |x — paer(z)| > AtK(1 + 5)T> (3.3.5)

< lim P (e R%: v " = At (1+§) 77 (Ber(0),0T) < AMT)

(
= lim P(HveAtaB T ( 1+i/2T(O)’UT) < At T>,

T—o0 1+ %
:=51(T)
where B denotes the unit ball with respect to the stable norm. Let now ¢§ := T 6ﬁf1t”3 and
v1,...,0N a 0-net on AtdB. Because of Lemma 3.3.2 with 77 := (1%;/2) < %f—_ﬁi we have

, At
P (Sy(T)) :=P (33 L 7R (Bar(0), v;T) < 19 T) 0. (3.3.6)
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Because of the isotropy of the flow we get

P (S2(T)°151(T)) (3.3.7)

T ‘ S (T)>
sin)

< P(W S = <65 TR(SDTR(BﬁT(o),uT)(BﬁT(O))7UjT) >

1 1
<<1+z> - <1+;>> At Sm)
SU TR e 1 — 1
S;GCI;P< (7,61T)><(1+Z) (1+§)>AtT>

< vs;uc];;P (TR(%(SelT) > ((5 llex]|™ + %At) T) ,

_ . R/ v
=P (V].T (Bir(0),v;T) > 1+e)

At
<P |(Vj:|v—v;| <6; 7% (Bjr(0),v;T) > ——T
(1+%)

which converges to 0 for ' — oo according to Lemma 3.2.1. Combining (3.3.6) and (3.3.7)
now yields

P (S1(T)) < P (S2(T)°[S1(T)) + P (S2(T)) — 0,
which completes the proof because of (3.3.5). O

The event that between two supporting points of the grid (chosen sufficiently small)
the trajectories do not move too quickly will be treated in the following lemma. It is an
application of the chaining techniques introduced by Scheutzow in [Sch09], mainly Theorem
2.1.6.

Lemma 3.3.4. For any bounded X C R?, a > 0 and any partition 0 =ty < t; < ... <
2
t, =1 of [0,1] with At := max; |[t;—1 — t;| < = with k := max{f; By} we have

24K
> a> =0.

Proof. Denote by N(X,d) the minimal number of closed balls of diameter ¢ > 0 needed
to cover X. Let X;, j = 1,.. ., N (X, e %T) be compact sets of diameter at most e~ 67
which cover X and choose arbitrary points z; € &;. Then there exists a constant L > 0
(depending only on X’) such that for 7' > 0

1 1
lim P supmax sup |=enr(x)— =pr(x
T—o00 (?EGX i f<t<ti TSOt ( ) T(pt ( )

N(X,e 5Ty < L (esnT)Q — Lel2eT

We have

1 1
p <Sup max  sup |t (@) = meer(z)) > a) < P+ Py,

ze€X v t;<t<ti41
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where

Py := Le'**Tnmax P < sup |y, v(x5) — @er(z;)] > Ta — 2)
bJ ti<t<tit1

and

Py := Le'**Tnmax P ( sup diam(gur(X;)) > 1) .
J 0<t<1

Because of the temporal and spatial homogeneity of the flow and since the one point motion
is Brownian we get (denoting a one-dimensional Brownian motion by W)

P, < Lne'>:Tp ( sup |Wy| > Ta — 2>

0<s<ALT
< 4Lnet?~T At_vT exp | — (Ta - 2)°
- Vor Ta—2 2ALT

VAt T a? 2a 2
_arn Y2t 2k L py 2t 2
”wﬁgﬂTa—zeXp(( " 2At) N AtT)_”)

for T'— oo, see [KS91, Problem I1.8.2]. On the other hand we use Lemma 2.3.6 and Theorem
2.1.6 to bound P, which gives an upper bound on the exponential decay of the probability
of the expansion of exponentially shrinking sets, that are the sets X;. Hence there exists T
such that for T" > T

Py < Le'**Tnmax P ( sup sup |os(x) — ps(y)| > 1>
J z,y€X; 0<s<T

1 E\2 K K
< [ e126T _ _kY_E _ _ ad )
< Le nexp( (2/{ (6.% 2) 8)T> Lnexp( 3T + 4T — 0,

for T'— oo, which completes the proof. O

The next Lemma shows that it is sufficient to analyze the Lipschitz behaviour of the
time-scaled trajectories to get rid of the infimum over all Lipschitz functions.

Lemma 3.3.5. For any ¢ > 0, X C R? and any partition 0 =to < t; < ... <t, =1 of
[0,1] we have

{igg fELiirgf(K) max %g@tiT(x) — f(t)| > Z} C 51U 8o,
where
suom {smpmes i |prr(o) = fovnta)] > (14 5)
and
Sy 1= {sup max L<ptiT(3L‘) > (K—|— 6)}
cex i |UT 3
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Proof. Let x € X. Then

mﬁxm ‘;SﬁtiT(f) - %S%HT(»T) < (K + %)
and
max tiLTLptiT(x) < (K+ %) (3.3.8)
imply that the function f, defined by
LO)=0  and  fult) = mpnr(e) i {L,....n}
T (K+5)

and linear interpolation for ¢ € (¢;,¢;11) is Lipschitz continuous with Lipschitz constant K
hence f, € Lipy(K). Further by (3.3.8) and definition of f, we have

Four(@) — falt)| < 5,

max
7
which completes the proof by taking complements and unifying over all x € X. O]

Finally we provide the proof of Theorem 3.3.1.

Proof of Theorem 3.3.1. For any partition 0 = tg <t < ... <t, =1 of [0,1] with

2

3 €
At = 1m tz 7t’L <|[' —
Zax{ + b< m{?)(l( +3) 216/{}

by triangle inequality and according to Lemma 3.3.5 we have

P ( sup d(g,Lipy(K)) > 5) =P (sup inf “;@T(l‘) - fH > E)

geFr(X) zeX fE€Lipy(K)
<P+ P+ B,
where
P =P (sup maxé ‘lgotiT(:r) - lgoti ()| > K (1 + 6))
vex 1 (tiy1 —t;) |T T 3
and
P,=P <sup max L<,0tiT(:c) > K (1 + 6))
cex i |4T 3

and

1 1
P; =P <sup max  sup T‘PtiT(x) — TcptT(m)

zeX T 4;<t<t;,

s £
3]

According to Lemma 3.3.4 since At < % we immediately get P; — 0. According to (3.2.2)
we have

Py < Xn:P (%T(X) ¢ ;T (1 + %) B) -0,

i=1



3.3. Proof of the Asymptotic Support Theorem 33

where B denotes the unit ball with respect to the stable norm. For the convergence of P; it
hence suffices to show that for all ¢ € {1,...,n}

1
P (sup
reEX

> (tisr — 1)K (1 + 5) ‘

1
T‘ptiT("E) - f‘ptHlT(x) 3

er,r(X) CHT(1+ 5)B>

converges to 0 for T — oco. Let & < %@gm, where At := min;{t;1+1 — t;}, then there
exists for fixed i € {1,...,n} an integer N € N and vy, ..., vy € t;(1 + €)B such that
N
tiT(l + E)B - U BgT(UjT).

j=1

Hence we get using isotropy of the flow

1 1 €
p <§1€12 7eur(@) = Zonar(@)) > (i — 1)K (1 + g) ‘
<N-P| sup lx—l ()| > (tig1 — ;) K (1+§)
N x€ Bz (0) T Tw(t#liti)T ! ' 3
—0

for T'— oo according to Lemma 3.3.3. Thus the assertion is proved.

3.3.2 Lower Bound

This section is devoted to the proof of the lower bound of Theorem 3.1.1, that is the following
theorem.

Theorem 3.3.6. For any e >0 and X € Cr we have

lim P sup d(f,Fr(X))>e] =0,
Tmreo \ feLipg(K)

where K is the Fuclidean radius of the stable norm unit ball (see Section 3.2).

Remark. If one analyzes the following proof carefully one can see that we actually get a
rate of convergence of the probability such that we are able to apply Borel-Cantelli’s Lemma
to achieve an almost sure result.

The proof of Theorem 3.3.6 is divided into several steps. Since the Lipschitz functions
are compact with respect to the supremum norm the problem can be reduced to a finite set
of Lipschitz functions (see proof of Theorem 3.3.6). The main idea is then to show that for
any given Lipschitz function there exists a point in the initial set such that the trajectory
starting at this point approximates the Lipschitz function on a discrete grid (Lemma 3.3.7).
Finally Lemma 3.3.4 tells that between two supporting points, if chosen sufficiently close,
the trajectories move not too quickly.
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Lemma 3.3.7. For anye > 0, f € Lipy(K —¢), X € Cgr and any partition 0 =ty < t; <
oo <tp, =1 0f [0,1] we have
< a) =1.

Proof. Consider the following sequence of random subsets of R?

: : 1
i, P (jnf mo| (@) = 1

XO(T) = Xa
XZ(T) =Pt T4 T (Xl(ff) n BT2/3 (Tf(tl))

for i =1,...,n, which is the part of ¢;,7(X) that has been close (in linear scaling) to T'f(t;)
for all 0 < j <. Further define the set (abbreviating 7% (Xi(fl), Tf(t:), Tti,1> by 7.7)

T T
W= o yra e (XA0)) 0 Ber(TS (1),

for s = 1,...,n, which is the part of Xi(ff that is at first in a 2R-neighborhood of T'f(t;).

Observe that Xi(i) # 0 implies that 7 is almost surely finite. To simplify notations we will

(T) (1)

denote the largest (with respect to the diameter) connected component of ;"' and ~,

respectively by the same symbol. Let AET) be the event that Xi(ff reaches an R-neighborhood
of Tf(t;) in time, that is

AET) = {TR (Xz(zﬂl)va(tz%Ttl*l) < (tZ - tifl)T}
fori=1,...,n, and BZ-(T) the event that there exists a point in the first intersection of XZ-(:)

with an R-neighborhood of T f(t;) that stays close (in linear scaling) to Tf(¢;) up to time
t;T and Xi(_Tl) is large at time t;, that is on

{TR (Xi(_Tl),Tf(ti),Tti_l) < (t — ti_l)T}

that is (abbreviating 7% (Xi(_Tl), Tf(t:), Tti_l) by 72)

@ ar (@) = TS (t)] < T

b s (1) 21,

Hence we get by construction: if there exists € X’ such that ¢.(x) reaches successively the
R-neighborhoods of T f(¢;) for all i € {1,...,n} in time (before time ¢,7") and is still close to
these points at time ;T then the time-scaled trajectory %@.T(x) starting in this particular
x is close to the Lipschitz function f at the time ¢; for all ¢ € {0,...,n}, that is

< 5) >P (ﬁ AT A ﬁ B§T>> (3.3.9)

i=1 i=1

n n—1
A0 BgT>) |
A

Bi(T) = { inf sup

wey") i A T+TR<t<t,T

P (| inf max
zeX 1

Four(®) - f()

_p (AgT)) P (BiT) ‘ AgT)) P (B,ST)
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Observe that the conditional distribution £ (TR (Xi(ff, Tf(t:), Tti,1> ‘Xﬁ?) coincides with

the conditional distribution £ (TR (Xi(_T1)7 Tf (tl))
results from Section 3.2 are applicable.
For any k € {1,...,n} because of the Markov property (2.1.6) of the flow we have

Xi(_T1)> for ¢ € {1,...,n} and hence the

k—1 k—1
p (AI(CT) ﬂ AET) A ﬂ Bi(T)> (3.3.10)
i=1 i=1
k—1 k-1
—P (TR (400 770, T ) < (=t () A7 0 Bim)
i=1 i=1

S . R _ 2/3) <« —
—Jélcfme%lﬁo)P(T (% T (1) = F(tr1) +0T*) < (4 — 1))

=1-swp P (TR (1, T(f(te) = f(tr-1))) > (b — tr-1) 1+T/K>

€
—sup sup P <TR(’Y, oT?3) > (), — tkl)T> .

YECR vEB1(0) l+e/K
Because of the isotropy of the flow the last probability reduces to

sup P (7T ,eTz/3 > (t — ti— ET)
s ( (naT?) > (1 - o) 5

and converges to 0 according to Lemma 3.2.1. Since f € Lipy(K — ) and |v| = K ||v]|™ we
have || f(tr) — fte—D)||® < (tk — ti_1) (1 — £), which implies because of Lemma 3.2.1

o (TR (7 T(f(tx) = f(tr-1))) > (tx — ﬁ'6-1)1+T6/K>
< sup P (r® (v, T(f(tr) — f(tr-1))) >

YECR

1f(t) = f(te1)]|R 1_(1/K)T)

— 0,

and hence convergence to 0 of the first probability in (3.3.10). On the other hand we get for
1 < k < n by fixing some Zp_1 € 7/522)1 for T large (abbreviating 7% (le)l,Tf(tk),Ttk,1>
by 7it)

P <B,§T>

k k—1
NA" NN BET)> (3.3.11)

i=1 =1

Pty 1yr et (Th—1) — Tf(tk)’ <7

DT N
AD AN B
Aanofa)

> P( sup

te1 T+TR<t<t,T

k:l k—1
NA" 0N BgT>> 1
i=1 i

i—1

P (diam (borrrar (x1)) 2 1
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Since the one point motions are Brownian the first term can be estimated for some § € (0,1)
via (denoting by W = (W(l), W(Q)) a 2-dimensional Brownian motion)

P( sup ‘Sotk—lT-‘rT]?,tT(i.k*l) - Tf(tk)‘ < T3 (3.3.12)

to—1+T<t<ts
k k—1
NA”nN B,(T))

i=1 i=1

>P ( sup [Wir| < (1-— 6)T2/3>

0<t<tp—tr—1

>1-8.P(w" > &Tl/ﬁ
Q(tk —tkfl)

— 1,

see [KS91, Problem II.8.2]. Further we have because of Lemma 3.2.2

k k—1
P (diam (gotk%T’tkT (Xlg)l)) >1 ﬂ AET) n ﬂ Bi(T)>
i=1 i=1

> inf P (diam (o, —1,_r(y) > 1)

T n€eCr
— 1.

This together with (3.3.12) yields convergence of (3.3.11) to 1. Combining (3.3.10) and
(3.3.11) via (3.3.9) implies the assertion. O

Finally we provide the proof of Theorem 3.3.6.

Proof of Theorem 3.3.6. Because of compactness of the Lipschitz functions with respect to
the supremum norm we can reduce the problem to a finite set of Lipschitz functions as
follows. Since Lipy(K — §) is compact with respect to |||, for any & > 0 there exists
some N € N and f1,..., fx € Lipg(K — §) such that for any g € Lipy(K — §) there exists

je{l,...,N} with

9
_ f. < .
lo = fille < 5

If f € Lipy(K) then K;%f € Lipy(K — §) and hence for any f € Lipy(K) because of
|| fll.o < K there exists j € {1,..., N} such that

K_¢ K_¢
N e I =y

o0
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Thus we get

P sup  inf
fELipy(K) *EX

%¢07.T(x) — fH > €> (3.3.13)

1
=P |max sup inf HTSQO"T(I) fH >e€

J J EL]pO(If) X
> >
oo

[f=fil<5
Now choose a partition 0 =ty < t; < ... <t, =1 of [0,1] with At := max;{t;11 —t;} <

=0.r(@) ~ f;

N
< P inf
<3P (i
]:

min{%; 8%}, where k := max{fr;8n}. Using the triangle inequality we get for any

f € Lipg(K — £) since

max sup [f(t)— f(t)] < (K- 5)Ar< <
vt <t<tiq1 4 8
the estimate
P (inf |20 n(@) - fil| > (3.3.14)
vex || T YT\ 1~ 2 -
<P (it ! (@) = f(ts)| > &
inf max|— . — i -
=5 e pronT® 4

1 1
T‘Po,tiT(x) - T‘PO,tT(x)

€
+ P | supmax sup >— .
zeX v t;<t<t;41 8

Because of Lemma 3.3.7 the first term in (3.3.14) converges to 0 for T — oo and since

At < % Lemma 3.3.4 yields convergence of the second term to 0. Hence combining
(3.3.13) and (3.3.14) proves the assertion.

O
3.3.3 Proof of the Asymptotic Support Theorem
Proof of Theorem 3.1.1. By definition of the Hausdorff distance it is sufficient to show
lim P| sup d(g,Lipy(K))>e] =0 (3.3.15)
T— o0 gEFT(X)
and
lim P sup  d(f,Fr(X))>e] =0. (3.3.16)
T—oo  \ feLipy(K)

For X € Cg equation (3.3.15) is proved in Section 3.3.1, namely Theorem 3.3.1, whereas
(3.3.16) is proved in Section 3.3.2, namely Theorem 3.3.6. For any non-trivial compact
connected set X C R? we need to construct a scaled flow on a diffusively scaled space such
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that the diameter of X becomes large and the results of Theorem 3.3.1 and Theorem 3.3.6
are applicable.

Let 7 := diam(X) > 0. Define the scaled space R? := {2 : z € R*} equipped with the
usual Euclidean metric and consider the function

- - 1
$:Ry xRi xR? x Q- R?% Pt (Z,w) = ;gprzsyrzt(ri,w).

Since ¢ is an isotropic Brownian flow on R? we have that ¢ is also an isotropic Brownian
flow on R? with generating isotropic Brownian field M (t, &) = IM(r?t,rz) fort >0, € R?
and covariance tensor b(Z) = b(ri) for & € R? and thus has the same properties as ¢, in
particular the top-Lyapunov exponent of ¢ is strictly positive. By construction of R? the
initial set %X has diameter 1 seen as a subset of R2. Denote the time-scaled trajectories of

® by

_ 1 -

Fr(X,w) := U {[O, 13t~ T@o,tT(x,w)}.
zelx

One can easily deduce from (3.2.1) using the definition of ¢ that the Euclidean radius of the

unit ball of the stable norm defined via ¢ in R? is K = rK. Thus it follows from (3.3.15)

and (3.3.16) applied to @ that

Jim P (dH(FT(X),LipO(f{)) > g) = 0.

By definition of Fr(X) one sees that this convergence also holds for the set FT/T2 (X) and
thus by definition of ¢

Fr(X) = LFyy,a(X) >~ Lip(K) = Lip(K),

where convergence is meant in the Hausdorff distance in probability. This proves the asser-
tion for any non-trivial compact connected set X C R2. O

3.4 Open Problems

There are two obvious questions arising from the formulation of Theorem 3.1.1: Gener-
alization to almost sure convergence instead of convergence in probability and to higher
dimensions.

As remarked after Theorem 3.3.6, we actually achieve almost sure convergence here. This
relies on the fact that we have a fast convergence rate for the linear scaled stopping time
from above in Lemma 3.2.1. On the other hand we do not have any rate of convergence
for the stopping time from below and hence Borel-Cantelli’s lemma is not applicable for
Theorem 3.3.1. It seems quite challenging to achieve some rate of convergence for this. In
[vB11, Lemma 4.1] this convergence from below of the scaled stopping time is achieved by
the convergence from above and some submartingale argument. Thus, to achieve an almost
sure result one might have to analyze the stopping time itself more carefully.

The restriction to dimension 2 is due to the concept of the stable norm. Theorem 2.3.7
shows that the Lipschitz constant K does not depend on the initial set. For higher dimension
this is not known so far and might not even be true, that means that the constant of linear
speed might depend on the initial set or at least its dimension. Hence, we can not expect
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that the uniform results on the convergence of the linear scaled stopping time as achieved
in Lemma 3.2.1 hold, but these are crucial for the proof. A more sophisticated definition
of the stable norm which involves, for example, only sets of a certain dimension greater
than 1 then yields problems applying the sub-additivity arguments for the existence. Here
one needs some uniform bounds from below (in our situation we assumed the diameter to
be greater than 1), which are difficult to achieve since a set of a higher dimension (or at
least parts of it) might converge under the action of the flow to a lower dimensional object.
Thus, it is necessary to create a new idea to generalize the concept of stable norm to higher
dimensions.
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Chapter 4

Entropy and Random
Dynamical Systems

This chapter is basically an introduction for Chapter 5. We will introduce the notion of
measure theoretic entropy first for partitions, then for deterministic measure-preserving
transformations and finally for random dynamical systems as defined in Section 2.2.1.

Let (X, B, i) be a probability space. Consider a countable partition £ = {C1,Ca,...} of
X. Its entropy with respect to p coincides with the notion of entropy for discrete random
variables taking values ¢; € C1,¢g € Cs, ... with probability u(Ch), u(Cs),. .. (see (4.1.1)).
Entropy in this sense describes the mean number of yes-no questions to encrypt the random
variable. Then entropy of a measure-preserving transformation on (X, B, 1) with respect
to some partition is defined as the temporally scaled limit of the entropy of the partition
generated by the pullbacks of the transformation (see Lemma and Definition 4.1.2). In
other words this is the asymptotic exponential rate of the mean number of yes-no questions
necessary to encrypt the entire typical trajectories generated by the transformation. Then
in Lemma and Definition 4.2.3 entropy for random dynamical systems is defined as the
averaged entropy of the random diffeomorphisms with respect to randomness. Thus entropy
of the random dynamical system is the asymptotic exponential rate of the averaged (with
respect to randomness) mean number of yes-no questions necessary to encrypt the entire
typical trajectories generated by the random transformations.

In Section 4.2.2, we will introduce the so-called skew product which links the random
dynamical system to a (deterministic) measure-preserving transformation and hence some
kind of deterministic system. By this, we can state some important results which relate
the entropy for random dynamical systems to the mean conditional entropy for measure-
preserving transformations. This will be important for the estimate of the entropy form
below. Finally, in Section 4.3 we will state the multiplicative ergodic theorem, which yields
the existence of Lyapunov exponents for random dynamical systems and corresponding ran-
dom linear subspaces. These quantities are the basis of the construction of stable manifolds
in Chapter 5.

4.1 Entropy of Partitions and Transformations

We will give a short introduction into entropy and mean conditional entropy of partitions
and measure preserving transformations, mainly following [LQ95].

41



42 4. Entropy and Random Dynamical Systems

4.1.1 Measurable Partitions

Let (X, B, 1) a Lebesgue space. A partition of X is a collection of non-empty disjoint sets
that cover X. Subsets of X that are unions of elements of a partition ¢ are called &-sets.

A countable family {B, : a € A} of measurable &-sets is said to be a basis of the
partition £ if for any two elements C' and C’ of £ there exists an o € A such that either
CCB,,C ¢ ByorC' C By, C ¢ B,. A partition which has a basis is called a measurable
partition.

For z € X we will denote by £(x) the element of the partition £ that contains z. If
&, ¢ are measurable partitions of X, we will write £ < ¢’ if ¢'(z) C &(x) for p-almost every
reX.

For any system of measurable partitions {{,} of X there exists a product \/_, &, defined
as the measurable partition £ that satisfies the following two properties: 1) &, < & for all
a; 2) if &, < ¢ for all a then £ < ¢’. Furthermore for any measurable partition {£,} of
X there exists an intersection A, £, defined as the measurable partition £ that satisfies the
following two properties: 1) &, > & for all «; 2) if &, > ¢ for all « then & > &',

For measurable partitions &,, n € N and £ of X the symbol &, £ indicates that
& <& <..oand V,, & = & Similarly the symbol &, N\, ¢ indicates that § > & > ... and
/\n & =¢.

For a measurable partition ¢ the o-algebra generated by & consists of those measurable
sets of X that are (arbitrary) unions of &-sets. Conversely for any sub-o-algebra of B there
exists a generating measurable partition (see [LQ95, Section 0.2]). Thus in the future we
will often not distinguish between the o-algebra and its generating partition.

Let us introduce the factor space X/ of X with respect to a partition £ whose points are
the elements of . Its measurable structure and measure ji¢ is defined as follows: Let p be
the map that maps » € X to (), then a set Z is considered to be measurable if p~1(Z) € B
and we define p¢(Z) := u(p~'(Z)). Let us remark that if ¢ is a measurable partition then
X/¢ is again a Lebesgue space (see [LQ95, Section 0.2]).

One very important property of measurable partitions of a Lebesgue space is that asso-
ciated to such a partition & there exists according to [LQ95, Section 0.2] a unique system of
measures {pc }oee satisfying the following two conditions:

i) (C,Blc, ue) is a Lebesgue space for pe-a.e. C € X/
ii) for every A € B the map C' +— uc(ANC) is measurable on X /¢ and

wa) = [ | HOANCO)e()

Such a system of measures {juc}cee is called a canonical system of conditional measures of
1 associated to the partition &.
More detailed informations on measurable partitions can be found in [LQ95, Section 0.2].

4.1.2 Entropy of Measurable Partitions

Let us as before assume that (X, B, i) is a Lebesgue space. If £ is a measurable partition of
X and Cq,Cs, ... are the elements of £ with positive y measure then we define the entropy
of the partition ¢ by

= 2k (Ci) log(u(Cr))  if u(X\ U, Cr) =0

+00 if WX\ U, Cr) > 0. (41D

H,(§) = {
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Let us remark that the sum in the first part can be finite or infinite.

If £ and n are two measurable partitions of X, then almost every partition &g, which is
the restriction £|p of £ to B € X/n, has a well defined entropy H,,,({g). This is a non-
negative measurable function on the factor space X/n, called the conditional entropy of &
with respect to 1. Let us set

H,(€ln) == /X | Hu(€)a ()
n

which is the mean conditional entropy of £ with respect to 7. This number can also be finite
or infinite. If 7 is the trivial partition whose single element is X itself, then clearly H,(&|n)
coincides with H,(&). Furthermore it is easy to see that

H,(€ln) = /X log (po(a) (€(x) N0(x))) du(z). (41.2)

If the partition 1 generates the o-algebra G then the mean conditional entropy can be
expressed in terms of conditional probabilities, that is

Hyu(ln) = Hy(€16) = = | > 1(C1G) log u(C|G)dp.
ceg

This satisfies that in the future we will often not distinguish between the o-algebra and its
generating partition. Let us state some basic properties of mean conditional entropies (see
[LQY5, Section 0.3]).

Lemma 4.1.1. Let &,, n, forn € N and £, n and ¢ be measurable partitions of X. Then
we have

i) if & /€ then Hy(Enln) /* Hyu(8ln);
it) if & \ & and n satisfies Hy (&1]n) < oo then Hy(nln) o« Hyu(Eln);
iii) Hyu(§V1|¢) = Hu(€l) + Hu(l§ v Q)
w) if nn /' 0 and § satisfies Hy,(§lm) < oo then Hy(€nn) o Hu(€ln);
v) if nn o then Hy(&lnn) 7 Hyu(€ln)-

Further if (X;,B;,p;) for i = 1,2 are two Lebesgue spaces and T is a measure-preserving
transformation from (X1, B1, p1) to (Xa, Ba, p2), then for any measurable partition & and 7
of X5 we have

H,, (T71§|T7177) =H,, (§|77)

Proof. For the proof of property i) - v) see [Roh67] and for the last one see [LQ95, Section
0.3]. O

4.1.3 Entropy of Measure-Preserving Transformations

Let us consider a measure preserving transformation 7' : X — X and a o-algebra A C B
with 7714 C A and denote the generating partition of A by (y. Then we can define the
entropy of the transformation T in the sense of Kifer [Kif86] as follows.
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Lemma and Definition 4.1.2. For any measurable partition § with H,(£|(p) < 400 the
following limit exists
)

The number hl“j‘(T7 €) is called the A-conditional entropy of T with respect to . Furthermore

n——+oo n

n—1
hN(T,€) == lim lHN (\/ T-¢
=0

hf(T) = sgp hf(T,f) and h,(T) = Sl;p hl{L@’X}(T, 3

are called the A-entropy of T and entropy of T respectively. Here the supremum is either
taken over all partitions & with finite entropy or over all finite partitions.

Proof. See [Kif86] and [LQ95, Section 0.4 and Section 0.5]. O

To define the entropy of T' with respect to any measurable partition ¢ of X we have to
assume that the o-algebra A is invariant under the transformation 7. In this case we get
the following definition.

Definition 4.1.3. Assume that T~' A = A. Then for any measurable partition & of X we
define

W (T, €) = H, (5

+oo
\/ TRV g0> .

k=1

Remark. Definition 4.1.2 and 4.1.3 coincide for all measurable partitions £ that satisfy
H,(&]¢o) < +oo (see [LQI5, Remark 0.5.1]).

4.2 Entropy of Random Dynamical Systems

In this section we will first introduce some further details on random dynamical systems as
defined in Section 2.2.1. Then we will define its entropy and its relation to mean conditional
entropy of the skew product, which will be defined as well. In this section we are mainly
following [LQ95, Chapter I.

4.2.1 Random Dynamical Systems

From here on let us consider the set of twice continuously differentiable diffeomorphisms
on R? as the probability space of the random dynamical system, as introduced in Section
2.2.1. Let us denote this space by Q (omitting the — above §2). The topology on € is the
one induced by uniform convergence on compact sets for all derivatives up to order 2 as
described in Section 2.1. As in Section 2.2.1 let us denote by B(£2) the Borel o-algebra of Q,
let us fix a Borel probability measure v on (2, B(£2)) and denote the infinite product space
by

(N, BN, VN) = ﬁo(ﬂ, B(Q),v)

=0
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and denote for every w = (fo(w), f1(w),...) € N and n € N

fcg:id|Rda fo = fam1(w) o faa(w) oo fo(w).
Then the random dynamical system generated by these composed maps, that is {f? : n >
0,w € (AN, BN, vN)}, will be referred to as X+ (R4, v).

Let us further define the two important spaces QN x R? and 9% x R?, both equipped
with the product o-algebras B(Q)N @ B(R?) and B(22)% ® B(R?) respectively. As already
mentioned above (2 is a separable Banach space by the choice of the uniform topology on
compact sets. Hence we have

BN @ B(RY) = B(OWN x RY),
B(Q)% @ B(RY) = B(Q% x RY).

Further let us denote by 7 the left shift operator on QN and Q%, namely

fa(rw) = frp1(w)

for all w = (fo(w), filw),...) €N, n>0and w = (..., f_1(w), folw), fi(w),...) € QZ,
n € Z respectively. Finally let

F:ON xR — ON x R, (w,z) = (Tw, folw)x),
G: 0% xR = Q% x R, (w,2) = (Tw, fo(w)x).

The functions F' and G are often called the skew product of the system. The two systems
(ON x R4 F) and (9% x R4, G) will allow us to see the random dynamical system as a
deterministic on QN x R% and Q% x R? respectively. The reason for introducing both
systems, which look pretty similar in the first view, relies on the fact that F' corresponds
directly with the random dynamical system for positive time but is not invertible. But so
is G on % x R%, which will be important in some points in the proof later.

From now on let us assume that there exists an invariant measure p of X+(R9,v) in the
sense of Definition 2.2.1 and let us denote the random dynamical system associated with p
by X*(R% v, ). From [Kif86, Lemma 1.2.3] we have the following Lemma, which relates
the notion of invariance defined above with the invariance with respect to the skew product,
that is the function F on QN x R<.

Lemma 4.2.1. Let p be a probability measure on R®. Then p is an invariant measure
of XT(R,v) (in the sense of Definition 2.2.1) if and only if v™N x u is F-invariant, i.e.
WN xp)o F71 =vN x p.

Proof. See [Kif86, Lemma 1.2.3]. O

Although it is not common to work with the notion of tangent spaces in case of a
Euclidean space R¢ we will mostly stick to the notation used in [LQ95]. So let us denote
the tangent space at y € R? by Tde, which is isometrically isomorphic to R? itself. Let
us define the following map, in differential geometry known as the exponential function or
exponential map, for y € R?

eXpy : Rd = Tde — Rd7 5 — eXpy(g) = f + Y,

where = means that the two spaces are isometrically isomorphic and thus can be identified.
In the following we will use this often implicitely. The exponential function in this sense is
a simple translation on R,
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Then we can define for (w,z) € QN x R? and n > 0 the map
Flozm: Tf;szd — Tf:;+1de; Floz)n = exp;£+1x ofn(w) o expyny,

which is basically the function f, (w) but centered around the point exp gng- This implies
Flo,2),n(0) = 0 for all n > 0.
Finally let us state a result from [LQ95] on the ergodicity of random dynamical system.

Lemma 4.2.2. For X*(R% v, ) and any Borel function h on QN x R® which satisfies
ht e LYWN x p) and

hoF =h vN X pi-a.e.

we have for VN x p-almost every (w,z) € ON x R4

h(w,x) :/h(&),x) dvN(@).

Proof. See [LQ95, Corollary 1.1.1]. O

4.2.2 Entropy of Random Diffeomorphisms

Now we are prepared to define the notion of entropy for random dynamical systems. We
are closely following [Kif86] and [LQ95].

Lemma and Definition 4.2.3. For any finite partition & of R?® the limit

1 n—1
hM(X+(Rd7V)7§) = lim f/QN H, <\/(f£)—1£> dz/N(o.))

n—+oco n
k=0

exists. The number h,(XT (R, v), &) is called the entropy of X+ (RY, v, p) with respect to €.
The number

h(XT(RYv)) = sgp h(XT(RY,v),€)

is called the entropy of h, (X (R, v),£). Here the supremum is either taken over all finite
partitions.

Our next aim is to achieve an expression for the entropy of a random dynamical system
and the entropy of a deterministic dynamical system on the product space generated by the
skew products defined in the previous section. To do so let us denote the projection from
0% x R to QN x R? by P, that is

P: Q% xR - QN x R, (w,2) = (wh, ),
where wt := (fo(w), fi(w),...) for w € Q% and let us define the following o-algebras

oo ={I' xR*:T e B{QM)};

—1 +oo
a+:={Herde:FeB<HQ>};
— o0 0

o:={I"xR*: T € B(Q%)}.
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Clearly these o-algebras correspond to the measurable partitions {{w} x R? : w € ON} of
ON xR {[T-L 0 x {w) xR w e [IF™ Q) of 0% x R? and {{w} x R : w € O} of
0% x R? respectively. We will often use the same symbols for both, the o-algebra and the
partition. Then we have the following result (see [LQ95, Theorem 1.2.2]).

Theorem 4.2.4. If £ = {Ay,..., A,} is a finite partition of R and n = {B1,...,Bn} a
finite partition of QN then we have

h#(XJr(Rda l/),f) = hZIO\IXM(va X T’)a
where & x n:={A; x Bj : 1 <i<n,1<j<m}. Furthermore

h (XT (R, v)) = h7%8

vNxp

(£).-
Proof. See [LQ95, Theorem 1.2.2]. O

The following proposition, which is [LQ95, Proposition 1.1.2], justifies to transfer the
invariant measure from QN x R? to Q% x R%.

Proposition 4.2.5. For every invariant probability measure p of XT(R?,v) there exists a

unique Borel probability measure p* on Q% x RY such that pu* o G=! = p* and p* o P71 =
N

v X .

Proof. See [LQ95, Proposition 1.1.2]. O

The following theorem from [LQ95] relates the entropy of G on Q% x R? with the entropy
of F on QN x R?. Tt will be useful to estimate the entropy from below in Section 5.6.1.

Theorem 4.2.6. For X+ (R% v, 1) it holds that

o0
h%

(F) = ho! (G) = ho-(G).

X

Proof. See [LQ95, Theorem 1.2.3]. O

Let us remark here that the o-algebra oy is not invariant under the skew product F,
but the o-algebra o is invariant under G. In Section 4.1.3 we introduced two definitions for
entropy for measure-preserving transformations, whose difference was due to the invariance
of the conditioning o-algebra, so one might see the relevance of introducing the skew product

G.

4.3 Multiplicative Ergodic Theorem for Random Dy-
namical Systems

The multiplicative ergodic theorem yields the existence of linear subspaces with correspond-
ing Lyapunov exponents, which play an extraordinary important role in the analysis of
dynamical systems, which will become clear in the following chapter. To achieve the de-
sired result we need to assume the following light integrability assumption on the random
dynamical system and its invariant measure.
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Assumption 1: Let v and u satisfy

log* D fo(w)] € L' x p),

where | D, fo(w)| denotes the operator norm of the differential as a linear operator from T,R?

to

Tty () R? induced by the Euclidean scalar product and log™ (a) = max{log(a); 0}.
Then we get the following theorem, which is [LQ95, Theorem 1.3.2].

Theorem 4.3.1. For the given system X+ (R%, v, u) satisfying Assumption 1 there exists a
Borel set Ag C QN x R? with vN x u(Ag) =1, FAg C Ay such that:

i) For every (w,x) € Ao there exists a sequence of linear subspaces of T,R?

0 =vO cvl c..cvi =R

(w,z (w,z (w,x)
and numbers (called Lyapunov exponents)
A(l)(m) < )\(2)(37) <...< )\(T(x))(x)

MY (x) may be —oc), which depend only on x, such that
lim L log | D, f1€] = A9 ()
n—4+oco n TIw

for all € € v®

(w,z

)\ng—xﬁ)’ 1 <i<r(x), and in addition
1
. 1 n| _ \(r(z))
S BIDS = AT )

1 )
] — n — (7‘) .
nhm nlog\det(Dxf )| = E A (2)my ()

K2

where m;(z) = dim (V(i)

(w,)

) — dim (V(i_l)), which depends only on = as well. More-

(w,z)

over, 7(z), \V) (z) and V((Lj)m) depend measurably on (w,x) € Ay and

r(fow)z) =r(z), A (fow)z) = AV (@), Dufo()V, =V,
for each (w,x) € Ap, 1 < i < r(x).
it) For each (w,x) € Ao, we introduce
pM(z) < pP(2) < ... < pD(x) (4.3.1)

to denote XV (z), ..., XD (z),... ., XO(x),... ) AO(x), .. AC@) (), .. AC@) () with
X (x) being repeated mi(x) times. Now, for (w,z) € Ao, if {&1,...,€4} is a basis of
T,R® which satisfies

1 )
. - ne | (2)
ngﬂ_noo " log | Dy f&il = p' (2)

for every 1 < i < d, then for every two non-empty disjoint subsets P,Q C {1,...,d}
we have

1
lim - logy(DyfoEp, Dy fl Eq) = 0,

n—-+4oo
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where Ep and Eg denote the subspaces of T,R? spanned by the vectors {&;}icp and
{&;}ieq respectively and (-, ) denotes the angle between the two associated subspaces,
that is for two linear subspaces E and E' of a tangent space T,R?

Y(E,E') :==inf {cos™! ((¢,£)) : £ € E,¢ € E'|¢| = |¢'| =1},
with {-,-) denoting the Buclidean scalar product on T,RY.

For more details on the multiplicative ergodic theorem for random dynamical systems
and Lyapunov exponents see for example [Arn98] or [LQ95, Section 1.3]. Finally let us state
a result from [LQ95] on the sum of Lyapunov exponents.

Proposition 4.3.2. Let X+ (R%,v,u) be given. If the u is absolutely continuous to the
Lebesque measure on R then

i) 2, AP (@)mi(z) <0 peace
i) D XD (2)mi(z) =0  p-a.e. if and only if po f~* = p for v-a.e. f € Q.
Proof. See [LQ95, Proposition 1.3.3]. .

4.4 Open Problems

Clearly, in the definition of entropy in (4.1.1) it is necessary that the measure y is a finite
measure and hence can be scaled to be a probability measure. It would be nice to extend the
notion of entropy to systems that do not have a finite invariant measure but only an infinite
one, as for example isotropic Brownian flows or even the identity map on R? on some non-
finite measure space. Applying the existing definition to the latter transformation yields an
“entropy” of infinity, which is not appropriate at all, since the identity map does not generate
any chaotic behaviour. Of course using some proability measure on the measure space yields
an entropy of 0 for the identity map, which is the one we would expect. Nevertheless, from
Chapter 3 we know that at least for planar isotropic Brownian flows the chaotic behaviour of
the individual trajectories can be controlled in some way. Thus, intuitively one might argue
that an isotropic Brownian flow should have some “finite” chaotic behaviour if it does not
collapse to a single point. The problem in both examples is that the definition of entropy
relies on typical trajectories, where typical means that the starting point is chosen according
to the invariant measure. If this is infinite we already need infinitely many questions to
encrypt even the staring point of the trajectory. An idea to avoid this (at least for translation
invariant systems) could be some restriction for the starting point of the trajectory (and
hence the invariant measure) to some set with finite measure. Then entropy with respect
to this set could be the asymptotic rate of mean numbers of yes-no questions of trajectories
starting in this set. Technically this yields problems since the proof of the existence of
entropy bases on the application of a sub-additivity argument that crucially relies on the
invariance of the measure. Restricting an infinite invariant measure to some set with finite
measure yields a finite but not anymore invariant measure. Thus, defining a notion of
entropy in this setting needs a more sophisticated approach.
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Chapter 5

Pesin’s Formula

There are two different quantities one might use to describe the chaotic behaviour of some
random dynamical system. The fist one is the notion of entropy as a purely measure-theoretic
quantity defined in Section 4.2.2. A more geometric way of measuring chaos is given by the
exponential growth rate of separation of nearby trajectories. These rates of divergence are
given by the growth rates of the differential of the composed maps of the random dynamical
system and are called Lyapunov exponents (see Section 4.3). The formula relating these two
different objects is called Pesin’s formula. It says that the entropy of a dynamical system is
given by the sum of its positive Lyapunov exponents weighted with the invariant measure.
For a special class of deterministic dynamical systems, so-called Axiom A attractors, there
are significant properties of the invariant measure that hold if and only if Pesin’s formula
holds (see [LQ95, Introduction]) and to quote Liu and Qian [LQ95, page vii - viii]:

All the results [...]are fundamental and stand at the heart of smooth ergodic theory
of deterministic dynamical systems.

Pesin’s formula is known to hold for deterministic and random dynamical systems on a
compact manifold preserving a smooth invariant measure. Here we want to formulate and
prove Pesin’s formula for random dynamical systems on the non-compact state space RY
as defined in Section 2.2.1. We will assume that the random dynamical system has an
invariant measure absolutely continuous to the Lebesgue measure on R¢ and satisfies some
integrability assumptions, which will be stated in the next section.

The proof is divided into two parts. To bound the entropy from below (see Section 5.6.1),
we need to construct a proper partition (see Section 5.5) such that the entropy of the random
dynamical system given this partition can be bounded from below by the sum of its positive
Lyapunov exponents. It turns out that this partition basically consists of pieces of local
stable manifolds, whose construction and main properties will be introduced in Section 5.2.
Sections 5.2 — 5.5 are preparations for the estimate of the entropy from below. Essentially,
the proof of the estimate of the entropy from above (see Section 5.6.2) was given in [vB10al.
We only need to change some arguments due to our more general situation.

5.1 Main Theorem

Throughout this chapter let X (R?,v) be a random dynamical system as defined in Section
2.2.1 and the previous chapter and g an invariant probability measure of X+ (R%, v). We
will use the notation of the previous chapter without any further explanation. Additionally

51



52 5. Pesin’s Formula

to Assumption 1 (see Section 4.3) we will assume the following integrability assumptions on
v and p:

Assumption 2: Let v and u satisfy

log ( sup |D2F(w,w)70’> e LY(WN x p),
£€B,(0,1)

2 -1 1/, N
1Og (EGEH(I; n ‘DF(wvz)ao(é)F(w,mLO’) €L (V X u)’

where B,(0,7) denotes the open ball in T,R® around the origin with radius r > 0 and D? is
the second derivative operator.

We will use Assumption 2 in Lemma 5.2.4 to achieve a uniform bound on the Lipschitz
constant of the derivative and its inverse on some set I'y C QN x R? of full measure.

Assumption 3: Let v and u satisfy
log ‘DOF(;L))O‘ = log ‘Dfo(w)xfo(w)_ll e LYWN x p).

Assumption 3 is used in Lemma 5.2.9 to achieve an estimate on the derivative of the
inverse, which will be used in the proof of the absolute continuity theorem, which is a crucial
part within the proof of Pesin’s formula. In particular we will use Assumption 3 in Lemma
7.2.12.

Assumption 4: Let v and p satisfy
log |det D, fo(w)| € LN x ).

We need Assumption 4 in Section 5.6.1 to conclude that the sum of the Lyapunov expo-
nents weighted by their multiplicity is integrable with respect to p.

Assumption 5: Let p and v satisfy for alln € N

sup log™ |Dexpz(§)f£| et (I/N X /J) .
£€B,(0,1)
Assumption 5 is used within the estimate of the entropy form below in Section 5.6.2,
precisely for the generalization of [vB10a] from isotropic Ornstein-Uhlenbeck flows to random
dynamical systems.

Remark. Let us remark that Assumption 2 could be relaxed by taking not the unit ball
in T,R? into consideration but some ball with positive radius. But for the application to
stochastic flows in Chapter 6 we will see that this is not crucial. Furthermore obviously As-
sumption 5 implies Assumption 1, but we want to make clear which integrability assumption
is used at what point of the proof.

Now we are able to formulate the main theorem of this chapter.

Theorem 5.1.1. Let X(R%,v) be a random dynamical system which has an invariant mea-
sure p and satisfying Assumptions 1 - 5. Further assume that the invariant measure p is
absolutely continuous with respect to the Lebesque measure on RY then we have

hu(X (R, v)) = / DA (@) () dp().
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Proof. The proof of the theorem can be found in Section 5.6. O

For the proof we need several preparations which will be developed in the following
sections.

5.2 Local and Global Stable Manifolds

In this section we will mainly follow the book of Liu and Qian [LQ95, Chapter III]. In general
proofs are only given, if there is a need to change arguments due to the non-compactness of
R as the state space of the random dynamical system. Otherwise we will state the reference
for the proof.

5.2.1 Lyapunov Metric and Pesin Sets

Let us define for some interval [a,b], a < b < 0, of the real line the set
Aoy = {(w,z) € Ag: X(z) ¢ [a,b] foralli € 1,...,r(z)},

where Ay was defined in of Theorem 4.3.1. Because of FAg C Ay and the invariance of the
Lyapunov exponents we have FA,;, C Ay p. For (w,x) € Ay and n > 1 define the following
linear subspaces of T,R? and T, R? respectively by

Ey(w,x) := U ‘/(531)7 Ho(w,z) := Ey(w, x)*,
A0 (z)<a
En(w,x) = DxfﬁEO(waI)v Hn(wvx) = DmeLHO(wa :L‘)

For n,l > 1 let us denote the iterated functions by
fow) =idlge,  fo(w) = farim1(w) oo falw).

and we will denote the derivative of f}(w) at flz by T} (w,z) := Dgny fh(w) and its restric-
tion to Fy,(w,z) and H,(w, ) respectively by

Sp(w,2) = Tp(w,0) By, Un(w,2) = Tp(w,2) |, 0,0
Let us now fix £ > 1 and 0 < ¢ < min{1, (b — a)/(200d)} and let us assume that the set
Ao = {(w,z) € Ay : dim Ep(w, x) = k}
is non-empty. Then we have the following lemma from [LQ95, Lemma ITI.1.1].

Lemma 5.2.1. There exists a measurable function ! : Agpp x N — (0,+00) such that for
each (w,z) € Agp i and n,l > 1 we have

i) ‘Sfl(w,x)ﬂ < lw,z,n)el et ¢|, for all € € Ep(w,x);
i) |Ul(w,z)n| > Hw,z,n)" L= n|, for alln € H,(w,z);
i11) Y(Epsi(w, ), Hyr(w, 7)) > l(w, z,n) " te e,

i) lw,z,n+1) <l(w,x,n)e,

where (-, -) again denotes the angle between two linear subspaces.
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Proof. See [LQ95, Proof of Lemma III.1.1]. The proof only uses the properties of the
Lyapunov exponents for the multiplicative ergodic theorem 4.3.1. O

Let us fix a number I’ > 1 such that the set

’

Afhb’k,a = {(w,z) € Ay : l(w,z,0) <1'}

is non-empty. These sets where the derivative by Lemma 5.2.1 is uniformly bounded are
often called Pesin sets. Since on these sets the function [ is uniformly bounded by definition
we can show continuity of the subspaces Fy(w, ) and Ho(w, ) there, which is [LQ95, Lemma
I11.1.2].

Lemma 5.2.2. The linear subspaces Eq (w,x) and Ho(w,x) depend continuously on (w,x) €
fl,b,k,e'

Proof. Although this is [LQ95, Lemma III.1.2] we will say a few words concerning the
topology on QN. As mentioned in Section 4.2.1 the topology on § will be the one induced by
uniform convergence on compact sets for all derivatives up to order 2 (see Section 2.1). Thus
on QN we will use the usual topology of uniform convergence on finitely many elements. The
space of all k-dimensional subspaces of T, R% =2 R? will be equipped with the Grassmannian
metric, by which this space is compact.

Let (wp,2,) € Ag,b’k’5 be a sequence converging to (w,z) € Ag,b,k,s' By compactness of
the Grassmannian there exists a subsequence of {(wy, )}, (denoted by the same symbols)
such that Eq(wy, z,) converges to some linear subspace E. Clearly E is a subspace of T, R%.
For each ¢ € F there is a sequence &, € Ey(wy,z,) such that |( —§,| — 0. Because for
n € N we have by Lemma 5.2.1 that

|T(§(wnv$n)£n| = |S(l)(wmxn)§n‘ < Velatell 1€nl — Ielote)! q
we only need to show that the left hand side converges to |Té (w, a:)d Since {&n tnen U {C}
is a compact set in R? and the derivatives of each component of w,, converge uniformly on
compact sets we finally get for all { € E

| T (w, 2)¢| < Vet ¢

Then Lemma 5.2.1 implies that actually ¢ € E(w, z), which completes the proof. O

For (w,x) € Af;lhk“E and n € N Lemma 5.2.1 also allows us to define an inner product
(s )w)m O T R? (see [LQY5, Section IIL.1]) such that

+oo
& wmym = Ze‘z(“+28)l<si(w7x)£, Sfl(w,x>£’>7 for £, € By (w, )

=0

<773 77/>(w71-),n = Z e2(b725)l < [leL—l(wv ’1})] - na [leL—l(wv ZL’)] - 7’/> 9 fOI‘ 777 77/ S Hn(wa $)
=0

and E,(w,z) and H,(w,z) are orthogonal with respect to (, ) . Thus we can define

w,z),n
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the norms

1€l oraron = [ 1] for € € En(w,);

[N

1wy = (1) r09.0] for 1 € Hy(w, 2);

160 oy 1= 00 {18l s 70l oy | F0F €= €41 € Bule,2) @ Hofw, ).

The sequence of norms {||-[|, ) ,tnen is usually called Lyapunov metric or Lyapunov
norm at (w,x). By the definition of the inner product and by Lemma 5.2.2 the inner
product (, >(w’m)’n depends continuously on (w,z) € Ag,b,k,s' Now we can state [LQ95,
Lemma III.1.3], which relates the estimates of Lemma 5.2.1 in terms of the Lyapunov norm
and relates the Euclidean norm to the Lyapunov norm.

Lemma 5.2.3. Let (w,x) € Ag,b,k,s' Then the Lyapunov metric at (w,x) satisfies for each
neN

i) IS8, 2)E|| 4y aymsr < €T ME iy Jor € € Enlw,@);
i) |Un(@, 200 (y oyms = €2 Ml oy, for n € Ha(w,2);
ii1) 511 < 1l yn < A IC for ¢ € TyzoRY, where A= 4(1)?(1 —e72) 75,

Proof. See [LQ95, Lemma II1.1.3]. The proof only uses the definition of the Lyapunov metric
and Lemma 5.2.1. O

To the end of this section we will prove the following important lemma. The proof is
similar to the one of [LQ95, Lemma III.1.4] but has to be adapted to the situation of a
non-compact state space. We will use Lip(-) to denote the Lipschitz constant of a function
with respect to the Euclidean norm |-| if not mentioned otherwise.

Lemma 5.2.4. There exists a Borel set Ty C QN x R? and a measurable function r : Ty —
(0,00) such that vN x u(To) =1, FTy C Ty and for all (w,z) € Ty

i) the map
Floz)0= exp;ol(w)z ofo(w) oexp, : T,R? 3 B,(0,1) — Tfo(w)ﬁRd,
where B, (0,1) denotes the unit ball in T,R?* around 0, satisfies
Llp(DF(w,x),O) < ’I"(UJ, :E)v
Lip(DF(w,m),O()F(:JiE),O) S r<w7 ZC),
it) r(F™"(w,z)) = r(t"w, fz) < r(w,z)e".

Proof. Let us define the function 7/ : QN x R? by

r'(w, ) :=max sup |D?F, .0l sup ‘DQ F1 ‘ ,
) {feBm(071)| DO oy | 0@ (@)
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where D? is the second derivative operator. Then by Assumption 2 we have log(r’') €
LY(vN x p). According to Birkhoff’s ergodic theorem there exists a measurable set Ty C
ON x R? with vN x u(Ty) = 1 and FT'g C Iy such that for all (w,z) € T’y we have

lim 1 log (7' (F™(w,z))) = 0.

n—o00 M

Thus it follows that

r(w,z) = Zlipo {T’(F”(w, x))e_sn}

is finite at each point (w,z) € I'g and r satisfies the requirements of the lemma by the mean
value theorem. O

5.2.2 Local Stable Manifolds

Fix a number r’ > 1 such that the Borel set

A= {(w, 2) €AY NTo:r(w,z) < T/}

is non-empty. For ease of notation we will abbreviate A’ := AZ”;",,C’S. Then we can introduce
the notion of local stable manifolds as in [LQ95, Section I11.3].

Definition 5.2.5. Let X be a metric space and let { D, }ex be a collection of subsets of RY.
We call {D,}rex a continuous family of C' embedded k-dimensional discs in R® if there
is a finite open cover {U;}i=1,..1 of X such that for each U; there exists a continuous map
0; : U; — Emb' (B* RY) such that 0;(x)B* = D,, x € U;, where B* := {¢ ¢ R* : |¢] < 1} is
the open unit ball in R* and the topology on Embl(Bk, RY) is the one induced by uniform
convergence on compact sets.

Then we have the main theorem of this section, which yields the existence of local stable
manifolds and its representation (see [LQ95, Theorem II1.3.1]).

Theorem 5.2.6. For each n € N there exists a continuous family of C' embedded k-dimen-
sional discs {Wp(w, )} (w z)er R? and there exist numbers oy, 3, and ~y, which depend
only on a,b, k,e,l" and 1’ such that the following hold true for every (w,x) € A’:

i) There exists a C1'' map
Pz s On(w, z) = Hy(w, x),

where Oy, (w, x) is an open subset of B, (w,x) which contains {§ € E,(w,z) : |£] < ayn},
such that

(a’) h(w,x),n(o) = 0;'
(b) Lip(h(w,m),n) < 6717 Lip(D‘h(w,m),n) < Bn;
(¢) Walw,z) = expyn, graph(h(y z)n) and Wy(w,z) is tangent to En(w,x) at the
point fla;
“) fn(w)Wn(wa‘r) - Wn+1(w,x)

i) d*(fL(w)y, fL(w)z) < 7nel@T4ds (y, 2) fory,z € W, (w,z), | € N, where d*(-,-) is the
distance along W, (w,x) for m € N;
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: _ —5 _ 7 _ 2
W) Gpg1 = @pe™ %, By = Pre’® and Y1 = yne’c.

Proof. For the proof see [LQ95, Theorem I11.3.1]. But let us emphasize that the following
estimates are essential for the proof and that they are satisfied in our situation. Put

g0 1= e T2 o= 4AY e g = cp e

Then one can easily check by using the results from Section 5.2.1 that for > 0 the map

Flom = eXp;sz ofi(w)oexpyi, {§ € TszRd : H§||(w’m)’l < roe_35l} — TfL“sz
satisfies
Lip. | (D.Fy5),) < coe®'  and Lip | (Flw.a)t — DoFlw.w),1) < €0, (5.2.1)

where Lip| denotes the Lipschitz constant with respect to [|-[|, ., and [|][ Fur-

thermore if we define for n,l > 0 the composition by

w,x),l+1°

F,?(w,x) =id |Rd7 Ffz(wv'x) = F(w,x),nJrlfl ©---0 F(w@),n

then for (£o,7m0) € exp, !(Wo(w,z)) with (€0, 10) [l (w,2),0 < 70 We get for every n > 0 the
estimate

15 (w0, 2) (05 10) ] (0o,2),n < 160, 10) | 0,20 elatoom, (5.2.2)

O

5.2.3 Global Stable Manifolds

This section deals with the existence of global stable manifolds, which are constructed using
local stable manifolds. Denote

AO = AgN 7Ty, Aa,b,k = Aa,b,k N ]\0, (523)

where A comes from Theorem 4.3.1 and T'g from Lemma 5.2.4. Let {I/ }nen and {r], }men
be a monotone sequence of positive numbers such that I/, * +oco and 7, 7 400 as m —
400. Then we have for all m € N

l/ ’ l/ 7“/
A m1Tm C Am-%-l’ m+1

a,bk,e a,b,k,e
and
~ Foo ’ /
Ao = U Ay
m=1

If we denote
{[an, bn]}nen := {[a,b] : a < b <0, a and b are rational}

and let

1 . 1
Ep 1= 3 min {1, 7(200d) (bn — an)} )
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then we have
+oo d +oo
{U U U Az }u{w 7)€ ho: AV (@) 20,1 <i < ()}
n=1k=1m=1

The following theorem, which is [LQ95, Theorem III.3.2], then states the existence of global
stable manifolds.

Theorem 5.2.7. Let (w,x) € Ao\{(w z)ehg: XD (2)>0,1<i<r(z )} and let \(V) () <

- < AP)(z) be the strictly negative Lyapunov exponents at (w,z). Define W' (w,z) C
- C WoP(w, ) by

n— oo

Ws’i(wax) = {y € R¢ : limsup — 10g|f"x — fry| < NO) (z )}

for 1 <i<p. Then W% (w, ) is the image of V(S)ﬁ) under an injective immersion of class

CY! and is tangent to V((w) ) at x. In addition, if y € W (w,x) then

hmsupflogds(f”x ) < A9 ()

n—oo

where d*(-,-) denotes the distance along the submanifold frW**(w,x).

Proof. See [LQ95, Theorem I11.3.2]. The proof only uses results from Theorem 5.2.6. O

Definition 5.2.8. For (w,z) € QN x R? the global stable manifold W*(w, ) is defined by

Wiw,z) = {y e R?: limsup — log\f"x — flyl < O}

n—oo

Let A" = Afl glk . be as considered before Theorem 5.2.6. For (w,z) € A’ let A () <

- < )\(i)(m) be the Lyapunov exponents smaller than a. Then one can see that

W (w,z) = {y e R?: limsup — 10g|f z— fhyl < a}

n— oo

Thus if (w, z) € AO\{(w z) € Ao : AD(2) >0,1<i < r(w)} and XV (z) < --- < AP)(z) are

the strictly negative Lyapunov exponents at (w,x) then we get
W w,x) = WP (w, )

and hence W#(w, x) is the image of V(Ef)x) under an injective immersion of class C'! and is

(p)
tangent to V(w’x) at z.

5.2.4 Another Estimate on the Derivative

For the proof of the absolute continuity theorem (see Chapter 7), which will be stated in
the next section, we need the following estimate on the derivative.
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Lemma 5.2.9. There exists a set T1 C QN x R?, with FT; c Ty and vN x p(Ty) =1 such
that for every 6 € (0,1), there exists a positive measurable function Cs defined on I'y such
that for every (w,z) € Ty and n > 0 one has

’DOF_l

(w,z),n

< Cs(w, z)e™.

Proof. By Assumption 3 we have 10g‘D0F(:j$),O‘ € LYY x p) and hence we get by

Birkhoff’s ergodic theorem the existence of a measurable set I'y € QN x R?, which sat-
isfies FT'; C Ty and v x p(I';) = 1 such that for all (w,z) € I'y

1
~log ’DOF(;I
n

1 -1
| = 5 Tog ‘DOFF"(M%O‘ 0.

Thus for all § € (0,1) we find a measurable function Cs on I'y such that for all n > 0 and
(Wa .T) € 1—‘1

< Cs(w,z)ed™.

(w,z),n

(DOF*1

Let us fix some C’ > 1 such that the set
A = {wa) e Ay T Celw,m) < )
is non-empty and let us abbreviate in the following
A= AL

The parameters for the definition of A will be fixed for the next two sections.

5.3 Absolute Continuity Theorem

In this section we will state the absolute continuity theorem. To do so we will need some
preparation. Let us choose a sequence of approximating compact sets {A!}; with Al ¢ A
and A ¢ A such that v™N x p (A\A') — 0 for I — oo and let us fix arbitrarily such a
set Al. For (w,r) € A and r > 0 define

Un . (z,7) := exp, ({C € T,R: 1< w,2).0 < r})
and for (w,z) € Al let
Var((w,z),r) := {(w’,x’) e Al d(w,w') <’ €Un (m,r)} )
where the distance d in QN is as before the one induced by uniform convergence on compact
sets for all derivatives up to order 2. Let us denote in the following the family of local stable
manifolds {Wo(w, )}y e)ear which was constructed in Theorem 5.2.6 in the following by

{W (w,2)}(wz)eat- Since by Theorem 5.2.6 this is a continuous family of C' embedded
k-dimensional discs and Al is compact there exists uniformly on A’ a number 6,: > 0 such
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that for any 0 < ¢ < da: and (W', 2’) € Vai((w, x), ¢/2) the local stable manifold W2 (', 2")
can be represented in local coordinates with respect to (w,z), that is there exists a C! map

61 {€ € Bo(w,) ¢ gl 0 < af = Ho(w, )
with
exp, ! (I/I/'foc(o./7 )N U'A’w (z, q)) = graph(¢).

By choosing §a: even smaller we can ensure, that for all 0 < ¢ < a1, (w,z) € Al and
(lex/) € VA’((wvx)’ q/2)

54D { I Dedl 0y 0+ € € Fo(e, 2), €]l uay0 < 0} <

W =

Let us fix until the end of the section some (w, x) € Aland 0 < ¢ < §a:. Then we denote
by Al = {.T cRe: (w,x) € Al} the w-section of Al and by Far (x, q) the collection of local
stable submanifolds W}, (w,y) passing through y € AL, N Ua, (,¢/2) and set

AL(Z‘, q) = U VV[ZC(UJ7 y) N UA7UJ (J?, q) .
YyEALNTA w(2,q/2)

Let us introduce the notion of transversal manifolds to the collection of local stable
manifolds Fau (z,q).

Definition 5.3.1. A submanifold W of R? is called transversal to the family Far (z,q) if
the following hold true

i) W C ﬁAM (x,q) and exp; ! W is the graph of a C* map
v {n e How,2) : [l ey < 0} = Eolw,);

i) W intersects any Wi (w,y), y € AL N Ua (x,q/2), at exactly one point and this
intersection is transversal, that is T, W @ T, W (w,y) = R? where 2 = WNW; (w,y).

For a submanifold W of R? transversal to JF, AL (7, q) let
W] := sup [0l 9,0 +5UP 1Dnll (29 0
7 "

where the supremum is taken over {n € Ho(w,z) : [l o < ¢} and % is the map
representing W as in Definition 5.3.1.
Consider two submanifolds W' and W? transversal to FaL (z,q). By the choice of

dar each local stable manifold passing through y € Al N UA,w (z,q/2) can be represented
via some function ¢, whose norm of the derivative with respect to the Lyapunov metric is
bounded by 1/3. Thus the following map, which is usually called Poincaré map or holonomy
map, is well defined by

Pyiwe s WN AL (2, q) = W2 N AL(z,q)
and for each y € AL, N Ua, (,q/2)
Py e 2= W W (w,y) = W>NWE(w,y).

Since the collection of local stable manifolds is by Theorem 5.2.6 a continuous family of
C! embedded k-dimensional discs Pyy1 w2 is a homeomorphism. Denoting the Lebesgue
measures on W by Ay for i = 1,2 we can define absolute continuity of the family F, AL (7, q).
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Definition 5.3.2. The family Fau (x,q) is said to be absolutely continuous if there exists
a number ear (x,q) > 0 such that for any two submanifolds W' and W? transversal to
Far (z,q) and satisfying HW’H <ea(7,q), i = 1,2, the Poincaré map Py w2 constructed
as above is absolutely continuous with respect to Ay1 and Ayy2, that is Ay & A2 0 Py e

Then we have the following main theorem, often called absolute continuity theorem,
which will be proved for random dynamical systems in a slightly stronger version in Chapter
7. Let us denote the Lebesgue measure on R% by \.

Theorem 5.3.3. Let Al be given as above. There exist numbers 0 < qai < da1/2 and
ear > 0 such that uniformly on A' for every (w,z) € Al and 0 < ¢ < qai:

i) The family Fai (x,q) is absolutely continuous.

ii) If N(AL) > 0 and = is a density point of Al with respect to A\, then for every two
submanifolds W' and W? transversal to Far (z,qa1) and satisfying HWzH <enl, t =
1,2, the Poincaré map Py w2 is absolutely continuous and the Jacobian J(Py y2
satisfies the inequality

< J(Pywrw2)(y) <2

N

for Ay -almost all y € W' 0 Al (z,qa1). Here the Jacobian J(Pw1,w2) is defined as
the Radon-Nikodym derivative of the measure Ayz o Py 2 with respect to Ay.

Proof. See Chapter 7. O

5.4 Absolute Continuity of Conditional Measures

In this section we will state the main conclusion of the absolute continuity theorem namely
Theorem 5.4.2, which roughly speaking says that the conditional measure with respect to
the family of local stable manifolds of the volume on the state space is absolutely continuous
(in fact, even equivalent) to the induced volume on the local stable manifolds. Let us start
with the following proposition, which is [LQ95, Proposition 6.1].

Proposition 5.4.1. Let (X,B,v) be a Lebesgue space and let « be a measurable partition
of X. If U is another probability measure on B which is absolutely continuous with respect to
v, then for -almost all x € X the conditional measure Uy(y) is absolutely continuous with
respect 10 Vg () and

dl)a(a:) _ g|a(x)
Wa@) a9 Wai)

where g = dv/dv.

Proof. See [LQ95, Proposition 6.1]. O

Let Al be a compact set as in the previous Section. Without loss of generality we can
choose ga: smaller than achieved in Theorem 5.3.3, so we will assume that ga: = ea:. Let
us fix a point (w,r) € Al until the end of this section such that A(AL) > 0 and z is a
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density point of Al with respect to the Lebesgue measure on R? \. For ease of notation let
us introduce the following abbreviations

U= ﬁA,w(iﬂ,LIAl)
Bl = f S EO(w7x) : ||€||(o.1,z),0 < qu}

{
B2 = {n € How, ) : 1l oay0 < 4t }

We will denote by S the measurable partition {expm ({5} X BQ) }E B of U and by « the
€

partition of AL (x, ga:) into local stable manifolds, that is

{Wielw.y) N0} .

yGALﬂUAM (a:,qlA/2)

Since {W} (w, y)}yEA
measurable partition of Al (z,ga:). Further we define the sets

I:=B(z)NAL(z,qar)

, is a continuous family of C! k-dimensional embedded discs « is a

and for N C I

zEN

Since ga: is chosen such that any local stable manifold W} ,(w,y) for y € ALNUA ., (2, qa1/2)
can be expressed as a function on Eo(w, z) we have [I] = AL (z, ga:). Because z is a density
point of AL with respect to A we have A(AL N Ua . (2,qa1/2)) > 0 which implies that
MAL(z, gar)) = A([1]) > 0.

The restriction of 3 to [I] will be denoted by B;. Finally let us denote by AX the
normalized Lebesgue measure on a Borel set X of R? with 0 < A(X) < oo and by /\5
the normalized Lebesgue measure on S(y) for y € U induced by Euclidean structure. By
Fubini’s theorem we have

0<A7 ()= [

[I]Af<[f1mﬂ<z>>dxﬁ<z>: / N (Br(2))aN7 (2). (5.4.1)

(1]

Because the submanifolds {3(2)} .y are transversal the absolute continuity theorem (The-
orem 5.3.3 ii)) implies that under the Poincaré map Pg() (,) the measures M and )\5 are
absolutely continuous for all y,z € [I]. Thus AJ(8;(y)) > 0 if and only if A?(8;(z)) > 0
for all y, z € [I] hence (5.4.1) implies AJ(8;(y)) > 0 for all y € [I]. Thus we can define the

measure )\51 == M/A3(B1(2)) for z € [I]. By A\ we will denote the normalized Lebesgue
measure on «(z), z € [I] induced by the Euclidean structure.

Theorem 5.4.2. Let (w,x) € Al. Denote by {)\ggz)} " the canonical system of condi-
zE

tional measures of N1 associated with the measurable partition . Then for A-almost every

z7

z € [I] the measure )\ggz) is equivalent to NS, moreover, we have
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A& -almost everywhere on a(z), where Rai > 0 is a number depending only on the set Al but
not on the individual (w,z) € Al.

Proof. The proof can be found in [LQ95, Theorem II1.6.1]. We will state it here for sake of
completeness and to emphasize the several applications of the absolute continuity theorem
(Theorem 5.3.3) within the proof.

Step 1. Let us denote the normalized k-dimensional Lebesgue measure on the k-dimen-

sional space exp,(B!) C U by A*. Define the measure A oon U by
W= [ A AN s) )
exp, (B')

for any Borel set A of U. Let us define the projection p of U to exp, (B') by

p:U = exp,(BY); z=exp,(€+n)— exp,(£),

where £ € Fy(w,x) and n € Hyp(w, ). Since Mop=t = Ak and by definition of the canonical

system of conditional measures we have for any Borel set A of U

XWA%=/X&mMﬂB@WﬂU@%=/ My (AN B(y) A (y).

U exp, (B')

Because the conditional measures are essentially unique we get for Mo ae. Yy € U that the
conditional measure of AU associated to the partition 3, that is )\ () coincides with )\B By
Fubini’s theorem the measure \U is equivalent to AU and thus applying Propomtlon 5.4.1
yields that for AVl a.e. z € U the conditional measure )‘B( ) is equivalent to U 4(2) and thus

to AJ. Because of Lemma 5.2.3 U contains uniformly in (w,r) € Al some set with positive
Lebesgue measure, hence there exists a constant R(Aoﬁ (uniformly on A!) such that

Dy
- Yy
(r) = 20 <Ry
Yy
)\g—almost everywhere on ((y).
Now denote by {)\[ﬁj(z)} e the canonical system of conditional measures of A\l associ-

ated to the partition 5;. Consider the measure AU as a measure on [I] U then Proposition
5.4.1 for the partition 8; implies that for A/l-almost every z € [7] the conditional measures

/\ﬁUI(z) and )\gj(z) are equivalent and thus by the first part of the proof are also equivalent to

N1 = N2 /X\(B1(2)). Since AU and Al vary only by a constant factor there exists a number
R(l) > 0 such that for A'l-a.e. z € [1]

d/\[-’]
1 -1 z 1 1
(R(A)L) < dfﬁ(}) . (> R()

M1_almost everywhere on £;(z).

Notice that for any z € [I] there is a unique T € a(z) and § € I such that z = a(g)N3(Z).
Thus in the following we will sometimes use (Z, §) instead of z.

For every Z € a(xz) let us define the Poincaré map

Prp o I=B) 0[]l = p@) N[ = a@)np@)
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Since we assumed ga: = ea: the absolute continuity theorem 5.3.3 implies that A7 is

equivalent to A2 o P2 and there exists a number RS} > 0 such that for any z € a(x)

d (Agf o Pgi)

-1
(7)™ < =

= hy < RY) (5.4.2)

Mi_almost everywhere on I = (;(x).
For every ¢ € I let us consider the map

Pl a(z) = a(@); T alf)npE).

Since by the uniform structure of the partition 8 we immediately get that AF o Pfg is
equivalent to A\2. Since {(y)}7er is a continuous family of C* embedded discs and each can
be represented as a C'! map on exp,(B!) with bounded differential there exists a number

R(AS'; > 0 such that for any g € I
dAg

(RY) ' < m

—. 13 (3)
= b < RY)

A%-almost everywhere on a(x).
For a Borel set K of a(z) let K(8) := U;cx £(Z) and define another measure on a(x)
by

va(K) = A () n[1]),

which is the measure under the projection of [I] to a(z) along the partition 8. Clearly v,
is a Borel probability measure on «(z). By Fubini’s theorem we have for any Borel set
K C a(z)

wlK) = NUE@ ) = [ G N8 )

Defining the following map
Pfo ca(r) = expx(Bl); T expx(Bl) N B(z).

we get for any Borel set K C a(x)

v (K) = NI (K (B) N Br(2)) dAF(2) = AF o Py (K)
Py (K)

and thus v, &~ Ao Pfo. On the other hand we get A o Pfo ~ A§ by the same argument
as in (5.4.2) if the second stable manifold is replaced by exp,(B'). This together implies
the equivalence of v, and AS and because of the boundedness of the derivatives of the
representing functions there exists a number RX? > 0 such that

1 du,
(RL)™ < g = < R

x

A¢-almost everywhere on a(x).
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For a Borel set NV of I let us define the measure
vr(N) == AT(N)),
which is the measure under the projection of [I] to I along the partition a. Clearly vy is a

Borel probability measure on I. For any z € exp,(B"') N [I] define the Poincaré map along
the partition a

PL I =BE) N[ = B)N[I];  y— aly) N pr(z).

By Fubini’s theorem we have for any Borel set N C I

vr(N) = A([N]) = / MI(INT 0 Br(2)) A (2)

exp, (B1)
d)\ﬁz
-/ / (1) d (A7 0 P2) () dN¥(2).
exp, (B1) J[N]INB(2) ABI o Pﬂ)

Since the absolute continuity theorem 5.3.3 implies the existence of a constant R(‘))L >0

such that uniformly for all transversal manifolds {81(2)},ceyp (51)nqr We can bound the

Radon-Nikodym derivative almost surely on 5;(z). This yields for any Borel set N C I
vr(N) > (Rgz)‘l/ o0 ° (A2 0 P2) (IN] N Br(2)) AR (2) = (RE)) ™ A2 ()
exp, (B

and similarly v7(N) < RY) A7 (N) which finally gives

Br
(Rg) ™ < Lo < RY
I

vr-almost everywhere on 1.

Step 2. Let @ C [I] be a Borel set. Since by definition of the canonical system of
conditional measures and definition of v; we have

Q) =/ A (2)(@Qna(z)dA(z) = //\m( y)(Q Na(y))dvr(y)
1]
thus it suffices to show that
(1] — (2)Gz (2)dAA%(2) dvs(y 4.
wn@- [ f  Tana(p ()G ()X () der(s), (5.4.3)

where {Gy : a(y) — [0,400)}jer is a family of functions which are such that the right
hand side of (5.4.3) is well defined and there exists a number Ra: > 0 as described in the
formulation of this theorem such that for v;-almost every § € I we have

Ry < Gy(2) < R

for A§-almost every 2 € a(y).
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We will now show that (5.4.3) is true using

Q) = /[  Ma@na@) )

A o) QN Br(2) dvy ()

/5( )1Qﬂﬁz @ (&) ANy (2 )1 dv,(z)

1Qﬁﬁ1 @ (DR (2) AT (2 )1 h®(z) dAZ (2)

/162051(90 @RS (Pez (@) ()R () AN () | A3 (@)

I
= [ | [ rermo (P @) 1 (PR @I @ @O ) dur(5)| 3
:=H(Z,y)

Lo
Lo
Lo
Lo
Lo
J

[/ Lons: (z) (Prz(9) H (2, 9) dAZ (2 )] dvr(y)-

Because of P%(j) € 51 (Z )1fandonlyifo (Z) € a(y) for g € I,T € ax) we get

(@) :/I /( )1Qﬂa(g)(Pfg(j))H(jag> dki‘(f)] dvr(y)

:/z /am Lonato) (Poy(@) H (2, )b (2)d (X5 o Py (x)l dus (7)

-/ _ [ TanaGHP) 7 5 m (P dA;;(ﬁ)] vy (5).
In fact if we define for each g € I the function
Gy:a(y) 3 20 H((PL) ' 2,9)hy) (P)7'2).
then for v-almost every § € I and \j-almost every 2 € a(y) we have with Ra: := H?Zl R
(Rat) ™ < Gy(2) = H((P) 5,905 (Pry)~'2) < Ra,

which completes the proof. O

5.5 Construction of the Partition

Recall that Ay ¢ QN x R? is the F-invariant set of full measure defined in (5.2.3). Let us
define

Ay = {(w,z) € Ag : XV () < 0}

and let us state two definitions.
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Definition 5.5.1. A measurable partition n of QN x R? is said to be subordinate to W*-
submanifolds of XT (R, v, p), if for vN x p-a.e. (w,), n.(x) == {y : (w,y) € n(w, )} C
W#(w,x) and it contains an open meighborhood of x in W*(w,x), this neighborhood being
taken in the submanifold topology of W*(w, x).

Definition 5.5.2. We say that the Borel probability measure p has absolutely continuous
conditional measures on W?*-manifolds of X+ (R, v, ), if for any measurable partition n
subordinate to W*-manifolds of X*(R%, v, 1) one has for vN-a.e. w € QN

M K Ay 2y u—ae xR

where {ple} cra 18 a (essentially unique) canonical system of conditional measures of
associated with the partition {n,(r)},cre of RY, and N,z 18 the Lebesque measure on

W*(w,z) induced by the Euclidean structure as a submanifold of R?, where )\‘Z’w’m) =0, if
(w,z) & Ay.

Now we are able to state the main proposition (see [LQ95, Proposition IV.2.1]), which
yields a measurable partition n with certain properties by which we are able to show the
estimate of the entropy from below as presented in the next section.

Proposition 5.5.3. Let X+(R%,v, 1) be given. Then there exists a measurable partition 7
of ON x R® which has the following properties:

i) F~'n <n and {w} x R? < p;
ii) m is subordinate to W*-manifolds of X+ (R%, v, u);
iii) for every Borel set B € B(QN x R?) the function
P () = Ny (1) 1 Bu)

is measurable and vN x u almost everywhere finite, where B, = {y : (w,y) € B} is
the w-section of B;

w) if p < A, then for vN x p-a.e. (w,z)
Mgw < A?w,z)'

We will present a sketch of the proof at the end of this section after some preparations,
where we have adapt some arguments due to the non-compactness of R%. The complete
proof of Proposition 5.5.3 can be found in [LQ95, Section IV.2].

From Section 5.2.3 we know that there exist countably many compact sets {A; : A; C
A1 Yien such that N x M(Al\Ul A;) = 0 and each set A; is a set of type Al as considered
in Section 5.3 and 5.4 but with Eo(w,z) = Uy\o)(2)<o V(((j)m) for each (w,x) € A, that is
b =0. For A; € {A; : i € N} we will use the constants as in the previous sections,
that is set kp, := dim Ep(w, ) for (w,z) € A; and in the same way Ap,,04,,qa, and so
on. As in the previous sections we will denote the continuous family of C'! embedded k-
dimensional discs (the local stable manifolds) given by Theorem 5.2.6 corresponding to n = 0
by {Wlic(wvm)}(w,g;)em-

By Theorem 5.2.6 there exist \; > 0 and 7; > 0 such that for every (w,z) € A, if
Y,z € WS _(w,z) then for all [ > 0 we have

d*(fly, fLz) < vie M d (y, 2). (5.5.1)
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For (w,z) € A; and r > 0 let us denote
By, ((w,z),7) = {<w/7xl) €A;: d(w7wl> <rlz— xll <r},

where as before d denotes the metric on QN as introduced in Section 4.2.1 and, to repeat,
for z € R? and (w, ) € A; respectively

B(z,r):={yeR: |z —y| <7}
Un, (@) = exp, {C € TR 5 [Cll g0 <7

Then we have the following corollary, which is an immediate consequence of Lemma 5.2.3
and Theorem 5.2.6.

Corollary 5.5.4. There exist numbersr; >0, R; > 0 and 0 < ; < 1 such that the following
hold true:

i) Let (w,z) € A;. If (W', 2") € Bp,((w,x),7;) then

B(l‘,’ri) C UAi7w’(xl7in/2)'

it) For any r € [r;/2,r;] and each (w,x) € A;, if (W', 2") € Ba,((w,x),e;r) then the local
stable manifold W (w', ") N B(z,r) is connected and the map

(W, z") = WS (W 2") N B(z,r)

is continuous from By, ((w,x),e;r) to the space of subsets of B(x,r) (endowed with the
Hausdorff topology).

iii) Letr € [r;/2,7;] and (w,x) € A;. If (W', "), (W', ") € Bp,((w, ), ;1) then either
VV[ZC(LUI,JZ/) n B(QE,T) - Wlf)c(wlvlﬂ) N B(a:,r)

or the two terms in the above equation are disjoint. In the latter case, if it is assumed
moreover that " € W*(w', 2’), then

d*(y,z) > 2r;
for any y € Wi (', 2") N B(x,r) and z € W (', 2") N B(x, 7).

iv) For each (w,x) € Ay, if (W',2') € Bp,((w,z),7;) and y € W _(w',2") N B(x,r;), then
Wi (W', a") contains the closed ball of center y and d° radius R; in W*(w', 2).

Proof. Property i) is an immediate consequence of Lemma 5.2.3. Whereas properties i) -
iv) follow directly from Theorem 5.2.6 and the choice of ga, in Section 5.3. Its proof has to
be adapted due to the non-compactness of the state space R%. O

For the proof of Proposition 5.5.3 we need some characterization of the F-invariant sets
in terms of stable manifolds. Let us define

B :={BeBn, (N xRY):B= [J {w}xW(wa);,
(w,z)EB
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where By, (N x RY) is the completion of B(QN x R?) with respect to v x . Further
denote the o-algebra of F-invariant sets by

Bl i={A€B,ny, (AN xRY): F 1A= 4}.

Then we have the following lemma, which is [LQ95, Lemma IV.2.2] and states roughly
speaking that every F-invariant set is basically a union of global stable manifolds.

Lemma 5.5.5. We have BY ¢ B*,vN x p-mod 0.

Proof. The proof of [LQ95, Lemma I11.2.2] is adapted to the case of R?, but follows along
the same line. Put QN x B, (R?) := {ONx B : B € B,(R%)} where B, (R?) is the completion
of B(RY) with respect to . Since the infinitely often differentiable functions with compact
support on R? are dense in L?(R%, B(R?), ) and build a separable space there exists a
countable set

F:={9: N xRY =S R: g;(w,-) € C™ with compact support for each w € QN and
gi(w, z) = gi(x) for each (w,z) € QN x R%,i € N},

which is dense in L2(ON x R4, ON x B, (RY),vN x u). By Birkhoff’s ergodic theorem for
each g; € § there exists a set Ay, € B! with N x p(Ay,) = 1 such that for all (w,z) € Ay,
we have

n—1

. 1
nllﬁn;()ﬁ kz_;)gi o FF(w,z) = E[gi’BI] (w,x).

Denote Az := (); Ag;- For two points (w,y),(w,z) € Az belonging to the same stable
manifold, that is there exists x such that (w,y), (w,2z) € {w} x W*(w,z). Moreover we
have lim,, o |f"y — f7z| = 0. Thus for any g; € § there exists some compact set C C R?
with gi|cc = 0 such that for any € > 0 there exists 6 > 0 with |z —y| < ¢ implying
lgi(2) — g:(y)| < e. Hence there exists N € N such that we have

|E[g:]B'] (w,y) — B[gi] B'] (w,2)] = lim % Z_j (9:(F"(w.9)) — g:(F* (w, 2)))
k=0

N-1
) 1 & & . n —
< — 1 — Y
_nhm - E |9:(F*(w,y)) = gi(F*(w, 2))| + lim

n—00 n
k=0

3
=E&.

Since € > 0 can be chosen arbitrarily small we have E[gi|BI} (w,y) = E[gi‘BI] (w, z) for
(w,y) and (w, z) on the same stable manifold. Hence for all i € N the conditional expectation

E[gi’BI ]‘ s restricted to Ag is measurable with respect to B°| ., which implies

{ElalB,, 9 € 5} € L2(Ag, B lag N x ). (5.5.2)

Since the square integrable functions that are invariant with respect to F' do not depend on
w (see Lemma 4.2.2) we have

L2(ON xR BN x p) € L2(QN x R QN x B, (RY), vN x p).
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Since § is a dense subset of the right-hand space and the conditional expectation can be
seen as an orthogonal projection we have that {E[gi‘BI] 1 g; € S} is dense in LZ(QN x
R% B N x p). Then from (5.5.2) it follows that

LQ(A3’7BI|A3vyN X ,u) - L2(A3765|A33 VN X u)v
which implies since v™N x p(Agz) = 1 the desired, that is B! € B*,vN x p-mod 0. O

Let us now state the sketch of the proof of Proposition 5.5.3, in particular the construction
of the partition 1. The complete proof can be found in [LQ95, Section IV.2].

Proof of Proposition 5.5.3. Step 1. Let A; € {A;,i € N} be arbitrarily fixed and choose
the constants €;,7; and R; according to Corollary 5.5.4. Since A; is compact, the open
cover {By,((w,x),€iri/2)}(, s)ea, has a finite subcover Uy, of A;. Let us fix arbitrarily
By, ((wo, zo),&i7i/2) € Up,. For each r € [r;/2,r;] we define

Sy = U {{w} x Wite(w, ) N B(wo, )]} -

(W,I)GBAi ((wo,z0),€47)

Denote by &, the partition of QN x R into all sets {w} x [Wj_(w,x) N B(zo,7)], (w,) €
Ba, ((wo, z0),&;7) and the set QN x R4\ S,.. By i) and iii) of Corollary 5.5.4 one sees that
&, is a partition and by the continuity property of the local stable manifolds that it is even
a measurable partition. Now put

+00
Ny 1= (\/ F_"§T> V{w} xR we OV},

One can see ([LQ95, Proof of IV.2.1]) that for almost every r € [r;/2,7;] the partition 7,
has the following properties:

(1) F7'n, <ny and {{w} x R :w € QN} <y

(2) Put S, = |J/° F~"S,. Then for vN x p-a.e. (w,y) € S, we have (1,)o(y) :== {2 :

n=0

(w,2) € nr(w,y)} € W*(w,y) and it contains an open neighborhood of y in W*(w, y);

(3) For any B € B(ON x R%) the function
PB(W, y) = )\.(Sw,y)((n"“)w(y) N Bw)

is measurable and finite v™N x p-a.e. on S,;

(4) Define N = 77r|5~
conditional measures of ﬂ|(s ) associated with the partition (7). If u < A then for
vNoae. w e QN it holds that

and for w € ON let {K@i)0w) tye(s,), be a canonical system of

M(ﬁr)w(y) < )\Zgw,y) p-a.e. Yy € (Sr)w-

Let us remark that for the proof of property (4) Theorem 5.4.2 is the essential part.
Step 2. Let us notice that Step 1 works for any A’ and any set in Ux:. So let us denote

T°Upi = {U1,Uy,Us, ...} and for each U, we will denote the partition 7, satisfying
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(1)-(4) from Step 1 by 7, and the associated set S, by S,. Define for each n > 0 the set
I, =, F~'S,. Then we have

+oo
L= JF™*s.

1=1 k>l

and thus clearly I, is F-invariant, that is F —1I, = I,. The Poincaré recurrence theorem
then implies v x p(A;\ :3 I,) = 0. Because of Lemma 5.5.5 we can and will assume

that I,, € B°. If this is not the case we would proceed with I/, € B* such that F~1I/ = I/,
and vN x p(I,AI) = 0. So let us now define 7, := 1,|s,. Since I,, € B we have

L= |J {}=xw,a).
(w',z")EL,

and thus

fin = {nn(w,2) N In}(w,a:)eln = {mn(w,z) N {w} x WS(W7$)}(w,x)eIn ) (5.5.3)

which implies that 7j,, preserves the structure of 7, as constructed in Step 1. So let us define
finally the partition 1 of QN x R? by

771(00,.13), if (w,a:) el

nw,z) =< fa(w,z), i (w,z) € L\URZS I
{(w, )},  if (w,2) € QN x RO\ I,

Because by (5.5.3) we have for (w,x) € In\UZ;ll Ij, for some n > 1 that n(w,x) = Ny (w, )
and thus clearly satisfies property (1) and properties (2)-(4) on I,, instead of S,. Since
N < (A \UT™ 1) = 0 and for (w,z) ¢ Ay we defined W5(w,z) = {x} and Nwz) = 0a

n=1
the properties of Proposition 5.5.3 are satisfied v x p-almost everywhere, which completes
the proof. O

By Property iii) of Proposition 5.5.3 we can define as in [LQ95, Section IV.2] a Borel
measure A* on QN x R? by

A(K) = /)\fw)m)(nw(x) NK,) dvN x p(w, z)

for any K € B(ON x R%). One can easily see that \* is a o-finite measure. By definition of
the canonical system of conditional measures we have

Nkl 8) = [ (o) 0 L) A0 x (e,

for each K € B(QN x R?). If 4 < A by Property iv) of Propostion 5.5.3 for v x p-almost
every (w,z) € QN x R? we have p/lv < \¢ . and thus

(w,)
N X < N
So let us define

AN xp
oA
Then we have the following proposition, which is [LQ95, Proposition IV.2.2].
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Proposition 5.5.6. For vN x u-almost every (w,z), we have

dplle
= z 5.5.4
9 dA? ( )

(w,z)

Nw,z)0-€- 0N 1y (2).

Proof. The proof only uses basic measure-theoretic arguments. See [LQ95, Proposition
I11.2.2]. O

5.6 Proof of Pesin’s Formula

In this section we will state the proof of Pesin’s formula for random dynamical systems
on R? which have an invariant probability measure absolutely continuous to the Lebesgue
measure on R? and satisfying the integrability Assumptions 1 - 5 stated in Sections 4.3 and
5.1.

5.6.1 Estimate of the Entropy from Below

First we will state the proof of the estimate of the entropy from below, that is the following
the result, which is basically taken from [LQ95, Section IV.3] and bases on the partition
constructed in the previous section.

Theorem 5.6.1. Let X(R%, v, 1) be a random dynamical system that satisfies Assumptions
1 - 4. If the invariant measure p is absolutely continuous with respect to Lebesgue measure
on R we have

R p)) = [ 37 A0 @) ()

Proof. This proof basically coincides with the proof of [LQ95, Theorem IV.1.1] and is stated
here for sake of completeness. Let n be the partition constructed in Proposition 5.5.3.
Assuming for the moment that

Hyno (| F~ "V og) < +o00 (5.6.1)

then one can show (see [LQ95, Proof of Theorem IV.1.1]) that by Theorems 4.2.4 and 4.2.6

: 1 —n - o
fim EHVNX;L(MF nVoo) < Hys (nﬂG 177Jr Vo) = hu* (Gﬂﬁ)

n— oo

S Slglp hz* (Gvf) = hz* (G) = h,u(X(Rda I/a /u‘))a

where G was defined in Section 4.2.1, o9 and o were defined in Section 4.2.2, p* is the
measure defined by Proposition 4.2.5 and n* := P~y with the projection P as defined in
Section 4.2.2. Here it is essential that G is invertible on Q% x R¢ and o is invariant under
G. Thus it suffices to show that (5.6.1) is true and that for all n > 1

1 )
Ho (00 00) > / SO @) (o) ds (5.6.2)
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Let us first show the latter one and fix some n > 1. By definition of the mean conditional
entropy, in particular (4.1.2), and the properties of the partition 1 we get

Hywy (N F7 "V og) = —/

S log (VN X 'uf;*’;‘)ano (n(w,x))) dv™N x p(w, )
X

== [ o (W ) du@avi). (563
QN JRd

Let {I;};en be the sets from the proof of Proposition 5.5.3 of the construction of the
partition 1 and define I := (J; . I; and Iy := ON x R4\ 1. Since each I; is F-invariant we
have F~'I = I and F~'Iy = I,. Thus n and F~"nV og are refinements of the partition
{I, Iy} and their restriction to Iy is the partition into single points which implies for each
(w,z) € Iy

log (457" (1 (2))) = 0.

By definition of Ay the Lyapunov exponents are all non-negative on (ON x Rd)\Al. Thus
we get because of Iy C QN x R4\ A; from Proposition 4.3.2

0< / Z/\(i) ()T m;(z) N x p = / Z/\(i) (z)m;(z) dv™N x p <0,
Io Io
which implies
/ > A (@) Fmy () N x 5 =0,
I

So in the following let us assume without loss of generality that v™N x u(I) = 1.
Denote by ¢ := du/d\ the Radon-Nikodym derivative and put A4 := {x € R?: ¢(z) = 0}.
Because of

[z ) aw) = uta) o
for vN-a.e. w € QN we have p ((f)7*(A)) = 0. For any Borel set B C R4\ A with p(B) =0
we have for any w € ON, A\(B) = 0 then A ((f7)~(B)) = 0 and finally p ((f2)~(B)) = 0.
Thus there exists a Borel subset IV C ON with vN(I'V) = 1 such that for any w € T”
po(fi)~t<p, and p<pofl,

where o f*(E) := u(f*(E)) for any Borel set E C R%. Further one can see that for any
wel’

dp (2) = 9(2)
d(po f2) o(f52)

Then Proposition 5.4.1 implies that

|det D, f7| 7" =: @, (w, 2).

ny—1
dplfe) e P (W, )l(sm)=1n,nu (@)

N Tpmn DR
d(po fm)ie f(f:;)*lnrnw(x) ,,(w, 2)d (o fr)FH
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for p-a.e. z € R% For vN x p-ae. (w,y) € QN x R? let us define

W(w,2) == u®) " ()
d(y) g(F"(w,y)
o(fry)  g(w,y)

| det(Dy 2 By (w,2)]
Yo (w,x) = det(Dy 1)

7 — ) d n (fs)il’flr"w
n(w,gj) T n(wvz) (:U'ofw)y ’
(fo)=*nmn (y)

Xn(w,x) =

where g is the function defined before Proposition 5.5.6. Then one can show (see [LQ95,
Claim IV.3.1]) using change of variables formula twice and the absolute continuity of u < A

and p < A7,y for vN x p-a.e. (w,z) that almost everywhere on QN x R? we have

Xn(w,2)Yy(w, x)

Wa(w, ) = Zn(w, )

(5.6.4)

Because of |det(D, )| < |Dx f:j|d Assumption 1 implies for each n > 1 that the function
log™ [det(Dy f1)| € L1 (N x 1) and analogously that log™ |det(Dq f2| 5y (w,2))| € L1 (N x p).
Thus by the multiplicative ergodic theorem we have for n > 1

%/log\det(szfﬂduN X = /Z)\(i)(x)mi(x) dp(x) (5.6.5)
and
%/log |det(Dy f2 £o (w.2)| dvN x p = /Z)\(i)(m)_mi(a@) dp(z), (5.6.6)

where both sides of the two equations might be —oo. By the multiplicity of the determinante
Assumption 4 implies that log |det(D, f")| € L} (1N x ) for n > 1 and thus by (5.6.5) that

Z D (z)ymy(z) € L ().

This yields by (5.6.6) that log |det(Dy f2|5y(w,2)| € £(vN x p), which finally implies
logV,, € LY(vN x p) and

1 N — @ (),
n/logYndy XM_/Z:/\ () Tm;(x) du. (5.6.7)

Further from [LQ95, Claim IV.3.3 and IV.3.4] we get that log X,, € L1(vN x p) and
log Z,, € L' (VN x p) with

1
—f/loan AN xpu=0 (5.6.8)
n
and
1
- /log Zn dvN x > 0. (5.6.9)

Combining now (5.6.7), (5.6.8) and (5.6.9) via (5.6.4) and (5.6.3) finishes the proof. O
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5.6.2 Estimation of the Entropy from Above

A nice and short proof of the reverse inequality was given in [BB95] for random dynamical
systems on a compact Riemannian manifold. This proof was extended in [vB10a] to isotropic
Ornstein-Uhlenbeck flows (see Section 2.4), which can be seen as a random dynamical system
on R¢ similar to the description in Section 2.2.1. This proof can be easily extended to random
dynamical systems that satisfy Assumption 5. Precisely we have the following theorem.

Theorem 5.6.2. Let X(R%, v, ;1) be a random dynamical system that satisfies Assumption
5, then we have

R 0) < [ 30N @) (o)

Proof. Since Assumption 5 implies Assumption 1 the multiplicative ergodic theorem is ap-
plicable and the Lyapunov exponents of the random dynamical system exist. For isotropic
Ornstein-Uhlenbeck flows the distribution of the derivative is translation invariant. Thus
for k € N and y € R? the distribution of the random variable

Lk(naway) = sup ‘sz:H?
2€B(y, )

does not depend on y and hence
/ log™ (L1 (n,w,y)) dv™ (w) (5.6.10)
ON

is uniformly bounded in y € R%, even constant in z € R?%. Since we clearly do not have this
translation invariance for any random dynamical system we need to have a closer look at
the two estimates in [vB10a] where (5.6.10) is used. In particular we need to bound

+oo
fim Y (6e) [ logt (a0 ()

k—
 immt1 Q

for the estimate of term I and show that

m

lim Z,U,(é-ml)/QN\Q 10g+(Lk(n7w,l’i)) dyN(w) =0 (5611)

k—o00 4
i=1

for the estimate of term III, where for each k,I € N the family of sets {&;, }i=1,...m is a
partition of B(0,1) and {&, }i>m+1 a partition of R¥\B(0,1) with &,, C B(x;, 1/k) for every
i € N. The sets Q; are certain subsets of ON such that for each fixed | € N we have
Qi / Q for k — oo. For details concerning the definition of {&;, }ien and Qy; see [vB10al.
For any ¢« € N and z € &, we have
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Thus we get by monotonicity of log™

+oo
lim, D pl6e) [ o8 (Dulrnown ) dN(w)

k—o00 |
1=m-+1

T k—oo .
1=m-+1

+oo
< lim Z / /QN log+(Lk/2(n,w,x))dVN(w)du(a:)
og" (Li(n,w,z)) dvN(w)du(z
= foveman o 08 (02 N @)t

— [ sw dog 1D £ NG dute),
R4\ B(0,) JON z€B(z,1)

which is finite because of Assumption 5. On the other hand we have analogously

> wiee) / log* (L (1, w, 7)) ™ ()

N\Qk 1

<[ sup log™ |D. 2 A (w)dpu(a).
B(0,1) QN\Qk,L z€B(z,1)

Because of Assumption 5 and §2;; * €2 this last expression converges to 0 for k — oo by

dominated convergence. By this the proof of Theorem 5.6.2 follows strictly along the proof

in [vB10a]. O

5.7 Open Problems

As already mentioned, the notion of a random dynamical system from Kifer [Kif86] and Liu
and Qian [LQ95], we used here, is less general than the one introduced in [Arn98]. Thus, it
would be interesting to generalize Pesin’s formula also to these random dynamical systems
with only stationary increments.

Furthermore, Pesin’s formula is not only of interest to calculate the entropy of a dynam-
ical system easier if you know its Lyapunov exponents. Ledrappier and Strelcyn [LS82] and
Ledrappier and Young [LY85a] characterized those invariant measures of a deterministic dy-
namical system generated by a C2-diffeomorphism for which Pesin’s formula holds: Pesin’s
formula holds true if and only if the invariant measure is an Sinai-Bowen-Ruelle (or simply
SBR) measure. Here an invariant measures is called an SBR-measure if the conditional
measures on unstable manifolds are absolutely continuous with respect to Lebesgue mea-
sure on these manifolds. Unstable manifolds are usually defined as the stable manifolds of
the dynamical system running backwards in time. This is one of the significant equivalence
properties mentioned in the introduction to this chapter. For random dynamical systems
on a compact manifold Liu and Qian [LQ95, Chapter VI] showed that Pesin’s formula holds
true if and only if the sample measures (or often called statistical equilibrium) have SBR
property. Thus, it would be interesting to develop this equivalence also in our situation
with a non-compact state space. This would yield a better understanding of the statistical
equilibrium in this case and one might hope to answer questions concerning the evolution
of the volume of a set under the action of a stochastic flow (or random dynamical system)
(see for example [Dim06, Chapter 4]).

One might even be optimistic and think of these results also for random dynamical
systems in the sense of [Arn98] (and hence more general stochastic flows) or even for systems
which do not have a finite invariant measure (already mentioned in Section 4.4).
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Finally, Ledrappier and Young [LY85b] generalized Pesin’s formula to deterministic dy-
namical systems with an invariant probability measure that is not necessarily absolutely
continuous with respect to Lebesgue measure. This formula then involves not the multiplic-
ities of the Lyapunov exponents but some fractional dimension of the invariant measure in
the direction of the linear subspaces achieved in the multiplicative ergodic Theorem 4.3.1.
The study of this could also be one direction of further research.
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Chapter 6

Pesin’s Formula for Stochastic
Flows

In this thesis we are interested in the chaotic behaviour of stochastic flows on R¢. In Section
2.2 we have seen that homogeneous Brownian flows can be seen as random dynamical sys-
tems. Thus, in this chapter we can apply the results from the previous chapter to stochastic
flows. We will show in Theorem 6.0.1 that a broad class of stochastic flows with an invariant
probability measure which is absolutely continuous to the Lebesgue measure on R? satisfies
Pesin’s formula. This gives a relation between the entropy of a stochastic flow on R% and
the sum of its positive Lyapunov exponents.

The proof relies on Theorem 5.1.1 applied to the random dynamical system that cor-
responds to the flow. We will assume mild integrability for the invariant measure of the
flow and mild regularity for the generating Brownian field. Then, using the results from
Imkeller and Scheutzow [IS99] (in particular Theorem 2.1.7), we will show that the integra-
bility assumptions of Section 4.3 and 5.1 are satified and hence Theorem 5.1.1 is applicable.
Precisely, we have the following theorem on Pesin’s formula for stochastic flows on R%:

Theorem 6.0.1. Let ¢ be a homogeneous Brownian flow on R% with generating semimartin-
gale field F € Bi;}. Assume further that ¢ has an invariant probability measure u (in sense
of the definition in Section 2.2.2) which satisfies

/Rd (log(|z] + 1))2 du(z) < +oo. (6.0.1)

Then Pesin’s formula holds for the corresponding random dynamical system (see Section

Proof. From Section 2.2.2 we know that the discretized flow can be seen as a random dy-
namical system. We are going to stick to the notation of Section 2.2.1, that means that
the flow is defined on the probabilty space (2, F,P) and the random dynamical system is
defined on (Q,B(Q)) and v := Pogg ] as in Section 2.2.2. Sometimes we will identify w € Q
and @ € Q implicitely. Let us remark that it does not matter which step-size we choose for
the discretization: For ¢ > 0 denoting v; := P o gog’% then [vB10a, Corollary 3.3] or [LQ95,
Proposition V.3.1] imply that for every ¢ > 0 the entropy has the scaling property

h(XF (R 1)) = th(X (R, 0)).

79
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On the other hand the definition of Lyapunov exponents in Theorem 4.3.1 immediately
implies the same scaling property. Thus without loss of generality we will consider the
random dynamical system constructed from the one-step discretization of the stochastic flow
o as described in Section 2.2.2. So we only need to show that the integrability assumptions
assumed in Theorem 5.1.1 are satisfied.

Since the norm of the derivative of order k can be bounded by the maximum of the norms
of partial derivatives up to order k (neglecting a constant) it suffices to estimate each partial
derivative. We will apply Theorem 2.1.7 to prove that the assumptions from Theorem 5.1.1
are satisfied.

Let o be a multi index with |o| = 1. Since the generating semimartingale field is an
element of Bz’bl by Theorem 2.1.7 there exists ¢, > 0 such that the random variable
1/2

. a —~(log™
Y, := sup sup |Dy<ps7t|e v(log™yl)
y€eR4 0<s,t<1

is ®.-integrable, where @, is as in Theorem 2.1.7. By [IS99, Lemma 1.1] we have for z > 1
the inequality

e(log 2)2/4c67(10g K)?/4c < CI)C(Z),

where K is a constant only depending on ¢ and is defined in [IS99, Lemma 1.1]. Hence using
the inequality z < e* and the fact that ®.(z) > 0 for z > 0 we get P-almost surely for
every x € R

log™ | D] < log® Yy, +~(log™ |z[)/?

(log K)*

) @) + 0" o))

(6.0.2)

< 1{Y<1<1}¢)C(Ya) + 1{ya21}2\/ECXp (

which yields Assumption 1 since the first and second term are integrable with respect to P
whereas the third one is integrable with respect to u by (6.0.1). Because of

|log | Dy @) fo(@) || <log™ | Dyyayafo(@) | +log™ Dy fo ()] (6.0.3)

and since the flow satisfies ¢ i = 1,0 Assumption 3 follows from Assumption 1 and from
(6.0.2) applied to the inverse using the invariance of u.

Assumption 2 follows similarly: Let |a| < 2. Since the exponential map on R¢ is a simple
translation we have for each (@, ) € QN x R

|DgF(‘Dv$)vO| = ‘Dgxpz(g)fo(a})‘ .

This implies for (@,z) € QN x R?

£€B,(0,1) £€B,(0,1)

10g+< sup |D?F<w,w>,o|>=10g+< sup ’D?m&)f@(”)’)

1/2
<log* < sup ‘D&pw(g)s&m(w)‘ ¢~ (108" lexp.. ()1 > + sup v (log" |expgv(§)|)1/2
€€B,(0,1) ’ €€B,(0,1)

<log® Y (w) + 7 (log(Jz| + 1))*/?, (6.0.4)
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which proves via (6.0.2) the integrability of the positive part and analogously because of
%o, } = 1,0 and the invariance of 1 the integrability of

log™ sup ‘D“, F! ‘ )
(feBm(o,l) Flo,2),0(6)" (@,2),0

for any || < 2. Thus Assumption 2 follows via (6.0.3).
Because the determinant can be bounded by the matrix norm induced by the Euclidean
norm on R¢ by

[det D fo(w)| < |Dafo(@)]",
inequality (6.0.3) implies
[log |det Dy fo(w)l| < d [log| Dy fo(w)|| < dlog™ |Dafo(w)] + dlog™ | D gy wyefolw) 7',

which proves Assumption 4 via Assumption 1 and 3.
Finally let us define for |a] =1 and n € N
Flyht/?

n.__ « —~(lo
Y := sup sup |Dy¢37t|e v(log
yeRI 0<s,t<n

Then for n € N by Theorem 2.1.7 there exist ¢,,y, > 0 such that Y is ¥, -integrable and
thus Assumption 5 follows analogously via (6.0.4). O

By the previous theorem the entropy of an isotropic Ornstein-Uhlenbeck flow is an im-
mediate corollary.

Corollary 6.0.2. Let ¢ be an isotropic Ornstein-Uhlenbeck flow with drift ¢ > 0. Then its
entropy s given by

+
h#({wo,n:nEN}): |:(d_z)ﬁ2N_Zﬁ2L_c 7
i=1

d
where p(dx) = (ﬁ) 2 e=elel® s the invariant measure of the flow and BN and B, are as in
Section 2.4.

Proof. By definition ¢ is an homogeneous Brownian flow and its local characteristics belong
to the class B2'. Since the invariant measure y is Gaussian the function (log(|z| + 1))1/2 is
integrable with respect to p. Thus Theorem 6.0.1 is applicable and yields with the Lyapunov
exponents given in Proposition 2.4.3 the desired expression of the entropy. O
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Chapter 7

The Absolute Continuity
Theorem

In this chapter, we will state the third main result of this thesis: the proof of the absolute
continuity theorem for random dynamical systems on R¢, which is essential to prove Pesin’s
formula in Chapter 5. Here we will prove even a slightly stronger result than presented in
Section 5.3. This proof follows very closely the one presented in [KSLP86] for deterministic
dynamical systems on a compact Riemannian manifold. We will use the notations introduced
in Chapter 5. First we will state the main theorem in Section 7.1. Then we will outline
the main idea of the proof and start with several preparations for the proof in Section 7.2,
which is then given in Section 7.3.

7.1 Main Theorem

As in Chapter 5 we will consider a random dynamical system X*(R? v) on R? which has an
invariant probability measure p. Let us assume that the random dynamical system satisfies
in the following Assumptions 1, 2 and 3 from Section 4.3 and 5.1.

We will start recalling some notations from Section 5.3. Let us fix parameters a < b < 0,
ke N, 0<e<min{l, (b—a)/(200d)} and r',I’,C’" > 0 such that the set

/’lI’C,

A= A:,,b,k,e
is non-empty, where A:;}llk’il is successively defined in Section 5.2. Then let us choose a
sequence of approximating compact sets {Al}; with A’ ¢ A and Al ¢ A such that

N ox (A\Al) — 0 for | — oo and let us fix arbitrarily such a set Al.
For (w,z) € A and 7 > 0 we have defined the sets

Une (1) 1= exp, ({¢ € TR o < 7))
and if (w,z) € Al let
Var((w, ), r) := {(w’,x') e Al d(w,w') <o’ € Unw (x,r)} ,

where the distance d in QN is as before the one induced by uniform convergence of all
derivatives up to order 2 on compact sets (see Section 2.1). As before we will denoted the

83
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family of local stable manifolds {Wo(w, )}, z)eat Which was constructed in Theorem 5.2.6
by {W}}.(w,%)}(w.e)cat and we have chosen in Section 5.3 some d: > 0 (uniformly on
Al) such that for any 0 < ¢ < dar and (w',2') € Vai((w, ), q/2) the local stable manifold
W (W', z") can be represented in local coordinates with respect to (w, ), that is there exists
a C' map

¢ {g € Eo(,2) : €l .m0 < q} — Hy(w,z)
with
exp, ! (Wiselw'#') 0 U (2,0)) = graph(@).

and

W =

sup ) [Dedll, )0+ § € Eolw, 2), €]l zy0 < a7 <
(w,)

Recall that for (w,z) € Al and 0 < ¢ < da: we denote by Far (z,q) the collection of

local stable submanifolds W (w,y) passing through y € AL N Ua, (z,¢/2) and we have
defined

Al(z,q) = U Wie(w,y) NUa (2, q).
yEAfMﬂUA,w(w,q/Q)

As in Section 5.3 let us fix some 0 < ¢ < dx: and consider two submanifolds W' and W2
transversal to Fau (z,q) and the Poincaré map Py 2, defined by

Py : WN AL (2, q) = W2 N AL(z,q)
and for each y € AL, N Ua, (,q/2)
Pyt 2= WNWE (w,y) = W2NWE,(w,y).

Denoting as before the Lebesgue measure on R% by A and the induced Lebesgue measures
on the manifolds W* by Ay, for i = 1,2 we can state the main theorem of this chapter:
the absolute continuity theorem for random dynamical systems on R?.

Theorem 7.1.1. Let Al be given as above.

i) There exist numbers 0 < qai < 6a1/2 and ear > 0 (uniformly on Al) such that for
every (w,x) € Al the family Fair (z,qar) is absolutely continuous.

ii) For every C € (0,1) there exist numbers 0 < qai1(C) < da1/2 and epr(C) > 0 such
that for each (w,z) € Al with A\(Al)) > 0 and x is a density point of Al, with respect
to \, and each two submanifolds W' and W? transversal to Far (,qar (0)) satisfying
||W’|| < eni(0), i = 1,2, the Poincaré map Py 2 is absolutely continuous and the
Jacobian J(Pyn w2) satisfies the inequality

|J(PW1,W2)(3/) - 1’ <C

for A\w1-almost all y € W' N AL (z,qa:1(C)). Here the Jacobian J(Py1 w2) is defined
as the Radon-Nikodym derivative of the measure Ay2 o Py w2 with respect to Ay,
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7.2 Preparations for the Proof of the Absolute Conti-
nuity Theorem

Before we will state the detailed proof of the absolute continuity theorem we will shortly
outline the approach, which follows closely the proof of [KSLP86] for deterministic dynamical
systems on a compact manifold and is based on the idea of Anosov and Sinai [AS67].

The basic idea is that for fixed (w,z) € Al and some properly chosen ga: and sufficiently
large n we apply the mapping f to the subsets Alw(l', qar) Wi, i = 1,2, of the transversal

manifolds. Because of the contraction in the stable directions the set f (AL (z,qa1) N W1>

lies within an exponentially small distance of the set f (Afd (z,qa1) N Wz). By this we are

able compare the Lebesgue measures of these sets and show that their ratio is close to 1 (this
is basically Proposition 7.2.17). Finally comparing the Lebesgue volume of the pull-backs
of these sets under the mapping (f) " (see Lemma 7.2.13) we obtain the desired result.
The main problem here is that although W?, i = 1,2 are the graphs of some C' functions,
this is in general not true for f7*(W?*) for n € N — but locally that is still true. Thus in the
following sections we will construct a proper covering of f(W?), i = 1,2, which will provide
a local representation by functions that itself and their derivative can be controlled. This
will allow us to apply the basic idea described above to the individual covering elements.

7.2.1 Preliminaries

Fix once and for all (w,z) € Al and let for the moment n € N. Then we define the following
balls in the stable respectively unstable tangent spaces with respect to the usual Euclidean
norm and the Lyapunov norm. For both objects we will use the same symbols, but a ~
above the symbole indicates the Lyapunov case. For r > 0, z € Al and n > 0 let

B, (Er) = {6 € Ba(w,2): [E—€ <7},
B, (i,r) ={n€ Hy(w,2): [ —n| <1},
B, (Er) = {¢€ Bulw,2): [lE= €]y <7}
B, (17) = {n € Hu(w,2) : |1 = ll gy <7}

where € € E,(w,2), § € H,(w, 2), and

BZ,TL(C_-? T) = B;,n (57 T) X Bg,n (77770)3
BZ n <§7 ’I") = B;,n (57 ’I") X B?,n (’ﬁ,?"),

where ( = £+ € Tfﬁsz. If we consider the ball around the origin in Tmsz, we will
omit to specify the center of the ball, that is we will abbreviate B} , (r) := B; , (0,7) and
analogously for the others. Let us emphasize that we have fixed (w,x) in the beginning
and thus in the following we will sometimes omit to specify the dependence on (w, ) or w
explicitely.

Let us consider z € AL, NUa , (x,551/2) and choose y € W (w, 2) NUa , (2,041/2) on
the local stable manifold. Then we will denote its representation in T.R? by

(&0,m0) == exp; ' (y) € exp; ' (Wo(w, 2)) N Bao (6a1/2)
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with & € Eyp(w, 2) and 19 € Ho(w, z) and
(&ns 1) = F5' (@, 2) (€0, m0) = expra, (f1Y),

where &, € E,(w, z) and 0, € H,(w, z). In the future, when we have fixed the points z and
y and thus the point (£9,70) € exps H(W; (w, 2)) N B..o (5a1/2), we will use the notation &,
and 7),, exclusively in the sense defined above, without additional explanation.

The following proposition will allow us to compare Lyapunov norms at different points.

l

w?

Proposition 7.2.1. For every z,2' € AL, every z', 22 € R% and any n > 0 we have

Jeswzts (357) ezt (2],

S 2Ae2en

vyl (124') - el (122

(w,2"),n ’

where A was defined in Lemma 5.2.3.

Proof. Fixn >0, 2,2 € Al and 2,22 € R%. For ( € Tmz/Rd we have since the exponential
map is a simple translation on R?

‘DC (exp;:;lz oexpmz,>’ =1

Denote by L the line in Ty»./R? connecting the points eXp]?,}Z/(f[}zl) and exp;,}z/ (fr2?).
By the mean value theorem and Lemma 5.2.3 we get

exp;;z (foz') — exp;;z (fo=?) < Ae?m expi,}}z (foz') — exp;;}z (f22?)
(w,2),n
= Ae%m (exp;nlz oexpfnz,> o eXpJ?nl,Z, (f:le) — (exp;,}z o expfnz,) ) exp]?nlz, (f:}zQ)‘

< Ae2em sup | D¢ (exp}l)}z oexpmz,)‘ exp;L}z/ (fo’}zl) — exp;;}z, (f:}ﬁ)’

CeL

< 2A€26’I’L

exprl (f32") — exppl (f22°)|

(w,2"),n

7.2.2 Local Representation of Mapped Transversal Manifolds

From the main theorem of this section, Theorem 7.2.2, we will deduce that the mapped
transversal manifolds can be locally represented as the graph of functions, which satisfy
some invariance property and certain growth estimates.

Let us fix some C € (0,1) and define the constant ¢&’ by

q8> := min {27121; % (eb*QE . 6a+12s) : 4%; (6b79de _ €a+25) ;5AL} 7
where ro and ¢y are defined in the proof of Theorem 5.2.6, A in Lemma 5.2.3 and £ was
chosen in the beginning of Section 7.1 in the definition of the set A. Further let 0 < ¢ < g&’
and choose z € AL NUA , (2,¢/2) and y € W (w,2) N U, (2,q/2).

From the proof of Theorem 5.2.6 (see (5.2.2)), it follows since (£, 70) € exp; ' (W, (w, 2))
and |[(€0,70)ll(o,,2),0 < 70 that

||(£n777n)||(w7z)7n = ||F6n(w7Z)(£07n0)||(w7z)7n S e(a+6€)n ||(€07n0)||(w,z),0 .
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Then we have the following theorem, the main theorem of this section, which is basically
[KSLP86, Lemma I1.6.1].

Theorem 7.2.2. Let z € AL, 0 < ¢ < ¢&’ and 0 < &y < q/4, (&0,m0) € expz ' (W . (w, 2))
with || (€0, 10) |l (w,2),0 < /4 and define &), := Soel @1 - Further let ¥, )0 : BYg (M0, 00) —
Eo(w, z) be a mapping of class C such that V(w,2),0(m0) = &o and

q

w S n 721
7763?;3(37(0,50) Hd’( ’Z)’O(n)H(w’z)’O 4 ( )
max || Dythw,z)0l . 0 < C- (7.2.2)

n€BY ¢ (10,50)

Then there exists a sequence {1, 2)ntn>1 of mappings of class C' with

w(w7z)7n : Bg,n (77771?6;1) — En<w,Z)7

such that for every n > 0 one has

w(w,z),n(nn) = fm (723)
graph(q/)(wvz)ﬂb-l‘l) - F(W,z),n(graph(w(w,z),n))a (724)
and
1
x|, < (5 4C) g (725
ne€BY,,, (1n,6},) e 4
max {|Dn7/’(w7z)7nH(w,z),n < 06,7(15“. (726)

Weég,n(nmé;)

Proof. Although this is basically [KSLP86, Lemma II.6.1] we will state the proof here for
several reasons: In contrast to [KSLP86] we need to achieve a rate of convergence that
involves the dimension d in (7.2.6) and this proof here includes the results from the proof of
Theorem 5.2.6 of [LQ95] for the random case.

We will prove this theorem by induction. So let us show that for any n > 0 (7.2.5)
allows to define the mapping 1, .),n+1 satisfying the properties (7.2.4), (7.2.5) and (7.2.6)
for n 4+ 1. The base of induction, for n = 0, follows directly from (7.2.1) and (7.2.2).

Let us assume the statement is true for some n > 0. Then the map F(, ., can be
represented in coordinate form on E,(w, z) ® H,(w, z) by

F(w,z),n(fv 77) = (A(w,z),ng + a(w,z),n(ga 77)’ B(wﬁz),nn + b(w,z),n(ga 77)) ’
where £ € E,(w,2), n € Hy(w, 2),

A(w,z),n = DOF(w,z),n
B(w,z),n = DOF(

E'"r(w7z)7
w,z),n ’Hn(w,z)’

and Gy 2),n, D(w,z)n are C' mappings with a(, .),(0,0) = 0, b, .) »(0,0) = 0 and their
derivatives satisfy D g,0)a(y,2),n = 0 and D(g,0)b(w,z),n» = 0. By Lemma 5.2.3 we have

HA(WfZ)’né—H(w,Z)vn-'rl S ea+2€ ||§||(w7z)vn fOI' any £ € En(w, Z)
HB(U‘)’Z)’nT/H(w,Z),TL-Fl > b2 ||77||(w’z)’n for any n € H,(w, 2). (7.2.7)

Let t(w,z)n = (a(wyz)m,b(w’z)’n). The following proposition gives an estimate on t, .y
assuming the induction hypothesis (see [KSLP86, Proposition 11.6.3]).
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u
zZ,mn

Proposition 7.2.3. For every n*,n? € BY, (n,,0!,) we have

Ht(w,z),n (w(w,z),n(nl)a 771) - t(w’z),n (w(wz)’”(nz)’ ,,72) H(w,z),n—H
S 2q006(a+14€)n ||771 - 772||(w7z)7n7
where cq is defined in the proof of Theorem 5.2.6.

Proof. This is basically the proof of [KSLP86, Proposition II.6.3]. By the mean value theo-
rem we have

Ht(w,z),n(w(w,z),n(nl)7 771) - t(w,z),n (w(uz,z),n (772)a 772) H(w,z),n—i—l

: SCIGII; HDCt(sz)JlH(w,z)ynJrl max { HQZJ(w,z),n(nl) B w(w’z)’"(UQ)H(W’Z),” ; Hnl B UQH(‘%Z)’”} ’

where I denotes the line in T» R that connects (¥(,,2),n (1), ") and (¥, 2y (n%),n?). For

¢ € I we have by induction hypothesis and ¢ < qg)

€0 < 15 {0 1)
1
< (4 + C) g [ e

1
< <4 4 C> qe(a+7£)n + elat6e)n ||(£0’770)H(W,z),0 + 5Oe(a+115)n
< 2qe(“+115)” < rge” 3, (7.2.8)

Because of Det(y,2)n = D¢Flu,z),n — DoFlw,z),n Wwe can apply (5.2.1) and thus we get for
¢elby (7.2.8)
1Pty r < 087 Wl < 2ac0e 714"

And by assumption (7.2.5) and the mean value theorem we have

e {6,210 (7") = Y )] ey 1 =710}
< max{Ce™ " ' = 0?0 = M0t =] oy
which finally yields the assertion. O
By Proposition 7.2.3 and (7.2.7) the mapping 8, : BY,, (11n,6,,) — Hy41(w, 2) defined by

Bn(n) = B(w,z),nn + b(w,z),n (w(w,z),n(n)a 77)

satisfies for n',n? € Bgn (1, 0%,) since q < g2

180(1") = Ba )| .2y s
> HB(w,z),n(Ul - WQ)H(W,Z),nﬂ
~ o2y (P2 (),1") = b2y (i, (1)) | (4 2y s
> (b2 _ 2qcoe(“+145)”) (= 772H(w,z),n

> ea+125 Hnl (729)

- 772||(w,z),n'
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Thus S, is an C?! injective immersion and its image contains the ball of radius e**12¢§/ >
e*t1iey) = 6! | around (using (7.2.3) for n)

ﬁn(nn) = B(w,z),nnn =+ b(w,z),n(w(w7z),n(77n)a 77n) = B(w,z)mnn + b(w,z)m(frm nn) = Mn+1-

In particular 8, ! is well defined and C* on B;‘n +1 (Mm+1,6),41). This allows us to define
¢(w,z),n+1 as

¢(w,z),n+1 = TE, 1 (w,2) © F(w,z),n © (w(w,z),n X idH,L(w,z)) © /87:17

where 7g, | (u,-) denotes the orthogonal projection of Tyn R? to E,41(w, z) with respect to
(*s)(w,2),n and idg, (. ») the identity map in H,(w, z). Then we immediately get
{(w(w,z),n—kl(n)a 77) ine Bg,n+1 (nn+1a 6;+1)}

C Flon ({ (W im(m)n) s € BE, (1,81)})

which is (7.2.4) and ¥ 2) nt1(Mns1) = Eng1, which is (7.2.3). In the next step we need to
achieve the estimate in (7.2.6) for n + 1. For ease of notation we will omit to mention the
explicit dependence on (w, x) in the following, that is we will abbreviate |||, .y, by [|[l,,,
Y(w,z),n DY ¥n and so on. Our aim is to estimate

[n1(n +7) = Yns1(n) ||n+1

[ia[ MY

)

for n,n+7 € E}g’nH (Mnt1,0041)- Let 77 := B, (n) and 7 + 7 := B, (n+ 7). Because of
(7.2.9) we have 7,71+ T € B;ﬂn (Mn,0,,). By definition of §,, we have

T = /Bn(ﬁ +7-) - Bn(ﬁ) = Bn7~' + bn(wn(ﬁ + %)vﬁ + 7:) - bn(i/}n(ﬁ))f])

Since Fiy 2yn(Vn (1), 1) = (Ynr1(m),n) and Fy, ) n(Wn(f+ 7)1+ 7) = (Vi1 +7),m+7)
we get

1ﬁn+1(77) = Anwn (ﬁ) +an ("/}n(ﬁ)7 ﬁ)v
1/1n+1(77 + 7_) = Anwn(ﬁ + 71) + an(wn(ﬁ + 71)) n+ 7:)

By choice of ¢ < ¢’ we have that 2qco < e®~2¢. Thus applying Proposition 7.2.3 and (7.2.7)

we get

ns1(n+ 1) — ¢n+1(77)||n+1
Il

n+1

o HAn (wn@ + 7:) - wn(ﬁ» + an("/’ﬂ(ﬁ + %)aﬁ + 7:) - an(iﬁn(ﬁ)ﬁ)ﬂnﬂ

B I BaT + by (4n (7 + 7), 0+ T) = bn (¥ (1), Ml 11

2 |thn (11 + 7) = (@), + lan(@n( +7), 7+ 7) = an(@n (@), D) 541
IBnT g1 = [1bn (€ (11 + 7)1 4 7) = b (Pn (), )|l 1151

pat2e 1n (A47) —¢n (D, 1 2qcpelatiem

171,

eb—2e _ 2q006(a+145)”

IN
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Since ||7||,,,; — 0 implies by continuity of 3, that ||7]|,, — 0 so by the induction hypothesis
we get

||1/’n+1(77 + T) - wn+1<n)|‘n+1

sup lim sup
neBY 1 (41,8, 11) 17l =0 1714
ea+2€C’ef7d6n + 2qcoe(a+14e)n
eb—2e _ QqCOG(a+146)n
2 21d
< o-1den €O+ 2gcpelat21den
- eb—2e _ 2qcoe(a+14€)n
- e—7dsn ea+25c« + 2ch
- eb=2c — 2qcy
Since ¢ < qg) we have
. Yny1(n+7) — 1
B A B R
n€BY 1y (Mt 0,4 n€B 41 (g1, ) 17l a0 U7 []7y41

< 06_7d6("+1).
The last step is to verify (7.2.5) for n + 1. Observe that for n € Bgfj’nﬂ (M1, 0041)

1M1 < N¥ns1 () s + 1¥nt1(0) — Y1 g 44

< ||(§n+1v77n+1)”n+1 + B sup ||D?71/)n+1||n+1 ||77n+1 - 77||n+1
neB;,n+1(777L+1’5;1+1)

e(a+6s)(n+1) ||(€077’0)||0 + 5;L+1cef7d5n

%e(a—&-b‘e)(n—i-l) + %Ce(a+1la)(n+1)e—7dsn

(1 +C) ge(a+TE(n+D)
—= 4 )

IN

IN

A

which proves (7.2.5) for n+ 1 by taking the supremum over all € Bg}nﬂ (41,00 14). O

Since Eg(w, z) and Hy(w,z) depend continuously on (w,z) € Al according to Lemma
5.2.2 we can choose an orthonormal basis {¢;(w,2) : i = 1,...,d} of T,R? with respect to
(") (w,2),0 such that {(;(w,z) 14 =1,...,k} is a basis of Ey(w,2) and which also depends
continuously on (w, z) € Al. Let us define for each (w, z) € Al the linear map

Aw, 2) : R? - T.RY, Aw, 2)e; = Gi(w, ),

where e; denotes the i" unit vector in R?. Since (;(w, z) depends continuously on (w, z) the
same is true for A(w, z). Then for (w, 2), (@', 2’) € Al let us denote the map

L oexp,,!oexp, 0A(w, 2).

o) wen  RT = RY ) () = AW, 2)7
The function I, . (. ./) describes the change of basis from T.R% to T, R? equipped with
the orthonormal basis with respect to the Lyapunov metric. Then the following lemma,
which is [KSLP86, Proposition 7.1], gives an estimate on the differential of this map.
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Lemma 7.2.4. There exists a continuous nondecreasing function R : [0,00) — [0,00) with
R(0) =0, R(q) > 0 for ¢ > 0 such that for any (w,z) € Al and (W', 2") € Vai((w, 2),q) and
for every v € R with |v| < 1 we have

| Dol(w2), 0,21 = 1d|ra| < R(q).
Proof. Since A(w, z) is linear and depends continuously on (w, z) the function
((w,2), (W', 2"),0) = Dyl 2) (w2

is continuous and hence uniformly continuous on the compact set Alx Al x{v € R¢ : |v| < 1}.
Thus let us define

R(q) := sup sup sup ’va(wyz)y(wlyz,) — Dyl ), ,2)
(w,2),(@,2)€A! (o' ,2") eV i1 ((w,2),9) v,5€R?
(@",2)eV01((@,2),9) IvI<1,[v—0]<q

Clearly 0 < R(q) < +oo for ¢ > 0 and if one chooses (W', 2') = (©,2) = (&',Z") and v = ¥
then this is exactly the desired. O

Now let 0 < ¢® < da: be such that 0 < R(¢®) < 1 and let W be a transversal
submanifold of U, (x,¢®) with |[W]| < 1/2. Then by choice of da: for all («,2') €
Var((w, ), ¢ /2) the local stable manifold W (w',2') N Ua, (x,¢®) is the graph of a
function ¢ (see Section 5.3 and Section 7.1) with

. (7.2.10)

W =

sup {”DE‘ZSH(M@)@ 1€ € Ey(w, ), H§||(w,x)70 < q(z)} <

Let (w',2") € Var((w,x),¢®/2). Because of (7.2.10) and ||W| < 1/2 the submanifold
W N Ua . (2',¢®) can be represented by a C' function Y(u 27y, that is there exists an
open subset O, 5y of Hy(w', ') and a function ¥ z/) : O 2y = Eo(w', ") whose graph
represents W, i.e.

wn [jA,w/ ('rlv q(z)) = €XPy ({ (w(w’,w’)(n)v 77) ne O(w’,x’)}) .
Then we have the following proposition, which is [KSLP86, Corollary 11.7.1].

Proposition 7.2.5. For every z € AL, N Ua, (x,¢® /2) we have

Sup HDMZJ(W,Z)||(W’Z)’O <2(||W]| + R(¢®)).

UGO(w,z>

Proof. Let us define

Diw,2) = AW, 2) 7 0Y(w,z) © AW, 2)|span(ers,eoea):
where it makes sense. Then one can see that with

= (I’ U . Rk d—k k d—k
I(w,m)7(w7z) - (I(w,:r),(w,z)7I(w,a:),(w,z)) R xR S R*x R

we have for those v € R¥ where it makes sense

1[}(0-),2) °© I(uw,x),(w,z)(d;(v)’ v) = I(Sw,ac),(w,z) (12}(7})7 v)
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with
V= Aw,z) L oo Alw, z)

|Span(ek+1,...,ed)7

and ¢ : Ho(w,z) — Ep(w, z) is the function that represents the transversal manifold W by
definition. Now the proof of [KSLP86, Proposition I1.7.2] combined with Lemma 7.2.4 and
the fact that R(¢g®) < 1/5 and ||[W|| < 1/2 yields

<2(|W|l + R(¢"™)).

sup ’Dvd}(w,z)
vEA(w,z)~1 (O(w,z))

Since A(w, z) is an orthogonal map from (R, |-|) to (T.R?, [[l(,2),0) We immediately get

Dy, <2(|[W| + R(¢™®)).
D 0 200V + R

Now choose constants qg) and ¢ such that

€0
: qC 2

0<qd < ==iq® },
qac min 16 q

Slie!

ec + R(¢%) <

and consider a transversal manifold W of Ua, (z,¢%) with |W]| < ec. Choose a point
z€ ALNUa (7,48 /2) be such that W (w, 2) "W NUaw (2,4¢5) # 0. This intersection
consists by transversality of exactly one point, which we will denote by y. As usual denote
(&0.m0) = expz ' (y). Let 1, - and O, ) be as constructed before. Then we define

(3) _
QC(Z, W) ‘= sup {50 : 50 < %7 BZO (770750) c O(w,z) N BZO (QS))

and exp, (Bz,o ((50,770),50)) C U (z,9¢7) } (7.2.11)

Lemma 7.2.4 guarantees that the first inclusion holds for positive &g, whereas since W is a
submanifold of Ua , (z,¢2) and because of (7.2.10) this is also true for the second inclusion.
Thus go(z, W) > 0 and one can even see that for fixed W both remarks hold even uniformly
inze Al NUa,, (z,q& /2). By definition of v, . we clearly have (., .)(n0) = & and for
0 < dp < gc(z, W) we get by Proposition 7.2.1

160 10) | @,29.0 = [[expZ" () — esz_l(Z)H(w,z),o < 24 lexp; ' (y) - engl(Z)H(w,m),o
a1
<24 (Jlexpz @)l 0y 0 + lex02 )l 0) < 4462 < Jac
and similarly since exp, (¢(,,2)(n)) € ﬁAM (x, qg’)) for each n € Bg,o (M0, d0)

~Sup ||w(w,z) (n)H(w,z),O S ~Sup Hw(w,z) (77) - expzl(z)H(u},z),O
7763?,0("70’60) WGBZH,O(WOMSO)

<24 swp[lewr @ on®)) - o0 (] o
nEBY 4(n0,60)

<4Aqg < iqS)-
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Finally from Proposition 7.2.5 and choice of qg’ we get

sup | Dyl )0 < 200WI + R(ae)) < 2(ec + R(gg))) < C.
TIEB“O(ﬂo,éo)

Thus for ¢ = ¢, 0 < 8o < g (2, W) and g := Y(w, Z)|Bu0070 50) the assumptions of Theorem
7.2.2 are fullfilled and we obtain for each n > 0 mappings

V(w,2)m By, (1, 07) = Hi(w, 2),
which satisfy

w(w7z),n(nn) = {na
graph(w(w,z),nJrl) - F(w,z),n(graph(w(w,z),n))a

and the estimates

oz C (a+T7e)n
g el < (5+C) e

WEBm(nn’é/ ) ||an(w Z)’"H(w 2 < Cef7dsn'

With this sequence of maps we are able to define the (d — k)-dimensional submanifolds
of R?, which will play an important role in the following. For any n > 0 and 0 < r <
qo(z, W)elet11em Jet us define

Wn(za y77’) = expfgz {(w(w,z),n(n)vn) HU/BS B:,n (nn7 T)} .

In particular, for 0 < §y < go(z, W) and &/, = dpel@F119)" we can consider the submanifolds
Wh(z,y,0,). By Theorem 7.2.2 we immediately get

Wa(2,9,6,) C falw) (anl(zyy, 54171)) ; (7.2.12)

which is a very important property for the future. Let us emphasize that if one uses the
Euclidean metric on the tangent spaces instead of the Lyapunov metric then this property
is not true in general anymore.

7.2.3 Projection Lemma

The aim of this section is the development of the projection Lemma 7.2.7 which will be used
later to compare the induced volumes on the mapped transversal manifolds.

For fixed n > 0 and 2’ € f(W) we will denote by Q(z',q) for ¢ > 0 the closed ball in
fI(W) of radius g centered at 2’ with respect to the induced Euclidean metric on f2(W).
For fixed §y > 0 let us define for n € N

dn = 670 d d. =d (a+9e)n
0 = 124 an n -— ap€ .
Then we have the following proposition, which compares the Euclidean balls in (W) with
the submanifolds constructed at the end of the previous section and is basically [KSLP86,
Proposition 11.8.1]. As before let z € AL, N Ua . (2,98 /2) be such that W (w,z) N W N
UAM (m, qg’>) # () and denote this intersection by y. Further let 0 < o < go (2, W).
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Proposition 7.2.6. For any n > 0 we have
a) if 2 € Wa(z,y, 161) then Q(2',3d,,) C Wo(z,9, 361);
b) if 2 € Walzy, 26,) then Q(=',3dn) C Wa(z,3,0,).

Proof. This is [KSLP86, Proposition I1.8.1], where one only uses the comparsion of the
Lyapunov norm with the Euclidean norm (Lemma 5.2.3), basic geometric arguments and
the definition of 6/, and d,,. O

Let F' be a k-dimensional linear subspace of ngsz transversal to the subspace H,, (w, z)
such that

V(F, Hy(w, 2)) > 1" "e ", (7.2.13)

where ~(+,-) denotes the angle between two subspaces with respect to the Euclidean scalar
product and I’ was fixed in the beginning of Section 7.1. Two examples that will be con-
sidered in the following are H;-(w, z), the Riemannian orthogonal complement of H,,(w, z),
and E,(w, z), which satisfies (7.2.13) because of Lemma 5.2.1.

Let us denote by 7 the projection of TfSZRd onto H,(w,z) parallel to the subspace
F. Further let Q(2,q) = exp;L}z(Q(z',q)) and for 2/ € R? let 2’ := expi,,;z(z'). Then
we have the following projection lemma (see [KSLP86, Lemma 11.8.1]), which compares the
projection along the subspace F of an Euclidean ball in (W) with an Euclidean ball in
H,(w,z) for large n.

Lemma 7.2.7. For every a € (0,1) there exists N = N («) (decreasing in a) such that
for anyn > ND any 2 € W(z,y, %5;), any 0 < q < 3d,, and any subspace F' C TmZRd
which satisfies (7.2.13) we have

B, (wp(2), (1 = @)q) C 7p(Q(2',9) C BL, (mr(2), (1 + a)q).

Proof. This is [KSLP86, Lemma II1.8.1], which involves only some geometric arguments
using the comparsion between Lyapunov metric and Euclidean norm (Lemma 5.2.3) and the
estimates in Theorem 7.2.2, in particular (7.2.6). O

As an immediate consequence of this lemma and the properties of the function ¥, »)n
constructed in the previous setion we get the following corollary.

Corollary 7.2.8. There exists a number N® such that for any n > N® and each z' €
W(z,y, %5;) there exists a C* map ¥y, : BY, (Wp(é'), %dn) — H,(w, z) such that

Q (z', ;dn> C graph(¥, ) C Q(2,3d,)

and the derivative satisfies for any y' € BY,, (7p(2'), %dn)
Dy Vs | < 246757,

Proof. Because of Proposition 7.2.6 the function v, .y, is well defined on 7% (Q(z', 3dn>.

Thus by Lemma 7.2.7 there exists N® := N®(1/9) > N®(1/7) such that for n > N® we
have

- (Q (z ;dn>> c B, (mz'), idn> C (O, 3d,)).
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Thus we can define ¥ ,, := ¢(w,z),n|3u (mr(2),8dn )" which satisfies because of Lemma 5.2.3
and (7.2.6) for any y' € BY, (7r(2'), 3d,)

zZ,mn

Dy W | < 24%" | Dy Wl < 2475,

w,z),n

O

_ For n > 0 let us denote by A, and An the (d — k)-dimensional Lebesgue volume on
W(z,y,6.) and W(z,y,6.) := exp;nlz (W(z,y,6,,)) respectively. For 2’ € W(z,y, 36,,) and
6 €(0,1/6) let

An(2,0) = {y € fr (W) 2d,(1—0) < d(y,2) < 2dn}

the f-boundary of Q(2/,2d,,), where d denotes the induced Euclidean metric on f7(W). By
Proposition 7.2.6 we get that A(2',0) C W, (z,y,0.,) and thus \, (A, (2’,8)) is well defined.
The next lemma compares the volume of A4,(z,0) to Q(%,d,), this is basically [KSLP86,
Lemma I1.8.2].

Lemma 7.2.9. There exists a constant C such that for any 0 € (0,1/6) there exists a
number N® = N® () such that for every n > N® and every z' € W(z,y, 36,,) we have

n

An(An(#',0))
An(Q(z,dn))
Proof. This is basically taken from [KSLP86, Lemma II.8.2], but some arguments are

adapted to our situation. The proof bases on several applications of Lemma 7.2.7. Let
us fix some n > 0 then since exp frz is a simple translation on R? it is sufficient to show

< CcWe.

M(An(Z,0)) _ g
An( (Zvdn)) B

where An(z’,ﬁ) = exp;}z(An(z’,G)). Because of Lemma 7.2.7 applied to o« = 20 — 62,
F = H,(w,2)* and q = d,, there exists N such that for all n > N©V

Bzu,n(ﬂ—F(él)v (1 - 0)2dn) - WF(Q(Z?/’ dn)) (7214)

Again, since the exponential function exp oz s a simple translation on R? we have for any
n>0

A, (2, 0) = {y € Wilz,y,8.) : 2dn(1— 0) < d(7.2') < an} ,

where d denotes the induced Euclidean metric on W, (z,y,d,). Thus we have (again let
F = Hy(w,2)")

mr(An(2',0)) C BY, (7r(2'),2dy). (7.2.15)
By definition of A,,(2',0) we have

Q(2,2d,(1 - 6)%) C A, (<, 6)°. (7.2.16)
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Let us again apply Lemma 7.2.7 with o = 6/(1 — 6), F = H,(w,2)* and ¢ = 2d,,(1 — 6)?
then there exists N2 such that for any n > N©2

BY,(wp(2),2dn(1 = 0)(1 —20)) C mr(Q(2', 2d, (1 - 6)%))
which yields by (7.2.16)
B!, (np(2),2d, (1 — 0)(1 — 20)) C mp(A,(2',0)°). (7.2.17)
Combining (7.2.15) and (7.2.17) we get

mr(An(2,0) C {n € Hy(w,2): 2d, (1 — 0)(1 — 20) < |7p(2') — | < 2d,} =: R, (2, 0).
(7.2.18)

By Corollary 7.2.8 there exists N®* > N® guch that |D, ¥, | <1 for all n > N&3,
Proposition A.1 from the Appendix then implies that for every n > N®® and any measur-

able subset V C mp(Q(7/, 2d,,)) for 2’ € Wa(z,v, 367)) we have

vol(V) < A, (Q (z’, ;dn> N (ﬂp)_l(V)> < 2=R)/2 yol(V), (7.2.19)

where vol(V') denotes the (d — k)-dimensional Lebesgue measure of V' induced by the Eu-
clidean scalar product in Tf:}sz. Let us observe that for a,b > 0, p € N we have the
factorization a? —b? = (a—b) >.7_, a?~ b~ Now combining (7.2.14), (7.2.18) and (7.2.19)
we get for n > max{N®V; NG NEHL = NE

5 Q' 2d,) 1 (7)™ (Ru(+,0)))

An(An(2,0)) _

M(Qdn) ™ 3 (QU,dn) 1 (m) 71 (B (i (2), dn(1 ~ 6)2)))
< 9ld—k)/2 vol(Ry, (2, 0))
- vol (B;{n(wF(é’), %dn))
_ a2 YOl (BEn (T (), 2d5)) — vol (BY, (mr(2), 2dn(1 — 0)(1 — 26)))

vol (B;‘m(ﬂp(é’), %dn))
d—k d—k
< 4. ga—k/2 )7 — (2d221_; 0)(1 — 26))
SAd=RZIE - (1-6)(1-20))
< 12(d _ k.)23(d7k)/29'
Then the result follows with C® := 12(d — k)23(d—k)/2. -

7.2.4 Construction of a Covering

The aim of this section is the construction of a covering of some closed ball in the transversal
manifold W mapped by f for large n € N by balls in the mapped transversal manifold
f(W) (see Lemma 7.2.11).

Thus as before let W be a transversal submanifold and if P € W we will denote by
Q(P, h) the closed ball in W, with respect to the Euclidean metric induced on W, centered
at P of radius h. When i > 0 is small enough, that is 0 < h < hp, the ball Q(P, h) satisfies
Q(P,h) CW.
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Let us recall that A! is a compact set and hence if (w,z) € Al then Al is compact. Let
us define for 0 < g < §a: the closed ball in the tangent space of x of radius ¢

Ucls ( ) = exp, {C S Tde : ”C”(w,z),n < Q} :

Then we have Int(UZ%,(x,q)) = Uaw (z,q) and U, (2, q) is compact for any ¢ > 0. Thus

by choice of da: the local stable manifolds Wlsoc(w,z) nogs %(x,q) are compact for any
0 < q¢ < dar and hence

Mtwg=  J W08
zEAfuﬁUgli)(w,q/Q)

is compact. For P € W and 0 < h < hp let us denote D(P,h) := AL (2, ¢) N Q(P, h).
As W is relatively compact in R?, then Q(P,h) is compact and consequently D(P, h) is
also a compact subset of R%. The next lemma now gives a covering of D(P,h) by the
local representation of the mapped transversal as constructed at the end of Section 7.2.2.
Although this is basically [KSLP86, Lemma I1.8.3], we here have a slightly weaker result,
since the quantity dp g in our theorem does depend on h.

Lemma 7.2.10. For every P € W, every 0 < 8 < hp and 0 < h < hp — ( there exists
dpa.n > 0 such that for every 0 < 8y < dpgpn and every n > 1 there exists M =
M® (n, P, 3,60, h) and points z; € AL N UA,w (z,qg)/2) for 1 < i < MY, such that for
every i one has

Yi = Wlf)c(wv Zi) nw 7é @

and the submanifolds W, (2, v, 0, are well defined with

M

I (D(EW) CWal1/2)i= U W, (y 51)

M@
CWa(1) == |J Wa (zi,9:,0,) C f2(Q(P,h+B)).

i=1

Proof. Because of Lemma 5.2.3 the Lyapunov norm can be bounded by the Euclidean Norm
unlformly for all z € Al NUa w (x q<3)/2) Thus there exists a constant hy and a function

t (depending both only on a,b,k,¢,I’,r" and C” as fixed in Section 7.1) with 0 < t(h) < h
for 0 < h < hg such that for every z € AL N Ua . (2, q¢ /2) with Wi (w,z) "W # 0 and
y =W{ .(w,z) N W we have for any 0 < h < min{qc(z, W); ho; hy}

WO(Zayat(h)) C Q(ya h)
Let us define for fixed P € W and 0 < h < hp the number
App = inf{qge(z, W) : z€ AL, NUa (2,987 /2) and W (w,z) NW € Q(P, h)}.

By the remark after the definition of go(z, W) (see (7.2.11)) this quantity is strictly positive
forall Pe W and 0 < h < hp. Now let us define

dpg,n := min {t <min {'i, h0}> ;AP,h} .
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and fix numbers n > 1,0 < 8 < hp, 0 <h < hp —ff and 0 < 6y < dpg,. Then for the set
f(D(P, h)) we can consider the open covering

- 1 .
{Int W, (z,y7 2(5;1) tz€ ALNUaw (2,48 /2) and Wi (w,2) N W € Q(P, h)} ,

where the interior is meant in the induced metric on the submanifold f7*(WW). By definition
of éppg,n and since 0 < & < dpgn < Apj these sets are well defined. Since D(P,h)
is compact and f7 a diffeomorphism, f7(D(P,h)) is compact as well. Thus for the fixed
parameter P, 3, h,dy and n there exists a finite covering, say

< 1
{Int W, (zi, Vi 5;) } .
2 1<i< M

Now it only remains to prove that

M

i=1

which is equivalent to that for all 1 <i < M®

(27 (Walzispis8))) € QPR+ B). (7.2.20)

If this would not be true, then there exists some 1 < ¢ < M® and a point 2’ such that
2 e (fm)t (Wn(zi,yi,ég)) but 2’ ¢ Q(P,h + B). Because of

0#(f5)" ( (zz,ym?n)) ND(P,h) C (f2)~ ( (26, Vi, n)) NQ(Ph)  (7.2.21)
and the connectivity of (f7)~1 (Wn(zi, Yis 5;)) there exists a point
€ (fo)” ( Vo (2, yi, 6,)) NOQ(P,h+ B). (7.2.22)
By (7.2.12), the definition of dp g, and the properties of the function ¢ we have
D (Wi, € Wotoindt) < @ (1 7).

This implies on the one hand via (7.2.22)

2" e dQ(P,h+B)NQ (yi, i) #0

and on the other hand via (7.2.21)

D(P,R)NQ (yi, i) #£ (.

Since the distance between D(P, h) and 0Q (P, h+ () is because of D(P, h) C Q(P, h) greater
than 8 and diam (Q (yl-, g)) < g this yields a contradiction and hence (7.2.20) is true for
all 1 <4 < M®, which finishes the proof. O
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The next step of the construction of a proper covering of f7 (D(P,h)) is the following
lemma. The main part here is to give a bound on the multiplicity of the covering. Here
multiplicity is defined as follows: Let {4;};cr be a family of subsets of the set X and let
Y C X with Y C U;c; Ai- We will say that the multiplicity of the covering {A;}ier of Y
is not bigger than some number L if for any y € Y the number of covering elements of y is
smaller than L, that is #{i € [ : y € A;} < L.

Lemma 7.2.11. Let Pe W,0< B8 < hp, 0<h<hp—08and0<dy <épgn. Then there
exists do € (0,00), L >0, N® = N®(P, 8,80, h) such that for every n > N@ there erists
M® = M®(n, P, 3,60, h) and points {Z;}1<;<p C fi (W) with:

i) for every 1 < j < M® there exists 1 <i < M® such that Q(Z;,2d,) C W (zi, i, 0h);

i1) we have

M@ 1 M2
Wn(l/Q) = U W, (Ziayi, 25;) C U Q(Zj,dn)
i=1 j=1
M3 M
c | QG.2d,) cWa(1) = |J Wa (zi.91,0);
j=1 i=1

i) the multiplicity of the covering of W,,(1/2) by the balls Q(%;,dy), 1 < j < M®, is not
bigger than L.

Proof. Although this is [KSLP86, Lemma I1.8.4] we will state the proof for sake of com-
pleteness of the covering construction.

As in Section 7.2.3 define dg := 1%1 and let n > 0 be fixed for the moment. As before we
will denote by d the induced Euclidean metric on f2(W). As W,(1/2) is compact, we can
find a finite set of points {Z;}, << such that d(z;, z;) > d,, for all 1 <i,j < M® i # j,
and that for any point 2/ € W, (1/2) there exists some j, 1 < j < M® such that d(2/, z;) <
d,. Observe that such a set is not unique and its cardinality may depend on the choice of
points.

Property i) follows directly from Propostion 7.2.6 by the choice of dy. The first inclusion
in i) is satisfied by construction, the second one is obvious and the third one follows from

property i).
Thus it is left to show property 4ii). For some j, 1 < j < M®, let us consider Q(z;,dy)
with z; € W, (2, y:, 261,) for some i = i(j),1 <i < M®. We will show that
#{1 <1< MP:Q(z,dn) NQ(25,dn) # 0}

is bounded by some constant K independently of j and n sufficiently large, then L = K + 1
satisfies the desired. Since the diameter satisfies diam(Q(z;,dy,)) < 2d,, forany 1 <1 < M®
we get that if

Q(El, dn) N Q(zjv dn) 7é w
then



100 7. The Absolute Continuity Theorem

Thus to prove property %) is suffices to show that
{1 <1< MP:Q(z,dn) NQ(Z,dn) # 0}
<SHL<TISM? :Q(z,dn) C Q(25,3d,) # 0} =: K(n, j)

is bounded by some constant K. Since by construction we have for each 1 <1 < M® [ #£ j,

Q(zl,f;) m@(zj,‘;") )

thus we will show that there exists N such that for alln > N® and any 7, 1 < j < M®,
the number K (n, j) can be bounded by the number of disjoint balls of radius d,, /3 contained
in Q(Z;,3dy). Thus let 2’ such that Q(#/, %) C Q(zj,3d,). Since z; € Wy (2, 2, 161,) by
Proposition 7.2.6 we have

Q (Z/, Cén) C Q(2]73dn) - Wn (Ziayi7 Z(Sr:z> .

Hence we can apply Lemma 7.2.7 with o = 1 to Q(#/, %) and Q(2’,3d,,) which yields that
for all n > N® := N®(1/2) (where N® is chosen accordinly to Lemma 7.2.7)

A~ dn A dn
Bg,n <7TEn(w,z) (Z/) y 6) C TE, (w,2) (Q (Zlv 3>)
. " 9
CTE,(w,z2) (Q (Z/,3dn)) C Bz,n (ﬂ-En(w,z) (Z,) s 2dn> .

Thus

K < LB e

=27 = K,
~ wvol (Bd—"’(%"))

where B4~*(r) denotes the (d — k)-dimensional Euclidean ball of radius r and vol (B?~*(r))
its volume. O

7.2.5 Comparison of Volumes

The aim of this section is Lemma 7.2.13 which allows to control the volume under the
pull-back of the diffeomorphisms.

Let us consider two submanifolds W' and W? transversal to the family Fa: (z,q¢)
satisfying ||W'|| < ec, where e¢ was defined in Section 7.2.2 and let z € ALNUa (7,95 /2)
then by transversality Wi (w,2) N Wi N Ua, (v,45)) # 0 for i = 1,2. Let us denote the
intersection of W' and W2 with the local stable manifold W _(w, z) by y' = exp, (&}, n}) and
y? = exp, (2, nd) respectively, that is y* = W} (w, 2) N W', where as usually & € Ep(w, z)
and 7} € Ho(w, 2), i = 1,2. Clearly we have y' € UAM (x,qg)) for i = 1,2. Let us now fix
two numbers §; ¢ for ¢ = 1,2 such that

1 .
0<dip < 5 min (ac(z, W), qc(z,W?)) =t qc(z, W', W?).

Now we can apply to the manifolds W' and W? the construction described in Section
7.2.4 and obtain for i = 1,2 and n > 0 the maps ¢¢, (see Lemma 7.2.2) and the manifolds

Wy o= Wi(z,y',67,) = expy. { (i,0n)m) m € BE, (0, 00,) }
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where 6;7” = 6270€(a+118)n and "’]:l = TE,(w,z) © F(w,z).,nfl ©---0 F(w,z),O(g(i)ang)) € Hn(w7'z)'
Here 7, (u,n) again denotes the projection of ngsz to H,(w,z) parallel to E,,(w,z). Let
us further define for ¢ = 1,2

W= exp;:}}z (Wz(z y', 0 n))

ny=1 (17 . 5 ey (5 i ._ i
and for 2’ € (f) (Wn> and j = 0,1,...,n let 2 = expfiz(fj,z') and Tj(2) = Tz Wj.
As in the proof of Theorem 5.2.6 let

F(’;L(wa Z) = F(w,z),n ©:--0 F(w,z),O'

We will denote its inverse by F, "(w,z). Let E and E’ be two real vector spaces of the
same finite dimension, equipped with the scalar products (-,-)g and (-,) g/ respectively. If
E; C F is a linear subspace of E and B : E — E’ a linear mapping, then the determinant
of B|g, is defined by

volg, (B(U))

B =
det (Bl = 2

where U is an arbitrary open and bounded subset of F; and F is a arbitrary linear subspace
of E' of the same dimension as E; with B(U) C Ef (see [KSLP86, Section II1.3]). Then we
have the following lemma on the comparsion of the determinants of the pull-backs in the
direction tangent to the transversal manifolds, which will allow us to prove Lemma 7.2.13
by change of variables. This is basically [KSLP86, Lemma I1.9.2] but we need to adopt some
arguments.

Lemma 7.2.12. There exists a positive constant C'® such that for any number n € N and
every 24 € (f) ! (Wﬁ), 2e(fm! (Wﬁ) we have

‘det( ZlF (w, z |T1 1)>‘
‘det (D 22 F " (w, 2 |T2 2)>‘

-1 <C®C,

where we fixred C € (0,1) in the beginning of Section 7.2.2.

Proof. This is basically [KSLP86, Lemma I11.9.2], but we will state the proof here, since
some estimates differ from the proof in [KSLP86], in particular we need the dependence on
d in the estimate (7.2.6) to achieve the desired result.

As before let us denote by y' and y? the intersection of the transversal manifolds W
and W? respectively with the local stable manifold W (w, z). Since

(det( 2 Fo "9 g ))’ ‘det( 2 Fo ()| 1))"’det( o |T1(y ))’
(det(DzF wz[m ))‘ ‘det(DlF wz|T1(y1))‘ ‘det( 52 By 2))

’det (D Fy™"(w, 2 |T2(y2))’
’det (D 22 Fy " (w, 2 |T2 2))‘

the problem can be reduced to estimate the quotient in the following two cases:
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i) the transversal manifolds W' and W? coincide, that are the first and third multiplier

ii) 2%, 2% € W (w, 2), that is the second multiplier with y' = 2! and y? = 22.

Because of the general inequality for a,b,c > 0
labe — 1| <|a — 1| bec+ [b—1|c+ |c— 1]

the assertion follows, if we can bound each quotient separately.
Case i). Without loss of generality let us assume that z',2% € W'. The same proof is
true if 2%, 22 € W2. By the chain rule we have

‘det (Dzl FO |T1 1))‘ ‘det ( 1F(; 2)j— 1|Tj1(z1))‘
‘det ( zZF |T1 2))‘ J=1 ’det ( QF(:) 2),5— 1|T.1(z2)>‘

<f[ 1+Hdet( lF(l)j 1|T1 1))‘*’det( QF(_ 2),5— 1|T1(z2))”
= et (D)

Ln(zlaz )=

(7.2.23)

We will estimate the numerator and the enumerator in the last expression separately. By
definition we have

le = {(1;[}]1(7])’77) 'n € Bg,j (773"51,]‘)} - T L{ZRd'

Because of z¢ € (f7)”' (W}) and F(:)lz)_l(VAVlil) C W}, 1eNandi=1,2, we get for
0<j<nandi=1,2

2; = Fg(w,z) (expz_l(zi)) € le.

By Lemma A.2 from the Appendix the difference of determinants can be bounded, that
there exists a constant C*" = C® (k) > 0 such that

1 _
Hdet ( 1‘F(w z) jfl‘le(Zl))‘ B ‘det ( ZF(W 2) J*1|TJ'1(Z2))H

d—k
<C®Y sup |Ds F(;Z)] 1‘
2ew} ’
- 1\ /.2
(|ParFlysms = Do FEL) o+ T (THED. THE))

where I'|.| denotes the aperture between to linear spaces with respect to the Euclidean norm,
that is for two such linear spaces E and E’ with the same dimension

L. (E,E') ;= sup inf |e—¢|.
R

Let us first observe that by Lemma 5.2.3, the properties of z/J]l (see Theorem 7.2.2) and
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(5.2.2) there exists some constant C*? such that for 1 < j <n

sup |2 <2 sup [Z']], . ;
3 er 2 eW

<2 s @),
neég,]‘(ﬁj,(ﬁ’j) I (w,2),5

1 a £
<2mae{ (1 +0) @@, + Il |
< 9 max { <1 n C’) ®) o (a+T72)j. 310 elatl1e)i o q(c?»)e(aJer)j}

< O glatlle)) (7.2.24)

Then we have by Lemma 5.2.4, Lemma 5.2.9 and (7.2.24) for 1 <j <n

sup Dﬁ’F(:jz),j 1’ < sup

2'€W7»1 ,EWl

Dy F!

(w,2),j—1 DOF—

(w,2),7—1

‘ + ‘DO (w z) j—1
<7'efU™D sup 3|+ eS0T
yewl

< T/C(z»g)eaje(a-i-lle)(j—l) + C/ea(j—l)

< 0=, (7.2.25)
By Lemma 5.2.4 and Theorem 7.2.2 we get for 1 < j <n

DIF_

(w,2),j—1

< 2r'esi—1) Hz]

D2F_

(w,2),d— 1‘ < r'esU=h ”21 -2

7—1

<2refU=Y  qup  ||IF =2

- (w,z),jfl
z ,2”6le71

%= 1H(w 2),(G—1)

< 2r'esUY sup maX{Iln = w2y s =1 () = }_1(77’)||(w,z),j,1}

mn GBz G- 1(77J'—1’51,j71)

< 2r'eU ™Y max{ 267 ;_1526] sup | Dytpj_||
UEBJ 1(77] 1761J 1)

< 27" e~ max {2534_1; 2514_10677‘15071)}
— 4776, gelat129)G-1) (7.2.26)

The aperture between le (2') and le(zz) can be bounded by the norm of the generating
linear operator, in particular by Lemma A.3 we have

Dy (T (1), T} (%)) < 24e*Dyy (T (1), T} (2%)
< 8Ae%I sup D, i}
ety |7 s

1.5
< 8A€28j06_7d€j,
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where F”'”(w,z),j denotes the aperture with respect to the Lyapunov norm. So finally we get

1 1
Hdet( 1F(W)J711T;(21)) —’det( 2F(wz)3,1!T;(zz))H
< 0(2,1)(0(2,3))d7k65j(d7k) (47,/51 oe(at129G-1) | 8A0675dsj>

< CCD (614 C)e 240 (7.2.27)

with a constant C®*. Finally we have to estimate the denominator in (7.2.23). Analogously
0 (7.2.25) we have

—1

det (D JF

(w,2),5— 1|T1(z2)) = det (Déi_lF(wﬂz)yjfl|Tj171(z2))

d—k
< ’Dﬂ F, z),j—l‘

< sup | DsrFly o]

zEWJ’ "

< (C@9)dke(d=R)e(i-1), (7.2.28)

Thus by combining (7.2.27) and (7.2.28) there exists a constant C®® such that

Ln(zl722)

,:13

<1+C(24)(510+C)(C(2 3))d k (d k)ej —4d5j>

<
Il
—

(1+C(20)(510+C) —SdEj)_

,:13

<
Il
—_

Let us observe that for any 6 € (0,1) and a € (0,2C*®) we have

+o00 foo
H (1+a9j) < exp aZGj = exp (ﬁ)

Jj=0 Jj=0

1 20
<1—|—a<+exp< )) =14+ C®%q

6 1-0
and thus with 6 = e=3% and a = O (6,9 + C) we get
Lo(24,2%) <14 0®VC®9(5, 0+ C).

Since z!' and 22 appear symmetrically in all our considerations we get

1
=1L, 2 1« 1 (25 (1(2:0) (§
To(o1,22) (z%,27) <14 C*YC (170+C)
and thus finally because of 1/(1+ ) > 1 —x for > 0 and 61 9 < C we achieve

|Ln(zl,z2) — 1| < CEICEI(§ 94 C) <20%7CEIC = C*C.

Case ii). The proof of this case follows the same line as in case i), except we have
to find an analog bound in (7.2.26) for for |y]14_1 —y?_l‘. Let us note that z,y', y? €



7.2. Preparations for the Proof of the Absolute Continuity Theorem 105

We . (w,2)N Ua . (z,qZ), then we have by Proposition 7.2.1

9} — 52| < 2)}9) - = 2| Fj (w0, 2)(expi (1) = FY (s 2)(exp; (7))

(w,2),5

< 2rg e(a+65 (HeXpZ 1)H(w,z),0 + ||eXp;1(y2)|| (w;2), 0)
= 2000 (flexp () = exp2 (2] 0y 0+ lexpZ ' 02) = x| 20 )

< 4rgAe?elat6e)i ( lexp; ' (y") — expy (Z)H(w 2),0

+ ||exp; ' (v?) — eXP;1(2)||(w,w),o>

< 16r0AeQEe(a+6E)jq8).
By definition of ¢ we have ¢t < ¢ < C and thus we finally get analogously to (7.2.26)

Dy Fi sy = Dy Pl o 1) < 16r'rgAe* el *TTEIC < el
for some constant C'*™. This gives the analog bound for (7.2.26) and thus finishes the
proof. O

Let us denote for n > 0 by A% the (d — k)-dimensional volume on W} (z,y*, ! n) induced
by the Euclidean norm. Then we have the following result (see [KSLPS86, Lemma 11.9.3])
on the comparsion of volumes under the pull-back of the diffeomorphisms, which is a direct
result from Lemma 7.2.12.

Lemma 7.2.13. There exists a constant C'® such that for any 7 € (0,1) and n > 1 if
At C Wilz,y',6;,,) fori=1,2 with \2(A?) >0 and

AL(AY)
‘A%(A% B 1‘ <7
then this implies
MDA ] e
A RIVE) B

Proof. Let us observe that the exponential function exp, on R? is a simple translation.
Hence the Lebesgue measure X/, on W/ (z,y",6},) = exp;,}z(W}; (2,4',6;,)) coincides with
A o expyn.. So if we define for i = 1,2 the sets At = exp]?:;lz (A?) then we immediately get

and for i = 1,2 we have A} ((f7)71(A%)) = A (FO_"(w, z)(fll)> Thus by change of variables
and the mean value theorem we get

3 (B, 9)(49) = [

= |det (DC};FO_”(M Z)|T<1: Wﬁ)

det <D<F07”(w7 z) ‘TCW,E,) ‘ X, (¢)
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for some points ¢ € Ai, 1 =1,2. By Lemma 7.2.12 we can estimate

ny—1( 41 A (F™(w, z)(AY)
)\QEE “;)_12142;3 -1 = AQ( O_n - ) -1 <CPCA+71)+7<CP(C+7),
: 38 (Fy(w,2)(42))
which proves the lemma with C® := C®. O

7.2.6 Construction of the Final Covering

This section is devoted to the construction of the final covering of some closed ball in
the transversal manifold mapped by the diffeomorphisms up to some large time n and its
image under the Poincaré map. For these coverings we can compare the individual covering
elements on the two transversal manifolds under the Poincaré map (see Lemma 7.2.14)
and we can show that their Lebesgue volumes are similar (see Lemma 7.2.17). Furthermore
Lemma 7.2.16 shows that the covering is constructed in such a way that the covering elements
only intersect on a set of small measure.

Fix two submanifolds W' and W? transversal to Fal (m,qg)). We will now apply the
covering construction presented in the Section 7.2.4 to W'. Let us fix P€ W', 0 < 8 < hp,
0<h<hp—pfand 0 < d < dpgp. Now Lemma 7.2.11 implies that for n > N®,
which will be as well fixed for the moment, there exists M " and M and corresponding
points {Zi}lgigM,(}) and {Ej}lgngf)' For the moment let us fix some j, 1 < j < M.

We will consider the submanifolds W} (z;, y}, d.,), the sets Wi(1/2), Wi(l) and Q(z;,d,) C
Wl(z,yl,8) without any further explanation (for details see Section 7.2.4).

By Lemma 7.2.11 there exists ¢ = i(j), 1 < ¢ < M., such that we have Q(Z;,d,) N
W (2,9, 300) # 0 and Q(2,2d,) C W (2,9}, 0,). As before for 2/ € Wik(z,yt,d,)
let us set 2/ = eXpJTSI,Zi(z’) and 7., := Tp,(s,z,) denotes the projection of Tf;zziRd onto
H,(w, z;) parallel to the subspace E,(w, 2;).

Let us start with the construction. Fix 6 € (0,1/6) and let us consider the covering
of the ball B | (7.,(%;),2(1 — 0)d,) C Hy(w,z) by the closed (d — k)-dimensional cubes
Djm C Hp(w, 2), 1 <m < Nj, of diameter 8d,, (with respect to the Euclidean norm) with
disjoint interiors.

If [ is the length of an edge of the cube Dj,m, then we will denote by (bj’m>z’ the

concentric cube with edge length [ 4+ [. Let 0 < ag < \/0% and define ay, := agpe@t99)™ for

n > 0. If we denote by vol the (d — k)-dimensional volume in H, (w, z;) then we have

vol <(D]m> an) il < 2d—km&. (7.2.29)
- (bjm> > 0dy

By the choice of ag we have

Dj,m C (ﬁ],m) C Bgi,n (ﬂ-zi (2]), 2dn) .

n

Because of 24dy < dp < dpg, diam <(Djm) ) < 20d,, and Zz; € Wé(zi,yi, %5;) we get

Qn
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for n > max {N®(1/3); N} from Lemma 7.2.7 and Proposition 7.2.6 that

(Dym) | € B (ma(E).240) € & (Q(z;.3d,))
il (Wa(ziyt,00)) = B, (nl,,00), (7.2.30)

where as before 7;,, = ., (F'(w, z;)y;). Thus for n > max {N®(1/3); N’} the function

2

2im is well defined on

is well defined on (lA?j)m) and analogously one can see that wz n

Qn

lA)j,m, where 1/)’227”, k = 1,2, are the functions which are constructed in Theorem 7.2.2 for
Wk, k= 1,2 with respect to z;. So let us finally define

D}, i=exppy, { (WL 1)) 0 € Dy}

Dim 1= eXPyn., {(zpim(n),n) in € <Dj’m>a } .

Then we have the following important lemma, which basically states that the pullback
of the set D} is mapped by the Poincaré map Py 2 (defined in Section 5.3) into the

J,m

pullback of the set Djzm Later this will give us the possibility to compare the Lebesgue
measures under the Poincaré map on W' with the one on W?2.

Lemma 7.2.14. For every ag > 0 there exists N = N©@(agp) > max {N®(1/3); N}
such that for anyn > N©, 1< j < M and 1 <m < N; we have

Pwsw ((F2)71(D],) N AL (,a8)) € (1) (D3,0).

Proof. Let n > max{N®(1/3); N} and yl e (f2)y""(Dj,,)N Al (2,¢%). Then there
exists 2/ € AL, N Ua, (z,¢% /2) such that y' € W (w,2). Since W? is also transversal to
Far (z, q%)) there exists a unique point y :_VV2 NWe (w,2")N UA,W (a:, qg)). Thus we only
need to check that for n large y* € (f2)~'(D3,,) or equivalent

exppa., (f0%) € exppn., (DF,n) = {( 2am)n)ine (bj,m)a }
If we denote (56,77(1)) == exp, (¥ L(y') and (50,770) = exp;, L(y?) and

(&nsmi) = exppat., (f0y") = Fg'(w, 2) (&5, m5),

for k = 1,2, then it suffices to prove that n2 € (Dj’m) for large n. By Lemma 5.2.3 and

Proposition 7.2.1 we have because of z;, 2’ € AL

[ =] < 2lmn =1l ey < 21N ) = € 2
=2 HeXp};zi (foy") — expy, (f59%) H

S 2A€25n

(w,zi),n

exp7L (fLy") = expyl (f2v7)]

(w,2"),m
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Let us denote (¥, 7F) := exp},}z,(f:}yk) where ¢ € E,(w, 2') and ¥ € H,(w, 2') for k = 1,2.

(3)

By the choice of q( and ¢, and since 2yt P e UAM (:aq(cs’) we have for k = 1,2

&) ., = ez @Ol o = llesw! ) = expZH ) |y

< Allexp; ' (y¥) — exp, ' (2/ <244 < ro.

)H(w,w),O

Thus because of (€5, 78) = exp ! (y*) € exp_t (Wi, (w,2')) for k = 1,2 we get with (5.2.2)

2A2
+ )

)
n n (w,2),

HESY 2£n<H ‘1 )
| 77 | € (w,z"),n

) < 4A62€n7"0€(a+6€)n
— (4A,r.oe—£n) e(a+95)n.

By choosing N©® = N©(a) so large that 4Aroe_5N(6) < @ we get that for n > N@

1 -2 @
_ <
[0 =] < 5
This implies since 7} € ﬁj,m that 72 € (bj,m) , which proves the lemma. O

Further we have the following lemma, which compares these sets with the set Q(Z;,)
for d,, < r < 2d,. It is a stronger result than in [KSLP86, Proposition I1.10.1] because of
the second inclusion in the proposition, which is an important ingredient for the proof of
Lemma 7.2.16.

Proposition 7.2.15. Let§ € (0, ). Foralln > max{N®(0/2); N} and all1 < j < M®
one has

N
Q(zj,d,) C Q(z,2(1 — 20)d,, U 1 m C Q(%5,2dy).

Proof. The idea is basically taken from [KSLPSG Proposition I1.10.1]. Let us recall that for
z; € W} (2i,y},6,,) we denote Q(z,7) = expf" (Q(%4,7)). If we are able to show

72 (Q(Z), dn)) € 7, (Q(25,2(1 — 20)d U Djm C 7, (O(%,2d,)) (7.2.31)

then the application of w;n to both sides yields the assertion. The first inclusion is obvious
since § € (0,1/6). For the second inclusion in (7.2.31) let us apply Lemma 7.2.7 with o =
5 >0, F = E,(w, %) and ¢ = 2(1 —20)d,, then we have that for n > max {N®(0); N®}

7 (Q(Z:,2(1 — 20)dy,)) € BY , (72,(2),2(1 — 0)d,,) .

Since {ﬁj’m}lngNj form a covering of BY , (7.,(%;),2(1 —0)dy) and 0 € (0,1/6) we get
for n > max {N®(0); N}

2

7., (Q(2),2(1 — 20)dy,)) C B, (72,(2),2(1 — 0)d,) C Dj.m,

m=1
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which proves the second inclusion in (7.2.31). For the third one observe that diam (ﬁjym) =
0d,, and since lA)j,m nBY , (Wzi(éj), 2(1— H)dn) # 0 for any 1 < m < N, we have

N;
U Djm C B, (72,(3), (2 = 0)d,) .
m=1

If we again apply Lemma 7.2.7 to a = g, F = E,(w,2;) and ¢ = 2d,, then we get for any
n > max {N®(0/2); N®}

BY,  (m2(2), (2 = 0)dn) C 72, (Q(25,2d0)),
which gives the third inclusion in (7.2.31). O

By Lemma 7.2.11 and Proposition 7.2.15 we immediately get

M3 N;

L1/2) c U U Djn (1). (7.2.32)

j=1 m=1

Since Int(Dj ,,,) NInt(Dj .,
some number L’ > 0 such that for every n > max {N®(6/2); N} the covering of W:L(1/2)
by the sets {D}’m}l <j<M®@ is of multiplicity at most L’. We will denote this covering by

T<m<N;

A. Let us remark that L’ is the number L, which originally comes from Lemma 7.2.11, and
additionally the multiplicity of the covering {Djl-,m}lgmg N;- Since in following lemma we
are interested in the comparison of the sum of the Lebesgue measures with the Lebesgue
measure of the union the second multiplicity is neglectable, since its Lebesgue measure is 0.
We will now choose a subcover of A which has multiplicity one, except on a set of very
small measure. To obtain this we proceed consecutively from the ball Q(Z;,2d,,) to the ball
Q(Zj+41,2dy) for j =1,2,. M<2) —1: in the (j + 1)* step we eleminate all sets D}H m

with D}, . c U _ UM hom O Dji1 g C Q(Z41,2(1 — 20)dn )" Let {Dj},_,_\ be

the covering of Wn(l /2) formed by all remaining elements of 4. Then we have the following
lemma, which is [KSLP86, Lemma I1.10.2].

) = 0 for m # m/, it follows from Lemma 7.2.11 that there exists

Lemma 7.2.16. There exists a constant C™ such that for every 0 < 6 < min {%; ﬁ}
there exists N = N™(6) > max {N®(0/2); N} such that for every n > N we have

SN () ~HDY)
N ()1 (UL, D)

Proof. This is basically [KSLP86, Lemma I1.10.1], but varies at some point, inparticular the
definition of good and bad sets. Let us consider n > max {N®(0/2); N®W}. Our first aim is
to divide the set {1,..., N} into a bad set B and a good one G, in the sense that for i € G we
have Int(D} N D},) = 0 for all i/ # i. By the properties of the function ¢! , (cf. Theorem
7.2.2) we have diam(D}) < 20d,,. The consecutive construction of the covering {D}}1<;<n
and the second inclusion of Proposition 7.2.15 imply that non-empty intersection of the
interiors only occurs around the boundary of the sets Q(z;,2(1 — 26)d,,). Let us define

1| <C9(0+0).

i € B if there exists j such that D} N Q(z;,2(1 — 20)d,,)° N Q(z;,2(1 — 0)d,,) # 0
i € G otherwise.
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That is i € B if D} has a non-empty intersection with the 26-boundary of Q(z;,2(1 — 0)d,,)
for some j. Then by construction of the covering A each i € G satisfies Int(D} N D},) = 0
for all i’ # i. Because of diam(D}) < 20d,, we get

M® M@
Upic Y {z € Q(z,2dy)  d(2,0Q(Z;, 2d,)) < 60dn} = |J Az.30)  (1.2.33)
i€B j=1 j=1

where d is the induced metric on f7(W?) by the Euclidean metric and A(z;,36) is defined
before Lemma 7.2.9. As mentioned above the multiplicity of the covering {D}}1<;<n does
not exceed L', thus we have

ZAO (fm)~ => 2 ((H7HDH) + DA ()~ (D)))

€G i€B
<N () DY) + TN (U <f:z>—1<D;>)
ieG icB
=X (U(f:})-l(D})) + LA (U (fﬁ)‘l(D3)>
eG i€B
N
<A (U(flf)l(D})> + LA (U(f:})l(D})) :
=1 1€EB

Hence we get

SN (U DY) M (Uies() (D))
A (va:l(fﬁ)*l(D%)) T A (ULumon)

and it suffices to estimate the last term in (7.2.34). Because of (7.2.33), Proposition 7.2.15
and the fact that the multiplicity of the covering {Q(Z;,d,,)}; is bounded by L we have

1< (7.2.34)

N (Uiep(f2) (DY) _ M (U () (a (zj,;»)a)))
2 (U0 0h) ~ 8 (U () (@G da))
)
)

@) B
Yol AN (271 (A(%5,30)))
< LT — (7.2.35)
>i=1 Ao ((f3) Q%) dn )
If numbers a1, ...,an,b1,...,by > 0 satisfy bl < h for all ¢, then clearly we have % Zl < h.

By this it suffices to estimate each fractional in (7.2.35) on its own. So let us fix some
j, 1 < j < M®, and denote A' := A(z;,30) U Q(z;,d,) and A% := Q(%;,d,). Choosing

0 < i from Lemma 7.2.9 we obtain a constant C such that for every n > N™(§) :=

max { N (30); N (6/2); NV} we have
ALal AL(A(z;,30))
1< =1+ 7P <] @
SN T NG d)) ST

which yields

AL(AY)

= —1| <3C™8.

o 1| <
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Thus by application of Lemma 7.2.13 we achieve a constant C® such that for 7 = 3C™M6 < 1
we have for n > N™ ()

MDA | - oo
M) i) = TEeTer o).

By definition of A' and A? this implies for n > N™

Ao ((£8) 71 (A%, 30)))
Ao (F2)HQ(Z, dn)))

which finally finishes the proof with C® :=3L'LC®CW. O

< CO(BCMY+ ),

The next proposition is the last one before we will start to prove the absolute continuity
theorem, we will state the proof for sake of completeness although it is basically [KSLPS86,
Proposition 11.10.2].

Proposition 7.2.17. There exists a constant C® such that for any 6 € (0,1) there exists
N® = N®(0) > max {N®P(0/2); NV} such that for any 0 < ag < \/9%, n > N® and
1 <i< N one has

Ao (D)
AL(D7)

—1<C®(20+ —=(1+6
‘_O ( +9d0(+))

Proof. Let us fix some n > max{N®(0/2); NV} and 1 < i < N. Then there exists ¢/,
1< <M® and j', 1 <5 <M® and m, 1 < m < Njs such that

D} =D}, =expyy., ({01, 4@)0) v € Djn })

D2 = D =esb, ({2,000 0e (By) ).

Let us denote

D} = eXpJ:L}'ZH (D}) and D2 = expfnz (D3).
Then we clearly have

M2(D?) _ ND3)  R2(DY) vol(Djrm)a,) vol(Djim) AL(DY)

. (] m
MDD " 32(D2) vol(Dyun)an)  volDym)  ALDY)  ALDL)

where A¥ denotes the induced Lebesgue measure on W (z;, yk, 8%) for k = 1,2 and vol(-)
the (d — k)-dimensional volume on H,(w, z;). Since the exponential function is a simple
translation on Tyn. , R? we have

An(DP) _ MDD

1
o =1
A2(D2)  A(D))

For n > max {N®(6/2); N} we have because of (7.2.30) that (ﬁjgm) - BZ/ n (771, e 0n),

where as before nf,yn = 7., (F§'(w, z)yk) for k = 1,2 and thus because of Lemma 5.2.3 and
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Theorem 7.2.2

sup ’ani,,n

Zir,n

< 24e%*" sup HDn’t/J2

UE(DJ/YM)QH UG(Dj',m) (w,z47),m
< 24e%*" sup HDM/JEM’”
¢ (w,z;7),mn

neBy, (nf,‘n,%)
S 2A€2sn€—7d5n
< 2Ae%",

Choosing N®(6) > max {N®(6/2); N} such that 24e=5" < @ for all n > N® we can
estimate the second term via Proposition A.1 by

32/ D2
1< >\7L(Dl)

< —Tm Tl <1429k,
vol((Djm)a,,)

Analogously we we can estimate the forth term by

1— 2d7k0 S VOAI(D‘Z/,m) <
AL(D7)

The estimate on the third term is (7.2.29). Alltogether this implies with |abe — 1| <
|a —1]bc+ |b — 1| ¢ + |c — 1| the desired, that is for n > N® () we have

A\2(D?) Qg
n < O® _
A}l(Dil)_C (29+9d0(1+9)>,

where C® = 24=k\/d — L. O

7.3 Proof of the Absolute Continuity Theorem

Now we are able to sate the main proof of the absolute continuity theorem. Let us repeat
its formulation.

Theorem 7.1.1. Let Al be given as above.

i) There exist numbers 0 < qa1 < 6a1/2 and ear > 0 (uniformly on Al) such that for
every (w,x) € Al the family Fair (z,qar) is absolutely continuous.

ii) For every C € (0,1) there exist numbers 0 < qai1(C) < da1/2 and epr(C) > 0 such
that for each (w,z) € Al with A\(Al)) > 0 and x is a density point of Al, with respect
to A\, and each two submanifolds W' and W2 transversal to Far (x,qar (0)) satisfying
||W’|| <eni(0), i = 1,2, the Poincaré map Py 2 is absolutely continuous and the
Jacobian J(Pyn we2) satisfies the inequality

| J (P w2)(y) —1| < C

for M\w1-almost all y € W' N AL (z,qa:1(C)). Here the Jacobian J(Py1 w2) is defined
as the Radon-Nikodym derivative of the measure Ay2 o Py w2 with respect to Ay,
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Proof. Part i) Fix once and for all (w,z) € Al and some C € (0,1) and set gar == ¢ and
Eal := €¢, both defined in Section 7.2.2.

For any P € W' and small 0 < h < hp we denote as before by Q(P, h) the closed ball
in W1 centered at P of radius h. We will show that there exists a constant C® such that
for any two submanifolds W' and W? transversal to FarL (z,gar) satistying HW1H < el we
have

A (Pwl,wg (Q(P, h) N AL(x,qu)>) < (1+COC)Aw1 (Q(P,h)). (7.3.1)

Since P and 0 < h < hp can be chosen arbitrarily this implies that
A2 (PW1,W2 ( n Afu(x,qu)>) < )\Wl(-),

which implies the assertion since B (W' N AL (z,qa1)) € B (W?).

Now fix P € W' N AL(z,qa), 0 < 8 < hp and 0 < h < hp — . We will use
the covering of the transversal manifolds presented in Section 7.2.4 and 7.2.6. For the
fixed parameters P, 3, h and the transversal manifolds there exists according to Lemma
7.2.10 some dp g > 0. Now let us fix 0 < 69 < dpgn, 0 < 8 < min{%g; 30%1)} (where

C® is the one from Lemma 7.2.9) and 0 < oy < \/0%, where dy = 1(;70,4 as in Section
7.2.3. For n > N®(agp,0) := max{N®(ap); N (0); N®(0)} we can apply the covering
construction of the previous sections to obtain a covering {Dil}l <;en OF [ (D(P,h)), where
D(P,h) == Q(P,h) N Al (x,qn1) and sets {D?}KKN. These s_at;sfy by Lemma 7.2.14 for
all<i<N

P ((12) 7 (DY) 1 AL(.aa0) © (f2)7 (D).
Then since by Lemma 7.2.11 and (7.2.32) for n > N («p, 6)

P (D(p, ) = P wa ((£2)7 £2 (Do, 1) 0 AL, 00) )
N
C Py w2 ((fg;)‘l <U D}) N Ag(a:,qN)>

Purwe ((£2)71 (D) N AL (. 9a0))

Il
=

s
I
-

(F)71 (D),

o
Il

N
1=

we get
N —
Aw2 (Pwiwe (D(p, h))) < Awe (U (fm~! <D22)>
i=1
N —
< Awe ((f[j)‘l (D,?)) . (7.3.2)
i=1
Now let o := \deok and let § < min {1—18; 301(1) ; ﬁ} then

C® (20 + 221 40)) <409 =7 < 1.
0dy
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The assumptions of Lemma 7.2.13 are satisfied because of Proposition 7.2.17, thus we get

2
for all n > N@() := N@ (%,9)

e ()7 (D7) < @409 O (71 DY) (733)

Combining (7.3.2) and (7.3.3) and applying Lemma 7.2.16 we get for all n > N9 (6)
N
Awz (P (D(p 7)) < (1+C0 (0 +C)) (1+C (14 C)) A <(fﬁ)1 <U D3>>
i=1

N
<(1+C90+ C))Apn ((f;})‘l (U D})) , (7.3.4)

with C©® := C® 44C®C® 4 2C®C™. By the choice of the covering we get from Lemma
7.2.10 that

M2

N
UDpic U Wiz ul,0,) € 2 (Qp, b+ 8)),
=1 =1

which finally implies by (7.3.4) for n > N (9)

Awz (Pwrwe (D(p, h))) < (1+C0 + C)Aws (Q(p b + B)) -

Since 8 > 0 and 6 > 0 can be chosen arbitrarily small, this implies (7.3.1) and hence finishes
the proof of part i).

Part ii) Fix once and for all (w,z) € Al such that A(AL) > 0 and x € Al is a density

point of Al with respect to the Lebesgue measure \. For C € (0,1) let qg) and ¢ as in

Section 7.2.2.
For each { € Ep(w,z) with |||, )0 < g let us define the submanifold W¢ by the
formula

We := exp, {(f,n) :n € Ho(w, 2); [0l ()0 < qg)} C Unw (2,42)).

Clearly each W is a transversal submanifold to the family Fa: (z, q&). Since z is a density
point of A, we have \(A, N Ua, (2,4 /2)) > 0. Since by Fubini’s theorem

0<A(ALNOa (2,02/2) :/ Mve (We nALYdA -/ o 1 (€)

( C ) B;O (qg’)/Z) 3 ( 3 ) B:r,,O (qg)/2)
there exists & € B;O (g /2) such that Ay, (We N AL) > 0. Because of Al (z,¢2) 2 AL N
Un . (z,¢¢/2) we have A, (Wg N AL(x,q?)) > 0. Let W' and W? be two transversal
manifolds to Fa: (2, ¢¢’) and let us consider the Poincaré maps Py w, and P2 w, =

PI;/;,WQ. Clearly we have

PW1,W2 = PW&Wz o PWI,Wg'

Because these maps are absolutely continuous by i) of Theorem 7.1.1, we have for i = 1,2

Ay (Wi N AL(%(]?’)) > 0.
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The following construction is due to the fact that we want to apply the argument to
Py1 w2 and its inverse P‘;,ll w2 = Pw2w1. So let us consider the set 7 of all points

yewin AL (z,qS) such that y is a density point of W' N Afd (z,q5) with respect to Ay
and Py w2 (y) is a density point of W2 N A! (z,¢2)) with respect to Ayz. As Ay1-almost
all points of WINA! (x, qg’)) are of density and as PV;,ll we i absolutely continuous, we have

that Ayr2-almost all points of W2 N Al (z, q) belong to Py e (T).
Now let us take y € 7. By the definition of a point of density for every x > 0 there
exists 0 < h(k) < hy such that for every 0 < h < h(k) one has

Aw(Q(y, 1)) < (14 £)Aw (T N Q(y, h)),

where Q(y, h) as before denotes the closed ball in W with center y and radius h > 0 with

respect to the Euclidean metric. Since Ay2-almost all points of W?2 N Afd (z, qg)) belong to

Py we (T) and because of (7.3.1) we have for every 0 < h < h(k)

A (Pusw (TN Q(y 1)) = Aws (Pur we (BL(z,42) Q1))
< (14+C9C)Aw1(Q(y, h))
< (1 +K)A+CO0) A\ (T NQ(y, 1)),
that is

Mz (P wz (T NQ(y, h)))
)‘Wl (Tﬂ Q(ya h))

Since y is a density point the Lebesgue density theorem (see for example [GMNO97, Setion
4.2.3]) implies for h — 0 that

J(Pwrwe)(y) < (1+£)(1+C00),

<(1+r)(1+C20). (7.3.5)

where J(Py1 w2) is the Jacobian of the Poincaré map, and since £ > 0 can be chosen
arbitrarily small we finally get

J(Pwrw2)(y) <1+ COC.

As y € T then Py w2 (y) is a density point of W2 N Al (z,¢%). Since in our considera-
tion and in particular in (7.3.5) Py 2 and PVT,117W2 play completely symmetrical roles we
get

J(Pyh w2)(Pwiwe (y) < 14+ COC.

Because of
1
J(Py ) (Pt w2 (y))

J(PW1,W2)(ZJ) =

we have

>1-CO9C.

1 W2 > —
J(Pw,w2)(y) > 1+0oC =

Choosing additionally 0 < C' < ﬁ we finally get

‘J(Pwl7w2)(y) — 1‘ < C(G)C.
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Now let C' € (0,1) as in the theorem then we define
qai(C) = qgf}c@ and eni(C) = Ec/c©

which finishes the proof of Theorem 7.1.1 part ii).
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Appendix

Here we will state some basic results from [KSLP86] which we use in Chapter 7 for the proof
of the absolute continuity theorem. The first one gives an estimate on the volume of the
graph a function.

Proposition A.1. Let p € N, U C RP be an open bounded set and H some finite di-
mensional Hilbert space. Then for a C' mapping f : U — H with sup,cy ||Dof| < a we
have

P
2

vol, (U7) < my(graph(f)) < (1 + a*)¥ vol, ().

Here vol,, denotes the p-dimensional Lebesgue measure and my, the p-dimensional Hausdorff
measure in RP @ H. While restricted to a p-dimensional submanifold of RP® H and since H
s a finite dimensional Hilbert space this measure coincides with the p-dimensional volume
(Lebesgue measure) on this submanifold.

Proof. This is [KSLP86, Proposition I1.3.2]. O

Let E and E’ be two real vector spaces of the same finite dimension, equipped with the
scalar products (-,-)g and (-,-)g: respectively. If E; C FE is a linear subspace of E and
A: FE — E' alinear mapping, then the determinant of A|g, is defined by

volg (A(U))

det (A =)
et (A, = 22T

where U is an arbitrary open and bounded subset of F; and F is a arbitrary linear subspace
of E' of the same dimension as E; with A(U) C Ef (see [KSLP86, Section II.3]). Further
for two linear subspaces E1, Fs C E of the same dimension we define the aperture between
E, and E5 with respect to the norm |-|; to be

Ly (B, E2) == sup inf |e; —ez|p.
e1€E, €2€E2
leilp=1

Then we have the following lemma from [KSLP86], which gives an estimate on the difference
of determinant.

Lemma A.2. For every p € N there exists a number C™ = C™ (p) > 0 such that for every
two finite dimensional Hilbert spaces Hy and Hs, for any a > 1, any two linear operators

117
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A, B Hy — Hy with |[Aly < a, |Bly < a and any two linear subspaces Ey, By C Hy of
dimension p we have

det(Alp,)| ~ |det(Bls)|| < CVa? (|A = Bly, + Ty, (Ex, B2)).

Proof. This is [KSLP86, Lemma I1.3.2]. O

For a linear operator A : H; — Hs between two Hilbert spaces H; and Hs let us denote
the graph of A by graph(A) := {(x, Az) : « € Hi} C Hy x Hy. Then the aperture between
two graphs can be bounded as follows.

Lemma A.3. Let Hy and Hy be two finite dimensional Hilbert spaces. For any two linear
operators A, B : Hy — Hs we have

(graph(A), graph(B)) < 2(|A[ g, + |Bly, )-

FHH1><H2

Proof. This is [KSLP86, Proposition I1.3.4]. O
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