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Foreword

E.N. Lorenz’s twelve pages note Deterministic nonperiodic flow, published in 1963
in the Journal of the Atmospheric Sciences [139], surely ranks among the most in-
fluential inputs from the experimental sciences in the history of 20th century Math-
ematics. While investigating the validity of linear regression models for weather
forecast, Lorenz hit upon the observation that typical trajectories, even in very
simple models, are unstable, or sensitive to small changes in the initial condi-
tions.

This observation had deep philosophical and practical implications. From a math-
ematician’s perspective, Lorenz’s paper set the challenge of describing and explain-
ing on rigorous grounds the sensitivity phenomenon, and its stability under small
modifications of the dynamical model.

By that time, starting in the early sixties, the mathematical theory of hyperbolic
dynamical systems was being developed by Steven Smale and his collaborators and
students in the West, and by the Moscow school (Anosov, Arnold, Sinai and cowork-
ers) in the Soviet Union. Hyperbolicity theory does provide a conceptual frame-
work for understanding stable sensitive behavior, and has rapidly become a main
paradigm in dynamical systems theory. However, the geometric models proposed
by Afraimovich, Bykov, Shil’nikov [2, 4] and Guckenheimer, Williams [98, 274]
suggested that the Lorenz system is actually not hyperbolic.

This state of perplexity lasted until the renewal of the theory of partial hyperbol-
icity in the mid nineties. A number of breakthroughs were obtained that led to a very
complete theory of stable (or robust) behavior for flows in three-dimensional spaces,
including both hyperbolic systems and Lorenz-type systems. It is this theory that the
authors present in this book. Their text provides a much needed coherent presenta-
tion of one of the fastest developing subjects in recent mathematical research. Theirs
was not an easy task: the material is very rich and widespread in a large number of
papers; it is also quite recent, so that assessing the relevance of different results may
be tricky.

A particularly successful compromise between all these aspects was achieved,
and I am sure this book will be a useful reference both for the expert working in
the field and the student looking for an introduction to the subject. I also expect it
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to play a significant role towards the extension of this theory to flows in arbitrary
dimensions, which is currently under way.
Enjoy your reading!

Rio de Janeiro Marcelo Viana



Preface

In this book we present the elements of a general theory for flows on three-
dimensional compact boundaryless manifolds, encompassing flows with equilibria
accumulated by regular orbits.

The main motivation for the development of this theory was the Lorenz system
of equations whose numerical solution suggested the existence of a robust chaotic
attractor with a singularity coexisting with regular orbits accumulating on it.

More than three decades passed before the existence of the Lorenz attractor was
rigorously established by Warwick Tucker with a computer-assisted proof in the
year 2000.

The difficulty in treating this kind of system is both conceptual and numerical. On
the one hand, the presence of the singularity accumulated by regular orbits prevents
this invariant set from being uniformly hyperbolic. On the other hand, solutions slow
down as they pass near the saddle equilibria and so numerical integration errors
accumulate without bound.

Trying to address this problem, a successful approach was developed by Afrai-
movich-Bykov-Shil’nikov and Guckenheimer-Williams independently, leading to
the construction of a geometrical model displaying the main features of the behavior
of the solutions of the Lorenz system of equations.

In the 1990’s a breakthrough was obtained by Carlos Morales, Enrique Pujals and
Maria José Pacifico following very original ideas developed by Ricardo Mafié dur-
ing the proof of the C!-stability conjecture, providing a characterization of robustly
transitive attractors for three-dimensional flows, of which the Lorenz attractor is an
example.

This characterization placed this class of attractors within the realm of a weak
form of hyperbolicity: they are partially hyperbolic invariant sets with volume ex-
panding central direction (or volume hyperbolic sets). Moreover robustly transitive
attractors without singularities were proved to be uniformly hyperbolic. Thus these
results extend the classical uniformly hyperbolic theory for flows with isolated sin-
gularities.

Once this was established it is natural to try and understand the dynamical conse-
quences of partial hyperbolicity with central volume expansion. It is well known that

ix



X Preface

uniform hyperbolicity has very precise implications for the dynamics, geometry and
statistics of the invariant set. It is important to ascertain which properties are implied
by this new weak form of hyperbolicity, known today as singular-hyperbolicity.

Significant advances at the topological and ergodic level where recently obtained
through the work of many authors which deserve a systematic presentation.

This is the main motivation for writing these notes. We hope to provide a global
perspective of this theory and make it easier for the reader to approach the growing
literature on this subject.

There have been several books and monographs on the subject of Dynamical
Systems. But there are many distinct aspects which together make this book unique.

First of all, this book treats mostly continuous time dynamical systems, instead
of its discrete counterpart which is exhaustively treated in some of the other texts.

Second, this book treats all the subjects from a mathematical perspective with
proofs of most of the results included. Some of the proofs are done in a different way
than those in the original papers because, once the theory is organized, it is possible
to simplify many of the original proofs. We also extend many of the results about
singular-hyperbolicity to higher dimensional flows, adding some new and natural
hypotheses on the flow. The proofs about such extensions are also included.

Third, this book is meant to be an advanced graduate textbook and not just a
reference book or monograph on the subject. This aspect is reflected in the way the
cover material is presented, with careful and complete proofs, and precise references
to any topic in the book.

Finally, there is not enough room (or time!) to cover all the topics in an advanced
graduate course. This means that the book is not exhaustive: the main topics still
constitute a very active area of research, but the book tries to treat the core concepts
thoroughly and others enough so the reader will be prepared to read further on the
subject and, we hope, also be prepared to contribute with new results on this theory.

It is a pleasure to thank our co-authors Carlos Morales and Enrique Pujals who
made definitive contributions and helped build the theory of singular-hyperbolicity.
We also thank Ivan Aguilar for providing the figures of his MSc. thesis at UFRJ,
and Serafin Bautista and Alfonso Artigue for having communicated to us some ar-
guments which we include in this text. We are indebted to several PhD. students
at IM-UFRJ who read previous versions of this text and pointed out to us several
places where the presentation should be improved, among them Laura Senos, Regis
Castijos and Jodo Reis.

We extend our acknowledgment to Marcelo Viana who, besides being our co-
author, encouraged us to write this text.

We are thankful to DMP-FCUP, IM-UFRIJ and IMPA for providing us with the
necessary time and conditions to write this text. We also profited from partial fi-
nancial support from CNPq, FAPERJ, PRONEX-Dynamical Systems (Brazil) and
CMUP-FCT (Portugal). Finally we thank the scientific committee of the XXVI
Brazilian Mathematical Colloquium for selecting our proposal for an earlier ver-
sion of this text.

Rio de Janeiro Vitor Aratijo and Maria José Pacifico
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Chapter 1
Introduction

In this book we present the elements of a general theory for flows on three-
dimensional compact manifolds, encompassing flows with equilibria accumulated
by regular trajectories.

The main motivation for the development of this theory was the Lorenz system
of ordinary differential equations whose numerical solution suggested the existence
of a robust chaotic attractor with an equilibrium coexisting with regular trajectories
accumulating on it.

An attractor for us is the set of points whose forward trajectories remain inside
a bounded region of space forever and such that all nearby trajectories converge
to it. To avoid trivial cases, we also assume that an attractor is a closed set with
a dense trajectory but which does not coincide with this trajectory. This excludes
periodic trajectories from our definition — we regard these as trivial attractors when
they arise.

This kind of set plays a central role in the study of the long term behavior of sys-
tems of differential equations since attractors are the possible locus of convergence
of trajectories when time goes to infinity, at least on compact invariant regions — for
example, on three-dimensional compact manifolds. Hence to understand the possi-
ble types of asymptotic behavior it is necessary to understand the kinds of attractors
a given system of differential equations may have.

A relevant feature of attractors is their robustness, that is, they should persist
under small perturbations of the given system of equations. These are the kind of
sets one should observe when building mathematical models since there are intrinsic
errors in all observed data, so the models are usually at best just an approximation of
some relevant phenomenon one wishes to study. The features of our models one can
reasonably expect to observe in the real world are those which persist under small
errors.

Trivial attractors, like equilibria or closed trajectories or combinations of such,
are well understood: the asymptotic behavior of nearby trajectories is either an equi-
librium or a periodic trajectory, or a finite number of equilibria and trajectories con-
necting them. These are in fact typical in two-dimensional systems. These attractors
are not chaotic because trajectories starting on nearby points tend to remain nearby
in the future.

V. Aradjo, M.J. Pacifico, Three-Dimensional Flows, Ergebnisse der Mathematik und ihrer 1
Grenzgebiete. 3. Folge / A Series of Modern Surveys in Mathematics 53,
DOI 10.1007/978-3-642-11414-4_1, © Springer-Verlag Berlin Heidelberg 2010
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For three-dimensional systems the Lorenz example exhibited a new kind of fea-
ture: sensitiveness to initial conditions, or chaos. Small initial differences are am-
plified as time passes, causing two trajectories originally coming from practically
indistinguishable points to behave in a completely different manner after a short
while. Long term predictions based on such models are unfeasible since it is not
possible to both specify initial conditions with arbitrary accuracy and numerically
calculate with arbitrary precision.

Remarkably, the Lorenz system of equations is both chaotic and robust. More
than three decades passed before the existence of the Lorenz attractor was rigorously
established by Warwick Tucker in the year 2000.

The difficulty in treating this kind of systems is both conceptual and numeri-
cal. On the one hand, the presence of an equilibrium accumulated by regular orbits
prevents this invariant set to be uniformly hyperbolic. On the other hand, solutions
slow down as they pass near the saddle equilibria and so numerical integration errors
accumulate without bound.

Hyperbolicity means that at each point there are two complementary directions
to the flow direction, one uniformly contracted by the tangent map of the flow gen-
erated by the system of ordinary differential equations, and the other uniformly ex-
panded. The invariant foliations associated to these sets are relevant objects of study
which we do not deal with in this book. This kind of geometrical notion was intro-
duced in the 1960’s by Stephen Smale in a (very successful) attempt to characterize
structural stability of a system.

Stability has two main distinct meanings in the theory of dynamical systems. On
the one hand, when referring to trajectories, one says that a trajectory is stable if
nearby trajectories converge to it as time increases. On the other hand, it can refer to
a system as a whole: in this case it means that the global behavior is not affected if
the laws of evolution are slightly modified. A system is structurally stable if small
changes to it leave the whole orbit structure unchanged up to a global continuous
change of coordinates. It is a celebrated result that the hyperbolic systems are es-
sentially the structurally stable ones.

An equilibrium accumulated by regular orbits cannot belong to a hyperbolic set,
because the dimensions of the expanding and contracting directions have a discon-
tinuous jump at the equilibrium, since the flow direction vanishes at an equilibrium,
while the notion of hyperbolicity for smooth systems demands continuity of these
directions. Hence there was no mathematical theory able to understand robust ob-
jects like the attractor of the Lorenz system until recently.

Trying to address this problem, a very successful approach was developed by
Afraimovich-Bykov-Shil’nikov and Guckenheimer-Williams independently, lead-
ing to the construction of a geometrical model displaying the main features of the
behavior of the solutions of the Lorenz system of equations.

In the 1990’s a breakthrough was obtained by Morales, Pujals and Pacifico fol-
lowing very original ideas developed by Maifié during the proof of the C'-stability
conjecture, providing a characterization of robustly transitive attractors for three-
dimensional flows, of which the Lorenz attractor is an example.

This characterization placed this class of attractors within the realm of a weak
form of hyperbolicity: they are partially hyperbolic invariant sets with volume ex-
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panding central direction. Moreover robustly transitive attractors without equilibria
were proved to be hyperbolic. Thus these results extend the classical hyperbolic
theory for flows with isolated equilibria.

An invariant set for a three-dimensional flow is partially hyperbolic if there are
two complementary directions at each point. One of them, referred to as central di-
rection, is two-dimensional and necessarily contains the flow direction. The other
one is one-dimensional and contracted by the tangent map of the flow. Moreover
every possible contraction along the central direction is weaker than the contrac-
tion along the complementary one-dimensional direction. In this way the presence
of equilibria accumulated by regular trajectories is not an obstruction for partial
hyperbolicity.

Once this was established it is natural to try and understand the dynamical conse-
quences of partial hyperbolicity with central volume expansion. It is well known that
hyperbolicity has very precise implications for the dynamics, geometry and statis-
tics of the invariant set. It is important to ascertain which properties are implied by
this new weak form of hyperbolicity, known today as singular-hyperbolicity.

Significant advances at the topological and ergodic level where recently obtained
through the work of many authors which deserve a systematic presentation. Thus
we will focus on flows with equilibria accumulated by regular trajectories.

This is the main motivation for writing these notes. We hope to provide a global
perspective of this theory and make it easier for the reader to approach the growing
literature on this subject.

1.1 Organization of the Text

We start with an overview of the main results of uniformly hyperbolic dynamical
systems to be used throughout the rest of the text, both from the geometrical view-
point and the measure-theoretical or ergodic point of view, in Chap. 2. We also
mention some by now standard generic properties of flows in the C! topology, such
as the Kupka-Smale vector fields (which are in fact C" generic for every r > 1),
Pugh’s Closing Lemma and Hayashi’s Connecting Lemma. We restrict ourselves to
the results which will actually be used in the course of the proofs of the main results
of the text.

In Chap. 3, we describe the construction of the most simple non-trivial exam-
ples of singular-hyperbolic sets: the singular horseshoe of Labarca-Pacifico, and the
geometric Lorenz attractor of Afraimovich-Bykov-Shil’nikov and Guckenheimer-
Williams.

In Chap. 4, we present the proof that every robustly transitive vector field X in
a 3-manifold is an Anosov vector field, i.e., a robustly transitive vector field X on
three-dimensional manifold is globally hyperbolic. This is a preliminary result for
the main characterization of robustly transitive sets, presented in Chap. 5, and many
arguments detailed here are explored in the rest of the book.

Next, in Chap. 5, we characterize robustly transitive sets with singularities as
partially hyperbolic attractors with volume expanding central direction, either for
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the original flow, or for the time reversed flow. This naturally leads to the notion of
singular-hyperbolic set: a compact partially hyperbolic invariant subset with volume
expanding central direction or, more concisely, a volume hyperbolic invariant set.
We present also an extension of this notion to higher dimensions, the notion of
sectionally expanding attractors.

In Chap. 6, we study some consequences of singular-hyperbolicity, showing that
a singular-hyperbolic attractor is a homoclinic class, and provide converse results
giving sufficient conditions for a singular-hyperbolic attractor to be robust.

We construct, in Chap. 7, a physical measure with non-zero Lyapunov exponents
and positive entropy for singular-hyperbolic attractors. This is another non-trivial
consequence of singular-hyperbolicity. Before this construction we dwell on expan-
siveness and chaotic behavior, showing that every singular-hyperbolic attractor is
robustly expansive and robustly chaotic and that, conversely, under mild conditions,
a robustly chaotic attractor must be singular-hyperbolic. The existence of a phys-
ical measure with non-zero Lyapunov exponents is also another aspect of chaotic
behavior.

Chapter 8 is dedicated to relations between singular-hyperbolicity and volume.
Here we show, using only the assumptions of singular-hyperbolicity, that singular-
hyperbolic attractors either have zero volume or else the flow is globally hyperbolic,
that is, an Anosov flow (without singularities). We present a similar result for sec-
tionally expanding attractors. Among incompressible flows on three-dimensional
manifolds, a similar result is obtained for invariant sets satisfying the weaker condi-
tion of dominated splitting for the linear Poincaré flow.

In Chap. 9 we attempt a description of the Omega-limit set for C! generic
flows: either the limit set contains an infinite collection of sinks or sources; or is
a finite union of basic pieces, either uniformly hyperbolic transitive isolated sets,
or singular-hyperbolic attractors or repellers. Then we turn to conservative or in-
compressible flows on three-dimensional manifolds and present a recent proof of a
global dynamical dichotomy: C! generically either the flow is Anosov or else the
Lyapunov exponents are zero Lebesgue almost everywhere.

In an attempt to provide a broader view of the dynamics of flows on three-
dimensional manifolds, we close the text briefly mentioning in Chap. 10 many other
related results: the contracting Lorenz attractor introduced by Rovella, singular cy-
cles exhibiting singular-hyperbolic and/or contracting Lorenz attractors in its un-
folding, other attractors resembling the Lorenz attractor, decay of correlations, large
deviations, quantitative recurrence results for singular-attractors, and other generic
results for conservative flows on three-dimensional manifolds. Among the brief pre-
sentation of results we state some conjectures that we feel are achievable goals in
the near future.



Chapter 2
Preliminary Definitions and Results

In this book we will consider a boundaryless compact finite dimensional manifold
M of dimensions 1 to 3 and study the dynamics of the flow associated to a given
smooth vector field X on M from the topological and measure-theoretic or ergodic
point of view.

We fix on M some Riemannian metric which induces a distance dist on M
and naturally defines an associated Riemannian volume form Leb which we call
Lebesgue measure or simply volume, and always take Leb to be normalized:
Leb(M) = 1. For any subset A of M we denote by A the (topological) closure
of A.

We always assume that a C” vector field X on M is given, r > 1, and consider
the associated global flow (X");cr (since X is defined on the whole of M, which
is compact, X is bounded and X' is defined for every r € R). Recall that the flow
(X")rer is a family of C" diffeomorphisms satisfying the following properties:

1. XO=1d: M — M is the identity map of M
2. X' =X"oX* forallt,s e R,

and it is generated by the vector field X if
3. %X’(q)|t=to = X(X,,(q)) forall g € M and 1y € R.

Note that reciprocally a given C"+! flow (X?);cgr determines a unique vector C”
field X whose associated flow is precisely (X);er.

In what follows we denote by X" (M) the vector space of all C" vector fields on
M endowed with the C” topology and by .#" (M) the space of all flows on M also
with the C” topology. Many times we usually denote the flow (X’);cg by simply X”.
For details on these topologies the reader is advised to consult standard references
on Differential Equations [111] and/or Dynamical Systems [190].

Given X € X"(M) and g € M, an orbit segment {X’(g); a <t < b} is denoted
by X@bl(g). We denote by DX' the derivative of X' with respect to the ambient
variable q and when convenient we set Dy X' = DX'(q). Analogously, DX is the
derivative of the vector field X with respect to the ambient variable ¢, and when
convenient we write D, X for the derivative DX at g, also denoted by DX (q).

V. Aradjo, M.J. Pacifico, Three-Dimensional Flows, Ergebnisse der Mathematik und ihrer 5
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DOI 10.1007/978-3-642-11414-4_2, © Springer-Verlag Berlin Heidelberg 2010
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2.1 Fundamental Notions and Definitions

2.1.1 Critical Elements, Non-wandering Points, Stable
and Unstable Sets

An equilibrium or singularity for X is a point o € M such that X’ (o) = o for all
t € R, i.e. a fixed point of all the flow maps, which corresponds to a zero of the
associated vector field X: X (o) = 0. We denote by S(X) the set of singularities
(zeroes) of the vector field X. Every point p € M which is not a singularity, that is
p satisfies X (p) # 0, is a regular point for X.

An orbit of X is aset O(q) = Ox(q) = {X'(q) : t € R} for some ¢ € M. Hence
o € M is a singularity of X if, and only if, Ox (o) = {o}. A periodic orbit of X is
an orbit & = Ox(p) such that X7 (p) = p for some minimal 7 > 0 (equivalently
Ox(p) is compact and Ox (p) # {p}). We denote by Per(X) the set of all periodic
orbits of X.

A critical element of a given vector field X is either a singularity or a periodic
orbit. The set C(X) = S(X) U Per(X) is the set of critical elements of X.

We say that p € M is non-wandering for X if for every T > 0 and every neigh-
borhood U of p there is ¢ > T such that X’ (U) N U # @. The set of non-wandering
points of X is denoted by £2(X). If ¢ € M, we define wx (q) as the set of accumula-
tion points of the positive orbit {X’(g) : ¢ > 0} of ¢g. We also define ax(q) = w_x,
where —X is the time reversed vector field X, corresponding to the set of accumu-
lation points of the negative orbit of ¢. It is immediate that wx (¢) Uax(q) C 2(X)
forevery g € M.

A subset A of M is invariant for X (or X-invariant) if X’(A) = A, Vt € R. We
note that wx (q), ax(q) and £2(X) are X-invariant. For every compact invariant set
A of X we define the stable set of A

Wx(A)={qeM:wx(g) C A},
and also its unstable set

Wx(A)={g € M:ax(q) C A}.

2.1.2 Limit Sets, Transitivity, Attractors and Repellers

We say that a compact X'-invariant set A is isolated (or maximal) if there ex-
ists a neighborhood U of A such that A = N;er X' (U) = Nyer X (U). A com-
pact invariant set A is transitive if A = wx(q) for some g € A, and attract-
ing if Ax(U) =Ny>0X"(U) equals A for some neighborhood U of A satisfying
X"(U) C U, for all £ > 0. In this case the neighborhood U is called an isolating
neighborhood of A. Note that Ay (U) is in general different from N,cr X’ (U),
but for an attracting set the extra condition X/(U) C U for all ¢ > 0 ensures that
X~'(U) D> U and so

ADﬂX’(U):ﬂXt(U)ﬂmX’(U)DUﬂA:A

teR <0 t>0
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thus every attracting set is isolated. An attractor of X is a transitive attracting set
of X and a repeller is an attractor for —X. We say that A is a proper attractor or
repeller if @ £ A # M.

The limit set L(X) is the closure of Uycprax (x) Uwy (x). Clearly L(X) C £2(X).
Using these notions we have the following simple and basic

Lemma 2.1 For any flow X the limit set L(X) can neither be a proper attractor
nor a proper repeller.

Proof Suppose L(X) is a proper attractor with isolating open neighborhood U (and
U#M).Letz€ U. Then a(z) € L(X) C U and so X~ 'n(z) € U for a sequence
t, — oo, that is z € X(U) for all n. But since X"~ "(U) C U for 0 <t < t,
by definition of U, we have that z € X"(U) C X"(U) (recall that each X’ is an
invertible map) for all 0 < ¢ < t,, and so z € X’ (U) for all ¢t > 0. We conclude that
z € L(X). Thus L(X) D U and L(X) is simultaneously open and closed, hence it
cannot be a proper subset of the connected manifold M. The proper repeller case is
similar. O

The following relation between transitivity as we have defined it, and topological
transitivity is very useful and we include the proof here for completeness.

Lemma 2.2 For a homeomorphism h of a compact metric space A, h has a dense
forward orbit, that is

ﬂ {h"(x0) :n >4} =A for some xpy € A
>1

if, and only if, 2(h) = A and h admits a dense full orbit, i.e. for some 7 € A

W@zt ==k :n<-0).

e>1 =1

In particular, a transitive compact invariant set A for a flow X’ admits a point w
whose full orbit is dense: wx(w) = A = ayx(w).

Proof If h has a dense forward orbit, we check first that every point of A is non-
wandering. Arguing by contradiction, assume there exists some non-empty open
subset U such that the family (KUY :keZ)is pairwise disjoint. For some ng we
have h"0(xg) € U, thus """ (xo) € h"(U) for each n > 0 and so only the orbit
segment {xg, h(xp), ..., W91 (x()} can belong to Uizlh_i (U). But this contradicts
the assumption that the forward orbit of x¢ is dense. To obtain a dense full orbit, we
note that given a pair U, V of open sets in A we can always find n > m such that
h" (xp) € U, k"™ (xp) € V, so that "~ (V)N U # @, and likewise exchanging U and
V. Hence if (U;);en is a countable basis for the topology of A, then we have that
both szghj(U,‘) and Ujf_ghf(U,-) are open and dense for each i, £ > 1. Hence we
have that N;>| Ng>1 Uj>¢h’/ (U;) is both non-empty (it is a countable intersection
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of open and dense subsets and A is a Baire space, see e.g. [126]) and formed by
points whose omega-limit is dense. Analogously N;>1 Ng>1 U jS_ghj (U;) is non-
empty and formed by points whose alpha-limit is dense. The point z is any point in
the (dense) intersection of these last two dense sets. The reciprocal is trivial. O

We state and prove here some simple but very useful results on attracting set
which are well known, see for instance Conley [73].

Lemma 2.3 Let A be an isolated set of X € X" (M), r > 0. Then for every isolating
block U of A and every & > O there is a neighborhood % of X in X" (M) such that
Ay(U)C B(A,e) and A C B(Ay(U),¢) forallY e % .

We recall that the Hausdorff distance between compact subsets K, L € % of a
metric space is given by (see e.g. [85])

dy(K,L)=inf{r >0: K C B(L,r) and L C B(K,r)}.

So the previous lemma ensures that the map (}CI(M),C]) — (A ,dy),Y —
Ay (U) is continuous.

Proof We have by assumption A = Ax(U) = Nyer X' (U) = Nyer X' (U). Given
& > 0 there is a big enough T > 0 such that

A= (N x'@c B(A, f).

4
—T<t<T

Then using the continuous dependence of the flow with the vector field and the
compactness of U, there exists a neighborhood % of X in X" (M) such that

A,T((U)CB<A§(U),Z) and A?(U)CB(A)T((U),Z)

for each Y € % . Hence we deduce that, on the one hand

Ay(U) c ALW) © B<A§(U), 2) c B<A, 2 + 2) C B(A, ¢);

and, on the other hand
T T e £ £
ACAxU)CB Ay(U),é—1 CB AY(U)’Z+SZ = B(Ay(U), &);
because

il T il T S
Ay(U) C B<A,24) C B<AX(U),24> C B(AY(U),24 + 4),

forallY e %. O
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We remark that if X/(U) C U for all ¢t > 0, since the flow X! is a family of
diffeomorphism we deduce that X'~*(U) C U for all s < ¢, or X'(U) C X*(U).
Thus the family (X’(U));=0 is a nested family of sets and so

Ax()=(X'W) = lim X'(U)

t>0

that is, given any neighborhood V of A there exists T = T (V) such that X" (U) C V
forallt > T.

Lemma 2.4 If A is an attracting set and a repelling set of X € X' (M), then A = M.

Proof Suppose that A is an attracting set and a repelling set of X. Then there are
neighborhoods V| and V; of A satisfying X' (Vy) C Vi, X' (V) C V, for every
>0,

A= ﬂx’(vl) and A=[)X"(V).

>0 >0

Define U; = int(V}) and U, = int(V3). Clearly X' (U;) C Uy and X~ (U,) C Us
for all r > 0, since X' is a diffeomorphism. As U> is open and contains A, the first
equality implies that there is #; > 0 such that X"2(Vy) C U. As X2(U;y) C X"2(Vy)
it follows that U; C X ~2(U,) C U, proving

Uy C Us.

Similarly, as U is open and contains A, the second equality implies that there is
t; > 0 such that X 1(V,) C Uj. As X "1(Up) C X" (V») it follows that Us C
X"'(Uy) C U; proving

U, C Us.

Thus, U; = Us. From this we obtain X’(U;) = U for all ¢ > 0 proving A = Uj.
As A is compact by assumption we conclude that A is open and closed. As M is
connected and A is not empty we obtain that A = M as desired. (|

The lemma below gives a sufficient condition for an isolated set to be attracting.

Lemma 2.5 Let A be an isolated set of X € X' (M). If there are an isolating block
U of A and an open set W containing A such that X' (W) C U for every t > 0, then
A is an attracting set of X.

Proof Let A and X be as in the statement. To prove that A is attracting we have to
find a neighborhood V of A such that X’(V) C V forall ¢ > 0 and
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To construct V we let W be the open set in the statement of the lemma and define
V =U;-0X"(W). Clearly V is a neighborhood of A satisfying X’(V) C V for each
t>0.

We claim that V satisfies (2.1). Indeed, as X" (W) C U for every ¢ > 0 we have
that V C U and so N;egr X' (V) C A because U is an isolating block of A. But
V C X '(V) for every t > 0 since V is forward invariant. So V C N,<o X’ (V) and
from this we have

X' vycvn()x(v)
t>0 t>0
=x'mn ﬂx’(V) = ﬂ X'(V).
t<0 t>0 teR

Thus, N> X' (V) C A. Now, as A C V and A is invariant, we have A C X' (V) for
every t > 0. Then A C N;>0X'(V), proving (2.1). O

2.1.3 Hyperbolic Critical Elements

A sink of X is a singularity of X which is also an attractor of X, it is a trivial attractor
of X. A source of X is a trivial repeller of X, i.e. a singularity which is a attractor
for —X.

A singularity o is hyperbolic if the eigenvalues of DX (o), the derivative of the
vector field at o, have a real part different from zero. In particular sinks and sources
are hyperbolic singularities, where all the eigenvalues of the former have negative
real part and those of the latter have positive real part.

A periodic orbit Ox(p) of X is hyperbolic if the eigenvalues of DX (p) :
T,M — T,M, the derivative of the diffeomorphism X T where T > 0 is the pe-
riod of p, are all different from 1. In Sect. 2.3 we will define hyperbolicity in a
geometric way.

When a critical element is hyperbolic, then its stable and unstable sets have the
structure of an embedded manifold (a consequence of the Stable Manifold Theorem,
see Sect. 2.3), and are called stable and unstable manifolds.

2.1.4 Topological Equivalence, Structural Stability

Given two vector fields X, Y € X" (M), r > 1, we say that X and Y are fopologically
equivalent if there exists a homeomorphism /& : M — M taking orbits to orbits and
preserving the time orientation, that is

e W(Ox(p)) = Oy (h(p)) forall p e M, and
e forall p € M and ¢ > 0 there exists 6 > 0 such that for ¢ € (0, §) thereis s € (0, &)
satisfying h(X'(p)) = Y* (h(p)).
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The map 4 is then said a ropological equivalence between X and Y. This is an
equivalence relation in X" (M).

We say that X, Y € X" (M) are conjugate if there exists a topological equivalence
h between X and Y which preserves the time, i.e. X' (h(p)) = h(Y'(p)) for all
p € M and t € R. This is also an equivalence relation on X" (M).

In many respects the behavior of two topologically equivalent vector fields are
the same, as the following result shows.

Proposition 2.6 Let h be a topological equivalence between X, Y € X" (M). Then

1. pe S(X) if, and only if, h(p) € S(Y);
2. Ox(p) is closed if, and only if, Oy (h(p)) is closed,
3. h(wx(p)) = wy(h(p)) and h(ax(p)) = ay (h(p)).

We say that a vector field X € X" (M), r > 1, is C”-structurally stable if there
exists a neighborhood ¥ of X in X" (M) such that every Y € ¥ is topologically
equivalent to X.

Roughly speaking, a vector field is structurally stable if its qualitative features
are robust under small perturbations.

2.2 Low Dimensional Flow Versus Chaotic Behavior

2.2.1 One-Dimensional Flows

The only connected one-dimensional compact boundaryless manifold M is the cir-
cle S', which we represent by R/Z or by the unit interval / = [0, 1] with its end-
points identified 0 ~ 1.

Let Xo be one of the two unit vector fields on S, i.e., either Xo =1 or X = —1.
Then every X € X" (S') can be written in a unique way as X (p) = f(p) - Xo(p) for
p €81, where f:S' — R isa C"-function.

It is well known (see for example [136, 177]) that given any compact set K C S!
and r > 1 there exists f : S! — R of class C” with f~!({0}) = K. Thus K is the set
of singularities of X = f - X¢. Since topological equivalence preserves singularities,
we see that there exist at least as many topological equivalence classes of vector
fields in S! as there are homeomorphism classes of compact subsets of S'. Hence
the problem of classifying smooth vector fields on S' up to topological equivalence
is hopeless, and we need to restrict our attention to a subset of X" (M) which is open
and dense, or residual or, at least, dense.

Here by a residual subset of the space X" (M) we mean a set % which contains
a countable intersection of open and dense subsets of X" (M): #Z D Np>1%, where
each %, is an open and dense subset of X" (M).

We say that a generic vector field in X" (M) satisfies a property (P) if there is a
residual subset % of X" (M) such that (P) holds for every X € Z.
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A singularity o € S(X) is non-degenerate if DX (o) # 0 or Df (o) # 0 where
X = f - Xp. It can be a sink (Df(c) < 0) or a source (Df (o) > 0) and in either
case a non-degenerate singularity is isolated: there exists a neighborhood U of ¢ in
M such that o is the only zero of f | U.

Let 4 C X" (S!) be the subset consisting of vector fields whose singularities are
all non-degenerate. Since these are isolated there are only finitely many of them. It
is not difficult to show that ¢ is open and dense, that the number of singularities
is even and that X,Y € ¢ are topologically conjugate if, and only if, the number
of singularities is the same (see e.g. [190, 258]). Moreover the elements of ¢ are
precisely the structurally stable vector fields of S!, that is generically a smooth
vector field on the circle is structurally stable.

2.2.2 Two-Dimensional Flows

Surfaces have a simple enough topology (albeit much more complex that the topol-
ogy of the circle) to enable one to characterize the non-wandering set of the flow
of a vector field. The most representative result in this respect is the Poincaré-
Bendixson’s Theorem on planar flows or flows on the two-dimensional sphere (es-
sentially the result depends on the Jordan Curve Theorem: any closed simple curve
splits the manifold in two connected components, see e.g. [99, 157, 177]).

Theorem 2.7 (Poincaré-Bendixson) Let X € X" (Sz), r > 1, be a smooth vector
field with a finite number of singularities. Let p € S? be given. Then the omega-limit
set wx (p) satisfies one of the following:

1. wx(p) is a singularity;,

2. wx(p) is a periodic orbit,

3. wx(p) consists of singularities o1, ..., o, and regular orbits y € wx(p) such
that ax(y) = o; and wx(y) = oj for some i, j=1,...,n.

The proof of this basic result may be found e.g. in [111, 190]. This answers
essentially all the questions concerning the asymptotic dynamics of the solutions of
autonomous ordinary differential equations on the plane or on the sphere.

Observe that now hyperbolic singularities o can be of three types: sink (DX (o)
with two eigenvalues with negative real part), source (DX (o) whose eigenvalues
have positive real part, see Fig. 2.1) or a saddle (DX (o) with eigenvalues having
negative and positive real parts, see Fig. 2.3).

Fig. 2.1 A sink and a source
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Historically the characterization of structurally stable vector fields on compact
surfaces by Peixoto, based on previous work of Poincaré [206-208] and Andronov
and Pontryagin [14], was the origin of the notion of structural stability for Dynami-
cal Systems. In this setting structural stability is still synonymous with a hyperbolic
non-wandering set containing finitely many orbits. We now write S for any compact
connected two-manifold without boundary.

Theorem 2.8 (Peixoto) A C” vector field on a compact surface S is structurally
stable if, and only if:

1. the number of critical elements is finite and each is hyperbolic;
2. there are no orbits connecting saddle points;
3. the non-wandering set consists of critical elements alone.

Moreover if S is orientable, then the set of structurally stable vector fields is open
and dense in X" (S).

The proof of this celebrated result can be found in [194, 195] and for a more
detailed exposition of this results and sketch of the proof see [97]. The last part of
the statement uses a version of Pugh’s C 1-Closing Lemma [212, 213], which is a
fundamental tool to be used repeatedly in many proofs in this book, see Sect. 2.5.6
for the statement of this result.

The extension of Peixoto’s characterization of structural stability for C” flows,
r > 1, on non-orientable surfaces is known as Peixoto’s Conjecture, and up until
now it has been proved for the projective plane P2 [190], the Klein bottle K2 [150]
and 1.2, the torus with one cross-cap [101].

In an attempt to extend Peixoto’s result to higher dimensions, Steve Smale con-
sidered in [252] the following type of vector field which preserves the main features
of the structurally stable vector fields on surfaces.

We say that a vector field X € X" (M), r > 1, is Morse-Smale (where now M is a
compact manifold of any dimension) if

1. the number of critical elements of X is finite and each one of them is hyperbolic;

2. every stable and unstable manifold of each critical element intersects transversely
the unstable or stable manifold of any other critical element;

3. the non-wandering set consists only of the critical elements of X: £2(X) = C(X).

Hence structurally stable vector fields in two-dimensions are Morse-Smale and they
are open and dense on the set of all smooth vector fields of an orientable surface.

There exists a similar notion of Morse-Smale diffeomorphisms on any compact
manifold. Smale’s Horseshoe, presented in [252], showed that Morse-Smale dif-
feomorphisms are neither dense on the space of all diffeomorphisms, nor the only
structurally stable type of diffeomorphisms.

Moreover the singular horseshoe, which we present in Sect. 3.1, is a compact
invariant set for a flow similar to a Smale Horseshoe which is structurally stable but
non-hyperbolic, defined on manifolds with boundary.

It is well known that Morse-Smale vector fields are structurally stable in any di-
mension, see e.g. [190, 191]. However early hopes that they might form an open and
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dense subset of the space of all smooth vector fields or that they are the representa-

tives of structurally stable vectors fields were shattered in higher dimensions, as the
following section explains.

2.2.3 Three Dimensional Chaotic Attractors

In 1963 the meteorologist Lorenz published in the Journal of Atmospheric Sciences
[139] an example of a parametrized polynomial system of differential equations

X =a(y —x), a=10
y=rx—y—xz, r=28 2.2)
z =xy—bz, b=28/3

as a very simplified model for thermal fluid convection, motivated by an attempt to
understand the foundations of weather forecast. Later W. Markus [257, Chap. 9] and
Lorenz [140] together with other experimental researches showed that the equations
of motions of a certain laboratory waterwheel are given by (2.2) with b =1 (see
[257, Chap. 9] for the details of the derivation of the equations for this mechanical
system) but this restriction does not change the qualitative behavior. Hence equa-
tions (2.2) can be deduced directly as a model of a mechanical system, instead of
as an approximation to a partial differential equation. This waterwheel was built at
MIT (Massachusetts Institute of Technology) in the 1970s and helped to convince
the skeptical physicists and engineers of the reality of chaos in concrete systems.

Numerical simulations for an open neighborhood of the chosen parameters sug-
gested that almost all points in phase space tend to a stranger attractor, called the
Lorenz attractor; see Fig. 2.2. However Lorenz’s equations proved to be very resis-
tant to rigorous mathematical analysis, and also presented very serious difficulties
to rigorous numerical study.

A very successful approach was taken by Afraimovich, Bykov and Shil’nikov
[2-4], and Guckenheimer, Williams [98], independently: they constructed the so-
called geometric Lorenz models (see Sect. 3.3) for the behavior observed by Lorenz.
These models are flows in 3-dimensions for which one can rigorously prove the ex-
istence of an attractor that contains an equilibrium point of the flow, together with
regular solutions. The accumulation of regular orbits near a singularity prevents
such sets to be hyperbolic (see Sect. 2.3). Moreover, for almost every pair of nearby
initial conditions, the corresponding solutions move away from each other exponen-
tially fast as they converge to the attractor, that is, the attractor is sensitive to initial
conditions: this unpredictability is a characteristic of chaos. Most remarkably, this
attractor is robust: it can not be destroyed by any small perturbation of the original
flow.

Another approach was through rigorous numerical analysis. In this way, it could
be proved, by [105, 106, 158, 159], that the equations (2.2) exhibit a suspended
Smale Horseshoe. In particular, they have infinitely many closed solutions, that is,
the attractor contains infinitely many periodic orbits. However, proving the existence
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Fig. 2.2 Lorenz strange 20 g
attractor —

of a strange attractor as in the geometric models is an even harder task, because
one cannot avoid the main numerical difficulty posed by Lorenz’s equations, which
arises from the very presence of an equilibrium point: solutions slow down as they
pass near the origin, which means unbounded return times and, thus, unbounded
integration errors.

As a matter-of-fact, proving that equations (2.2) support a strange attractor was
listed by Steve Smale in [253] as one of the several challenging problems for the
twenty-first century. In the year 2000 this was finally settled by Tucker who gave a
mathematical proof of the existence of the Lorenz attractor, see [260-262].

The algorithm developed by Tucker incorporates two kinds of ingredients: a nu-
merical integrator, based on the theory of interval arithmetic, used to compute good
approximations of trajectories of the flow far from the equilibrium point sitting at
the origin, together with quantitative results from normal form theory, that make
it possible to handle trajectories close to the origin. Moreover in this work it was
also proved that the Lorenz attractor is indeed robust: for an open set of parameters
(a, r, b) in (2.2) there is an invariant set containing a dense non-periodic orbit and a
equilibrium, which is the w-limit set of the orbits of all nearby points. This shows
that the Lorenz attractor is singular-hyperbolic, as we show in Chap. 5.

The consequences of the sensitiveness to initial conditions on a (albeit simplified)
model of the atmosphere were far-reaching: assuming that the weather behaves ac-
cording to this model, then long-range weather forecasting is impossible. Indeed the
unavoidable errors in determining the present state of the weather system are mag-
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nified as time goes by casting off any reliability of the values obtained by numerical
integration within a small time period.

This observation was certainly not new. Since the development of the kinetic
theory of gases and thermodynamics in the end of the nineteenth century it was
known that gas environments, specifically the Earth atmosphere, are very complex
systems whose dynamics involves the interaction of a huge number of particles,
so it is not surprising that the evolution of such systems is hard to predict. What
bewildered mathematicians was the simplicity of the Lorenz system, the fact that
it arises naturally as a model of a physical phenomenon (convection) and that its
solutions exhibit sensitiveness with respect to the initial conditions. This suggests
that sensitiveness is the rule rather than the exception in the natural sciences.

For an historical account of the impact of the Lorenz paper [139] on Dynamical
Systems and an overview of the proof by Tucker see [267].

The robustness of this example provides an open set of flows which are not
Morse-Smale, nor hyperbolic, and also non-structurally stable, as we will see in
Sect. 3.3.

2.3 Hyperbolic Flows

In an attempt to identify what properties were common among stable systems,
Stephen Smale introduced in [252] the notion of Hyperbolic Dynamical System.
Remarkably it turned out that stable systems are essentially the hyperbolic ones,
plus certain transversality conditions. In the decades of 1960 and 1970 an elegant
and rather complete mathematical theory of hyperbolic systems was developed, cul-
minating with the proof of the Stability Conjecture, by Mafié€ in the 1990’s in the
setting of C! diffeomorphisms, followed by Hayashi for C' flows.

In what follows we present some results of this theory which will be used
throughout the text.

Let X € X" (M) be a flow on a compact manifold M. Denote by m(T) =
infy =1 I7 (v)|| the minimum norm of a linear operator 7. A compact invariant
set A C M of X is hyperbolic if

1. admits a continuous D X-invariant tangent bundle decomposition TyM = E*, @
E ;‘} @ EY, that is we can write the tangent space TxM as a direct sum E &
EX @ E“, where EX is the subspace in T M generated by X (x), satisfying

e DX'(x)-EL =E!

Xt (x) forallte R, xe Aandi=s, X, u;

2. there are constants A, K > 0 such that

o ES is (K, L)-contracting, i.e. for all x € A and every t > 0
IDX" () | EYll < K~'e ™,
o EY% is (K, L)-expanding,i.e. for all x € A and every ¢ >0

m(DX' | E") > Ke™.
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Fig. 2.3 A saddle singularity E'(0)
o for bi-dimensional flow

Wu(o-)

W(o)

By the Invariant Manifold Theory [110] it follows that for every p € A the sets
Wy (p) = {g € M :dist(X(q), X (p)) —= 0
— 00

and

Wi (p) = {g € M : dist(X' (@), X' (p)) —> 0}

are invariant C" immersed manifolds tangent to E), and E7j respectively at p. Here
dist is the distance on M induced by some Riemannian norm.
If 6 = Ox(p) C Ais an orbit of X one has that

Wy (0) =Uier Wy (X'(p)) and  Wx(0) =UerWy" (X' (p))

are invariant C"-manifolds tangent to E), & E ;f and E ;f ® E}, at p, respectively.
We shall denote Wy (p) = W5 (Ox(p)) and W (p) = Wy (Ox(p)) for the sake of
simplicity; see Fig. 2.4.

A singularity or a periodic orbit of X is hyperbolic if its orbit is a hyperbolic set
of X. Note that W3’ (o) = Wy (o) and Wy"“(0) = Wy (o) for every hyperbolic sin-
gularity o of X. A sink and a source are both hyperbolic singularities. A hyperbolic
singularity which is neither a sink nor a source is called a saddle.

For every hyperbolic critical element, the dimension of its contracting direction
of the tangent bundle decomposition is the index of that element. Hence a sink has
maximal index, equal to the dimension of the ambient space, and a source has zero
index.

A hyperbolic set A of X is called basic if it is transitive and isolated, that is
A =MerX!(U) for some neighborhood U of A. It follows from the Shadowing
Lemma [181] that every hyperbolic basic set of X either reduces to a singularity or
else has no singularities and it is the closure of its periodic orbits.

We say that X is Axiom A if the non-wandering set §2(X) is both hyperbolic
and the closure of its periodic orbits and singularities. The Spectral Decomposi-
tion Theorem asserts that if X is Axiom A, then there is a disjoint decomposition
2(X) = A1 U---U Ag, where each A; is a hyperbolic basic setof X, i =1,...,k.

A cycle of a Axiom A vector field X is a sub-collection {A;,,..., A;} of
{A1,..., Ay} such that ig = ix and Wy (A;;) N W)’{(Aim) 0, V0<j<k-—1.
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Fig. 2.4 The flow near a
hyperbolic saddle periodic
orbit through p

2.3.1 Hyperbolic Sets and Singularities

The continuity of the D X-invariant splitting on the tangent space of a uniformly
hyperbolic set A is a consequence of the uniform expansion and contraction esti-
mates (see e.g. [190]). This means that if x,, € A is a sequence of points converg-
ing to x € A, and we consider orthonormal basis {e?}l-zl ,,,,, dimEs (x,) Of E*(xp),
{f"}i=1....dim E*(x,) of E*(xy) and X (x,) of EX (x,), then these vectors converge
to a basis of E*(x), E*(x) and EX(x) respectively. In particular the dimension of
the subspaces in the hyperbolic splitting is constant if A is transitive.

This shows that a uniformly hyperbolic basic set A cannot contain singularities,
except if A is itself a singularity. Indeed, if o € A is a singularity then it is hyper-
bolic but the dimension of the central sub-bundle is zero since the flow is zero at .
Therefore the dimensions of either the stable or the unstable direction at o and those
of a transitive regular orbit in A do not match.

In other words an invariant subset A containing a singularity accumulated by
regular orbits cannot be uniformly hyperbolic.

2.3.2 Examples of Hyperbolic Sets and Axiom A Flows

Any hyperbolic singularity or hyperbolic periodic orbit is a hyperbolic invariant set.
Also any finite collection of hyperbolic critical elements is a hyperbolic set. We
refer to these sets as trivial hyperbolic sets.

The first examples of a non-trivial (different from a singularity or a periodic
orbit) hyperbolic basic set (on the whole manifold) was the geodesic flow on any
Riemannian manifold with negative curvature, studied by Anosov [15], whose name
is attached to this type of systems today, and the Smale Horseshoe, presented in
[252] in the setting of diffeomorphisms.

We use a global construction of a (linear) Anosov diffeomorphism (hyperbolic
with dense orbit) on the 2-torus and then consider its suspension on the solid
(3-)torus to obtain an example of a transitive Axiom A flow.
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2.3.2.1 A Linear Anosov Diffeomorphism on the 2-Torus

Consider the linear transformation A : R — R? with the following matrix in the

canonical base
11
21)°

Consider the 2-torus T? as the quotient R2 /Z2 =[O0, 1]2 / ~, where (x,0) ~ (x, 1)
and (y,0) ~ (y, 1) forall x, y € [0, 1], that is the square [0, 11? whose parallel sides
are identified. We denote by 7 : R? — T? the quotient map or projection from R? to
T2, Since A preserves 72 ie. A(Zz) C 72, then there exists a well defined quotient
map F, : T? — T2. This is a linear automorphism of T2, see e.g. [147, 269].

The matrix A is hyperbolic: its eigenvalues are A1, A2 = 1 & /2 and the corre-
sponding eigenvectors vy, v2 = (£+/2/2, 1), with irrational slope. Given any point
p € T2, if we take the projection W;(p) of the line L; through p parallel to v;,
Wi(p) = m(L;), then distances along W;(p) are multiplied by A; under the action
of Fy4, for i = 1,2. These are the stable and unstable manifolds of p. Due to the
irrationality of the slope every such “line” is dense in the torus. Moreover there is a
transitive orbit and a dense set of periodic orbits for the map F4 (see e.g. [78]). The
entire torus is then a uniformly hyperbolic set.

2.3.2.2 Definition of Suspension Semiflow over a Roof Function

Let (X, d) be a metric space with distance d and r : X — R be a strictly positive
function. The phase space X, of the suspension flow is defined as

X, ={(x,y) e X x[0,400):0<y <r(x)}.

Let f: X — X be a map on X. The suspension semi-flow over f with roof r
is the following family of maps X} : X, — X, for t > 0: X© is the identity and
for each x = x¢p € X denote by x, the nth iterate f"(xg) for n > 0. Denote also
Sur(xo) = Z;'.;(l)r(xj) for n > 1. Then for each pair (xg, yo) € X, and ¢ > O there
exists a unique n > 1 such that S,r(xg) < yo +t < Sp+17(x0) and we define (see
Fig. 2.5)

X't (x0, ¥0) = (Xn, Yo +1 — Sur (x0)).

This construction is the basis of many examples and also of many techniques to pass
from a flow with a transverse section to a suspension flow and viceversa, enabling us
to transfer results which are easy to prove for suspension flows, due to their “almost
product structure”, to more general flows. In this text we will see several examples
of this.
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Fig. 2.5 The equivalence relation defining the suspension flow of f over the roof function r
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2.3.2.3 An Anosov Flow on a Three-Dimensional Manifold Though
the Suspension of an Anosov Diffeomorphism

Consider the suspended flow X, over Fjy : T2 — T2 defined in Sect. 2.3.2.1 with
a constant roof function r = 1. Then X, is the 3-cube [0, 1]°> with parallel sides
identified, that is, we obtain a flow on the 3-torus such that the first return map
R. from any section T2 x {z} to itself can be naturally identified with Fy4, see
Fig. 2.6.

This flow X }A is uniformly hyperbolic since the hyperbolic structure exhibited
by the map F is naturally carried by the flow to T3, e.g. it has a dense orbits and a
dense set of periodic orbits, each of which are the suspension of the corresponding
dense orbit and periodic orbits for F4. The invariant manifolds of a point (x, y, s)
are simply the translate of the corresponding invariant manifolds of (x, y) for Fjy:
W;r x,y,2)= Wk (x, y) x {z} for k = uu, ss and any z € [0, 1].

We will see in Sect. 10.2.3 that this Anosov flow is not topologically mixing. We
note that since the definition of suspension flow involves the identification of points
through the base map, the resulting three-dimensional manifold of the suspension
presented above is not the 3-torus.
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Fig. 2.7 The solenoid
attractor

2.3.2.4 The Solenoid Attractor

Consider now the solid 2-torus S' x D where D = {z € C : |z| < 1} is the unit disk
in C, together with the map f :S! x D — S! x D given by

0,2) > (20, az + Be'??),

0 € R/Z and a, B € R with o + 8 < 1. This transformation maps S! x I strictly
inside itself, that is £(S! x D) € S! x . The maximal positively invariant set A =
Nn=0f"(S! x D) is a uniformly hyperbolic basic set: the S! direction is uniformly
expanding and the D direction is uniformly contracting, see Fig. 2.7. This set is
transitive and has a dense subset of periodic orbits [78, 230].

2.3.2.5 Uniformly Hyperbolic Basic Set for a Flow

Consider the suspension of the solenoid map f of the previous subsection over the
constant roof function » = 1 to get a flow with an attractor A f = N;>0 X ’f ((S! x ),)
which is a uniformly hyperbolic basic set for the flow X r.

This is an example of an Axiom A attractor for a flow. As before X ; on A is not
topologically mixing.

2.4 Expansiveness and Sensitive Dependence on Initial
Conditions

The development of the theory of dynamical systems has shown that models in-
volving expressions as simple as quadratic polynomials (as the logistic family or
Hénon attractor), or autonomous ordinary differential equations with a hyperbolic
singularity of saddle-type accumulated by regular orbits, as the Lorenz flow, exhibit
sensitive dependence on initial conditions, a common feature of chaotic dynamics:
small initial differences are rapidly augmented as time passes, causing two trajec-
tories originally coming from practically indistinguishable points to behave in a
completely different manner after a short while. Long term predictions based on
such models are unfeasible since it is not possible to both specify initial conditions
with arbitrary accuracy and numerically calculate with arbitrary precision.
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Fig. 2.8 Sensitive X
dependence on initial y
conditions
X'(y)
o~
X'(x)

Formally the definition of sensitivity is as follows for a flow X’: a X’-invariant
subset A is sensitive to initial conditions or has sensitive dependence on initial con-
ditions, or simply chaotic if, for every small enough » > 0 and x € A, and for any
neighborhood U of x, there exists y € U and ¢ # 0 such that X’(y) and X’ (x) are
r-apart from each other: dist(X’(y), X"(x)) > r. See Fig. 2.8.

2.4.1 Chaotic Systems

We distinguish between forward and backward sensitive dependence on initial con-
ditions. We say that an invariant subset A for a flow X' is future chaotic with con-
stant r > 0 if, for every x € A and each neighborhood U of x in the ambient man-
ifold, there exists y € U and ¢ > 0 such that dist(X’(y), X"(x)) > r. Analogously
we say that A is past chaotic with constant r if A is future chaotic with constant
r for the flow generated by —X. If we have such sensitive dependence both for the
past and for the future, we say that A is chaotic. Note that in this language sensi-
tive dependence on initial conditions is weaker than chaotic, future chaotic or past
chaotic conditions.

An easy consequence of chaotic behavior is that it prevents the existence of
sources or sinks, either attracting or repelling singularities or periodic orbits, inside
the invariant set A. Indeed, if A is future chaotic (for some constant r > 0) then,
were it to contain some attracting periodic orbit or singularity, any point of such or-
bit (or singularity) would admit no point in a neighborhood whose orbit will move
away in the future. Likewise, reversing the time direction, a past chaotic invariant
set cannot contain repelling periodic orbits or singularities. As an almost reciprocal
we have the following.

Lemma 2.9 If A = ;g X' (U) is a isolated proper subset for X € X' (M) with
isolating neighborhood U and A is not future chaotic (respective not past chaotic),
then Ay (U) = N0 X~ 1(U) (respective A;(U) = Ny>0X'(U)) has non-empty in-
terior.

Proof If A is not future chaotic, then for every r > 0 there exists some point x €
A and a neighborhood V of x such that dist(X’(y), X’(x)) < r for all t > 0 and
each y € V. If we choose 0 < r < dist(M \ U, A) (we note that if A = U then
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A would be open and closed, and so, by connectedness of M, A would not be a
proper subset), then we deduce that X’(y) € U, thatis, y € X~"(U) for all ¢ > 0,
hence V C A% (U). Analogously if A is not past chaotic, just by reversing the time
direction. U

In particular if an invariant and isolated set A with isolating neighborhood U is
given such that the volume of both A;(U ) and Ay (U) is zero, then A is chaotic.

Sensitive dependence on initial conditions is part of the definition of chaotic sys-
tem in the literature, see e.g. [78]. It is an interesting fact that sensitive dependence
is a consequence of another two common features of most systems considered to be
chaotic: existence of a dense orbit and existence of a dense subset of periodic orbits.
We present a short proof of this based on [32]. An extensive discussion of this and
related topics can be found in [94].

Proposition 2.10 A compact invariant subset A for a flow X' with a dense subset
of periodic orbits and a dense (regular and non-periodic) orbit is chaotic.

This result provides sensitive dependence on initial conditions for singular-
hyperbolic attractors, and shows that this class of attractors are both past and future
chaotic, once we have shown that these attractors have a dense subset of periodic
orbits, in Chap. 6.

Proof Let A have a dense regular orbit and a dense subset of periodic orbits.

Claim There exists §o > 0 such that for each x € A we can find p € Per(X) N A
such that dist(Ox (p), x) > 8¢9/2.

Indeed there are at least two distinct periodic orbits Ox(q1), Ox(g2) in A and we
can set §o = dist(Ox (q1), Ox(q2)) > 0. Then we have

dist (Ox (q1), Ox (g2)) < dist (Ox (q1), x) + dist (x, Ox(q2))

and so either dist(Ox(q1), x) > 80/2 or dist(x, Ox (g2)) > 8o/2.

Now we show that X on A is future chaotic with constant r = §y/8. Let x € A
and a neighborhood U of x be given.

The denseness of periodic orbits in A ensures we can find p € Per(X)A such
that p € U N B(x, r). Let T > 0 be the period of x(p). By the previous claim we
can also find a periodic orbit Oy (¢q) C Per(X) N A, which we can assume is distinct
from Ox (p) and with smaller period, such that dist(Ox (¢), x) > 4r. We now define

T

V=X (B(X*(g).1)).

s=0

Since Ox(g) C V this set is a non-empty neighborhood of Ox(g): we just have to
use the continuity of the flow X’.
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Now using the assumption of the existence of a dense orbit, we can find s > 0
and y € A such that X*(y) € V. We take now sg := [s/7 + 1] the integer part of
s/t + 1. By construction sot — s < t and

X7 () = XU (X (1)) € X0 (V) C B(XT (g), r)
The triangle inequality implies

dist (p, X7 (y)) = dist (X*°7 (p), X*7 (y))
> dist (x, X077 (g)) — dist(x, p) — dist (X*°7 (), X" (q))

>4r —r —r =2r.
Again by the triangle inequality we get
dist (p, X*07 (x)) + dist (X7 (x), X*07 (y)) > 2r

and so either dist(p, X7 (x)) > r or dist(X*°7 (x), X*°(y)) > r and in each case
we have found a point in the neighborhood U whose orbit is at a distance bigger
than » from the orbit of x. Since r = §y/8 is fixed, sor > 0 and x and U > x are an
arbitrary point in A with some neighborhood of x, the proof that A is future chaotic
is complete.

Finally the assumption of existence of a dense subset of periodic orbits and of
a dense orbit are invariant under time reversal (see Lemma 2.2), so the same proof
can be repeated with negative time, showing that A is also past chaotic. The proof
is complete. O

2.4.2 Expansive Systems

A related concept is that of expansiveness, which roughly means that points whose
orbits are always close for all time must coincide. The concept of expansiveness for
homeomorphisms plays an important role in the study of transformations. Bowen
and Walters [63] gave a definition of expansiveness for flows which is now called
C-expansiveness [121]. The basic idea of their definition is that two points which are
not close in the orbit topology induced by R can be separated at the same time even
if one allows a continuous time lag—see below for the technical definitions. The
equilibria of C-expansive flows must be isolated [63, Proposition 1] which implies
that the Lorenz attractors and geometric Lorenz models are not C-expansive.
Keynes and Sears introduced [121] the idea of restriction of the time lag and gave
several definitions of expansiveness weaker than C-expansiveness. The notion of K-
expansiveness is defined allowing only the time lag given by an increasing surjective
homeomorphism of R. Komuro [124] showed that the Lorenz attractor (presented
in Sect. 2.2.3) and the geometric Lorenz models (to be presented in Sect. 3.3) are
not K-expansive. The reason for this is not that the restriction of the time lag is
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insufficient but that the topology induced by R is unsuited to measure the closeness
of two points in the same orbit.

Taking this fact into consideration, Komuro [124] gave a definition of expan-
siveness suitable for flows presenting equilibria accumulated by regular orbits. This
concept is enough to show that two points which do not lie on a same orbit can be
separated.

Let C(R, R) be the set of all continuous functions % : R — R and define

Jo=1{he CR,R):h(0) =0},
and
H =1he C(R, R) h(R) =R, h(0)=0 and h(s) > h(t) for every s > t}.

A flow X is C-expansive (K-expansive respectively) on an invariant subset A C
M if for every ¢ > 0 there exists § > 0 such that if x, y € A and for some h € %
(respectively h € 2" ) we have

dist (X' (x), X" (y)) <6 foralls R, (2.3)

then y € X[78¢1(x) = (X' (x) : —e <t < ¢&}.

We say that the flow X is expansive on A if for every ¢ > 0 there is § > 0 such
that for x, y € A and some & € # (note that now we do not demand that 0 be fixed
by k) satisfying (2.3), then we can find 7y € R such that X(0) (y) e xlo—efo+el(y),

Observe that expansiveness on M implies sensitive dependence on initial con-
ditions for any flow on a manifold with dimension at least 2. Indeed if ¢, § satisfy
the expansiveness condition above with & equal to the identity and we are given a
point x € M and a neighborhood U of x, then taking y € U \ X[~%¢l(x) (which al-
ways exists since we assume that M is not one-dimensional) there exists ¢ € R such
that dist(X’(y), X" (x)) > 8. The same argument applies whenever we have expan-
siveness on an X-invariant subset A of M containing a dense regular orbit of the
flow.

Clearly by definition we have

C-expansive —> K-expansive =—> expansive.

When a flow has no fixed point then the notion of C-expansiveness is equivalent to
K-expansiveness [183, Theorem A]. In [63] Bowen and Walters proved the follow-
ing.

Lemma 2.11 If X' is a C-expansive flow on M, then each fixed point of X' is an
isolated point of M.

Hence, on a connected manifold, a C-expansive flow has no fixed points.

Proof Let us fix x € M such that X’(x) = x for all # € R. Let ¢ > 0 be given
and § > 0 be the corresponding number from the definition of C-expansiveness.
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If dist(x, y) < 8, then for A(¢) = 0 for each ¢ € R we get dist(X’ (x), X' (y)) <8 for
all + € R. Hence y = X’ (x) = x. Thus x is an isolated point of M. O

In fact, K-expansiveness and C-expansiveness are equivalent in full generality.

Proposition 2.12 A flow is C-expansive on a manifold M if, and only if, it is K-
expansive.

Proof From Lemma 2.11, a C-expansive flow admits only finitely many isolated
fixed points on a compact space M. We assume now that X’ has non-isolated fixed
points in M, that is, there exists at least a singularity o which is accumulated by
other points of M (this always holds on a connected manifold). Then X is not C-
expansive by Lemma 2.11. We now show that it is not K-expansive either, proving
the proposition.

Using the continuity of X’ we have that for all R > 0 and T > 0 there exists
x € M \ {0} such that dist(X’(x), 0) < R whenever |t| < T.

Let &,8 > 0 be given and let us set 7 = 3¢ and R = §/2. Define y = X®(x) and

t+e ift¢g(—2e¢)
h(t)=132¢t if0<tr<e
t/2  ifte(—2¢0)

which is a monotonously increasing homeomorphism of R with /4 (0) = 0.
Next we verify that dist(X’(y), X" (x)) < §/2 for all r € R:

o if t ¢ (—2¢, &) then X" (x) = X'+¢(x) = X’(y) and so we are done;

e if 1 € (0,¢) then h(r) =2t < T and so dist(X"® (x), o) < §/2 which implies
dist(X' (), X" (x)) < dist(X'(y), o) + dist(X" @ (x), o). As X' (y) = X' (x)
and for t < & we have t + & < 3¢ = T we obtain dist(X’(y), o) < §/2. Hence
dist(X*(y), X" (x)) < 8;

e if 1 € (—2¢,0) then |h(r)| = |t/2| < 3¢ and so dist(X") (x), o) < §/2.

We have now that

dist(X' (y), X" (x)) < dist(X' (y), o) +dist(X" P (x), o) < dist(X' (), o) + /2.
Butr € (—2¢,0) and r 4+ ¢ € (—¢, €), hence |t + ¢| < ¢ implying that
dist(X" ¢ (x), o) < §/2.
Thus, as X®(x) = y, we get dist(X'(y), o) < §/2 and replacing this in the in-
equality above we obtain dist(X’(y), X"® (x)) < 5.

All together we have proved dist(X?(y), X"® (x)) < 8/2 forall t € R. Now there
are two possibilities:

1. either X' (x) # y for all |t| < &, and we are done, or
2. or there exists s € R such that X*(x) = y, and in this case x is a periodic orbit
with period T < s — & < 2¢. Thus dist(X? (x), X"® (o)) < 6.
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Either way we found a pair of points (x and y in case (1), x and o in case (2))
which remain §-close even when time is reparametrized through % in one of the
orbits, and both points are not connected through any X-orbit in a time less than ¢.
In this construction we may take § > 0 arbitrarily close to zero for a fixed ¢ > 0, so
we have shown that X is not K -expansive. (]

We will prove in Sect. 7.2 that singular-hyperbolic attractors are expansive. In
particular, the Lorenz attractor and the geometric Lorenz examples are all expansive
and sensitive to initial conditions. Since these families of flows exhibit equilibria
accumulated by regular orbits, we see that expansiveness is compatible with the
existence of fixed points by the flow.

We observe that Peixoto’s characterization of structurally stable vector fields on
surfaces and its genericity implies that, for such vector field X on S, there is an
open and dense subset B of S such that the positive orbit X’(p),t >0 of p€ B
converges to one of finitely many attracting equilibria. Therefore no sensitive de-
pendence on initial conditions arises for an open and dense subset of all vector
fields in orientable surfaces. The same lack of sensitiveness holds generically for all
non-orientable surfaces where Peixoto’s conjecture has been successfully proved.

This explains in part the great interest attached to the Lorenz attractor, as one of
the first examples of sensitive dependence on initial conditions.

2.5 Basic Tools

Here we state two basic classical results which enable us to understand in many
cases the local dynamics near many flow orbits. Then we state the powerful closing
and connecting lemmas which will be used in a fundamental way in several key
points in the following chapters.

2.5.1 The Tubular Flow Theorem

The following result shows that the local behavior of orbits near a regular point of
any flow is very simple.

Theorem 2.13 (Tubular flow) Let X € X" (M) and let p € M" be a regular point of
X where n > 1 is the dimension of M. Let V. = {(x1, ...,x,) € R" : ||x;|| < 1} and
Y be the vector field on V given by Y = (1,0, ...,0). Then there is a C" diffeomor-
phism h : U — V for some neighborhood U of p in M, which takes trajectories of
X to trajectories of Y, that is X | U is topologically equivalentto Y | V.

This shows that near a regular point p every smooth flow can be smoothly lin-
earized: under a change of coordinates orbits near p look like the orbits of a constant
flow, see Fig. 2.9.
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Fig. 2.9 Linearization of 1%
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2.5.2 Transverse Sections and the Poincaré Return Map

Now we describe a standard and extremely useful consequence of the tubular flow
theorem, which provides a converse to the construction of suspensions semiflows
(presented in Sect. 2.3.2).

Let X € X! (M?3) be a flow on a three-dimensional manifold and let S be an
embedded surface in M which is transverse to the vector field X at all points, i.e.
for every x € S we have TS + EX = T, M or equivalently X (x) & T,.S. We say in
what follows that such § is a cross-section to the flow X’ or to the vector field X.

Let So and S; be a pair of cross-sections to X and xg € Sp be a regular point of X
and suppose that there exists 7 > 0 such that x| = X7 (xo) € S;. Applying the Tubu-
lar Flow Theorem 2.13 to a finite open covering of the compact arc y = X071 (x)
we obtain a tubular flow in a neighborhood of y. This shows that there exists a
smooth map R from a neighborhood Vj of x¢ in Sy to a neighborhood V; of x; in
S1, with the same degree of smoothness of the flow, such that R(x) = X7 ™) (x) for
all x € V with R(xg) = x; and T : Vy — R also smooth with T (xg) =T . Moreover
R is a bijection and thus a diffeomorphism.

We can reapply the Tubular Flow Theorem and extend the domain of definition
of R to its maximal domain relative to Sp and S; and to the connection time 7.
Notice that x; need not be the first entry to S, that is 7 might be bigger than
inf{r > 0: X' (xg) € S1}.

Note that if xq is a periodic orbit of X then taking S; = Sy we see that xg is a
fixed point of R and the local behavior of the flow near x( can be studied through the
map R acting on a space with less dimension than M. This is an important example
where we can reduce the study of a flow to a lower dimensional transformation. The
power and applicability of this method should be clear after Chaps. 3 and 7.

2.5.3 The Hartman-Grobman Theorem on Local Linearization

The following result due to Hartman and Grobman [96, 104] shows that a flow of a
vector field X is locally equivalent to its linear part at a hyperbolic singularity. Since
linear hyperbolic flows can be completely classified by topological equivalence, this
result enables us to classify the local behavior of the flow of any smooth vector field
near a hyperbolic singularity. See [192] for generalizations and more references on
this subject.
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Theorem 2.14 (Hartman-Grobman) Let X € X" (M) and let p € M be a hyperbolic
singularity of X. Let Y = DX : TyM — T, M be the linear vector field on T, M
given by the linear transformation DX°. Then there exists a neighborhood U of p
in M, a neighborhood V of 0 in TyM and a homeomorphism h : U — V which
takes trajectories of X to trajectories of Y, that is X | U is topologically equivalent
toY|V.

2.5.4 The (Strong) Inclination Lemma (or A-Lemma)

These are basic results of dynamics near a hyperbolic singularity which are ex-
tremely useful to obtain intersections between stable and unstable manifolds through
simple geometric arguments.

2.5.4.1 The Inclination Lemma

Let 0 € M be a hyperbolic singularity of X € X" (M) for some r > 1, with its lo-
cal stable and unstable manifolds W} (o), Wi¢ (o). Fix an embedded disk B in
Wie.(0) which is a neighborhood of o in W}! (o), and a neighborhood V' of this
disk in M. Then let D be a transverse disk to Wi (o) at z with the same dimen-
sion as B, and write D! for the connected component of X’(D) NV which contains

X'(z), for t > 0, see Fig. 2.10.

Lemma 2.15 (Inclination lemma [190]) Given ¢ > O there exists T > 0 such that
forallt > T the disk D' is e-close to B in the C"-topology.

This means that the embeddings whose images are the disks B and D' are close in
the C” topology.

2.5.4.2 The Strong Inclination Lemma

In the same setting as above but imposing that the eigenvalues of DX (o) closest
to the imaginary axis be real and simple it is possible to improve the convergence

w(o)
|

Dt

Fig. 2.10 The inclination
lemma
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estimates. This condition on DX (o) is satisfied in particular by all hyperbolic sin-
gularities with distinct real eigenvalues, and so also by the so-called Lorenz-like
singularities, see Definition 3.2. These are the only kind of singularities allowed on
singular-hyperbolic sets, see Chap. 5.

Lemma 2.16 (Strong inclination lemma [77]) There are ¢, A, T > 0 such that for

all t > T the C" distance between the embeddings of B and of D' is bounded by
.y

c-e M.

2.5.5 Homoclinic Classes, Transitiveness and Denseness
of Periodic Orbits

Given a hyperbolic periodic orbit p of saddle-type for a flow X € X! we can de-
fine its associated homoclinic class Hy(p) by the closure of the set of transverse
intersections between the stable and unstable manifolds of p

Hy(p) = Wx(p) h Wx(p).

Note that there are cases where Wy (p) coincides with Wy (p), a saddle-connection,
and then Hy (p) = {J. Observe that a nonempty homoclinic class is always an invari-
ant subset of the flow.

Otherwise we have the following important classical result from the early works
of Poincaré [205] (who showed that transverse homoclinic orbits are accumulation
points of other homoclinic orbits) and developed by Birkhoff [49] (transverse ho-
moclinic orbits are accumulation points of periodic orbits) and by Smale [251].

Theorem 2.17 (Birkhoff-Smale) Any non-empty homoclinic class has a dense orbit
and contains a dense set of periodic orbits.

See [193] for a general modern presentation of this result including motivation,
proofs and other non-trivial dynamical consequences.

The transitiveness part of this theorem is a consequence of the inclination lemma
and we present a short proof here.

Lemma 2.18 Every homoclinic class H of a flow X is topologically transitive.

Proof Let q,r € H = closure[W§ (p) h Wy (p)] be distinct points and U, V two
disjoint neighborhoods of g, r in H, respectively. Let g1, r1 be points of intersection
between the stable and unstable manifolds of p in U and V, respectively. Then for
some future time ¢ > 0 very large and some s > 0 close to the period of p we have
that X' (g1) is on W*(p) very close to p and X~ (r1) is on W*(p) very close to
p also.

The invariance of the stable and unstable manifolds and the inclination lemma
imply that there exists a point w in the intersection between W"*(X"(g;)) and
W3S(X~2(r)) for some t1,t; > t. Hence X ' (w) is inside U near g1 and X2 (w)
is inside V near r;. Then X""72(U) NV #£ (. O
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Fig. 2.11 Closing a recurrent
orbit

2.5.6 The Closing Lemma

This celebrated result, proved by Charles Pugh [212, 213, 215], says that every
regular orbit which accumulates on itself can be closed by an arbitrarily small C'
perturbation of the vector field, as sketched in Fig. 2.11. The question whether a
vector field with a recurrent trajectory through a point p can be perturbed so that
the solution through p for the new vector field is closed, albeit trivial in class C 0 is
a deep problem in class C” for r > 1, as first remarked by Peixoto [195].

In [212, 213] Pugh proved the C' Closing Lemma for compact manifolds of
dimensions two and three and generalized the result for arbitrary dimensions and to
the case of closing a non-wandering trajectory, rather than a recurrent one. In [214]
he proved that for a weaker type of recurrent point, for which ax (p) Nwx (p) # 9,
the C? double-closing is not always possible on the 2-torus T2. Later Pugh and
Robinson [215] established the Closing Lemma when M is non-compact, provided
the point g to be closed satisfies ax(g) Nwx(q) # @.

We remark that the C" Closing Lemma, for r > 1, in the case of M being the
2-torus and the vector field has no equilibria, was proved earlier by Peixoto [195]
and later by Gutierrez [102] for the “constant type” vector fields on the 2-torus
with finitely many equilibria. In [103] Gutierrez gave a counter-example to the C>
Closing Lemma for the punctured torus. A closely related and also extremely useful
result is the “Ergodic Closing Lemma” proved by Ricardo Maiié, see Sect. 2.5.8.

Theorem 2.19 (C 1-closing lemma) Let X € X' (M) be a C'-flow on a compact
boundaryless finite dimensional manifold M and p € M be a non-wandering point
of X. Given a C'-neighborhood % of X and a neighborhood V of p, then there
exists Y € % and q € V such that q belongs to a periodic orbit of Y .

Observe that in the Closing Lemma above the point whose orbit is closed is
not necessarily the initial non-wandering point, but only a point arbitrarily close
to it. The same situation appears in the “Ergodic Closing Lemma” of Mafié, see
Sect. 2.5.8. Later this was improved in the Connecting Lemma by Hayashi, see the
next subsection. Moreover the Ergodic Closing Lemma does provides a bound for
the distance between the original and the periodic approximating orbit, which is not
given by the Closing Lemma.

2.5.7 The Connecting Lemma

The connecting lemma is motivated by the following situation often faced when
studying dynamical systems. Suppose the unstable manifold of a hyperbolic peri-
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Fig. 2.12 The connecting
lemma for C! flows

odic orbit accumulates on the stable manifold of another hyperbolic periodic orbit.
We would like to find a vector field close to the given one such that the continuation
of the invariant manifolds of the periodic orbits above really intersect.

Observe that although very similar to the closing lemma, now we are demanding
that the orbits whose manifolds intersect are continuations of the original ones, so by
a change of coordinates we can assume they are the same! The closing lemma only
provides a point arbitrarily close to the initially given recurrent point. The Ergodic
Closing Lemma of Maifié and Wen, presented in Sect. 2.5.8, does provides a bound
on the distance between the original orbit and the approximating periodic orbit.

The result below is the flow version of [271, Theorem E, p. 5214] first proved by
Hayashi [108, 109] (see also [23]). This shows that if two distinct points p, g have
orbits which visit a given neighborhood of a point x and the points p, g are far way
from a piece of the negative orbit of x, then we can find a C'-close vector field such
that p, g are in the same orbit, see Fig. 2.12.

Theorem 2.20 (Connecting lemma (Hayashi)) Ler X € XY (M) and x ¢ S(X). For
any C' neighborhood % of X there are p > 1, L > 0 and gy > 0 such that for every
0 < & < g9 and any two points p, q € M satisfying

L p.g ¢ B:(XI7E0(x));
2. 0% (p) N Bejp(x) # ;
3. Ox(q) N Beyp(x) #1,

there is Y € % such that Y = X outside of BS(X[_L'O] (x)) and such that q €
oy (p).

There is an extension of this result [55] showing that it is possible to connect
pseudo-orbits in the C! setting.

Theorem 2.20 above gives a solution to the problem of connecting stable and
unstable manifolds of periodic orbits. In fact this result can be stated in a slightly
different way, more adapted to our needs in Chap. 5.

Theorem 2.21 Let X € X'(M) and o € S(X) be hyperbolic. Suppose that there are
pE W)M((O’) \{o}and g € M\ C(X) such that:

(H1) For all neighborhoods U, V of p, q (respectively) there is x € U such that
X'(x) € V for somet > 0.
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Then there are Y arbitrarily C! close to X and T > 0 such that p € Wy(o(Y)) and
YT (p) =q. If in addition q € W5 (x) \ Ox(x) for some x € C(X) hyperbolic, then
Y can be chosen so that g € Wy (x(Y)) \ Oy (x(Y)).

Moreover we can use it to connect orbits of two distinct points which accumulate
a third point, but with one of the points in the unstable manifold of a hyperbolic
singularity. This singularity persists under perturbation and the connecting orbits
will still be in its unstable manifold.

Theorem 2.22 Let X € X' (M) and o € S(X) be hyperbolic. Suppose that there are
peWg(o)\{o}and q,x € M\ C(X) such that:

(H2) For all neighborhoods U,V , W of p, q, x (respectively) there are x, € U and
xg € V such that X7 (x,) € W and X'4(x4) € W for some t, > 0,1, <O0.

Then there are Y arbitrarily C! close to X and T > 0 such that p e Wy(o(Y)) and
YT (p)=q.

2.5.8 The Ergodic Closing Lemma

In several proofs in this text we shall use the Ergodic Closing Lemma for flows in
a fundamental way. This result shows that any given invariant measure gives full
weight to the set of points whose orbits can be well approximated by periodic orbits
of C! nearby flows. The main feature of this approximation result is that it provides a
bound for the distance between the original orbit and the approximating orbit. Such
amount of control is not allowed to by either the Closing Lemma or the Connecting
Lemma.

The Ergodic Closing Lemma was first proved by Maifié [145] for diffeomor-
phisms and for flows by Wen [270]. It has become an extremely useful tool in
dynamics, as the Closing and Connecting Lemmas.

We need the following definition. A point x € M \ S(X) is 8-strongly closed if
for any C! neighborhood % C %I(M) of X,thereare Ze%,zeMand T >0
such that Z7 (z) =z, X = Z on M \ Bs(X!%T1(x)) and dist(Z'(z), X' (x)) < 8, for
all0<r<T.

Denote by X' (X) the set of points of M which are §-strongly closed for any §
sufficiently small.

Theorem 2.23 (Ergodic closing lemma, flow version) Let p be any X-invariant
Borel probability measure. Then p(S(X)U X(X)) = 1.

We remark that although much stronger that the Closing Lemma, since it pro-
vides a bound on the distance of the approximating periodic orbit to the original
orbit, the Ergodic Closing Lemma cannot be applied to every orbit, just to a full
probability subset for any invariant probability measure (a total probability set).
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2.5.9 A Perturbation Lemma for Flows

A very useful result of Franks [89, Lemma 1.1] shows that it is possible to modify a
diffeomorphism to achieve a desired derivative at a finite number of points, as long
as the modification is made in the C! topology. Here we state a version for vector
fields of this result: under some mild conditions, any C? perturbation of the deriva-
tive of the vector field along a compact orbit segment is realized by the derivative of
a C! nearby vector field. Hence this result allows one to locally change the deriva-
tive of the flow along a compact trajectory, while the original result of Franks allows
only perturbations on a finite number of points of the orbit of a diffeomorphism.

The version we present here is an unpublished work by Pacifico and E. R. Pujals.
It is very useful and it was already used in several published works [79, 172], and
[173] but a proof was never provided.

To simplify notations we shall state it for flows defined on compact sets of R”.
Using local charts it is straightforward to obtain the result for flows on compact
boundaryless n-manifolds. Let M be an open subset of R".

Theorem 2.24 Let us fix Y € X2(M), p € M and ¢ > 0. Given an orbit segment
Y@bY(p), a neighborhood U of Y'“"N(p), and a C? parametrized family of invert-
ible linear maps A; : R" — R", t € [a, b] (i.e. the coefficients of the matrices A,
with respect to a fixed basis are C? functions of t), such that for all s, t witht +s < b
we have

1. Ag=1d:R" - R" and A,(Y (Y*(p))) = Y (Y5 (p)),
2. 185411547 =0 — DY (Y (p))| <&,

then there is Z € X' (M) such that |Y — Z||1 < € and Z coincides with Y in M\ U.
Moreover Z*(p) = Y*(p) for every a <s <b and DZ'(p) = A, for every t €
[a, b].

A proof of this result is presented in Appendix B.

Assume that there is such Z as in Theorem 2.24. On one hand A; must preserve
the direction of the vector field along the orbit segment Y la.b]¢ p) for all ¢ € [a, b]
by item 1 above. On the other hand since

_ 0 -1 d _
05 ArtsA; 1|s=0=£DZtH(P)(DZI(P)) limo=3; P2 (PIDZT(Z (P,

0
= -DZ*(Z'(p))|,_y = DZ(Z'(p))
s

we see that item 2 above ensures that Z is C! near Y along the orbit segment
ylePl(p).

We observe that although we start with a C? vector field we obtain at the end a
C! vector field nearby the original one. If we increase the class of differentiability
of the initial vector field Y and of A, with respect to the parameter ¢, then we obtain
Z of higher order of differentiability. But even in this setting we can only control
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the distance between Y and the final vector field in the C! topology, by results of
Pujals and Sambarino in [218] which we now explain.

There is an example of a homoclinic class H (recall Sect. 2.5.4 for the definition
of homoclinic class) of a C? diffeomorphism f on a compact surface with a unique
fixed point which is a saddle-node, i.e. one of its eigenvalues is equal to one, corre-
sponding to an indifferent direction, and the other is smaller than one in modulus,
corresponding to a contracting direction. Hence there are periodic orbits x, with
arbitrarily large period p, whose normalized Lyapunov exponent )»,11/ P tends to 1
when n — +o00, where A, is an eigenvalue of Df P (x,).

Therefore if it were possible to have a C2 perturbation lemma analogous to The-
orem 2.24, then we would obtain a C? diffeomorphisms arbitrarily close to f in the
C? topology exhibiting a non-hyperbolic periodic orbit.

However in [218] Pujals and Sambarino show that for homoclinic classes H of
C? diffeomorphisms, if k is the maximum period of non-hyperbolic periodic orbits
in H, then every periodic point with period 2k must be hyperbolic for every C? close
diffeomorphisms (a kind of C? rigidity result). This shows that a straightforward
extension of Theorem 2.24 for C? diffeomorphisms is impossible.

2.5.10 Generic Vector Fields and Lyapunov Stability

Recall that a compact set L C M is called Lyapunov stable for X € X'(M) if for
every neighborhood U of L there is a neighborhood V C U of L such that X' (V) C
U, forall t > 0. Every attractor is a transitive Lyapunov stable set but not conversely.

The following lemmas summarize some classical properties of Lyapunov stable
sets, see Chap. V in [46] for proofs.

Lemma 2.25 Let A be a Lyapunov stable set of X. Then,

1. If x, € M and t, > 0 satisfy x, — x € A and X" (x,) — v, then y € A; and
conversely, that is, this property is equivalent to Lyapunov stability;

2. Wg(A) C A

3. if I is a transitive invariant set of X and I' N A #£ 0, then I C A.

We remark that the last item ensures that if a Lyapunov stable set is transitive,
then it is maximally transitive: it cannot be properly contained in another transitive
invariant set.

Proof The first item follows easily from the definition of Lyapunov stability. For the
second item take z such that X~'(z) approaches A when t — +o00. Then for any
given neighborhood U we can find V as in the definition of Lyapunov stability and
T > 0 such that X~/(z) € V forall t > T. Thus z € X'(V) C U. Since U was an
arbitrary neighborhood of A and A is closed, we get z € A.

Finally let I" be a transitive invariant subset such that " N A # ¢ and let U,V
be neighborhoods of A according to the definition of Lyapunov stability. Then V N
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I" # (. Thus there exists in V N I" a point w whose positive orbit is dense in I".
Hence I' = wx(w) C U. Since U was an arbitrary neighborhood of A, we deduce
I c A O

The following provides a necessary and sufficient conditions for a Lyapunov sta-
ble set to be an attractor.

Lemma 2.26 A Lyapunov stable set A of a vector field X is an attracting set of X
if, and only if, there exists a neighborhood U of A such that wx(x) C A, for all
xeU.

Proof We assume that such a neighborhood U exists and show that A must be an
attracting set. In fact, we prove that A = N;~0X’(V) for some neighborhood V of
A without using that A is Lyapunov stable.

Fix & > 0 and write B, for the e-neighborhood A. Let V be an open neighbor-
hood of A such that its closure V is contained in U. We show that for every big
enough ¢ > 0 we have X’ (V) C B,.

Arguing by contradiction, assume that for some sequence #, > 0 with 7, — 400
there exists x,, € V such that X (x,,) & B.. Hence we can find x € V and a subse-
quence 7y such that x,, — x when k — +o00 and since M \ B, is closed and com-
pact, we have X" (x,,) m X'i(x) & B, for all i. This implies that w(x) ¢ A,

which contradicts the assumption on the neighborhood U. Therefore no such se-
quences exist and we have X’ (V) C B, for all big enough ¢ > 0. Since ¢ > 0 was
arbitrarily chosen, this proves that

(X' V)c[B:=A=A.

t>0 e>0

Now assume that A is Lyapunov stable and that there exists a neighborhood U
of A such that A = N;~oX’(U). Take another neighborhood V C U of A such that
X' (V) c U forall t > 0. Then for all s > ¢ > 0 we have

X(V)y=Xx""(X"(vV)) cX*7'(U)

so in fact X*(V) C D;ZOX '(U) for all s > 0. This implies that every accumulation
point of the positive orbit of each point of V lies in N;>0 X' (U) = A. ([

Let us collect some properties for generic vector fields X € X! (M) for future
reference.

L1. X is Kupka-Smale, i.e. every periodic orbit and singularity of X is hyperbolic
and the corresponding invariant manifolds intersect transversely.
Among conservative or incompressible vector fields X}L (M) with respect to
a volume form p induced by the Riemannian metric on M, there exists also a
residual subset of vector fields such that every singularity and periodic orbit is
of saddle-type or elliptic, and the corresponding invariant manifolds intersect
transversely.
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For the proof of this classic result see [190]. In particular, S(X) is a finite

set.

L2. 2(X) =Per(X) U S(X), as a consequence of the Closing Lemma, see [212]
and Sect. 2.5.6.

L3. Wg (o) is Lyapunov stable for X for each o € S(X) with one-dimensional un-
stable manifold.

L4. W5 (o) is Lyapunov stable for —X, for every o € S(X) with one-dimensional
stable manifold.

L5. If 0 € S(X) and dim(Wy (o)) = 1 then wx(g) is Lyapunov stable for X, for
every g € Wy (o) \ {o}.

L6. If o € S(X) and dim(W5 (o)) = 1 then ax(q) is Lyapunov stable for —X, for
allg e W5 (o) \ {o}.

The proofs of items L3 to L6 following [66] are presented in Appendix A.

2.6 The Linear Poincaré Flow

The following notion can be defined for a flow on any finite dimensional Rieman-
nian manifold. If x is a regular point of X (i.e. X (x) # 0), denote by

Ny={veTM:v-X(x)=0}

the orthogonal complement of X (x) in 7, M. Denote by O, : TyM — N, the or-
thogonal projection of Ty M onto N,. For every ¢ € R define

Pl:Ny— Nxi(yy by PL=Oxiu) oDX (x).
It is easy to see that P = {P] : 1 € R, X (x) # 0} satisfies the cocycle relation
P = Piyy o PY foreveryt,s €R.

The family P is called the Linear Poincaré Flow of X.

2.6.1 Hyperbolic Splitting for the Linear Poincaré Flow

Let a non trivial (i.e., containing a regular orbit) compact subset A invariant un-
der the flow of X € X! (M) be given, where M is a finite dimensional Riemannian
manifold. Assume that A is hyperbolic and transitive, as defined in Sect. 2.3. Then
the normal space N, is defined for all x € A, since A does not contain singulari-
ties. Hence the Linear Poincaré Flow is defined everywhere on the family of normal
spaces Ny = {Ny}xea. Compactness and absence of singularities enable us to ob-
tain the following characterization of transitive hyperbolic subsets for flows.
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Theorem 2.27 Let A be a transitive compact invariant subset for X € X'(M). Then
A is (uniformly) hyperbolic if, and only if, the Linear Poincaré Flow is everywhere
defined over A and P, admits a (uniformly) hyperbolic splitting of N 4.

Proof If A is a transitive compact invariant hyperbolic set for X, then the cor-
responding D X'-invariant tangent bundle decomposition TyM = E* @ EX @ E“
projects into a normal bundle decomposition N4 = N* @ N* through the orthogo-
nal projection as: Ni = O, (EY) and N¥ = O, (E¥) for all x € A. Since A does not
contain singularities, this is well defined and the splitting of the normal bundle is
hyperbolic since the orthogonal projection does not increase norms:

e for v € EJ we have that | P'v|| = ||Ox:)DX. - v|| < [IDX - vl is uniformly
contracted for ¢t > 0;

o foru € E¥ wehavethat | P~"ul| = ||Ox— (/DX -ull < ||[DX7"-ul is also uni-
formly contracted for ¢ > 0. Hence for some K, A > 0 we get ||u|| = | P! Plu|| <

Ke ™ || P'u| and so || P'u|| > Ke* |u| as needed for hyperbolicity of P!.

For the converse, assume that there exists a P’-invariant hyperbolic decomposi-
tion Ny = N*® @ N of the normal bundle over A. In particular, this ensures that A
has no singularities.

Set E* = EX @ N" over A. Each vector v € ES" can be written as v = ' X (x) +
u for u € N and o € R. This is clearly a DX'-invariant bundle since DX - v =
DX! -u+o-X(X"(x)) and Oxi (DX’ - u € N thus this vector belongs to

X’(x)’
Ni(e) ® Exiyy forallx e Aand 1 € R.

The uniform expansion of vectors along the N direction under P’ ensures that,
for some K, A > 0 not dependingon x € Aand ¢ >0

IDX} vl = 0. DX - ull = Ke'|Jul], (24
where v € E$" decomposes as explained above and

IDX - aX ()l = lee| - | X (X" ()| < || -max [ X ()]l

Hence for all big enough s € R we have for some C > 0
m(DX* | ES*) > Ce™|DX* | EX|l, xe A. (2.5)

Consider now the space .2 = .Z([x]4, EY') of families of maps

{Ex Ny — Ef is linear for all x € A and ||(£,)|| := sup ||| < oo}

xeA

The norm of each linear map is well defined since the spaces have finite dimen-
sion and are endowed with the induced norm from the Riemannian structure of the
manifold. This is a Banach space since A is compact.

Now we show that the action of DX® on . given by the graph transform is a
contraction for s as in (2.5). Indeed the image of an element (¢,) € .Z is

2°((€x)) = {(Oxs(e) + DXS | EX 06,) 0 (Oxs(ry o DX3) 7' i x € A}
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and |29 ((€)]] < sup,e4[IDXY | EXIl/m(DX® | E¢)] < e™*$/C < 1. We have
then a fixed element ¢ for Z°. This corresponds to a sub-bundle E* given at each
x € A by the graph of £, which is D X*-invariant for this particular value of s.

Now we show that £ not only does not depend on s but also that it is 27 -invariant
for all ¢. Indeed, it is easy to see that the actions commute

D5P" =96t =995 s reR

even for negative s, r since the flow is complete, and for all big enough s,r > 0
both 2" and Z° are contractions. Thus the fixed point is the same: Z° 27 (£) =
D"D5(L) = 2" (L) hence 2" (£) = L. Therefore given any ¢ € R we can find s, r >
0 very big with s — r = ¢ and obtain

') =250 =D°D () = D (L) = L.

Finally note that the same argument as in (2.4) shows that the sub-bundle E* is
uniformly expanded by DX".

Analogously we obtain the contracting direction E® reasoning with E“ = N* &
E¥ and the action 2 for some big enough s > 0. O

2.6.2 Dominated Splitting for the Linear Poincaré Flow

We say that an invariant subset A without singularities (not necessarily compact)
has a (C, A)-dominated splitting for the Linear Poincaré Flow if Ny = N* @ N*
is a P’-invariant splitting defined for all x € A and there are constants A, C > 0
such that for all > 0

|P'|NE| < Ce™ -m(P"| NS, (2.6)

where m(-) denotes the minimum norm of a linear map L on a normed space, that
is m(L) :=min{||Lv]|| : ||v|| = 1}. We observe that clearly a hyperbolic splitting is a
dominated splitting. We show in Sect. 2.6.3 that for an invariant subset, without sin-
gularities on its closure, with respect to a volume preserving flow on a 3-manifold,
hyperbolicity is equivalent to the existence of a dominated splitting for the Linear
Poincaré Flow.

We can also define a (C, A)-dominated splitting for the flow on an invariant set
A: itis a splitting E<° @ E* of the tangent bundle 74 M over A, invariant under
DX and satisfying

IDX' | ES|| < Ce™ -m(DX" | E*). 2.7)

We remark that the same proof of Theorem 2.27 shows that a dominated splitting
E®S @ E for the flow over A induces a dominated splitting for the Linear Poincaré
Flow P' over A setting N¢* := O - ES® and N{" := O, - E" for x € A.

A dominated splitting must be a continuous splitting in the Whitney sense, as
follows.
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Lemma 2.28 Let a sequence of points xy € A and a orthonormal basis By =
(Vk1s -5 V1) of N at xi be given. If x, —> x € A and By — (v1,...,v1) as
k — oo, then (v1,...,vy) is also a basis for N{*. The analogous statement is also
true for the sub-bundle N“. In particular the dimensions of the sub-bundles of a
dominated decomposition are continuous functions of the base point.

We remark that a dominated splitting induces a kind of hyperbolic dynamics on
the projective bundle of dim N““-planes orthogonal to the flow direction. Indeed in
this bundle every element converges to N under the action of the Linear Poincaré
Flow. This is because domination means that the component on the direction of N¢*
of any vector orthogonal to the flow direction on 74 M vanishes when compared to
the component along the N* direction. Analogously P~ acts on dim N -planes
orthogonal to the flow direction in such a way that they converge to N*. This be-
havior ensures that a dominated splitting for the linear Poincaré flow with given
bundle dimensions is unique. It is easy to see that there can be distinct dominated
splittings for the Linear Poincaré Flow on invariant sets in dimensions bigger than 3,
just consider a hyperbolic periodic orbit Oy (p) with period T whose “period map”
X7 T, M has 4 distinct eigenvalues A < 1 < 01 < 02, where dim(M) =4.

Proof of Lemma 2.28 In the setting of the statement, assume by contradiction that
there exists some vector v in the span of (vy,...,v;) which is not in E,. Since
(v1, ..., v) is still orthonormal, this means that some element, say vy, of this lin-
early independent family is not in E,. Hence we may consider the projections
V] = m5v) + v = V15 + v1, of v; on N @ NS and of its iterates under P’:
v, + V1, =0}, t >0 and we know that v} # 0.

The domination implies now that o’ := || vi, mival vi’ =K e for some constant
K > 0 depending only on C and ||vq ,||/|lv1 s]l. Fix s > 0 big enough so that «® > 1.
The continuity of DX as a function of x ensures that

7w, PSv
By = 177 P v 1| o = 1
lws PSvg 1] k—o0

but the invariance of the splitting under P’ implies that Pvg | € EY forallk > 1,
thus ,8,‘: = 0. This contradiction shows that all v; arein NJ°,i =1,...,/, s0
dim(N{*) > lim supdim(N;kX). (2.8)
k— o0

Clearly the same argument is true for N°“. Therefore we can write

limsupdim(N;') = dim(M) — 1 — liminfdim(Ny,'
k*)OO n—od

< dim(N&) = dim(M) — 1 — dim(N<")
<dim(M) — 1 —lim supdim(Nf:

k— 00
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that is

limsup dim(Ny,) < dim(N{") < liminfdim(Ny,).
k—s 00 n—oo

Hence the dimensions of N* and N¢* are in fact continuous functions of the base
point. In particular the family (v, ..., v;) is a base for N¢°. O

We also have that a dominated splitting is robust in the following sense.

Lemma 2.29 Given a connected invariant subset A with a (C, )\)-dominated split-
ting for the linear Poincaré flow with respect to a vector field X, then there exists
a neighborhood U of A and § > 0 such that the set Ay (U)* := N, crY (U \ S(Y))
has a (C’, \)-dominated splitting for the linear Poincaré flow with respect to any
vector field Y € % which is §-C Lclose to X, where C', )\ are positive constants
depending only on 8,U and (C, )), and satisfy (C',1') — (C, L) as § — 0 and
U— A.

We present a proof of this lemma in Appendix C. This means that perturbing the
original flow X to Y around an invariant dominated set, we can get (2.6) for every
regular orbit of ¥ which remains nearby A with domination constants C’, " close
to the original ones for A.

Assume that a C! flow X admits a compact attracting set with isolating neigh-
borhood U, that is A = Ax(U) = Nyer X (U) and X!(U) C U for every t > 0.
Hence there exists a C'-neighborhood % of X such that if Y € %, x € Per(Y) and
Oy(x) NU # @, then

Oy (x) C Ay(U). (2.9)

Given Y € % define A;‘,(U) = Ay(U) \ S(Y). In what follows P’ stands for the
linear Poincaré flow of X over A% (U).

Definition 2.30 We say that a singularity o of a flow X' is (generalized) Lorenz-
like if there are two real eigenvalues A < 0 < u of DX (o) such that every other
eigenvalue is contained in the union of the sets

A" (0) ={z € C:z# Ais an eigenvalue of DX (o) with 9(z) <0}, and

wt (o) ={z € C:z+# puis an eigenvalue of DX (o) with %t(z) > 0};

and satisfy sup{R(z) :z €A (0)} <A <0< —A < u <inf{R(z) :z € u* (o)} and
also A~ (o) £ 0.

We remark that for a vector field in a three-dimensional manifold such singular-
ities have only real eigenvalues A, < A3 < Aj such that A < A3 <0 < —A3 < Aj.
We will see that these singularities are the only ones allowed on robustly transitive
sets in three-dimensional manifolds.
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Remark 2.31 Metzger and Morales in [156] present a more general definition of
generalized Lorenz-like equilibrium. However, we can be more specific and show
that equilibria, properly accumulated by regular orbits in attracting sets for higher
dimensional flows, must satisfy this more restrictive structure, see Lemma 5.22 and
Remark 5.26.

Definition 2.32 We say that a vector field X € x1(M) is homogeneous on a set
U C M if there exists a C' open set % in X!(M) containing X such that

e for all X € % there are no sinks nor sources in U, and
e every critical element of X in Ax(U) is hyperbolic.

In addition, if the dimension of M is greater than three, we impose also the condition

e the index of the continuation on % of every critical element does not change (i.e.
there are no bifurcations of critical elements).

Using (2.9) and the same arguments as in [79, Theorem 3.2] (see also [270, The-
orem 3.8] and [132]) we obtain

Theorem 2.33 (Homogeneous flows and dominated splitting) Let X € XY (M) bea
homogeneous vector field in an open subset U of M and let Ay(U) be connected
and a subset of 2(Y) for all Y € X' (M) in a C' neighborhood of X. Then there
exists an invariant, continuous and dominated splitting N s+ ) = N o5, X g Nu X
for the Linear Poincaré Flow P! on A% (U). Moreover

1. for all hyperbolic sets I' C A% (U) with splitting ESX @ EX @ EWX

ESXc NSX@EX and E“X c N“X @ EX

o, foreveryxel.

2. If Y, — X in XX(M) and x, — x in M, with x, € A’{,ﬂ(U),x € A% (U), then

cs,Y, cs, X cu,Y, cu, X
NI NS X gpd NS —— NESX
n— 00 n—o00

3. Ifo € S(X)N Ax(U) is a (generalized) Lorenz-like singularity and x € W*(o) \
{o}, then on N, one invariant and dominated splitting for the Linear Poincaré
Flow is given by Ni* = Ny N TxW¥(x) and N{* = Ny N T, W (x).

We present a proof of all items above, plus a sketch of the argument proving the
existence of the dominated splitting on regular orbits.
The proof of existence is detailed in Sect. 4.2 of Chap. 4.

Proof Given a hyperbolic compact invariant subset I" inside Ay (U)*, the projec-
tions of the contracting E® and expanding E* subbundles of 71" on the normal
subbundle N over I" must coincide with N°° and N““, respectively. Indeed, these
projections are P’-invariant and form a dominated decomposition of N (recall the
proof of Theorem 2.27), so the equality follows from the uniqueness of such domi-
nated decomposition after the dimensions have been fixed.
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We observe that if the dominated splitting for the Linear Poincaré Flow is con-
structed for Ay (U)* for all ¥ sufficiently C'-close to X, then the continuity state-
ments in item 2 follow from the same argument in the proof of Lemma 2.28.

The uniqueness statement of item 3 is a consequence of uniqueness of dominated
splittings when the dimensions of the sub-bundles are fixed, since along orbits of a
point x € U converging to o the linearization of the flow of X near o defines a dom-
inated splitting with the dimensions of N, N W*(x) and N, N W¥(x) uniquely. In the
three-dimensional case the sub-bundles N¢* and N“ are both one-dimensional, and
thus there exists a unique invariant and dominated splitting for the Linear Poincaré
Flow.

To construct such splitting we use the Closing Lemma of Pugh, Theorem 2.19,
since we are assuming that Ay (U) C §2(Y). For every orbit of x € Ay(U) we find
a periodic orbit @'z (p) C U fora C! nearby flow Z which is close to a long piece of
the orbit of x. The homogeneity condition on the vector field X ensures that this is
a hyperbolic periodic orbit and that the dimensions of the strong-stable and strong-
unstable manifolds of p do not depend either on the periodic orbit &'(p) inside U
or on the vector field Z. The connectedness assumption on Ay (U) enables us to
show that it is enough to carry this argument over to periodic orbits whose periods
are bounded from below away from zero, since the complement in Ay (U) of the
periodic orbits with small period is dense in Ay (U).

The hyperbolicity ensures that the splitting E* @ EZ @ E“ along 0z (p) induces
a dominated splitting N* @ N" on Ngp,) invariant under P,. If we can show that
this is a (C, A)-dominated splitting with (C, 1) not depending either on the periodic
orbit or on the flow, then we would be able to define a dominated splitting for the
flow along the Y orbit of x as the limit of the sub-bundles Ny, , N zn over the periodic
orbits 0z, (py) of flows Z! converging to Y'.

The uniform (C, A)-dominated splitting for Z along its periodic orbits inside U
is provided by the arguments of Linear Systems of Matrixes in [145] and in [79].
The basic idea is to show that if there exist periodic orbits with a (C, A) dominated
splitting either with A very close to 1 or C very big, then it is possible to find a C'!
flow Z close to Z exhibiting a periodic orbit with a different index from the other
periodic orbits in U, contradicting the homogeneous condition on X. O

2.6.3 Incompressible Flows, Hyperbolicity and Dominated
Splitting

In the particular case of incompressible or volume preserving flows on three-
dimensional manifolds, we show that in the absence of singularities, a dominated
splitting of the linear Poincaré Flow is equivalent to hyperbolicity.

A C! flow X in an n-manifold M endowed with a Riemannian metric is incom-
pressible or conservative if the volume form @ = Leb is invariant under DX, that
is (DX")*® = w. This means that for any given basis vy, ..., v, of T, M we have
that (DX’ - vy, ..., DX! -vy) =w(vy,...,v,) forallx € M and r € R.
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Proposition 2.34 Let X € %610(_M 3) have an invariant set A # @ (not necessarily
compact) such that its closure A has no singularities of X and admits a dominated
splitting for the Linear Poincaré Flow. Then A is an hyperbolic set.

Before the proof we need the following definition, which will be used throughout
the rest of the book: given two subspaces A C Ty M and B C Tx M suchthat ANB =
{0}, the angle £ (A, B) or Z(A, B) between A and B is defined as

Z(A, B) =inf{{(v,w):ve A\ {0},we B\ {0}},

where £(v,w) = arccos(ﬁ, ﬁ) is well defined for non-zero vectors in a given

tangent space by the Riemannian inner product.

Proof On a 3-manifold the domination of the Linear Poincaré Flow can only occur
if the dimension of the sub-bundles in the splitting of the normal bundle is constant
an equal to 1. Since there are no singularities on A the dominated splitting extends
to the closure. Then there exists K > 1 and 8 > 0 such that for all x € A the flow
size is bounded above and below and the angles between the two sub-bundles of the
dominated splitting are bounded away from zero, as follows

K" <Xl <K and 6, := LNy Nyig) = B-
Since the flow is incompressible we must have

t t
IXCXTODN _ | d we set (1) = X (XTI

|det(DP})| - =
1 X ()l 1 X ()l

We can write this in a convenient way
sin(6o) = || Py | NYII - | Pg | Nyl - sin(6;) - x ()

and so we can relate with the domination as follows

sino)  IPEINYL _ KPC

IPLINS P = —— : <——7c
x(1)sin(6;) [[PLIN¥| ~ sin(B)

Hence N¥ is uniformly contracted by the Linear Poincaré Flow. We proceed anal-
ogously for the unstable direction and obtain that the dominated splitting is in fact
hyperbolic. Then by Theorem 2.27 we have that A is hyperbolic.

The reciprocal is easier: by Theorem 2.27 the Linear Poincaré Flow over A is
hyperbolic and hyperbolic splittings are always dominated. (]

2.7 Ergodic Theory

The ergodic theory of uniformly hyperbolic systems was initiated by Sinai’s Theory
of Gibbs States for Anosov flows [16, 250] and was extended to Axiom A flows
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and diffeomorphisms by Bowen and Ruelle [60, 62]. The special measures studied
by these authors are commonly referred to by their combined name Sinai-Ruelle-
Bowen or just SRB in the literature since.

Recall that an invariant probability measure p for a flow X € X" (M) is a proba-
bility measure such that £ ((X") "' A) = 1(A) for all measurable subsets A and any
¢ > 0 or, equivalently, [ @ o X'du = [ ¢ du for all continuous functions ¢ : M — R
and any ¢ > 0.

A simple and useful property of invariant probability measures is given by the
Recurrence Theorem of Poincaré: the set of points x such that x € wy (x), that is,
the set of recurrent points, has full u© measure on the ambient space.

Recall also that an invariant measure w is ergodic if any X-invariant subset have
either measure 0 or 1 with respect to u. Equivalently, any X-invariant function
@ e L'(w),ie., ¢ o X' = ¢ almost everywhere for all # > 0 is constant almost ev-
erywhere with respect to p. The cornerstone of Ergodic Theory is the following
celebrated result of George David Birkhoff (see [48] or for a recent presentation
[269]).

Theorem 2.35 (Ergodic theorem) Let f : M — M be a measurable transforma-
tion, | an f-invariant probability measure and ¢ : M — R a bounded measurable
function. Then the time average ¢(x) = lim % Z;’-;(l) o(f"(x)) exists for p-almost
every point x € M. Moreover ¢ is f-invariant and [ §du = [ ¢ du. In addition, if
w is ergodic, then § = [ @ dp almost everywhere with respect to .

For a flow X’ just replace in the statement of Theorem 2.35 above the discrete
time average with limz_, 4 % fOT ©(X'(z))dt and f-invariance by X-invariance.
For invertible transformations or flows forward and backward (i.e. with T — —00)
time averages are equal p-almost everywhere.

Every invariant probability measure u is a generalized convex linear combination
of ergodic measures in the following sense: for p-a.e. x there exists an ergodic
measure [, satisfying for every continuous function ¢

1 T
= lim — X!
/(pd,ux T—1>r£ooT/O (ﬂ( (Z))dt

and for every bounded measurable function y» we have

/lﬂdu=/<f¢dux> dp(x).

2.7.1 Physical or SRB Measures

The chaotic nature of hyperbolic phenomena prevents accurate long term predic-
tions for many models of physical, biological or economic origin. Inspired by an
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analogous situation of unpredictability faced in the field of Statistical Mechan-
ics/Thermodynamics—although due to the large number of particles involved,
whereas dynamical systems exhibit unpredictability even for models expressed
with few variables and simple mathematical formulas, e.g. the Lorenz flow in
Sect. 2.2.3—researchers focused on the statistics of the data provided by the time
averages of some observable (a continuous function on the manifold) of the sys-
tem. Time averages are guaranteed to exist for a positive volume subset of initial
states (also called an observable subset) on the mathematical model if the transfor-
mation, or the flow associated to the ordinary differential equation, admits a smooth
invariant measure (a density) or a physical measure.

Indeed, if ug is an ergodic invariant measure for the transformation 7y, then the
Ergodic Theorem ensures that for every p-integrable function ¢ : M — R and for
w-almost every point x in the manifold M the time average

n—1
)= lim n”' _X(j)go(To’ ()
]:

exists and equals the space average [ ¢ do. A physical measure i is an invariant
probability measure for which it is required that time averages of every continuous
function ¢ exist for a positive Lebesgue measure (volume) subset of the space and
be equal to the space average u(p).

We note that if u is a density, that is, is absolutely continuous with respect to the
volume measure, then the Ergodic Theorem ensures that p is physical. However not
every physical measure is absolutely continuous. To see why in a simple example
we just have to consider a singularity p of a vector field which is an attracting fixed
point (a sink), then the Dirac mass §, concentrated on p is a physical probability
measure, since every orbit in the basin of attraction of p will have asymptotic time
averages for any continuous observable ¢ given by ¢(p) = §,(p) = [eds p-

Physical measures need not to be unique or even exist in general, but when they
do exist it is desirable that the set of points whose asymptotic time averages are
described by physical measures (such set is called the basin of the physical mea-
sures) be of full Lebesgue measure—only an exceptional set of points with zero
volume would not have a well defined asymptotic behavior. This is yet far from
being proved for most dynamical systems, in spite of much recent progress in this
direction.

There are robust examples of systems admitting several physical measures whose
basins together are of full Lebesgue measure, where robust means that there are
whole open sets of maps of a manifold in the C? topology exhibiting these fea-
tures. For typical parametrized families of one-dimensional unimodal maps (maps
of the circle or of the interval with a unique critical point) it is known that the above
scenario holds true for Lebesgue almost every parameter [143]. It is known that
there are systems admitting no physical measure [118], but the only known cases
are not robust, i.e. there are systems arbitrarily close which admit physical mea-
sures.
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2.7.1.1 Physical Probability Measures for a Flow

Given an invariant probability measure u for a flow X', let B(u) be the (ergodic)
basin of w, i.e., the set of points z € M satisfying for all continuous functions ¢ :
M—R

T—+o00 T

T
lim l/ @(X’(Z))dt:/(pdu.
0

We say that u is a physical (or SRB) measure for X if B(u) has positive Lebesgue
measure: Leb(B(u)) > 0.

The notion of SRB measure captures the intuitive idea that the natural measure
for a dynamical system should be one which gives probabilistic information on the
asymptotic behavior of trajectories starting from a “big” set of initial states. Here
the notion of “big” can arguably be taken to mean “positive volume”. In this sense
an SRB measure provides information on the behavior of trajectories starting from
a set of initial states which is in principle “physically observable” in practice, say
when modeling some physical experiment. That is why the name physical measure
is also attached to them

This kind of measures was first constructed for C?> Anosov flows by Anosov and
Sinai [16] and later for every Axiom A attractor for C 2 flows and for C? diffeomor-
phisms by Bowen and Ruelle [60, 62]. Moreover if the attractor is transitive (i.e.
a basic piece in the spectral decomposition of an Axiom A flow), then there is a
unique such measure supported in the attractor whose basin covers a full neighbor-
hood of the attractor except for a volume zero subset. In addition, in the setting of
diffeomorphisms these measures are ergodic and mixing (see Sect. 10.2.3 for the
definition of mixing for an ergodic probability measure).

The existence of physical measures shows that uniformly hyperbolic attractors
have well defined asymptotic behavior in a probabilistic sense for Lebesgue almost
all points in a neighborhood.

2.7.2 Gibbs Measures Versus SRB Measures

The concept of SRB measure is closely related to the concept of Gibbs mea-
sure introduced in the setting of uniformly hyperbolic flows and transformation by
Sinai [16, 250] and by Bowen and Ruelle [60, 62]. To explain these notions we need
to recall the definition and basic properties of Lyapunov exponents for flows.

2.7.2.1 Multiplicative Ergodic Theorem for a Smooth Flow

We recall that for a given flow X the Lyapunov exponent of x in the direction of
v e Ty M \ {0} is the number

o .
L(x,v) = %lglﬁlgg; log | DX (x)v|. (2.10)
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Given an invariant ergodic probability measure  for the flow X', the multiplicative
ergodic theorem of Oseledets [185, 269] ensures that i almost every x there exists
a DX'-invariant splitting (for all t > 0) T,M = E{ @ --- @ Ej and numbers A <
-«+ < Ag such thatforalli =1,...,kand v; € E; \ {0}

A= lim l1og I DX (x)vi . (2.11)
t—>+o0

Moreover the angles between these invariant subspaces decrease along orbits of the
flow at most subexponentially, so that the rates of growth expressed by the exponents
dominate the possibly small angles along most orbits. More precisely, we have that
forany I C {1,...,k} and u-almost every point

. 1 . i j
im, 7 logsin4 <EB Exiy D Exi (x)) =0.
iel jél
These facts imply the following regularity condition:

det(DXf | @ ch) ‘ = in(x) dimE’

iel iel

: 1
i og

for p-almost every point and, in particular

k
. 1 ' . i
[llrinoo " log|detDX' (x)| = E : Ai(x)dim E\.
1=

We note that since M is compact and X is smooth, then we have that the invariant di-
rection given by E ZX (:={a X (z) : « € R}) cannot have positive Lyapunov exponent,
since forallt >0andze M

1 . 1 . 1
~log [ DX'(2)- X @ =~ log [ X (X' (@) < ~log I X]lo, (2.12)

where || X |lo = sup{|| X (z)|| : z € M} is a constant. Analogously this direction cannot
have positive exponent for negative values of time, thus the Lyapunov exponent
along the flow direction must be zero.

Consequently the flow direction is never tangent to a direction along which all
Lyapunov exponents are non-zero. In particular, EX is never tangent either to a
strong-stable or strong-unstable direction.

Additionally, the subexponential control of the angles between Oseledets sub-
spaces ensures that, along regular orbits of a flow, Lyapunov exponents off the di-
rection of the flow coincide with the Lyapunov exponents of the Linear Poincaré
Flow (see Sect. 2.6). Indeed, since ||P§v|| = (Oxixy o DX (x))V| for all vectors
v in the normal direction N, to E f at Ty M, the normal projections E jc =0, (Ei)
of the Oseledets subspaces on the normal direction to the flow have the same ex-
ponential growth rates, because the norm of the projection O+ (., depends on the
angles between X (X’(x)) and the other Oseledets subspaces, which decreases at
most subexponentially along p-almost every orbit.
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2.7.2.2 Non-uniform Hyperbolicity

In the uniformly hyperbolic setting, it is well known that physical measures for
hyperbolic attractors admit a disintegration into conditional measures along the un-
stable manifolds of almost every point which are absolutely continuous with respect
to the induced Lebesgue measure on these sub-manifolds, see [60, 62, 201, 266].
We explain the meaning of this technical notion in what follows.

Assume that an ergodic invariant probability measure p for the flow X has a pos-
itive Lyapunov exponent. In this setting the existence of unstable manifolds through
pn-almost every point x and tangent at x to E¥ := @Ai>0 E;(x) is guaranteed by
the non-uniform hyperbolic theory of Pesin [197]: the strong-unstable manifolds
W"*(x) are the “integral manifolds” in the direction of the (measurable) sub-bundle
E", tangent to EY at almost every x. The sets W'"'(x) are embedded sub-manifolds
in a neighborhood of x which, in general, depend only measurably (including its
size) on the base point x. Let W}/ .(x) be the unstable manifold through x whenever
the strong-unstable manifold W;!" (x) is defined (see Sect. 2.3). These manifolds are
tangent at x to the center-unstable direction EX @ E¥.

Analogously we have the strong-stable manifold tangent at almost every x to
E} =D, -0 Ei(x) and the center-stable manifold.

Hyperbolic Blocks and Bounded Distortion Along Invariant Manifolds The
measurable dependence of the invariant manifolds on the base point means that for
each k € N we can find a compact hyperbolic block (or Pesin set)7¢ (k) and positive
numbers T, C, satisfying

o dist(X'(y), X' (x)) < Cre '™ -dist(y, x) forallr > 0 and y € W}’%.
ogously for y € W’" (x) exchanging the sign of ¢;

e Cy <k and 1, >k} for every x € € (k);

o (k) C H(k+1)forall k>1and u(7(k)) — 1 as k — +o0;

e the C! strong-stable and strong-unstable disks W (x) and W, 7 (x) vary continu-
ously with x € (k) (in particular the sizes of these disks and the angle between
them are uniformly bounded from zero for x in S («)).

(x), and anal-

Now we have the following bounded distortion property. Here the Holder condi-
tion on the derivative of X' is crucial.

Theorem 2.36 ([34, Theorems 11.1 & 11.2]) Fix k € N such that (3 (k)) > 0.
Then the function

M |det Df | %, |
Py =||——r——
izo | 4etDF [ ESi )]

is Holder-continuous for every x € 7 (k) and y € W, (x), where f := X' is the
time-1 map of the flow X' and E® is the direction c corresponding to negative Lya-
punov exponents.
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An analogous statement is true for a function h" on the unstable disks in 7€ (k)
exchanging E* with the direction E* corresponding to positive Lyapunov exponents
and reversing the sign of i in the product h* above.

We remark that, because (k) is compact, we can find 0 < &, < oo such that
max{h", h*} < h, on I (k).

2.7.2.3 Absolutely Continuous Disintegration

Here the Holder control on the derivatives is also crucial. Assume that n = dim(M)
and [ = dim(F).

Given x € M let S be a co-dimension one submanifold of M everywhere trans-
verse to the vector field X and x € S, which we call a cross-section of the flow at x.
Let &y be the connected component of W (x) N S containing x. Then & is a smooth
submanifold of S and we take a parametrization V¥ : [—¢, s]l X [—e, 5]"‘1_l — S of
a compact neighborhood Sy of x in S, for some ¢ > 0, such that

e ¥(0,0)=x and ¥ ((—¢, &) x {071} C &;
e & = 1//({01} X (—e, &)"~!=1y is transverse to Eoatx: & ME = {x}.

Consider the family I7(Sp) of connected components ¢ of W*(z) N Sy which cross
So. We say that a submanifold ¢ crosses Sy if it can be written as the graph of a map
& — &1.

Given 6 > 0 we let IT5(x) = {X(5,5)(¢) : ¢ € IT1(Sp)} be a family of co-dimension
one submanifolds inside unstable leaves in a neighborhood of x crossing Sg, see
Fig. 2.13. The volume form Leb induces a volume form Leb, on each y € [1s(x)
naturally. Moreover, since y € I15(x) is a measurable family of submanifolds (So
is compact and each curve is tangent to a measurable sub-bundle E*), it forms
a measurable partition of ﬁg(x) =U{y : y € IIs(x)}. We say that I15(x) is a §-
adapted foliated neighborhood of x.

Hence (see [231]) u | 115 (x) can be disintegrated along the partition I75(x) into
a family of conditional measures {1ty }, <5 (x) such that

Mlﬁs(x)=/ﬂy diu(y),

& transverse to §;

Fig. 2.13 Disintegration
along centre-unstable leaves
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where [i is a measure on ITs(x) defined by
f(A) = u(Uyeay) forall Borel sets A C IT5(x).

In this setting we say that u has an absolutely continuous disintegration along the
center-unstable direction or a Gibbs state if for w-almost every x € M, each §-
adapted foliated neighborhood Ils(x) of x induces a disintegration {1y }yem;(x)
of u | s (x), for all small enough § > 0, such that u,, < Leb,, for fi-almost all
y € ITs(x). In this setting we also say that u is a Gibbs measure for the flow X.

Note that completely dual properties and definitions can be stated for the strong-
stable W*%(x) and stable leaves W* (x) of p-almost every point x for a system with
an invariant probability measure p having a negative Lyapunov exponent.

2.7.2.4 Absolute Continuity of Foliations

In the same setting above, assume that x has a unstable leaf W*(x) and let Dy, Dy
be embedded disks in M transverse to W*(x) at x1, x, thatis Ty, D; @ Ty, W (x) =
T, M, i =1,2. Then the strong-unstable leaves through the points of D which
cross D, define a map & between a subset of Dy to Dy: h(yy) = yp, = W*(y1) N Dy,
called the holonomy map of the strong-unstable foliation between the transverse
disks D1, D,. The holonomy is injective if Dy, D; are close enough due to unique-
ness of the strong-unstable leaves through p-a.e. point.

We say that 4 is absolutely continuous if there is a measurable map Jj : D; —
[0, +oc], called the Jacobian of h, such that

Lebs (h(A)) = / JpdLeby for all Borel sets A C Dy,
A

and Jj, is integrable with respect to Leb; on D1, where Leb; denotes the Lebesgue
measure induced on D; by the Riemannian metric, i = 1, 2.

The foliation {W"¥(x)} is absolutely continuous (Holder continuous) if every
holonomy map is absolutely continuous (or J;, is Holder continuous, respectively).

Since the pioneering work of Anosov and Sinai [15, 16] it became clear that for
C? transformations or flows (in fact it is enough to have transformations or flows
which are C! with a-Holder derivative for some 0 < « < 1) the strong-unstable fo-
liation is absolutely continuous and Holder continuous. See also [147]. When the
leaves are of co-dimension one, then the Jacobian Jy, of the holonomy map h coin-
cides with the derivative I’ since h is a map between curves in M. In this case the
holonomy map can be seen as a C'** transformation between subsets of the real
line.

Going back to the case of the unstable foliation for a flow, see Fig. 2.14, we have
that for any pair of disks y1, y» inside Sy transverse to W*(x) N Sy at distinct points
Y1, ¥2, the holonomy H between y; and y, along the leaves W (z) N Sy crossing So
is also Holder continuous if the flow is C?.
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Fig. 2.14 The holonomy
maps

Indeed note that this holonomy map H can be obtained as a composition of the
holonomy map % between two disks Dy, D; transverse to the strong-unstable leaves
which cross Sy, and the “projection along the flow” sending w € X(=%:9(S) to a
point X’(w) € Sy uniquely defined, with ¢ € (=8, 8). The disks are defined simply
as D; = X758 (y;) for 0 < & < & and satisfy D; N Sy = y;, i = 1,2. Since the
holonomy /% is Holder continuous and the projection along the flow has the same
differentiability class of the flow (due to the Tubular Flow Theorem 2.13), we see
that the holonomy H is also Holder continuous.

A very important consequence of absolute continuity is the following.

Lemma 2.37 Assume that for some given submanifold W of M one knows that
through Leby -almost every point x € W (Leby is the induced volume form on
W by the volume form Leb of M) there passes a strong-stable manifold W** (x)
transverse to W. Then the union of the points of all these strong-stable manifolds
has positive volume in M.

Proof In a neighborhood of one of its points W can be written as R¥ x {0" %} and by
the transversely assumption on W*¥(x) these submanifolds can be written as graphs
R"*~* — R¥ on a neighborhood of 0% which depends measurably on x € R¥. This
change of coordinates through some local chart of M affects the derivatives of maps
and holonomies at most by multiplication by bounded smooth functions.

The measurability ensures that given ¢ > 0 we can find §, « > 0 small enough
such that there exists G C R satisfying:

1. for every x € G:
a. W*%(x) is the graph of a map yy : Bs (0"%) — R¥ defined on a 8-ball around
the origin;
b. the slope of the tangent space to W (x) at every point is smaller than «
(meaning that || Dy, (w)| <« for all w);
2. Leby(G) > 1 —e¢.

Then the submanifold W, = R¥ x {r} for r € R"*~* near 0" is transverse to W** (x)
for all x € G. Thus the holonomy map /; from a subset of W; to W = Wy contains
G in its image, which has positive volume in Wy. By absolute continuity of /4;, the
intersection W; N U, W*(x) has positive volume in W;. Hence Leb(U, W*(x)) =
f Lebw, (W, N U, W*(x)) dLeb" () > 0, and this concludes the proof. [l
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2.7.2.5 Hyperbolic Measures, Gibbs Property and Construction of Physical
Measures

These technical notions have crucial applications in the construction of physical
measures for a dynamical system. Indeed, if the measure u is ergodic and hyper-
bolic, meaning that all Lyapunov exponents are non-zero except the one correspond-
ing to the flow direction, and also a Gibbs measure, then transverse to a center-
unstable manifold W*(z) there exist strong-stable manifolds through f, -almost
every point and also through Leb,, -almost all points w € W¥(z). Along strong-
stable manifolds forward time averages of continuous functions are constant and
along center-unstable manifolds backward time averages of continuous functions
are constant. Moreover forward and backward time averages are equal p-almost
everywhere and through disintegration and ergodic decomposition, we deduce that
u-almost every z has a strong-unstable manifold W**(z) where Leb-a.e. point has
the same forward and backward time averages.

We are in the setting of Lemma 2.37 thus the absolute continuity of the strong-
stable foliation implies that the family of all the strong-stable manifolds through
W (z) covers a positive Lebesgue measure subset of M if the flow is of class C>.
By the previous observations this set is inside the (ergodic) basin of u. Hence a
hyperbolic ergodic invariant probability measure for a C* flow which is a Gibbs
measure is also a physical measure.

2.8 Stability Conjectures

The search for a characterization of stable systems, from Smale’s seminal work in
the sixties [252], led to several conjectures some of which are still open.

The famous stability conjecture, by Palis and Smale [191], states that a vector
field X is structurally stable if, and only if, the non-wandering set is hyperbolic,
coincides with the closure of the set of critical elements, there are no cycles be-
tween the stable and unstable manifolds of the critical elements and the intersection
between the stable and unstable manifolds of points at the non-wandering set is
transverse. In short terms, this conjecture states that a system is structurally stable
if, and only if, its non-wandering set is uniformly hyperbolic, the periodic orbits are
dense and it satisfies the strong transversality condition.

This conjecture was proved in the setting of C! diffeomorphisms by the com-
bined work of several people along the years. First Robbin [222] showed that if
a diffeomorphisms f is C?, £2(f) is Axiom A and satisfies the strong transver-
sality condition, then f is C!-structurally stable. Then Wellington de Melo [76]
obtained the same result for C! diffeomorphisms on surfaces and finally Robin-
son [226] showed that for C! diffeomorphisms on any compact manifold the strong
transversality condition plus Axiom A is sufficient for C! structural stability. The
proof of this conjecture, in the C! topology, was completed by Maiié [144, 145,
148] (see also Liao [133] for a proof for surface diffeomorphisms) who showed that
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Cl-structural stability implies that the non-wandering set is uniformly hyperbolic
and satisfies the strong transversality condition.

For flows the proof that uniform hyperbolicity together with strong transversality
is sufficient for C! structural stability was given by Robinson [224, 225]. Finally,
that these conditions are also necessary for structural stability was proved much later
by Hayashi [108] using the Connecting Lemma.

Developments in the last decades led Palis to conjecture [189] that the set of
dynamical systems exhibiting finitely many attractors is dense in the set of all dy-
namical systems (in a suitable topology) and, moreover, each attractor supports a
physical/SRB measure and the union of the (ergodic) basin of all physical measures
covers Lebesgue almost every point of the ambient manifold. This conjecture admits
a version for parametrized families where denseness is to be taken in the set of pa-
rameters corresponding to finitely many attractors whose basins cover the ambient
manifold Lebesgue almost everywhere.

In the context of three-dimensional flows, one has to consider another homo-
clinic phenomenon involving singularities of the vector field: the situation in which
the stable and unstable manifolds of a singularity have intersections other than the
singularity itself. In this case, it is said that the vector field has a singular cycle.

In the setting of C! surface diffeomorphisms this conjecture was proved true by
E. Pujals and M. Sambarino [217]. In the setting of real analytic families of uni-
modal maps of the interval or the circle, this was obtained by M. Lyubich [143]. In
higher dimensions this conjecture is still wide open in spite of much recent progress,
see e.g [56] and references therein.



Chapter 3
Singular Cycles and Robust Singular Attractors

A cycle I” for a flow X' is a finite sequence {0;,0 <i <n} C C(X) of hyperbolic
critical elements of X', with o9 = 0, such that W"(oj) N W*(0j41) # ¥ for 0 <
J < n, that is the unstable manifold of one element intersects the stable manifold of
the next element. A cycle is singular if at least one of its critical elements is a fixed
point of X',

Cycles play an important role in the bifurcation theory of Dynamical Systems.
A singular cycle is one of the mechanisms to go from a Morse-Smale flow (whose
non-wandering set is a finite collection of hyperbolic critical elements) to a hyper-
bolic flow (whose non-wandering set is a finite collection of basic sets) through a
one parameter family of flows.

In this chapter we shall describe three types of singular cycles, that will be used in
the sequel. Nowadays the first one, presented in Sect. 3.1, is denominated singular-
horseshoe. It was introduced by Labarca and Pacifico in [128] as a model for stable
non hyperbolic flows in the context of boundary manifolds. We show that this set
satisfies some properties which, in Chap. 5, will be defined as singular-hyperbolicity.
This generalization of (uniform) hyperbolicity will characterize a much broader
class of invariant sets for flows.

The second cycle is a homoclinic connection associated to a hyperbolic singu-
larity of saddle-type. There are several possibilities for these cycles which are used
in the proofs presented in the following chapters. We provide a brief description of
the dynamics of perturbations of these cycles here. One of them is an inclination
flip cycle. This was studied by many authors, see e.g. [69, 115] among others. The
study of this type of cycle is crucial for the proof, in Chap. 5, that a robust tran-
sitive set with singularities for a 3-flow is either an attractor or a repeller, together
with the Shil’nikov bifurcation, first considered in [243]. These are presented in
Sect. 3.2.

Finally the third one is the Lorenz geometrical model, introduced by Gucken-
heimer and Williams [98] and presented in Sect. 3.3. This is a model for a robust
attractor with singularities for a 3-flow, as we will see in Chap. 5.

V. Aradjo, M.J. Pacifico, Three-Dimensional Flows, Ergebnisse der Mathematik und ihrer 55
Grenzgebiete. 3. Folge / A Series of Modern Surveys in Mathematics 53,
DOI 10.1007/978-3-642-11414-4_3, © Springer-Verlag Berlin Heidelberg 2010
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3.1 Singular Horseshoe

We start in Sect. 3.1.1 with the description of a map defined on a rectangle into itself
which resembles the Smale horseshoe map [252]. For this reason this type of map
is nowadays denominated singular horseshoe.

Afterward, in Sect. 3.1.2, we exhibit a singular cycle presenting a singular horse-
shoe map as a first return map. Then, in Sect. 3.1.3, we show in several stages that
the singular horseshoe is a transitive partially hyperbolic set with volume expanding
central direction.

3.1.1 A Singular Horseshoe Map

Given § > 0 small enough, A < 1/2 and u > 1, let Q =[—1,0] x [0, 1 + §] and
define

Rs= 0\ ((u™'(14+8),1/2=8) x (1/2,1)).
Let F: Ry — O, (x,y) — (g(x,y), f(¥)) be a smooth map satisfying:
(a) |0xg(x,y)| < 1/2forall (x,y) € Rs and

g, y)=xr-x forO<y<pu '(1+26).

() f:I\(JUK)— I where I =[0,1], J = (u "' (1 +28),1/2—8) and K =
(1/2,1) satisfying
() f)=p-yfor0<y=<p'(1+26),
(i) f'(y)>»> uforye[l/2—-38,1/21U[1, 1+ 6].

(c) Fx,)=F(x,1/2) =(a,0) for —1 <x <0 withafixed —1 <o < A.

(d) The following sets

y-1=F({-1} x (1, 1448D, vo=F{0} x (1,1 +4]),
po=F{0} x[1/2-46,1/2)),  B1=F{-1} x[1/2-4,1/2))

are disjoint C! curves, except for the point (e, 0) where all are tangent. These
curves are contained in (—1, —X) x [0, 1 48] and are transverse to the horizontal
lines. Moreover, if d(A, B) denotes the distance between the sets A and B, and
L ={—1} x [0, 1+ 8] then

d(y-1,L) <d(y, L) <d(Bo, L) <d(p-1,L).

Figure 3.1 displays the main features of the map F.

Observe that, by construction, the horizontal lines {x} x [0, 1 + 4], for x €
[—1, 0], are invariants by F. They are also uniformly contracted by a factor 0 <
co < 1/2. This guaranties that Q has a uniformly contracted (strong-)stable folia-
tion invariant by F' that we denote by .7*¢(Q).
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Fig. 3.1 o B-1
A singular-horseshoe map 146 L Ao
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Define the following rectangles
Aog=[-1,0] x [1,1+ 6], A1 =[-1,0] x[1/2—-6,1/2],

Ay =[—1,0] x [0, u~ (1 +28)].

Note that

i=1
Rs=|_JAi anddefine 27 =)F"(Ry).

nez

It is clear that F~1(2F) = 2.

3.1.1.1 Singular Symbolic Dynamics

We now associate a symbolic dynamics to the restriction F | 2. For this, consider
amap F:Rs— Q such that F has the same properties described for F, except that
F([—1,1]x {1}) and F([—1, 1] x {1/2}) are disjoint intervals / and J contained in
the interior of [—1, A] x {0} as in Fig. 3.2. Define £2 = N,z F" (Rs).

Clearly F is a Smale horseshoe map. Roughly speaking, F is obtained from F
pinching the intervals / and J into a unique point in such a way that the resulting
boundary lines y_1, 3, ﬂo, and ,B 1 are tangent at this point.
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Let X3 be the set of doubly infinite sequences of symbols in {0, 1,2} endowed
with the topology given by the distance

d(x,y):Zl)Ci_.yi'

31l
i€Z

and o : 3 — 33 be the left shift map o (x); = xj41.

It is well known (see e.g. [252] but also the textbooks of e.g. Devaney [78] or
Robinson [230]) that there exists a homeomorphism H : 2 — X3 which conjugates
Fando ie. HoF =0 oH. The image H(x) of x € £2 is the sequence (H(x) ) e
33 defined by

Hx)i=jef{0,1,2) < Fi(x)eA;, iecl. 3.1

Recall that the set of periodic orbits for o is dense in X3 and that there exists a
dense orbit.
We now describe the sequences associated, in a similar way, to points 2.
Observe that the tangency point («, 0) is the unique point of £2f outside of
[—A, 0] x [0, 1 + 8] which remains forever in the bottom boundary of Q. This line
corresponds to the local stable manifold of the fixed point (0, 0) of F.

e Since [—1,0] x {0} = ﬁnfofi(Ag) we have z € [—1,0] x {0} N £2 if, and only
if, 6;(z) =2 foralli >0,ie. Hz)=(...,x-1,2,2,2,...).

The points belonging to this line which are outside of [—A, 0] x [0, 1 4 §] are the
points of the local stable manifold of (0, 0) which are different from (0, 0), i.e. their
corresponding codes differ from the constant sequence x; = 2 at some coordinate
with negative index. Defining Ef the subset of X3 of those sequences (x;);ez With
x0 €{0,1} and x; =2 forall i > 1, then

WL(H(©0,0)\ H([—2,01 x [0, 1+8]) = Jo* =] = 5.
k>1

Note that 0_12 3¢ X5, 53 Defining an equivalence relation on X3 by 6 ~ 6 if and
only if 6, 6 e Z‘ then thls relation is preserved by the shift.

Let £3 be the corresponding quotient space and & the associated quotient shift
map. This map can be seen as the original full shift map on three symbols after
identifying the sequences on if, which correspond to the points which are taken to
(a,0) by F.

By the above considerations and the dynamics of F we get

Lemma 3.1 There exists a homeomorphism Hp : 2p — 3 which conjugates F |
Qrp and Hr, thatis Hr o (F | 2F) =0 o HF.

The homeomorphism HF is defined just as in (3.1) replacing F by F.
Observe that the set of periodic orbits for & is the same set of periodic orbits
for 0. Note also that the dense orbit for o is not contained in 3. Therefore the set
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of periodic orbits for & is dense in 53 and this space contains a dense orbit. The
existence of the conjugation above ensures that £2r has a dense subset of periodic
orbits and a dense orbit for the dynamics of F.

3.1.2 A Singular Cycle with a Singular Horseshoe First Return
Map

We start by recalling the definition of a special type of singularity of a vector field
X in a 3-manifold.

Definition 3.2 We say that a singularity o of a 3-flow X’ is Lorenz-like if the
eigenvalues 1;, 1 <i <3 are real and satisfy

M <i3<0<—A3 <Al (3.2)

Next we shall exhibit a singular cycle € having a Lorenz-like singularity p and
a hyperbolic saddle-type closed orbit o, connected through a branch of the unstable
manifold associated to p: this branch is contained in the stable manifold associated
to 0. Moreover there are two orbits of transverse intersection between W*(p) and
W (o). The cycle will be constructed in such away that it is contained in the max-
imal invariant set A(X) of a vector field X in a neighborhood U of ¥, and the first
return map associated to € is a singular horseshoe map, see Fig. 3.3.

We start with a vector field Xo € X" (D*) on the 3-disk D* in R3. This vector
field has one repeller singularity 1 at the north pole. Outside a neighborhood of rq,
X has four singularities which we denote by p, p1, p2, r2, plus a hyperbolic closed
orbit o. These satisfy the following:

1. p is a Lorenz-like singularity.

2. (p, o) is a saddle connection with a branch y*(p) of W¥(p) \ {p} whose w-
limit set is 0. By the Hartman-Grobman Theorem there exists a neighborhood
p € A C R such that the restriction of X to .4 is equivalent to the linear vector
field L(x1, x2, x3) = (A2x1, A1x2, A3X3).

Fig. 3.3 A singular cycle
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Fig. 3.4 The vector field X
P2

/Pl p

Fig. 3.5 Producing a unique
tangency

. p1 is an attractor and is also the w-limit set of the other branch of W (p) \ {p}.
. p2 is an attractor and is the w-limit of W* (o) \ {o}.

. ro is a repeller contained in the interior of the 2-disk D? bounded by ¢ in SZ.

. We assume that

a. p1, p,y"(p), o and D? are contained in the boundary 8(D?) = S? of the 3-
disk;

b. the eigenvalues of DX (r2) corresponding to eigenvectors in 7S? are com-
plex conjugates. Therefore the part of W*(r2) \ {r2} in S? is a spiral whose
w-limit setis o;

c. the strong unstable manifold W** () \ {r} is contained in the interior of I3
and its w-limit set is the attractor p;.

7. The a-limit set of W¥(p) \ {p} is the repeller r; and W*(p) separates the two
attractors.

AN N B~ W

Figure 3.4 shows the essential features of the vector field Xy outside a neigh-
borhood of r;. Observe that X constructed in this way is a Morse-Smale vector
field.

Now we can modify the vector field X away from its critical elements, in par-
ticular away from the neighborhood .4 of p, in order to produce a unique tangency
between W*(p) and W* (o), see Figs. 3.5 and 3.6.

By another slight perturbation of the above vector field we get a vector field X
such that W* (o) is transverse to W*(p) at two orbits, see Fig. 3.7.

3.1.2.1 The First Return Map Associated to % is a Singular Horseshoe Map

Now we study the first return map associated to % and show that it is a singular
horseshoe map.
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Fig. 3.6 One point of
tangency

Fig. 3.7 The final vector
field

Fig. 3.8 The cross-section Y

CSatp X3 /

Let S be a cross-section to X at g € o. Reparametrizing X, if necessary, we can
assume that the period of o is equal to one and that S is invariant by X ': there exists
a small neighborhood U C S of g such that xiSnU)cSs.

Since there are two orbits of transverse intersection of W (o) with W¥(p) and
the branch y*(p) has o as w-limit set, there exists a first return map F' defined on
subsets of §, taking points of S back to S under the action of the flow. The goal now
is to describe F.

From now we assume mild non-resonant conditions on the eigenvalues of p to
ensure that there are C! linearizing coordinates (xp, X7, x3) in a neighborhood Uy
containing p.

Let D*(p) C Uy and D*(p) C Uy be fundamental domains for the action of the
flow inside W*(p) and W"(p) respectively. That is D*(p) is a circle in W¥(p) \ {p}
containing p in its interior and transverse to X, and D“(p) is a pair of points, one
in each branch of W*(p) \ {p}.

Let C*(p) C Uy be a cross-section to X, as in Fig. 3.8, with several components:
C5 =C*(p) =CT(p) UD*(p) UC™(p). We assume that C~(p) is contained in
the stable manifold of the attractor p;. We also assume that the plane {x; =0} is a
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center-unstable manifold for p and we denote it by W<*(p). Let C*(p) be a cross
section to X formed by a 2-disk through the point of ¥ (p) N D*(p).
Observe that if y is a C! curve transverse to D*(p) and y N W**(p) = ¢, then

c'(p)n (wa))

t>0

isa C! curve tangent to W< (p) N C*(p) at D*(p) N y*(p).

Let D*(p,) C D3 be a fundamental domain for the dynamics on W*(p»), i.e. the
boundary of a 3-ball containing p>. Let V C § be a small neighborhood of g € o,
where we have C! linearizing coordinates (x, y) for the Poincaré first return map F
associated to o. The eigenvalues of D F(q) are A, u both bigger than 1.

Let Q =[—1,1] x [0, 1] be a rectangle contained in the interior of V. Assume
that

[—1,1] x {% 1} CW'(p) and [—1,1]x {0} CS?.

There are only two orbits of transverse intersection between W* (o) and W*(p),
and the points in {1} x (1/2, 1) will fall in the stable set of p{, by construction of
the vector field X. Since W¥(p) is open we can assume that [—1, 1] x (1/2,1) C
W (p1) (taking V small enough) and also

X' ([-1,11x (1/2, 1)) c C(p)

through a reparametrization of time if necessary. Assume further that there exists
8 > 0 such that (1 +28)u~! <1/2 — 6 and

(a) for Ag=[—1, 1] x (1, 1+ 8] we have X' (Ag) Cc CT(p);
(b) for Ay =[—1,1] x [1/2 —§, 1] we have Xl(Al) C Ct(p);
(©) X2([—1,1]1 x [146,1+28]) C D*(p2);

(d) X*([—1,11x [1/2—=25,1/2—8]) C D*(p2);

(e) for Ay =[—1, 1] x [0, (1 +28)u~'] we have

X' (A7) =[-1,0] x[0,14 28] C Q.
Now define

) =Jx'x'@nncip).  me)=Jx'x'@nncp).

t>0 >0

Clearly H;(X) are cones tangent to W< (p) N C*(p) at D“(p) for i = 1,2, see
Figs. 3.9 and 3.10.

Let o be the first intersection point between W (p) and Q. We can assume
that 7;(X) = X' (H;(X)) is contained in Q and that these sets are cones tangent
to W¥(p)yNnQ ata, fori =1,2.
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Fig. 3.9 The first return map
to Q

X2 (Ay)

Fig. 3.10 The first return we(p)nct(p)
map at D*(p)

C*(p)

HI(X) Hz(

D“(p)
Clearly we can also assume that

X*([-1,11x {1+8}) Cr1(X) and X3<[—1,1]x{%—8})C12(X).

If necessary, we modify the vector field X in order to have (see Fig. 3.11):

(a) horizontal lines {y = constant} going to horizontal lines in t; (X);
(b) writing 7, for the projection on the y-axis in V

7 (X3(=1, 10 % (148))) = (1425} and

3 1
er(X ([—1, 1] x {5 —8})) = {14 28};

(c) for D} =[—1,A] x [0,1+ 8] we have 7;(X) Cint D} fori =1, 2.
Now we describe the first return map F'.

e If we take a point (x, y) with 1 + 8§ <y <1+ 24, then (x, y) is contained in the
stable manifold of the attractor p; and F is not defined at these points.

e For either a point (x, 1) € Q or (x, 1/2) € Q we define F(x, 1) =a = F(x, 1/2).

e For points (x,y) e Q with0 <y < ,u*1(1 + 26) we define F(x, y) = (Ax, uy).

e For points (x, y) such that either | <y <1438 or1/2 -5 <y < 1/2, we de-
fine F(x,y) as the first intersection of the positive orbit through (x, y) with the
rectangle Qs =[—1, 1] x [0, 1 + 24].
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Fig. 3.11 The singular WH(p)NQ
horseshoe return map
\ // 1426
1+6
NIV
1
1/2
1/2-48
1/24+8)u!
e (1/2+8)u
o 1426 0

e For points (x, y) with 1/2 < y < 1 the first return F is not defined, since these
points are in the stable manifold of the attractor pj.

e F is also not defined for points (x, y) with = !(1 +28) <y < 1/2 — 8. Indeed,
these points are such that the projection on the y-axis of their first return to S is
larger than 1 + 28. So these points return once to S and then they are taken to the
attractor p».

Then the first return map F has the expression:

(Ax, py) ifO<y<u '(1+29)
Fx,y)=1(@g(x,y), fi(y) if 1<y<I1+43$
(g2(x,y), f2(y)) if 1/2-8=<y=<1/2

with

e gi(x,y) is some smooth function with |9, g;| < ¢ < %, and
e f; is a smooth function satisfying fl.’(y) >pand0 < fij(y) <1+25,fori =1,2.

We assume that the image F ({0} x [0, 1 4 §]) is transverse to the horizontal lines
in Qs.

The non-trivial dynamics of F is concentrated in the square Qs.

Let 2F = Ny>0F"(Qs). Observe that the non-wandering set £2(X) is the dis-
joint union of the critical elements {ry, 72, p1, p2} and A, where A is the closure
of the saturation by the flow X’ of the non-wandering set of the first return map F
described above, i.e., A = U;=0 X" (2F).

The set A is the maximal invariant set containing the singular cycle ¢ in the
neighborhood U chosen at the beginning of the construction. This invariant set is
the so-called singular horseshoe.

Remark 3.3 On the boundary of the manifold D3, which is preserved by the flow,
we have a Morse-Smale system. Hence any vector field Y close to X preserving the
boundary will have the same features as X on the boundary.

Moreover the features of X depend on the transverse intersection of certain in-
variant manifolds of the hyperbolic critical elements, all of which lie on the bound-
ary of the ambient manifold. Hence every vector field close to X preserving the



3.1 Singular Horseshoe 65

boundary will exhibit the same critical elements and the same transversality rela-
tions between them, and so the singular-horseshoe is robust among the vector fields
which preserve the boundary of D>.

3.1.3 The Singular Horseshoe Is a Partially Hyperbolic Set
with Volume Expanding Central Direction

We start by constructing local stable and unstable manifolds through points of 2F
with respect to F'. The stable and unstable foliation of the singular horseshoe A is
than obtained as the saturation by the flow of these manifolds. Then we explain how
to obtain the strong-stable foliation. Having these foliations we can define a splitting
of the tangent space at A which will behave much like a hyperbolic splitting.

3.1.3.1 Stable Manifold for Points in 2

Let F : Q5 — Q be the singular horseshoe map defined in the previous subsection.

It is easy to see that any horizontal line crossing Q is uniformly contracted by a
factor of ¢ € (0, 1/2) by the definition of F. Then, given any pair of points x, y of
2 in the same horizontal line, one has

dist (F¥(x), F*(y)) = ——o0.
k——+00

Hence these curves are the local stable manifolds through points of 2 with respect
to F. Saturating these curves by the flow we obtain the foliation of stable manifolds
Z% through the points of the singular horseshoe.

For the particular case of the saddle singularity p and the periodic orbits o the
stable leaves are given by the stable manifolds of these hyperbolic critical points.

3.1.3.2 Unstable Manifolds for Points of 25

Define Rg = Q N F(Ag), Ri = QN F(A;) and R, = Q N F(A»). Then Ry and
R, are, except for their vertices, disjoint cones. R; is a rectangle, crossing Q from
bottom to top.

For each i, j € {0,1,2}, let R;; = R; N F(R;). Then F(R;) = Uiz:ORij. Since
F(x,y) = (g, y), f(y)) with |g,(x, y)| < ¢ < 1/2, we have that the horizontal
lines are contracted by a factor of ¢ when iterated by F. Thus, except for R> (which
is a rectangle strictly contained in R»), R;; is a cone strictly contained in R;.

Inductively, given any sequence of n-symbols x1, x3, ..., x, with x; € {0, 1, 2}
and n > 2, define R,y x,...x, = Ri N F(Ry,...x,) fori =0,1,2. Then

2
F(Ryj..x,) = U Rix o, -
i=0
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Fig. 3.12 The unstable F(Ag) F(Ay)
\ /

curves of £2p tangent at («, 0) 1+6
Y\

\\w/ T

(1+28)/u

A
o 1426

Note that

o If all the x; are equal to 2, then
Ry, RyNF(Ry)), ..., RyNFR)N---NF"(Ry)

is a strictly decreasing sequence of rectangles converging, in the C! topology, to
the vertical line {0} x [0, 1 + §].
o If there is any x;, € {0, 1}, then the sequence

Ry RoNF(Ry), ... RyNF(Ry)NF2(Ry)N---NF"(Ry,)

is a strictly decreasing sequence of C!-cones. Hence this sequence converges to
a C! curve, denoted by y (xo, X1, - ..), which crosses Q from top to bottom, that
is, y intersects each horizontal line of Q in a unique point, see Fig. 3.12.

Note that every point x € £2F \ {(«, 0)} has a corresponding code Hr(x) in >3
whose coordinates with positive index define a unique regular curve y = y(x1,
X2, ...) as above. This curve y is the same for every y € £2F having a code Hr(y)
with the same coordinates as Hr (x) at positive indices. Such points y form the un-
stable manifold of x with respect to F, since d (o “KHp(x), 0 *Hp ) ﬁ 0.

— 00

Indeed, from the description of the map F, it is clear that y is expanded by all
iterates of ' whenever its image is defined. Or, reversing time, by the construction
of y, the pre-image of any pair of points y, z € y by F* is well defined for all k > 1
and, moreover, for any pair y_g, z_x of such pre-images under the same sequence
of inverse branches of F, we have

k_5o0.

dist (y—x, z—) <c P—

Saturating these curves by the flow we obtain the central-unstable foliation 7"
through the points of A.

The point (¢, 0) has already a well defined unstable manifold: the vertical line
crossing Q through (e, 0), corresponding to the intersection of the unstable mani-
fold of the orbit of W (p) connecting the saddle singularity p to the periodic orbit
o, see Fig. 3.9.

In addition, the saddle singularity p and the periodic orbit ¢ also have a well
defined unstable foliation compatible with the leaves defined above.
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3.1.3.3 Strong-Stable Foliation for the Singular-Horseshoe

The previous observations show that every periodic orbit of F on 2 is hyperbolic
of saddle-type. Since F is the Poincaré first return map to Q of the flow X, we
deduce that every periodic orbit of X in A is hyperbolic of saddle-type. Moreover
the density of periodic orbits for F' | 2 implies that the family of periodic orbits of
X in A is dense in A.

In addition the stable foliation of the periodic orbits coincides with the stable
foliation defined above for all points, including the singularity p and the periodic
orbit o'. Hence the strong-stable leaves .%°* defined on the periodic orbits extend (by
continuity and coherence) to a strong-stable foliation .#** defined throughout A.
Notice that at the singularity p the strong-stable foliation coincides with its strong-
stable manifold corresponding to the weakest contracting eigenvalue.

3.1.3.4 Partial Hyperbolicity

The flow invariance of the stable .%, strong-stable .%°* and unstable .#" foliations
through points of A and the smoothness of their leaves enables us to define the
following D X invariant sub-bundles: for every point z € A

E.=T.7*() and F.=T.Z"(2)

satisfy DX - E; = Exi(;y and DX - F, = Fxu(;), forall t € R.

Now we show that the flow X contracts E uniformly, and contracts more strongly
than any contraction along F'. Then we conclude by showing that X expands volume
along F.

Let V be a neighborhood of p where linearizing coordinates are defined. Assume
without loss of generality that X' (Q) € V. In V the solutions of the linear flow can
be given explicitly as in (3.3).

Write Jf(z) for the absolute value of the determinant of the linear map DX’ |
F,: F; — Fxi ;) where z is any point of A and ¢ € R.

For points z in X' (0Q) and for s > 0 such that X?(z) remainsin V for0 <t <s
we have

o IDX'"| E || =e™";
o [DX'|E | =e® ). m(DX"| F,);
o |detDX' | F;| = g()"l+)t3)t’

where m(-) denotes the minimum norm of the linear map. Note that because A1 +
A3 > O the flow in V expands volume along the F direction. Moreover since Ay < A3
the flow contracts along the E direction more strongly than it expands along the F
direction, by the second item above. We say that F' dominates E, see Chap. 5 for
more on dominated splitting. Observe that the above properties are also valid for the
singularity p and the periodic orbit o .

In what follows we extend these properties for the action of X on points of A for
all times.
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Notice that the flow takes a finite amount of time, bounded from above and from
below, to take points in Q to X 1(0), and from D*(p) to Q (these times are constant
and equal to 1 in our construction).

Hence if we are given a point z € A \ {p, o}, then its negative orbit X ~/(z) for
t > 0 will have consecutive and alternate hits on D*(p) and Q, at times f; < 5| <
h<$<--<t, <SS, <--- respectively, with #p = so =0 and r,, = |ty+1 — Sul
bounded from below by Ty independently of n > 1.

Let B > 0 be a upper bound on | DX~ (z)| from 0 to T; and for all z € A. Then
from the volume expansion on V we have for#, <t <s,

n—1
|det DX ™" | F| <exp (B -n— (A1 +A3)- (l — Zr,))
i=1

n—1_
- (t AR (t(MBjM) - Zijl r))

Since t > Tyn and Z:’;ll r; <t we see that there exists K > 0 such that |det DX~ |
F.| < K~1.e®1+2) which is equivalent to volume expansion.

The uniform contraction along E and the domination of F over E are obtained
by similar arguments, see also Sect. 3.3.3.

3.2 Bifurcations of Saddle-Connections

A homoclinic orbit associated to a singularity o of X € X! (M) is a regular orbit
O(q) satisfying lim;_, 1 o0 X'(¢) = o and lim,_, _, X’(q) = 0. Here we focus on
the dynamics close to &'(¢) for small perturbations of the flow.

3.2.1 Saddle-Connection with Real Eigenvalues

Consider the following one-parameter system of ordinary differential equations
in R3:

X=xx+ fi(x,y,z; )
y=doy+ frlx,y, ) (L y.zp) eR?
Z‘ =)»3Z+f3(x,yaZ;M)

where f; are C? functions which vanish together with Df; at the origin of R*. So
o = (0,0, 0) is a singularity. We assume that the eigenvalues A;,i =1, 2, 3, of o are
realand Ay < A3 <0 < Aj.

Note that any other case of a hyperbolic saddle singularity with only real eigen-
values for a three-dimensional flow can be reduced to the present case by consider-
ing the time reversed flow.
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Fig. 3.13 Breaking the

saddle-connection
u>0
r
u=0
n<o

The hyperbolicity of o ensures the existence of C! stable W*(o') and unstable
manifolds W* (o). The manifold W* (o) is tangent at o to the eigenspace {0} x R2
associated to the eigenvalues X2, A3, and W*(o) is tangent at o to the eigenspace
{(0,0)} x R associated to Aj.

In this setting a homoclinic orbit associated to o is any orbit I' = Ox(g) of a
point g € W¥(o) N W*(o) \ {o}. We assume that there exists such a homoclinic
orbit. Moreover we make the supposition that the saddle-connection breaks as in
Fig. 3.13.

Using linearizing coordinates and an analysis of the return maps to convenient
cross-sections near o one can prove the following.

Theorem 3.4 For p # 0 small enough a periodic orbit bifurcates from I'. This
periodic orbit is

1. a sink for .1 < —A3 < —A2;
2. a saddle for .y < —(A2 + X3), —A2 < A1 and/or —\3 < Ay;
3. a source for —(A2 + A3) < 1.

A proof of this result can be found in [272, pp. 207-219].

Observe that if o is Lorenz-like (recall Definition 3.2), then only item 2 above
is possible. That is, a Lorenz-like saddle equilibrium is the only possibility, among
hyperbolic saddle equilibria in three-dimensional flows, which generates saddle pe-
riodic orbits after the unfolding of an associated saddle-connection with real eigen-
values, all the other possibilities generate either attracting or repelling periodic or-
bits (periodic sinks or sources) after the unfolding. It is natural that these are the
only allowed singularities for robustly transitive attractors, see Sect. 5.

3.2.2 Inclination Flip and Orbit Flip

Here we consider degenerate homoclinic orbits. We assume that o satisfies some
generic conditions: the eigenvalues X;,i = 1,2, 3, of o are real and distinct and
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(b)

Fig. 3.14 a Inclination-flip. b Orbit-flip

satisfy A» < A3 <0 < —A3 < A1, thatis, o is a Lorenz-like singularity, as in Defini-
tion 3.2.

The condition A» < A3 < O ensures that there is an invariant C' manifold
W5 (o), the strong-stable manifold, tangent at o to the eigendirection of the eigen-
value Ajp. There are also invariant manifolds W< (o) containing o, called center-
unstable manifolds, tangent at o to the eigendirection generated by the eigenvectors
associated to A3, A1. There are several of these center-unstable manifolds but all of
them are tangent along W*(o) at o (the reader should consult Hirsch, Pugh and
Shub [110] for a proof of these facts).

Let I" be a homoclinic orbit associated to o. The following conditions are
generic, that is, both are true for a residual subset of flows in X! (M) exhibiting
a homoclinic orbit associated to a Lorenz-like singularity:

(G1) W (o) intersects W9 (o) transversely along I, i.e.,
=W o)h W*%(); and
(G2) 'NW¥ (o) =0.
We are going to study what happens when such generic conditions fail.
Definition 3.5 Let X € X" (M), r > 1, be a smooth vector field and let I" be a

homoclinic orbit associated to a Lorenz-like singularity o € S(X). We say that I" is
of inclination-flip type if (G1) fails and of orbit-flip type if (G2) fails; see Fig. 3.14.
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Generically inclination-flip homoclinic orbits are not orbit-flip and conversely.

Every C” vector field (r > 1) exhibiting orbit-flip homoclinic orbits can be C”
approximated by a smooth vector field exhibiting an inclination-flip homoclinic or-
bits, as stated in the following

Theorem 3.6 Let X be a C! vector field in M exhibiting an orbit-flip homoclinic
orbit associated to a singularity o of X. Suppose that o has real eigenvalues Ay <
A3 < 0 < Aq satisfying —A3 < A1. Then X can be c! approximated by C! vector
fields exhibiting an inclination-flip homoclinic orbit.

The proof of this theorem can be found in [167] and follows from standard
perturbation techniques (see e.g. [190]). Observe that a vector field exhibiting a
inclination-flip type homoclinic orbit cannot have a dominated splitting for the lin-
ear Poincaré flow. Indeed, the definition of inclination-flip implies the existence of
a tangency between the strong-stable and center-unstable manifolds along a regular
orbit of the flow.

As a consequence, by Theorem 3.6, for vector fields having every critical element
hyperbolic and no sinks or sources inside an isolating neighborhood U in a robust
way, there cannot be either orbit-flip or inclination-flip type homoclinic orbits be-
cause of Theorem 2.33, since this would contradict the existence of a dominated
splitting for the linear Poincaré flow.

3.2.3 Saddle-Focus Connection and Shil’nikov Bifurcations

Consider the following one-parameter system of ordinary differential equations
3
in R”:

x=—px+owy+ filx,y,z; 1) .
y=wx—py+ folx,y,z; 1) (x,y,z,m)eR
z2=Az+ f3(x,y,z; )

where A, w, p > 0 and f; are C? functions which vanish together with Df; at the
origin of R*. Then ¢ = (0, 0, 0) is a saddle-focus with eigenvalues A and —p =+ wi.

These families exhibit very interesting dynamics when there exists a homoclinic
orbit I" associated to o, see Fig. 3.15.

Fig. 3.15 Saddle-focus s
connection w*(o)
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Again by the use of linearizing coordinates and an analysis of the return maps to
convenient cross-sections near o one can prove the following.

Theorem 3.7 For u # 0 small enough, we can find near I':

1. an attracting periodic orbit (a periodic sink), for p > X;

2. infinitely many generic unfoldings of homoclinic tangencies when p — 0, induc-
ing in particular the appearance of attracting or repelling periodic orbits near
I, for p <A.

The setting of the second item above is known as Shil’nikov bifurcation. The
proof of these results can be found in Shil’nikov’s work [243] and also in [25, 219,
259, 272].

3.2.3.1 The Shil’nikov Bifurcation for Incompressible Vector Fields

The same configuration as above of a saddle-focus connection for a conservative
vector field was also studied by Biragov and Shil’nikov in [47]. In this case the
eigenvalues satisfy A = 2p.

Theorem 3.8 For an incompressible family of C7 vector fields X u exhibiting a
saddle-focus connection as above and for yu # 0 small enough, we can find near I’
periodic orbits whose eigenvalues are all zero, that is, elliptic closed trajectories of
the vector field X ;.

This result implies, in particular, that invariant sets for incompressible flows,
having a dominated splitting for the Linear Poincaré Flow, cannot accumulate sin-
gularities having a saddle-focus connection. This will be used in Chap. 8.

3.2.3.2 Higher Dimensional Saddle-Focus Connections

For higher dimensional saddle-focus connections there are works of Shil’nikov
[244-246] and Fowler and Sparrow [88] which describe the local behavior near
the saddle-connection for small perturbations of the vector field. The situation is es-
sentially reduced to either the previous situations or a four-dimensional model case,
as we now explain.

The understanding of the behavior of the solutions near the saddle-focus con-
necting orbit &, for nearby vector fields, is obtained by studying the return map to
a small neighborhood U of the saddle singularity o. This return map is highly non-
linear since the distortion due to the passage near a hyperbolic saddle is very big.

To be able to analyze the return map, we use the fact that the time it takes a
solution to go out and return to U near the saddle connecting orbit & is essentially
constant, compared with the much larger time during which points stay close to
the hyperbolic saddle. The effect near the saddle is well understood by classical
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linearization results (like the Grobman-Hartman Theorem). We therefore take U
very small so that we consider only trajectories which spend a long time in U.

From this procedure it follows that, in the passage through U, points in the
transversal directions to the connecting orbit & having the largest eigenvalues in
absolute value, will exit from U sufficiently far from O that they will not return to
U either in the future (for positive eigenvalues) or in the past (for negative eigen-
values). So only those points along the weakest eigenvalues (those with smaller
absolute value) will stay close enough to & in order to return to U many times. This
implies that the Poincaré return map on a cross-section in U can be well approx-
imated taking in consideration only those eigendirections of & whose eigenvalues
have real parts closest to 0. These ideas were used by Neimark and Shil’nikov [179,
245] to study near-homoclinic behavior in higher-dimensions, see also Afraimovich
and Hsu [5]. This general argument is usually referred to as “central manifold ar-
gument”. A standard reference for the existence and properties of central manifolds
are the lecture notes of Hirsch, Pugh and Shub [110].

Consequently, the only essentially different cases are the following. The stable
eigenvalue A with the smallest negative real part and the unstable eigenvalue u with
the smallest positive real part are

A: bothreal, i.e., A <0 < . This does not correspond to a saddle-focus connec-
tion, but to a saddle-connection with real eigenvalues, and so the results of
Sect. 3.2.1 apply to the eigenspace corresponding to the two eigenvalues plus
one of the other least stable eigenvalues.

B: one real and the other a complex pair. This case can be seen as a saddle-focus
connection in the three-dimensional eigenspace associated to the two eigenval-
ues. In particular, homogeneous vector fields do not have this type of saddle-
connection.

C: both are complex pairs (the so-called double-focus structure). This case is dif-
ferent and more difficult to analyze, but Fowler and Sparrow [88] have proved,
in particular, the following.

Theorem 3.9 Vector fields arbitrarily near a double-focus connection € have pe-
riodic orbits close to O with different indices, and periodic orbits undergoing a
saddle-node or a period-doubling bifurcation.

Hence homogeneous vector fields, that is, vector fields X whose periodic orbits
do not change index under C! perturbations ¥ in a small neighborhood of X, do not
have such double-focus connections.

3.3 Lorenz Attractor and Geometric Models

Here we present a study of the Lorenz system of equations (2.2) and then explain
the construction of the geometric Lorenz models, which initially where intended
to mimic the behavior of the solutions of the system (2.2), but actually give an
accurate description of this flow. Recall the relation between the Lorenz flow and
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the associated geometrical model, with sensitive dependence on initial conditions
and its historical impact, briefly touched upon in Sect. 2.2.3.

3.3.1 Properties of the Lorenz System of Equations

Here we list analytical properties directly obtained from the Lorenz equations,
which can be found with much more detail in the books of Sparrow [95] and
Guckenheimer-Holmes [97].

Let X : R? — R3 be the flow defined by the equations (2.2).

1. Singularities of X. The origin oo = (0, 0, 0) is a singularity of the field X which
does not depend on the parameters of X. The others are

o1 =(—/b(r — 1), —/b(r —1),r —1) and
oy =(/b(r —1),/b(r —1),r —1).

2. Symmetry of X. The map (x, y, z) = (—x, —y, z) preserves the Lorenz system
of equations, that is, if (x(¢), y(#), z(¢)) is a solution of the system of equations,
then (—x(¢), —y(¢), z(¢)) will also be a solution.

3. Divergence of X. We have

3y (%) 0y (%) 0, (%) —a a 0
DX(x,y,2)=1 0oy () |=|r—z -1 —x
0x(2) 9y(2) 9;(2) y x —b

and hence
divX(x,y,z2)=V-X :trace(DX(x, y,z)) =—(@a+1+b)<0.

This shows the strongly dissipative character of this flow and implies that
the flow contracts volume: if Vj is the initial volume of a subset B of R3
we have by Liouville’s Formula that the volume V (7) of the image X'(B) is
V(t) = Vge~@tb+D! For the parameters in (2.2) we have V (f) = Voe_%l’.
In particular any maximally positively invariant subset under X’ has zero vol-

ume: Leb(Ny~0X’(U)) = 0 for any open subset U of R3.

4. Eigenvalues of the singularities. For the parameters in (2.2) the singularities are,
besides oy,

01 = (=632, —6+/2,27) and or = (6+v/2,6/2,27).
For D X (0p) we have the eigenvalues
A =—11/2++/1201/2~ 11.83;
A =—11/2—/1201/2 ~ —22.83;
A3 =—8/3~ —2.67.
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Fig. 3.16 Local stable and
unstable manifolds near
00, 01 and o7, and the
ellipsoid E

Note that —A» > A1 > —A3 > 0 which corresponds to a Lorenz-like singularity
(Definition 3.2).

For o1 the characteristic polynomial of D X (o7) is of odd degree p(x) = x4+
%lxz + 3%)( +1440 and its derivative p’(x) = 3x% + %x + 33& is strictly positive
for all x € R, and hence there exists a single real root A of p. Since p(0) >
0 > p(—15) the root is negative and simple numerical calculations show that

A& —13.85457791. Factoring p we get

p(x) = (x — A)(x2 — 0.187911244x + 103.9367643)
=x-MNx—-2)(x—3)

and thus z & 0.093955622 4 10.19450522i.
For o, the eigenvalues are the same by the symmetry of X.

Using this we obtain the following Fig. 3.16 of the local invariant manifolds and
thus the local dynamics near the singularities.

5. The trapping ellipsoid. There exists an ellipsoid E into which every positive orbit
of the flow enters eventually. Moreover E is transverse to the flow X. Therefore
the open region V bounded by E is a trapping region for X, thatis, X*(V) C V
for all t > 0.

This is obtained by finding an appropriate Lyapunov function. We follow
Sparrow [254, Appendix C] (see also the original work of Lorenz [139]). Con-
sider

L(x,y,z) =rx>+ay*>+a(z — 2r)°.
Then along solutions of the system (2.2) we have

dL
= —2a(rx® + y> + bz> — 2brz).
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Fig. 3.17 The trapping
bi-torus

Let D be the domain where dL/dt > 0 and let M be the maximum of L in D.
Now define V to be the set of points such that L < M + ¢ for some ¢ > 0
small. Since D C V, for x outside V we have dL/dt = VL - X < —§ <0 where
8 =4(e) > 0 and X is the vector field defined by the equations (2.2). Then after a
finite time the solution of the Lorenz system through x will enter the set V. More-
over for the values (a, r, b) = (10, 28, 8/3) it is routine to check that VL points
to the exterior of V over 0V = E and so all trajectories through E move towards
the interior of V. Once in V any trajectory will remain there forever in the future.

Since V is compact the maximal positively invariant set A = N;~oX*(V) is an
attracting set where trajectories of the flow accumulate when ¢ grows without limit.

In fact numerical simulations show that there exists a subset B homeomorphic to
a bi-torus such that every positive trajectory crosses B transversely and never leaves
it. Hence the open set U bounded by B (see Fig. 3.17) is a better candidate for the
trapping region of the set with interesting limit dynamics for X, since o1 and o, are
isolated points in the w-limit set of X. Hence A = M;~oX*(U) is also an attracting
set and the origin is the only singularity contained in U'.

3.3.1.1 The Evolution of a Regular Orbit Inside the Attracting Basin

Lorenz observed numerically what today is known as sensitive dependence on initial
conditions, see Sect. 2.4. Due to this the actual path of any given orbit is impossible
to calculate for all large values of integration time.

The “butterfly” which appears on computer screens can be explained heuristically
through the analytical properties already determined and by some numerical results.
In fact the set of points whose orbits will draw the butterfly is the complement R3\ N
of the union N = W¥(ogp) U W*¥(01) U W¥(03) of the stable manifolds of the three
singularities. Note that N is a bi-dimensional immersed surface in R? and so has
zero volume.

Figure 3.18 provides a very general view of how the orbit of a generic point in the
trapping region U evolves in time. The trajectory starts spiraling around one of the
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Fig. 3.18 The evolution of a
generic orbit inside U

Fig. 3.19 Another view of
the Lorenz attractor

singularities, o7 say, and suddenly “jumps” to the other singularity and then starts
spiraling around o». This process repeats endlessly. The number of turns around
each singularity is essentially random. The w-limit of a generic orbit is the following
“butterfly” in Fig. 3.19.

3.3.2 The Geometric Model

The work of Lorenz on the famous flow was published in 1963 [139] but more than
10 years passed before new works on the subject appeared. Williams [273] wrote
(in 1977):

... Several years ago Jim Yorke figured out some things about the Lorenz equation and got
other mathematicians interested. He gave some talks on the subject, including one here at
Berkeley. Ruelle, Lanford and Guckenheimer became interested and did some work on these
equations. Unfortunately, except for the preprint of Ruelle, Guckhenheimer’s paper, is the
only thing these four people ever wrote on the subject as far as I know.

Lorenz had already conjectured the existence of a strange attractor according to the
available numerical simulations. The rigorous proof of this fact took many years
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due to the presence of a singularity accumulated by regular orbits of the flow, which
prevents this set from being uniformly hyperbolic—see e.g. Sect. 2.3.

An important breakthrough in the understanding of the dynamics of the solutions
of the Lorenz system of equations was achieved through the introduction of geomet-
ric models independently by Afraimovich, Bykov, Shil’nikov [2—4] in 1977 and by
Guckenheimer, Williams [98] in 1979. These models were based on the properties
suggested by the numerical simulations. In fact they were able to show the existence
of a strange attractor for the geometric model.

This model inspired many others. Today there are different extensions and there
are singular attractors which are not of the “Lorenz type”: neither conjugated nor
equivalent to the Lorenz geometrical model, see e.g. [173].

As explained in Sect. 2.2.3, in 1998 a positive answer to the existence of a strange
attractor in the original Lorenz system of equations was given by Tucker [260] in
his PhD thesis, through the theory of normal forms together with rigorous numerical
algorithms.

3.3.2.1 Construction of the Geometric Model

To present the detailed construction of the geometric Lorenz model we first analyze
the dynamics in a neighborhood of the singularity at the origin, and then we imi-
tate the effect of the pair of saddle singularities in the original Lorenz flow, as in
Fig. 3.16.

Near the Singularity By the Hartman-Grobman Theorem or by the results of
Sternberg [256], in a neighborhood of the origin the Lorenz equations are equivalent
to the linear system (X, y, z) = (A1x, A2y, A3z) through conjugation, thus

X" (x0, 0, 20) = (x0e™!’, yoe™?', zpe™"), (3.3)

where A1 & 11.83, Ay &~ —22.83, A3 = —8/3 and (xo, Yo, 20) € R3 is an arbitrary
initial point near (0, 0, 0).
Consider S ={(x,y, 1) : |x] <1/2,]y] <1/2} and

S™={(x,y,)eS:x <0}, St={(x,y,)eS:x>0} and
S*=S"UST=8\TI, where r={x,y,1)eS:x=0}.

Assume that S a transverse section to the flow so that every trajectory eventu-
ally crosses S in the direction of the negative z axis as in Fig. 3.20. Consider
also ¥ ={(x,y,2) : |x| =1} =X~ U X" with rE = {(x,y,2) : x = £1}. For
each (xg, yo, 1) € S* the time 7 such that X% (xg, yo, 1) € X' is given by t(x9) =
—% log | x|, which depends on xo € $* only and is such that t(xg) — +o0o when
xo — 0. This is one of the reasons many standard numerical algorithms were un-
suited to tackle the Lorenz system of equations. Hence we get (where sgn(x) =
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Fig. 3.20 Behavior near the
origin

x/|x| for x #£ 0 as usual)

) A3

Rata0) [ oA3T0)) — (sgn(xg), yolxol ™1, [xol *1).

X (x0, yo, 1) = (sgn(xo), yoe

Since 0 < —A3 < A <—A2,wehave0<a=—i—? <1 <,3=—i‘—f.LetL:S*—>
X be given by
L(x,y,1)= (sgn(x), ylx|?, |x|°‘). (3.4)

It is easy to see that L(S%) has the shape of a triangle without the vertex (£1, 0, 0).
In fact (1, 0, 0) are cusp points of the boundary of each of these sets.

From now on we denote by X'+ the closure of L(S¥). Clearly each line segment
S* N {x = xp} is taken to another line segment X' N {z = z¢} as sketched in Fig. 3.20.

The Effect of the Saddles To imitate the random turns of a regular orbit around
the origin and obtain a butterfly shape for our flow, as in the original Lorenz flow
(see Figs. 3.19 and 2.2), we proceed as follows.

The sets X% should return to the cross-section S through a flow described by a
suitable composition of a rotation R, an expansion E.g and a translation 7.+. The
rotation is roughly around W¥(o1) and W*(o,). We are assuming that the “trian-
gles” L(ST) are compressed in the y-direction and stretched on the other transverse
direction. This is related to the eigenvalues of o1, o, of the original Lorenz flow as
explained below. We assume that this return map takes line segments X' N {z = z¢}
into line segments S N {x = x}, as sketched in Fig. 3.21.

We recall that the equilibrium at the origin is hyperbolic and so its stable W*(0)
and unstable W*(0) manifolds are well defined (see Chap. 2). We also note that
W*(0) has dimension one, and hence W*(0) \ {0} has two connected components
W**E(p), and W*(0) = W*T(0) U {0} U W*~(0).

The rotation R has axis parallel to the y-direction, which is orthogonal to the x-
direction (the x-direction is parallel to the local branches W**(p)). More precisely,
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Fig. 3.21 R takes X* to § T

if (x,y,z) € 2%, then

0
Ri(x,y,2)=1] 0
+

—_

The expansion occurs only along the x-direction, and so Ejy is given by

600
Etg(x,y,2)=| 010
001

with 27% < 1 and a2'~® > 1. The first condition ensures that the image of the
resulting map is contained in S. The second condition makes a certain one dimen-
sional induced map to be piecewise expanding. This point will be discussed below.

The translations 74 : R3 — R3 are chosen such that the unstable direction start-
ing from the origin is sent to the boundary of S and the images of both X+ are
disjoint. These transformations R, F1g, T take line segments X%+ N {z = zo} into
line segments S N {x = x1} as shown in Fig. 3.21, and so does the composition
TLroEipoRy.

This composition of linear maps describes a vector field in a region outside
[—1, 1]3, in the sense that one can use the above linear maps to define a vector
field X such that the time one map of the associated flow realizes T+ o E1g o R4 as
amap XT — S. Since the explicit choice of the vector field is not important for our
purposes, we will not construct such vector field. We observe that the flow on the
attractor we are constructing will pass through the region between £+ and S in a
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Fig. 3.22 The return map

image P (S*) $

l@>—
—<ﬁ|

relatively small time with respect the linearized region. The linearized regions will
then dominate all estimates of expansion/contraction.

The above construction enables us to describe, for € R, the orbit X’ (x) of each
point x € S: the orbit will start following the linear field until £* and then it will
follow X coming back to S and so on. Let us denote by W = {X'(x),x € X,t ¢ R}
the set where this flow acts. The geometric Lorenz flow is then the couple (W, X7).

A consequence of all this is that every x € S has a positive orbit disjoint from
W*$ (o). Since every point x € W \ {o} has a positive orbit that will eventually
cross S by construction, we see that

WS ()N A={o}. (3.5)
The Poincaré first return map P : §* — S can be defined as

TyoEigoRyoL(x,y,1) forx=>0

P(x’y)z{T_oE_goR_oL(x,y,l) for x <0

The above combined effects imply that the foliation of S given by the lines SN {x =
Xxo} is invariant under the return map, meaning that, for any given leaf y of this
foliation, its image P(y) is contained in a leaf of the same foliation. Hence P must
have the form P(x,y) = (f(x), g(x, y)) for some functions f : I\ {0} - I and
g:(U\{0}) x I — I, where I =[—1/2,1/2].

Taking into account the definition of L from the linearized region we see that

_AG®, ifx <0, . RPN L )
f(x)_{fo(x“), x>0 with f; =(-1)'0-x+b;, i=0,1;

and

_ gl(x“,y-xﬂ), ifx <0
g(x’y)_{go(x“,y‘xﬂ), ifx>0"

where g{|I~ x I — I and go|IT x I — I are suitable affine maps, with I~ =

Properties of the One-Dimensional Map f Now we specify the properties of
the one-dimensional map f that follow from the previous construction:
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(f1) the symmetry of the Lorenz equations implies f(—x) = —f(x);

(f2) f is discontinuous at x = 0 with lateral limits f(07) = —i—% and f(0") = —%,
since P is not defined at I" because I" C W¥(0, 0, 0);

(f3) f is differentiable on I \ {0} and f'(x) > V2

(f4) the lateral limits of f" at x =0 are f/(07) =400 and f/(0") = —oc.

On the other hand g : $* — I is defined in such a way that it contracts the second
coordinate: g;(w) < u < 1forall w € S*. This is suggested by the eigenvalues A, ~
—22.83 of og and A &~ —13.8545 of the saddles oy, 07 (see Sect. 3.3.1). Moreover
the rate of contraction of g on the second coordinate should be much higher than
the expansion rate of f. Figure 3.22 sketches P (S*). In addition the expansion rate
is big enough to obtain a strong mixing property for f (it is locally eventually onto,
see Sect. 3.3.5).

Expression for the Derivative DP We recall that P =Ty o E1g o Ry o L. From
the definition of each of the maps in the composition above we see that: given g =
(x,y) € §* withx >0

DL(x,y, 1)_(ax“1 0 )

Restricting the rotation and the other linear maps to £+ and composing the resulting
matrices we get

(—1)
Oax 0 ) . (3.6)

DP(x,y) = (ﬂyx(ﬂ—a) B
The expression for DP at g = (x, y) with x < 0 is similar.

Properties of the Map g We note that by its definition the map g is piecewise C2.
The above expression (3.6) provides the following bounds on its partial derivatives:

1. For all (x, y) € §* with x > 0, we have 9,g(x, y) =xP. As B> 1, x| <1/2,
there is 0 < A < 1 such that

10,8 < A. (3.7)

The same bound also holds for x < 0.
2. For (x,y) € §* with x # 0, we have d,g(x,y) = Bx#~. As B —a > 0 and
|x] < 1/2, we get |0y g| < 00.

We note that from the first item above there follows the uniform contraction of the
foliation given by the lines S N {x = constant}. The foliation is contracting in the
following sense: there exists a constant C > 0 such that, for any given leaf y of the
foliation and for y;, y; € y, then

dist (P" 1), P”(yg)) < CM'dist(y1, y2) whenn — oo.
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Fig. 3.23 Projection on / T
through the stable leaves and
a sketch of the image of one S
leaf under the return map

f?x) X

Fig. 3.24 The Lorenz map f

-1/2 0 +1/2

Thus the study of the 3-flow can be reduced to the study of a bi-dimensional
map and, moreover, the dynamics of this map can be further reduced to a one-
dimensional map, since the invariant contracting foliation enables us to identify two
points on the same leaf, since their orbits remain forever on the same leaf and the
distance of their images tends to zero under iteration. See Fig. 3.23 for a sketch of
this identification.

The quotient map obtained through this identification will be called the Lorenz
map. Figure 3.24 shows the graph of this one-dimensional transformation.

3.3.3 The Geometric Lorenz Attractor Is a Partially Hyperbolic Set
with Volume Expanding Central Direction

Observe that the time 7 (w) it takes a point w € ¥ to go to S, that is, X' (w) € S
and X' (w) € R3 \ (SUX) for 0 <t < t(w), is bounded by some constant inde-
pendently of the point: #(w) < fo. This ensures that the behavior of the flow on
the maximal positively invariant subset of the trapping region is prescribed by the
behavior from the cross-section S to the cross-sections X, X, as we now explain.
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Figure 3.20 makes it clear that the linear flow (3.3) preserves lines in the direction
of the y-axis when taking points from S to X'. Moreover it is not difficult to check
that its derivative DX' also preserves planes orthogonal to the y-axis.

In addition, by the choice of the flow from X to § and as Fig. 3.21 suggests,
horizontal lines at X, i.e., parallel to the y-axis, are taken to lines parallel to same
axis in S, that is, the flow preserves lines parallel to the y-axis from X to S. Since
the flow from X to S performs rotation and a translation, we can assume that its
derivative also preserves planes orthogonal to the y-axis.

From this we deduce that the following splitting of R*: E = {0} x R x {(0} and
F =R x {0} x R, is preserved by the flows, thatis, DX! -E =FE and DX! -F=F
for all t and every point w in an orbit inside the trapping ellipsoid.

Moreover we can check that for w on the linearized part of the flow, from S to X,
we have for + > 0 such that X!%I(w) is contained in the domain of the linearized
coordinates:

o |DX, | E| =€
o DX |E| =% .m(DX" | F),

where m(DX' | F) is the minimum norm of the linear map. Since A, < 0 we see
that E is uniformly contracting, this being a stable direction. But A; — A3 < 0 and
so the contraction along the direction of F is weaker than the contraction along E.
This kind of splitting E @ F of R is called a partially hyperbolic splitting.

Observe also that since A; + A3 > 0 we have |det DX’ | F| = e®*1123)" and so
the flow expands volume along the F direction.

We will see in Chap. 5 that these properties characterize compact invariant sets
which are robustly transitive.

However we have only checked these properties in the linearized region. But if
the orbit of a point w passes outside the linear region k times from X' to § lasting
$1 + -+ + s from time O to time ¢, then ¢t > s1 + --- + s and for some constant
b > 0 bounding the derivatives of DX’ from 0 to 7y, we have

||DXL] |E|| < ebk+)»2(t—5|—-"—sk) = exp {)th(l _ ﬁ _ u) }’
Aot t
and so the last expression in brackets is bounded. We see that E is (K, Ap)-
contracting for some K > 0.

An entirely analogous reasoning shows that the direction £ dominates F uni-
formly for all # and that DX expands volume along F also uniformly.

Thus the maximal positively invariant set in the trapping ellipsoid is partially
hyperbolic and the flow expands volume along a bi-dimensional invariant direction.

3.3.4 Existence and Robustness of Invariant Stable Foliation

Now we prove, partially following the work of [98], that the geometric Lorenz at-
tractor constructed in the previous subsection is robust, that is, it persists for all
nearby vector fields.
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More precisely: there exists a neighborhood U in R3 containing the attracting set
A such that, for all vector fields ¥ which are C!-close to X, the maximal invariant
subset Ay = N;>oY’(U) in U is still a transitive Y -invariant set.

This is a striking property of these flows since the Lorenz flow exhibits sensi-
tive dependence on initial conditions. The robustness will be a consequence of the
persistence of the invariant contracting foliation on the cross-section S to the flow.

Numerically this is expected since, in spite of the huge integration errors involved
and the various integration algorithms used, the solutions obtained always have a
shape similar to the one in Fig. 3.19, independently of the initial point chosen to
start the integration.

We start by obtaining the persistence of the stable foliation for points in the at-
tractor, then explain why these attractors, although robust, are not structurally stable
in Sect. 3.3.5.3.

We note that C'-robustly transitive attractors in 3-manifolds were completely
described from the geometrical point of view in [174] and the proof of this result is
presented in Chap. 5.

3.3.4.1 Geometric Idea of the Proof

Theorem 3.10 (Persistence of contracting foliation) Let X be the vector field ob-
tained in the construction of the geometric Lorenz model and Fx the invariant con-
tracting foliation of the cross-section S. Then any vector field Y which is sufficiently
Cl-close to X admits an invariant contracting foliation Fy on the cross-section S.

We note that .Zy is a continuous foliation with C! leaves. It can be shown that
the holonomies along the leaves are in fact Holder-C! (see Sect. 2.7.2.4). Moreover,
if we have a strong dissipative condition on the equilibrium o, that is, if 8 > « +
k for some k € Z* (see the definitions of «, 8 as functions of the eigenvalues of
o in (3.4)), it can be shown that .Zy is then a C¥ smooth foliation, and so the
holonomies along its leaves are C* maps. See Remark 3.15 at the end of the proof
of Theorem 3.10. In particular, for strongly dissipative Lorenz attractors with >
o + k the one-dimensional quotient map is C* smooth away from the singularity.

We first present a geometric idea of the proof and then proceed to the details in
the following Sect. 3.3.4.2.

Observe first that the cross-section S remains transverse to any flow C'-close to
X and that the singularities o9, o1, 07 persist with eigenvalues satisfying the same
relations as before since they are hyperbolic. In addition, since W (op) intersects S
transversely, then just by the C! continuous variation of compact parts of the unsta-
ble manifolds of a hyperbolic singularity we have that Wy (oo(Y)) still intersects S
transversely for all ¥ close to X in the C! norm.

Without loss we can assume, after a C! change of coordinates, that the Lorenz-
like singularity oo (Y) remains at the origin and that the eigenvectors of DY (o¢(Y))
have the directions of the coordinate axis as before, with the plane x = 0 containing
the stable manifold of o (Y).
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Fig. 3.25 The field 5} )
Y

O(a)

Fig. 3.26 The field F and
the parallel condition [DP@)] 'F( P(@)

I / F(P(9))
F(q)

~P(q)

Thus for a neighborhood % of X in the C! topology and for each ¥ € % we
can define the Poincaré first return map Py : S* — S as Py = Ry o Ly where Ly :
S* — ¥ is such that Ly (x,y) = (y|x|?, |x|%) with o« = —ﬁg; and B = —ifgi
(note that 8 —a > 1).

On the other hand Ry : ¥ — Sis a C! diffeomorphism which can be expressed
by the composition Ry = Jy o Ry, where Jy is a C! perturbation of the identity and
Ry is the diffeomorphism associated to Xo.

Now let o7 be the space of continuous maps ¢ : Z x S — [—1, +1]. For each
Y € % and ¢ € of wedefine gy : S — [—1,1]by ¢py(q) = (Y, q) forallg € S. We

associate to ¢y a vector field 77;’? 1§ — [—1, 1] x {1} given by n?i(q) =(¢y(q), 1)

which we view as a vector on 7, S = RR?; see Fig. 3.25. Integrating the field 77?; we
get a family of curves which induces a foliation on S; see Fig. 3.26. We must show
that there exists ¢ € o such that n?ﬁ induces an invariant foliation under Py. Before
explaining the proof of this fact we state a necessary and sufficient condition for the
invariance of this foliation.

Let F be a continuous vector field defined on S and P the map defined above.
Integrating F we get a foliation of S. Let ¢ € S* have image P(g) and consider
the vectors F(q) and F(P(q)). Observe that the foliation induced by F is invariant
under P if

DP(q)(F(g)) and F(P(q)) areparallel, or
F(g) and [DP(q)]"'F(P(q)) are parallel.
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On the other hand if we consider the slope of vectors with respect to the vertical
direction (0, 1), two vectors are parallel if, and only if, their slope is the same. For
(a,b) € R* we set slope (a, b) = a/b, and hence to check that the foliation defined
by F is invariant under P amounts to showing that

slope (F(q)) = slope ([DP(q)]_lF(P(q))).

Translating this for n‘f; we obtain the condition

¢y (g) = slope (1 (9)) = slope ([DPr(@)] ™' 0} (Pr (@))-

The last term above depends on ¢, Y and ¢ and, if we define T : &/ — o7 as

T¢n)(@) =slope ([DPy @] "0 (Pr @),

then the condition of invariance becomes T (¢y)(q) = ¢y(q), that is, T (¢) = ¢.

Hence the element ¢ € .7 for which n? induces an invariant foliation on S is a fixed
point of T'. Thus we are left to prove that the operator T has a fixed point.

For this, we first show that 7 is well defined and then that 7 is a contraction in
an appropriate space, which concludes the proof of Theorem 3.10.

3.3.4.2 Proof of Existence of Invariant Stable Foliation

The Poincaré map Py associated to Y € %/ can be written

Py(q) = (fr(@). v (@)

for g € S*. We rewrite T as a function of f and g. First we calculate

I 1 dygy(q) —0yfr(q)
(DPy(q)) =~— with A =det D Py (q).

—oxgy(q) Oxfr(q)

Then it is not difficult to see that the slope of

1 1 dygr(q) —dy fr(q) (bY(PY(Q))
(DPy (@) ' nb(Pr(g) = 5
—0xgr(q) O fr(q) 1

18
[y (Py(g))]10y8y(q) — 3y fr(q)
[y (Py(g))]0x8y(q) + 0x fr(q)

slope ((DPy (@) '} (Pr(@) ) =

Writing ﬁ(Y, q) = (Y, Py(q))we get

(poP)dyg—dyf

TN @ =3 Fa e

Y, q).
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Lemma 3.11 Letag € (0, 1/5) andlet Y be a vector field Cl-close o X. If Py(q) =
P(Y,q)=(f(Y,q),g(Y,q)), then there are positive constants k;, i = 1,2,3, such
that for all g € S*

ag(Y.q) . 19ye(Y.q)l (B—a+1) [0y f(Y.q9)I (B—a+1).
| <a0 Gy <kl > and 5wy < kel ;

2. IDgP(Y, @)l <ks|x|“"VD, and |det D, P(Y, q)| < aglx|FFT*=D;

[0ygl 19y fl |oxg]
3. supse {5251 gy o | det DPI} < ao.

Proof We provide the calculations for x > 0, the other case being analogous. Since
PY = RY o LY we have Dpy(q) = DRy(Ly(q))DLy(q) and

DLy(x,y) = < ol 0 )

Recall that Ry = Jy o Ry and so we have that DRy (Ly(x, y)) can be written as
DJy(Ro(Ly(x,y)))-DRo(Ly(x,y)).Since Jy is close to the identity we may write
Jy(x,y) = (x + €1, y + &2) with (e1, £2) = e(X, y, z) small in the C'-norm. Thus
we have

_(1+0xe1 Oy _(0M
DJY_( deer 14aye ) M4 PRo={,

and so

DRy — o-0ye1 M+ M- 0.1\ &1 M+eg
Y= o+0-0ye2 M-0,¢ “\o+e3 & ’

Finally we multiply the last pair of matrices to get

e1ByxP~ 1+ Max®* ! + gpax*~! g1xP
oByxP1 + e3ByxPl 4+ g4ax? ! oxP + g3xP

:<mf%f>
Ox g ayg '

We may now assume without loss in what follows that ¢ = ¢; since &; — 0 when
Y — X. Hence

(axf ayf) [ [eByx B0 + (M +e)a]x@ D ex?
0xg g ) \ [(0 +&)Byx P + salx@ D (o +e)xf |

DPY(X»)’)=<

Now we may find the stated bounds as follows.
1. When ¢ — 0 we have both

ote — . and ¢ —
eByxB=) (M +e)a Ma eByxB=) + (M + &)a

)
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and hence these quotients are bounded: there are k; and k so that Ilgif“l <
ey x| P+ and [0 < ko [x| Pt D),
On the other hand, again when ¢ — 0 we get

loegl _ (@ +e)ByxP " +ea  opyxPC  op
= %
[0, ] eByxP—2 4+ (M + &) Ma ~2.282Mq

were the bound above follows because 8 —a > 0. Since 0 <o <1 and M > 1
where chosen arbitrarily in the construction, we may assume that, o is very small
and M big enough so that ‘lg‘j’;“ <ay.

2. Itis clear that since 0 <@ < 1 < 8 and
O f Oy f Max@D 0
(3xg dyg ) es0 \oByx@Dgxf )’

the norm of the matrix is dominated by the value of |x |*=1 for x ~ 0, and thus
there exists k3 such that || D, P(Y, )| < k3 |x|%~1. On the other hand

|det Dy P(Y,q)| = 10x fOyg — 8y f0xg| < [9x f1|8yg] + 10y f10x 8]

<rlxPret oy |xPremt < gy et

where the existence of ri,r; > 0 as above is a consequence of both |3, f] -
1y g| —2 MaoxP+e=D and |3, f] - |9, gl —2 0 and also of 8+« > 1. Note
d e—>

that we may assume K < ag by setting Mo small (that is, we assume that the
volume is contracted).

3. Finally for the quotients of the entries of D Py note that we can again use the
bounds already obtained and then get smaller than ag by taking o close to 0 and
M big enough.

The proof is complete. g

Proposition 3.12 Let T be defined as before depending on f and g. Then

1. T() C A, thatis, T : o — < is well defined,
2. T: o — 4 is a contraction.

Proof First we show that T (¢) is continuous for ¢ € o7, and |T (¢)| < 1, which
would prove the first item of the statement. According to the definition of 7' we
have

> o 9y8 oy f
(¢ 0 P)dyg — dy f] (@0 P)g7 — 57!
IT@)Y,q) = Sy, q) = L2 (v,q)

|0x f — (@ 0 P)dyg| 11— (o P) ok

dyg dy f

S| | 22 B—a+1 B—a+1
et eyl o R e
h — & - 1—a -

=154 0
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Thus |T (¢)(Y, g)| — 0if |x| — 0, which shows that T (¢) is continuous at 0. Then
T (¢) is continuous since the expression is continuous away from x = 0. Moreover

25|+ 125 2
T, q) <22 v ) < <1,
1— |38 —ao

1—a

by Lemma 3.11(3) and because ag € (0, 1/5) implies 2“00 < 1/2.
Now the contraction is easy, since for ¢, ¢, € o7 and for fixed (Y,q) € Z x S

|det DP(q)| - |10 P —¢po P

IT(¢1) — T(P2)| = = =
[0x f — (@10 P)Oxgl - 10x [ — (¢2 0 P)dxg|
< —C1g1 ol
S A a2 1 %
and again (17“# < 1/2, as long as % is taken small enough around X so that
Lemma 3.11 remains valid. O

We have shown that there exists a unique fixed point for 7 on <7 as we wanted
and so we have an invariant foliation on S.

3.3.4.3 Differentiability of the Foliation

Now we prove that the fixed point ¢ (Y, ¢) depends on Y, ¢ continuously on the C'
topology. We do this by showing that D¢y depends continuously on (Y, ¢) and that
the operator T is also a contraction on the C! norm.

Again using the definition of T at a point (Y, g) we obtain the following expres-
sion

D[(poP)dyg—dyf]  (poPloyg—0dyf
dcf — (¢ o P)ig (9. f — (¢ 0 P)dyg)
= Vi(¢) + T($)Va(9) + N(@)Dp(P(X, q)),

DT (¢) =

S+ D[ f — (¢ 0 Pisg]

where we have used

¢>oﬁ 1
Vi(¢) = . Didyg — Do, f;
) = T 6o D T — o P
Vo () = ¢oP D, f — ! Do, g
e —@oPang T T f— (o Py Y
N (o) = det DP(X, q)

(0. f — (9o P)o,g)*
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Now define the space 7] of continuous maps A : % x § — Z(Z x R2,R) such
that

11
sup [A(X,¢q)| <1 and A(X,(0,y)=0 forallye|:——,—:|.
) 22

Consider the operator T:o x a9 — %7 x /) such that for ¢ € C' we have
T (¢, D¢) = (T(p), DT (¢)), defined as T (¢, A) = (T$, S(¢, A)) where S(¢, A)
is given by

S(p. A)(Y.q) = [Vi(§) — T($)Va() + N(¢)(Ao P)- DP](Y.q).

Here Vi(¢), Va(¢) and N(¢) were defined previously during the calculation of
DT (¢).

Again we need to show that T is well defined and a contraction.

Lemma 3.13 Take Y C'-close to X such that the estimates of Lemma 3.11 are
valid. If Py(q) = P(Y,q) = (f(Y,q),g(Y,q)) then there are positive constants
ki =4, ...,8 such that for all g € §*

Dy —a |Ddy _
L. “ax—fl’l’lskﬂxlﬁ “,lf)Tﬁlikslxl L
Doy — Dy —_
2. ) <kl 1) < |
detD, P| | 55, =
3. LS IDP < kslxIP, IN@)] - IDP| < 1/2;
[Ddyg| |Ddyf|
4. supg: { BT T } < ao.

Proof Using Lemma 3.11, since 9, f —0> Max?1 we see there are K, K, satis-
E—>
fying
Kilx]*7" < [0, f] < Kalx|*7". (3.8)

On the other hand, taking derivatives we see that

0x (3y8) = xBoxe + (o + £)xP log(B)dx B
Ox(dyg) = dyex” + (o +£)BxP !
3y (dyg) = dexP.

Then |Ddyg| < K3|x|P~! and by (3.8) we see there exists k4 such that llDaf"fﬁ‘

k4|x|ﬂ_°‘. Analogously we may estimate the derivatives 0y (9xg), 8%, 0y(3xg) ob-
taining

<

ox ()| < K|x|7", [0F7gl < K|x|*72, [9,(0cg)| < K|x|P™!
and thus |Dd,g| < K |x|*~2. Then by (3.8) we get k5 so that ||[,;f?‘(’|’| < ks|x|~!. This

proves the first item of the statement.
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Again analogously we obtain |Dd, f| < K|x|#~! and by (3.8) also %

ke|x|P~* for a constant kg.
From the explicit expression of 3, f we get |dx (9, f)| < K|x|*~! and also

3 (3 f) = ByxP e +eB(B — DyxP 2 +ax® e + a(M + &) (a — Hx* 2

implying that |9, (dx f)| < K|x|*~2. We also have
dy(0x f) = ﬂyxﬁ_lays +epxP 1 4 axo‘_lays

which implies that 3, (3, f) < K|x|[#~!, and so |Dd, f| < K|x|*~? showing the

existence of k7 such that D a)}f ‘ < k7|x|™", and proving the second item of the state-
ment.

Now recall the definition of N(¢) and use Lemma 3.11 to deduce that

~ |det D, P| ~
IN(@)IIDP|= = 5|DP]
(Ox f — (¢ o P)ocg)
a0|x|ﬂ+a—1 D | . |ﬁ a0
TSP - (1 )2 = 261 —ag)?
which concludes the proof of the third item since 8 > 1. 0

Now using the estimates of Lemmas 3.11 and 3.13 we can prove the following.

Proposition 3.14 The map S : &/ x o) — | is well defined, continuous and
S(p, ) : G — ) is a contraction whose contraction rate is independent of ¢.

Note that this shows that for every derivable ¢ € 7 there exits A € .27] such that
S, A)=A

Proof We can estimate

¢ 0 P 1
Vi)l < . |Ddygl + | Dd, /]
0 f —(@oP)axgl 7 |ouf —(@oP)degl
|3 f17 |8 f17
( faxg ADaygl+ () pay 1
- |25 1|25
1 -1 -1 B—a
< oo (1917 1Dasg1 + 10, £ 1D0y £1) < K

and

1T (¢)Va(g)] < K |x|P~oH!

1 {|Daxg|+|Daxf|}
I —aop | |0xf] 05 1
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< K|xlPH x| ™ < Kx )P

and also

-~ 1 ~
IN(@)|-|(AoP)-DP| < mldethPl “|Al-IDP|- [0, 17> < K|x/|”.

Therefore we arrive at
1S(, A)] < [VI(@)| + T @) - 1Va(p)| + IN(@®)| - |(Ao PYDP| < K |x|P~.

Since 8 — o > 0 we see that S is continuous at x = 0. Moreover

2

a0 d |T@Va(@) < —2
1—q M4 T@OVDI<7— =5

Vi(@)| <

2
and for ag € (0, 1/5) we get (1:1# < 1/2,and so [S(¢, A)| <1 and thus S is well
defined.
Finally taking A1, A> € o7 and fixing ¢ € &7 we get

S(p. A1) — S(¢. A2) =N(¢) - [Ajo P — Ayo P]-DP
and hence
~ 1
|S(¢, A1) — S(¢, A2)| < IN(P)| - |A1 — A2| - [DP| < §|A1 — Az|
and we conclude that S(¢, -) is a contraction as stated. (Il

Remark 3.15 If we know that § > o + y for some y > 1, it can be shown (following
the above techniques adapted from [110]) that S is not only continuous but differen-
tiable, and so the contracting foliation %y is in fact smooth, i.e., it can be linearized
by C! charts. In fact, if y >k for some k € Z*, then Fy isa C k foliation.

This shows that T has a fixed point (¢, Ag) where ¢ is a fixed point of T.

Clearly (¢o, Ag) is a global attractor inside 2/ x 7. In particular, by taking ¢ of
class C! we obtain

T"(¢. D) = (1" (). D(T"($))) ——> (d0. D).

Then Ag = D¢g and hence ¢y is continuously differentiable.

3.3.5 Robustness of the Geometric Lorenz Attractors

Here we conclude the proof that the geometric Lorenz attractor is a robustly transi-
tive attractor and show that it is not structurally stable. Here we drop condition (f1)
on the symmetry of the one-dimensional map f.
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3.3.5.1 Robust Properties of the One-Dimensional Map f

We start by showing that the properties of the one-dimensional map f are robust for
small C! perturbations of X.

Indeed, note that since the stable foliation is robust, we can define the one-
dimensional map fy as the quotient map of the corresponding Poincaré map Py
over the leaves of the foliation .Zy, for all flows Y close to X in the C! topology.

Moreover since the leaves of .Zy are C! close to those of .Z it follows that fr
is C! close to f and thus there exists ¢ € [—1/2, 1/2] which play for fy the same
role of 0, so that properties (f2)—(f4) from Sect. 3.3.2.1 are still valid for fy on a
subinterval [—b, b] for some 0 < b < 1/2 close to 1/2.

This implies that every fy is locally eventually onto for all Y close to X, that is,
for any interval J C (—b, b) there exists an iterate n > 1 such that fy (J) = (—b, b).

Lemma 3.16 Let f:[—1/2,1/2]\ {0} = [—1/2, 1/2] be given satisfying the prop-
erties (f2)—(f4) in Sect. 3.3.2.1. Then f is locally eventually onto: for any open inter-
val J not containing 0 there exists n such that f" | J is a diffeomorphism between
J and one of the intervals (—1/2,0) or (0, 1/2) (and the next iterate covers the

interval (f(—1/2), £(1/2))).

This implies in particular that the maps fy are (robustly) transitive and periodic
points are dense. Moreover this also implies that the pre-orbit set U,>o f " {x} is
dense for every x # 0.

Proof Let Jo C (—1/2,1/2) be an open interval with 0 ¢ Jy and let n = inf | f'| >
V2.

Since 0 & Jp then f(Jo) is such that €(f(Jp)) = n€(Jy), where £(-) denotes
length, and f(Jop) is connected.

1. If0 & f(Jo), set Ji = f*(Jo) and then £(Jy) > n*€(Jo).
2. If 0 € f(Jo), then f%(Jo) =1~ UIT, where It is the biggest connected com-
ponent. Thus

2 2
(= WEED
2 2
Now replace Jo by I in case (2) or by J; in case (1). Since min{», n%/2} > 1 we
obtain after finitely many steps one of the intervals (—1/2, 0) or (0, 1/2). One more
iterate then covers the interval (f(—1/2), f(1/2)).
This concludes the proof. ]

3.3.5.2 Transitivity and Denseness of Periodic Orbits

We deduce these features from a stronger property: we show that the geometric
Lorenz attractor is a homoclinic class (see Sect. 2.5.4).
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Proposition 3.17 There exists a periodic orbit Ox (p) in the geometric Lorenz at-
tractor A such that A = Hx (p) = W (p) h W (p).

We prove this in Sect. 3.3.6. Observe that every periodic orbit O(p) in A must
be hyperbolic since

o the uniformly contracting foliation obtained in Sect. 3.3.4 provides a uniformly
contracting direction and a stable manifold for &'(p): if % (p) is the leaf of .#
through p = 6 (p) N S, then

o) =X "(Zp):;

t>0

e the expansion of the one-dimensional projection map f (property (f3) from
Sect. 3.3.2.1) ensures that there exists a forward D P-invariant expanding cone
field around the horizontal direction, which in turn ensures the existence of a
D P-invariant expanding direction at p.

Following the Birkhoff-Smale Theorem 2.17, Proposition 3.17 implies that the
geometric Lorenz attractor A has a dense orbit and a dense subset of periodic orbits.

Since the arguments we use to prove Proposition 3.17 depend only on the prop-
erties of f and these properties are robust, we conclude that the geometric Lorenz
attractors are robustly transitive.

3.3.5.3 The Geometric Lorenz Models are not Structurally Stable

The dynamics of two nearby geometric Lorenz models are in general not topologi-
cally equivalent. In fact Guckenheimer and Williams [98, 274] show that the conju-
gacy classes are completely described by two parameters: the kneading sequences
of the two singular values

f0H) = lirg+f(x) and f(07) = 1ingff(X)

with respect to the singular point O—a pair of one-dimensional Lorenz-like maps
are conjugate if, and only if, they have the same pair of kneading sequences and,
moreover, the corresponding flows are topologically equivalent if, and only if, the
one-dimensional maps are conjugated (recall that we have dropped condition (f1)).

The kneading sequence of x* = f(0%) with respect to 0 is a sequence defined
by

;. forn >0,

_[0if f1(xt) <0
"7 ] 1 otherwise

and analogously we define the kneading sequence (), >0 for x~.
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Itis easy to see that if two nearby geometric Lorenz flows are topologically conju-
gated (see Sect. 2 for definitions and basic properties) then the kneading sequences
must be equal, since the equivalence relation preserves the orbit structure and in
particular preserves also the first return iterates to the cross-section S.

Now given a geometric Lorenz flow X with corresponding kneading sequences
(an)n>0 and (bp)n>0, we can through a small perturbation find a C I close vector
field Y whose corresponding one-dimensional map has kneading sequences (a,),>0
and (b},),>0 distinct from the pair (a,),>0 and (b,)n>0.

Indeed, if one of the orbits of xT is dense in (—1, 1), then one of its iterates
is arbitrarily close to 0. Thus a small perturbation of the map will flip one of the
elements of the kneading sequence from O to 1 or vice versa. Otherwise there exists
¢ > 0 such that the orbits of x* do not enter (—¢, €). As we have already proved,
the one-dimensional map f is locally eventually onto and in particular topologically
transitive. Hence there exists a point 0 < y <8 < & with 0 < f(y) —x* < § whose
orbit is dense. Let n > 0 be the smallest integer such that | /" (y)| < 8. Consider f a
small perturbation of f such that

° f satisfies all the properties (f2) through (f4);
o fI[-1,11\(0,8) = f;
o f(0T)=y.

Then f*(f(01)) = fk(y) for k=0,...,n and so f"(y) € (=38, 8). Now we can
perturb f so that f”(y) changes sign and this would change one of the kneading
sequences of f. Since § can be taken arbitrarily small, then we obtain a very small
perturbation of f whose kneading sequences are distinct. Since we can build a geo-
metric Lorenz flow from f and from any of its small perturbations, we have shown
that we can always find a nearby geometric Lorenz flow Y not topologically conju-
gated to the given X.

3.3.6 The Geometric Lorenz Attractor Is a Homoclinic Class

Here we prove Proposition 3.17 following Bautista [35].

Observe first that the geometric Lorenz attractor A must contain a hyperbolic
periodic orbit. Indeed since the associated Lorenz transformation f is locally even-
tually onto, the periodic orbits of f are dense. Let x, ..., x; be a periodic orbit
of f. Then the leaves £y, ..., £, of % in S which project onto these points form
a invariant set under the map P. Since P preserves the leaves of the foliation .%
and is a contraction along .%, then P* must send each £; into itself with a uniform
contraction rate. Hence there exists a point p; which is fixed by P* on each leaf ¢;,
i.e., po, ..., pk is a periodic orbit of P.

The definition of P shows that the orbit of pg by the flow X is periodic and
Ox(po) NS ={po, ..., px}-

As already observed every periodic orbit in A must be hyperbolic of saddle-type:
the expanding and contracting directions can be easily read from the discussion
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in Sect. 3.3.3. Hence the unstable manifold of p is a disk transverse to S which
intersects S in a one-dimensional manifold. The connected component of W*(p)N S
which contains p is then a small line transverse to the foliation .7 .

Now observe that since A is an attracting set, thatis, A = M~ X*(U), where U is
the trapping ellipsoid, then the unstable manifold W*(p) of the orbit of p = py must
be contained in A. Indeed if z € W"*(p) then dist(X ' (z), X ' (p)) PG 0 and

hence X~!(z) € U for big ¢t > 0, and thus z € X’ (U). This shows that W*¥(p) C A
and since A is X-invariant we also get W*(p) C A.

The definition of homoclinic class and the fact that A is closed imply that
Hx(p) C A. For the converse we need a stronger fact.

Lemma 3.18 If A is the geometric Lorenz attractor and p € A is the point of some
periodic orbit, then A = W4 (p).

Proof Let w € A\ {0} be given. Then there exists ¢ > 0 such that y = X’(w) € S.
Let £ = % (y) be the corresponding leaf of .# through y. Then ¢ is not the leaf
S\ §*. Therefore it projects to a point x € (—1/2,0) U (0, 1/2). Since the pre-orbit
set of every point is dense (because f is locally eventually onto), by definition of f
this implies that A NS = ANU,>oP L.

Hence we have P~"¢N W (p) # @ for some n > 0. But this means that W*(y) N
W"(p) # @ and so w, y € W¥(p). Thus A\ {o} C W¥(p). O

Finally to prove that A C Hx(p) it is enough to show that W*(p) C Hx(p).
Every point w € W"(p) admits ¢ < 0 such that g = X’ (w) € S. Take a small neigh-
borhood J of g in W*(p) N S, which is a small line transverse to .% .

Let [ be the leaf of .% containing p and let I be the interval inside (—1/2, 1/2)
corresponding to J by the projection S — §/% = (—1/2,1/2). Recall that | C
WS (p) N S. Write x for the point corresponding to p under this projection.

Again by Lemma 3.16 there exists n > 0 such that f~"{x} N I # #. This means
that J th P~"(l) # @, and hence in J there exists a point of the homoclinic class of
p. Since J can be taken arbitrarily small near g, we conclude that g € Hx (p). This
concludes the proof that A = Hy (p).






Chapter 4
Robustness on the Whole Ambient Space

Here we prove that every robustly transitive vector field X in a 3-manifold is an
Anosov vector field, i.e., a robustly transitive vector field X is globally hyperbolic.
This was first obtained by Doering in [79] and this result is a precursor of the more
general results on robustly transitive sets of Chap. 5. In fact we prove an extended
version for homogeneous vector fields in compact manifolds of any finite dimen-
sion.

The reader should recall Definition 2.32 of homogeneous flow from Sect. 2.6.2.
We say that a vector field X is robustly transitive if there exists a neighborhood % of
X in X' (M) such that, for all ¥ € %, the associated flow Y’ is transitive, i.e., there

exits a point x € M whose past and future orbits are dense: 0 (x) =M = ot (x).

Theorem 4.1 Ler X € X' (M) be a robustly transitive homogeneous flow on a n-
manifold M. Then X is Anosov.

We follow Doering from [79] and Vivier from [268]. We use mainly Theo-
rem 2.33 to obtain a dominated splitting for the Linear Poincaré Flow on regular
orbits, and a simple growth estimate near linearized saddle equilibria to show that
equilibria cannot be in the interior of the non-wandering set of X.

Theorem 4.2 Let X € X' (M) be a homogeneous flow on an open subset U of M
and assume that

Ax(U) =) X"(U)
teR
is both connected and a subset of 2(X). Then
1. there exists a dominated splitting for the Linear Poincaré Flow on Ax(U)* :=

Ax(U)\ S(X);
2. there are no hyperbolic linearizable equilibria in the interior of Ax(U).

In particular, if U = M, then there are no equilibria in M.
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We stress that the connectedness and non-wandering conditions on Ax(U) are
easy consequences if Ax (U) is transitive.

Here we say that a equilibrium o of a C! vector field X is linearizable if the
local dynamics of the flow X' near o is conjugated to the dynamics of DX’ (o) on
a neighborhood of 0 € T, M by a C! change of coordinates. According to Stern-
berg [256] this is true depending on certain non-resonance relations between the
eigenvalues of DX (o) which amount to conditions satisfied by a dense subset of
the family X!(M) of all C! vector fields on M.

Having established this, we deduce that, for a robustly transitive vector field in a
3-manifold, every C! close vector field ¥ has no equilibria in M and has a globally
defined Linear Poincaré Flow with a dominated splitting. Indeed, we just observe
that a robustly transitive vector field in the whole of M is necessarily homogeneous,
if M is a 3-manifold.

In dimension 3 this is enough to deduce that X is globally hyperbolic: we apply
the Ergodic Closing Lemma (Theorem 2.23) for this.

Theorem 4.3 Ler X € X' (M) be a robustly transitive flow on a 3-manifold M . Then
X is Anosov.

Vivier in [268] shows that robustly transitive flows on the whole n-dimensional
compact boundaryless manifold M must have a dominated splitting for the Linear
Poincaré Flow and have no singularities. This is proved showing that, in the ab-
sence of dominated splitting for the Linear Poincaré Flow, we can find arbitrarily
close vector fields having periodic sinks or sources, contradicting the robust transi-
tivity assumption. However, robust transitivity is not enough to deduce global hy-
perbolicity in dimensions higher than three, since domination of the Linear Poincaré
Flow is compatible with certain bifurcations of periodic orbits and, thus, with non-
hyperbolicity. Using the stronger condition of homogeneity together with transitiv-
ity enables us to use the same three-dimensional arguments to deduce global hyper-
bolicity.

The dominated splitting for the Linear Poincaré Flow of a homogeneous vector
field in some subset U of M, whose maximal invariant subset is connected and non-
wandering, is given by Theorem 2.33, whose proof we present in Sect. 4.2. This
proves the first conclusion of Theorem 4.2. Assuming this we deduce the second
conclusion in what follows.

4.1 No Equilibria Surrounded by Regular Orbits
with Dominated Splitting

Now we explain why the existence of dominated splitting for the Linear Poincaré
Flow implies the absence of equilibria in the interior of Ax (U).

Let us assume then that the Linear Poincaré Flow of X on Ax(U)* admits a
dominated splitting, that is, there are constants K, A > 0 such that the normal bundle
N, decomposes over x € Ax(U)* into N&* @ N satistying

|PYI N < Ke ™ m(P'|N), forallt>0.
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Arguing by contradiction, we assume also that there exists an equilibrium o in the
interior of Ax(U)* which is hyperbolic of saddle-type and the local dynamics of X
near o is smoothly linearizable of class C'.

These conditions are valid on a dense subset of all C! vector fields (see e.g.
[256]) so that, if the flow is homogeneous on the whole M and we prove that no
such equilibria can exist in the interior of M then, for any other type of equilibria o
for a robustly transitive vector field, we obtain some equilibria oy of an arbitrarily
C! close vector field Y in the previous conditions. Hence it is enough to argue with
hyperbolic linearizable equilibria ¢ in the interior of M to prove Theorem 4.3.

Now we consider the vector subspace E of T; M spanned by the eigenspace
E** corresponding to the most contracting eigenvalue and by the eigenspace E**
corresponding to the most expanding eigenvalue of A := DX (o), and we show that
in this subspace the domination condition on the splitting of the Linear Poincaré
Flow leads to a contradiction. We write Ay := DX (o) | E®S and A, := DX (0) |
E"" in what follows.

The assumption that o belongs to the interior of the Ax(U) ensures that we can
find regular points of Ax(U) arbitrarily close to o and so, by the linearization of
the dynamics of X on a neighborhood W of ¢ and choosing a convenient linear
rescaling of coordinates in £ and a convenient inner product in £, we can assume
that:

o £ =FE% x E"" with ey, ..., e; an orthonormal base of E*¥ and f;,...,f, an
orthonormal base of E** which together form an orthonormal base of E;

e the vector field is given by g € W +— A(g) € E and the corresponding flow is
X'(q) = e*q so that DX'(g) is the linear map Ae?’ : E — E;

e there are 1,0 > 0 and K > 1 so that for g € W and for all # € R such that e’ €
W we have

— K7 te M |v|| < ledv| = [le'v| < Ke ™ ||v]|, for v € T, E parallel to E**;
and
— K7 teo!|w|| < leAw| = [le?!w|| < Ke®!||w]|, for w € T, E parallel to E**;

e every point in the set e; x (B \ {0}), where B = B(0, §) is a small ball around the
origin 0 in E"*, corresponds to some regular point in Ax (U).

We note that e; x B is a disk transversal to the flow and also that the dominated
splitting (Ng* @ Ng") N E of E induced by the splitting of the Linear Poincaré Flow
for g € E** \ {0} is given by N* = E** N Ny and Ng* = E"". Indeed, this splitting
is clearly dominated and by the uniqueness property discussed in Sect. 2.6.2 it must
be the P’ invariant and dominated splitting of N, .

We let u € B \ {0} be fixed with [Ju|| = e~ for a big T > 0, and we define an
initial point ¢ := (e1, u) € e; x (B \ {0}) and consider its forward orbit g, := e4'g =
(e“s'eq, eAu'u) for t > 0 until the time 7y > O such that ||e4«0u|| = 1. We note that
by the assumptions above on the linearized flow we have

log K log K
1 < Ke®Ouf = Ke®© T, thusty> T — -2 — T<1 - OgT ) 4.1)
o o

In this setting, (1) := || A, e u|||| Aye4e; || ~! is the slope of the vector field at ¢,
that is, the tangent of the angle 6; between A(g;) and the subspace E**, see Fig. 4.1.
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Fig. 4.1 The orbit of g under
the linear flow, the vector
field at different points of this
orbit and the relative position
with the image of the vector
w given by the angle 6

We take w € E** with ||w| = 1. The image w under the derivative of the flow map
is given by D(e?")(q)w = A e«'w, for t € R, and so

IP'w| = [[Aye? ' w| cosb; = | Aye™ W[ (1 + ()}~
Now we estimate 7(¢) by

K-l ull _ At ull _ Ke™'|u]

_ x2 (Aot
Ke ™ = ||AjeMster|| = K- le M =K |lulle

K—2 ”u”e()»-‘ro')l —

and then estimate the growth of w using these bounds, as follows:

Keot Keo!

<|P'w| < )
\/1 +K4||u||262()‘+‘7)t \/1 +K—4||u||2€2(k+a)t

4.2)

On the one hand, we note that for ¢ < 1, := 12T we have [[u[le**? <1 and so

ot

P w| > 0<t<t,. 4.3)

Vitkd T T

On the other hand, applying the previous bound (4.2) with 7 > ¢, we get

4wt P lw) Ke? )P wl
/1+ ‘L’(t)2 - \/1 + K_4||ll||262()“+0)t*62()‘+U)(t_t*)

and since ||u|2e2?*+9)% = 1 we obtain

[P (P w)| =

w)” - Ke—}»(t—t*)”th” e—)»(l—t*)
T VKA e 2001 T K3

| P!~ (P IP'w|, ¢>t. (4.4)

Hence from (4.3) P'w grows at a rate ¢ for 0 <t < t,, and then from (4.4) we
see that the Linear Poincaré Flow shrinks P ’*w at a rate A for t, <t < f. More-
over (4.1) shows that g > ¢, if T is big enough, that is, we can make #, and o — 7,
arbitrarily big by letting T grow.
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This contradicts the domination of the splitting N & N of the normal bun-
dle on M \ S(X) because, as explained in Sect. 2.6.2, vectors in the normal bun-
dle in this setting will converge to the direction of the dominating bundle, N,
Hence their growth rate will tend to be at least the minimal growth rate along N,
We have shown that, on the contrary, the growth rate of a certain vector changes
from the maximal growth rate of vectors along an orbit of the flow to the minimum
growth rate along the same orbit, and the pieces of orbit with this behavior can be
made arbitrarily long. This concludes the proof of item 2 and the last statement of
Theorem 4.2.

4.2 Homogeneous Flows and Dominated Splitting
Here we prove the following central result in this book.

Theorem 4.4 Let X € X' (M) be a homogeneous vector field in an open subset U
of M and let us assume that Ax(U)* C §2(X) and that Ax (U)* is connected. Then
there exists an invariant, continuous and dominated splitting N a0y =N S pNH
for the Linear Poincaré Flow P! on A*X(U).

In the particular case of a homogeneous vector field in the whole M we get

Corollary 4.5 Let a homogeneous vector field X € X'(M) on M be given such
that M\ S(X) C 2(X) and M \ S(X) is connected. Then there exists an invariant,
continuous and dominated splitting N Ay =N S @ N for the Linear Poincaré
Flow P" on M \ S(X).

These results follow from Pugh’s Closing Lemma together with two estimates
on the eigenvalues and splittings of periodic orbits with high period for all C! flows
close to X and from Theorems 4.7 and 4.8, presented in Sect. 4.2.1. Some of the
ideas can be traced back to several works of Pliss, for example [203, 204], and also
of Liao [133, 134].

We explain how these theorems imply Theorem 4.4 in Sect. 4.2.2 and prove
Theorems 4.7 and 4.8 in Sects. 4.2.3 and 4.2.4.

4.2.1 Dominated Splitting over the Periodic Orbits

Let Ay (U) be an isolated set of a homogeneous C'! vector field in U. Since every
p € Per(Y) N Ay (U) is hyperbolic of saddle type, we have that the tangent bundle
of M over p can be written as

S Y u
T,M=E,®E) & E),
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where E ; is the eigenspace associated to the contracting eigenvalues of DY'» (p),
E7; is the eigenspace associated to the expanding eigenvalues of DY (p), and we
write ¢, for the (minimal) period of p. We recall from Sect. 2.6.1 that Ef, CN [S, @
E; and E; C N, @ E}f, where N° @ N* is any dominated splitting for the linear
Poincaré Flow over regular orbits.

To obtain a splitting for the Linear Poincaré Flow we start with a splitting for the
tangent bundle over periodic orbits of every nearby flow to X inside U. Let % be a
C! neighborhood of X where all Y € % are homogeneous vector fields.

Definition 4.6 Given Y € % define for any p € Per(Y) N Ay (U) the subspaces
cs,Y . ps,Y Y cu,Y . Y u
Ep = Ep EBEP and Ep = Ep &) Ep.
which give a pair of subbundles over Per(Y) N Ay (U).

From these definitions we will show that NIC,S’Y = Oy (E;S’Y) and N]C,"’Y =
ﬁy(Ef,”’Y) is a splitting of N, at every p € Per(Y) N Ay (U) and that the splitting
is dominated.

The following result establishes, first, that the periodic points are uniformly hy-
perbolic, i.e., the periodic points are of saddle-type and the Lyapunov exponents are
uniformly bounded away from zero. Secondly, the angle between the stable and the
unstable eigenspaces at periodic points are uniformly bounded away from zero.

Theorem 4.7 There are a neighborhood V' C % of X and constants 0 < X < 1 and
¢ > 0, such that, for every Y € ¥, if p € Per(Y) N Ay(U) and t, is the period of p
then

1. (a) ||IDY'»| Ell < AP (uniform contraction on the period)
(b)y ||IDY"r| Ejll < AP (uniform expansion on the period).
2. Z(N;S’Y, N;"’Y) > ¢ (angle uniformly bounded away from zero).

The proof of this result, presented in Sect. 4.2.3, is an argument of perturbation:
if the conclusions fail, then we can, by an arbitrarily small C! perturbation of the
flow, obtain a hyperbolic periodic orbit for the nearby flow which is either a sink or
a source, in the three-dimensional case, or with a different index (dimension of the
unstable subspace) from the original one if the dimension of M is higher than three.
In any case, we contradict the homogeneity assumption.

Before stating the next theorem, we observe that from Theorem 4.7 we have nat-
urally defined over the set of periodic orbits of ¥ € ¥, whose period is big enough,
an invariant splitting N = N;* @ N* for the Linear Poincaré Flow.

We also note that Theorem 4.7 already ensures that the angle between N and
N is uniformly bounded away from zero. Moreover, we also obtain (see Sect. 2.6)

[P NS <A™ and [P |NJ|| =27"
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so that we have dominated splitting at multiples of the period of the periodic orbits
for the Linear Poincaré Flow (P?),cr associated to Y.

This result is to be combined with the following main theorem, first obtained
by Maiié for diffeomorphisms [145] and by Liao [134] for flows, which provides
dominated splitting of the Linear Poincaré Flow over the periodic orbits of flows
whose critical elements are robustly hyperbolic.

Theorem 4.8 Let X € X' (M) be such that on a neighborhood % of X in the C!
topology every critical element of Y € % inside U is hyperbolic (this is known as
a star flow). Then there is a C' neighborhood ¥ of X and numbers », T > 0 such
that, for all Y € V', each p € Per(Y) N Ay(U) with t, > T and every t > T, we
have

IPTINSI <e ™ m(P" | ES).

The proof of this result, presented in Sect. 4.2.4, is again by contradiction via
perturbation. If the conclusion is not true, then after a small C! perturbation we
can find a hyperbolic periodic orbit whose Linear Poincaré Flow has a splitting
into stable and unstable subspaces with an arbitrary small angle, contradicting the
previous Theorem 4.7.

4.2.2 Dominated Splitting over Regular Orbits from the Periodic
Ones

Here we explain how Theorem 4.4 follows from Theorems 4.7 and 4.8.

We induce a dominated splitting over the normal bundle of Ax(U)* using the
dominated splitting over the normal bundle to the orbits of {p € Per(Y) N Ay (U) :
tp > Tp} for flows Y € ¥ near X, provided by Theorem 4.8.

On the one hand, since Ay (U) is an attracting set for every Y close to X in x!,
we can assume without loss of generality that, for all Y € ¥ and x € Per(Y) with
Oy (x) NU # @, we have

Oy(x) C Ay(U). 4.5)

On the other hand, since A = Ax(U) is assumed to be connected, we get that
A(Tp) :=A\{p ePer(X)NU :t, < Ty} is dense in A. (4.6)

Indeed, the family of hyperbolic periodic orbits with period bounded from above in
U forms a set of isolated simple curves in U. Arguing by contradiction, if A(7p) is
not dense in A, then A := A\ A(Tp) # @ is a nonempty open invariant subset of A
in the relative topology and A C A(Tp). Thus A contains some periodic orbit, which
is then a connected simple curve y in the interior of A, thatis, y is a closed and open
subset in A, contradicting the assumption that A is connected. This proves (4.6).
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From property (4.6), to induce an invariant splitting over Ax (U) it is enough to
do so over A(Ty) (the reader can consult [144] and references therein for another
instance of this argument). For this we proceed as follows.

Given X € ¥, let K(X) C A(Tp) be such that X’ (x) ¢ K (X) for all x € K(X) if
t # 0. In other words, K (X) is a set of representatives of the quotient A(7p)/ ~ by
the equivalence relation x ~y <= x € Ox(y). Since we are also assuming that
Ax(U) C £2(X), then we can use the Closing Lemma (Theorem 2.19): for any x €
K (X) and x ¢ S(X) there exist ¥, — X in X! and y, — x such that y, € Per(Y,).
We can assume that Y, € ¥ for all n. In particular, inclusion (4.5) holds for all
Y =Y,, thatis, Oy, (y») C Ay, (U).

Moreover, since the periods of the periodic points in K (X) are larger than T, we
can also assume that the periods of y, are t,, > Tp for all n. Thus the A-dominated
splitting N¢-Y» @ N<Y» over {p € Per(Y,) N Ay, (U)* :t, > Ty}, provided by The-
orem 4.8, is well defined.

. cs, Yk cu,Y"k
Let us take a converging subsequence Ny, ~ = @ Ny, '~ = N,, and define
Ncs X _ lim Ncs Yk Ncu X _ hm NE®s Yk
k—o00 ’ k—oo Yk )

Since N¢¥» @ N*¥» = N is a splitting at y, with angle bounded away from zero
uniformly for all n, then this property is also true for the limit N&% @ N&X.
Moreover dim(Ny> X) = s and dim(NS“%*) = u forall x € K(X) withs +u+1=n
by the homogeneity assumption on the neighborhood 7.
Define the following eigenspaces along X' (x) for r € R:
X . 5, X X u, X
Ny =Px(Ny™%) and Ny = Py(NY 7).
Since for every n the splitting over {p € Per(Y,) N Ay, (U)* : t, > Tp}, is A-
dominated, it follows that the splitting defined above along X orbits of points in
K(X) is also A-dominated. Moreover we also have that NS,

X‘( )
and N Xt ( ) is u-dimensional, for all 1 € R. This provides the desired extension of a
dominated splitting to Ax (U)*.

This concludes the proof of Theorem 4.4, assuming Theorems 4.7 and 4.8.

is s-dimensional

4.2.3 Bounded Angles on the Splitting over Hyperbolic Periodic
Orbits

Here we prove Theorem 4.7. We divide the proof into two parts.

Item 1 of Theorem 4.7 We suppose, by contradiction, that given § > 0 small, there
is ¥ € X% (M) arbitrarily C! close to X, and a periodic orbit y of ¥ with pe-
riod 1y, such that || DY" | ESIl=(1— SHb.

Let A; be the one-parameter family of linear maps

A=(1-28)"-DY'(y), 0<t<t,.
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By construction A; preserves the flow direction and the eigenspaces of DY".
Moreover

0 Arin Ay neo — DY (Y ()]l < —log(1 — ).

Since we can take § as close to 0 as needed, the inequality above together with
Y € C* imply that A, satisfies Frank’s Lemma 2.24. Hence there exists Z € X!,
which is C! near Y, such that y is a periodic point of Z with period ty, and
DZ'(Z'(y)) = A, for 0 <t < t,. By definition of A, we get [|[DZ" | Ejll > 1,
implying that y is a periodic orbit for Z with a different index (dimension of
the stable manifold) from the index for Y, which contradicts the homogeneous
assumption on X. This proves subitem (1a).

A similar argument proves subitem (1b) are we are done with the first item of
Theorem 4.7.

Item 2 of Theorem 4.7 Again, by contradiction, we assume that for every 6 > 0
small there exist Y € ¥°°, which is C! close to X, and p €Per(Y)N Ay(U) such
that Z(N¢*, N;,“) < 6 and t;, > 1/6. The proof follows Maifié [145, Lemma IL.9].
Consider the splitting (N ,C,S)J- ® N’ of Nj, and the (orthogonal) splitting E 1)1( &)
(NI‘,'S)l ® N;* of T, M. The transformation DY'7(p) on T;, M has a matrix which
can be written with respect to this splitting as

1 % *
0A0
OPB

where A : (N5t — (NS)E, P N5 — (N5 and B : N§¥ — N&* are linear
maps with

IA™H I < and [|B] <A"
according to the first item of the theorem, already proved.
Let N;S be givenby {v+ Tv:v e (N;‘Y)L} for a linear map T : (NIC)S)L — Nl‘jx

in the coordinates provided by the chosen splitting. The invariance ensures that
there exists u € (fo )™ such that

AO v
|:PBi|‘|:Tv:|_ Av +Pv+BTv=u+Tu
(N;‘,}S)L N;.r

andsowe get TA=P + BT orT = PA~! + BT A~'. Hence by the first item
ITI<IPA™' [ +2%|T|| and |T|l <2IPA™"

by letting 7, be so big that A%» < 1/2. Then the following can be made arbitrarily
small:

1
—PA Y < ITI ' =0 0.
2|| | < 0()m
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Let us assume that there exist a map C : (N I‘;S)l — NIC,S with small norm so that

the product
AO| |IC|_[A AC |_. I,
PB| |0I|  |PPC+B|

has some eigenvalue with norm 1, where [ is the identity map of the corre-
sponding subspace of the decomposition. We consider a non-negative C? real
function 6 : [0, 7,] — [0, 1] such that §(0) =0, 6(¢,) =1 and |6'(t)| < O for
0 <t <1, (we can take §(r) =1/t so that ' = 1/1, < 0). We now define the
one-parameter family of linear maps

10 0O
A :=10160)C |, 0=<t=1p,
00 1

andset C; := A, - DY!(p)for0 <t < tp. By construction, the transformation C,
preserves the flow direction along the Y-orbit of p. The choice of §(¢) implies
that A, is a small perturbation of the identity map I; : Ty:(,yM — Ty:(,yM for
0 <t <1, and so C; is in the setting of Frank’s Lemma 2.24.

Hence we can find a vector field Z which is C! near Y, and a periodic point
p € Per(Z) N Az(U) such that DZ'(p) = C; = A; - DY'(p), for 0 <t <1,,.
Moreover DZ'» = A,, - DY'?(p) = M. Thus, taking 6 small enough, we get a
C! vector field Z near to Y exhibiting a periodic orbit through p which is not
hyperbolic.

This contradicts the homogeneity condition on X and concludes the proof, under
the assumption that we can find C with very small norm such that M has some
eigenvalue with norm 1.

Now we explain how to find C. We need a vector (x, y) € N, so that

[xi| [x:| Ax+ ACy=x
M = or .
vl Ly Px+(PC+B)y=y

But this is the same as

x=U—-A"TACy=A""1=-D"lcy=—(U-A"H"Cy
—P(I —A™H7ICy+ PCy=( - B)y

andsoy=(I—B) 'PU—UT—-A"H"HCy.Since | —(I—-AH1=—-Aa"11 -
A~H~1 we deduce

—(I =B 'PAT' U —A"HCy=y.
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We can take v such that! |PA~'v||=1and |[v] = |PA~"|~!. We can now define
y=—(—-B)"'Palv.

The fact that || B|| can be made arbitrarily small ensures that we can assume
without loss of generality that ||/ — B|| <2 and so

Iyl =1 —B)'PA | > (1= B) |7 PA ) =1 - B) .

Thus [|ly|~' < |17 — B|| <2.

We can now choose w such that (I — A=) ~™1w = v. Again, since ||A~!|| is very
small, we can assume that ||( — A=) ~!|| > 1/2 and so ||w]| <2|v]|.

Now we choose C such that Cy = w and ||C|| = ||lw]||/lI¥]l-

This implies that [|C|| < 2[[v[l/lly]l < 4|lv|| = 4|PA~!|| = 0(8) which can be
made arbitrarily small by taking 6 small and ¢, big. For this transformation C the
vector y provides a fixed vector for the transformation M, that is, M has an eigen-
value 1, as we wanted to prove.

This concludes the proof of Theorem 4.7.

4.2.4 Dominated Splitting for the Linear Poincaré Flow
Along Regular Orbits

Here we prove Theorem 4.8 following Maiié [145, Lemma I1.3]. For this it is enough
to show that there exist a C! neighborhood # of X and Ty > 0 such that, for every
vector field Y € ¥, if p e Per(Y) N Ay (U) and ¢, > Ty then

To cs | . —Ty cu
[PITN - IIP0 [Ny,

1
NS @)

We prove (4.7) arguing by contradiction. If (4.7) is not true then, for any given T >
0, we can find Y € X! arbitrarily C! close to X and a point y € Per(Y) N Ay (U)
with 7, > T satisfying

_ 1
IPT LN PTG (> 5 4.8)

Under this assumption, we have

1
IPTIN > SIP7T0 | Ny

1 1
-1 _ - To cuy—=1y—=1 _ = To cu
™ =S I INEY T = Sm(PT NG

'For an invertible linear map L and each w with ||[w|| =1 we have ILL"'w| = 1; and if
IL= w| > L] 7" for all |w| =1, then 1 = ||[L~'Lw| > ||[L]|~Y|Lw|| = 1 for some w with
lw|l = 1. Since |[L~1|| > ||L||~! we see that there exists w with ||w|| =1 and ||L~™'w| = || L|~!
and we just have to take v= L 'wand L = PA™.
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and the compactness of the unit ball in finite dimensional vector spaces ensures the
existence of wg € N&%, vy € N;“ such that

1
IPTO(y) - woll > EIIPTO(y) vl (4.9)

We define now a linear map L : N;“ — Ny” such that Lvg = ejwg and | L|| = &,
for a small 1 > 0 to be determined in what follows. Next we set

L= +en»P()-L-(PY| NS,

so that L is the transformation whose graph is the image of the graph of L by Py
after stretching, that is, L represents the “graph transform” of L:

Graph(L) = (1 +£1) P (y) - Graph(L).

Starting with ||L|| small just means that the graph of L is a small perturbation of
N3*. Then L is the result of flowing along the periodic orbit through y by the action
of the Linear Poincaré Flow.

Now we choose go small and a big enough Tj so that, for « = ¢ (N, N;,”) >c
(from Theorem 4.7),

g0, e1(l+enT>442/c and [(1+e)A] <eg.

g1 =
1+«

From Theorem 4.7 we deduce
LI < (14 &) 220 | L) = [(1 + )22 | LI < &1 ||L |

where we have used that t, > Ty and [(1 + 81)2k2]t)‘ < [(1 4+ eA]T <. Since
A is uniform for all periodic orbits in a C! neighborhood of X, we can take Tp
big enough and €1 close enough to zero to achieve this. This shows that the angle
between the graph of L and N ;,” is contracted after a full turn around the orbit, as it
should be since N)‘,'” dominates N;“', see Sect. 2.6.2.

Now we build up a perturbation of the flow along the orbit through y so that the
perturbed flow is arbitrarily C! close to ¥, with a periodic orbit through y having
a hyperbolic splitting for its Linear Poincaré Flow with an arbitrarily small angle
between the contracting and expanding subspace. This provides the contradiction
we need to conclude the argument.

To build the perturbation we need the following linear algebra result.

Lemma 4.9 Let us assume that R" = E @ F with E, F non-trivial subspaces and
let us write «(E, F) := |[H ||~} for the linear operator H : EL — E such that F =
Graph(H) ={u+ Hu :u € E*L). Then

a(E,F)
I+a(E,F)

2. T < %(HT | E\l+ T | Fl), for any linear transformation T of R";

Lol —ull = lvl,ue E,veF;
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3. Given a linear transformation A : F — E and G = Graph(A), there are linear
maps T; : R" — R" satisfying
a 1Tl < gy Al and T | E=0 fori = 1.2;
b. (T1+1)-G=Fand (T, +1)-F=0G.

Proof

1. We can write v € F as w + Hw for some w € E+, and so for u € E we get
lv—ull=llw+Hw—-w)|>|lwll and [v||<|lwl+[Hw|<{+I[HDIw].
vl a(E,F) lvll.

>
I+[H|| = l+a(E,F)
2. For each u € R" we can write u = v + w with v € E and w € F+, and

Hence |[v — ul| > [Jw]| >

[Tul =I1T@+wll =T+ Hv)+T(w—Ho)l
—— ——
F E

ITTFIA+[TAEDIvI T TENwIl + [TH ]l
ITITFEIA+NHEDNul + 0T 1 ENA A+ TH D[l

since |[v|[, |lw]|l < |lu]|. This proves this item because || H || = ¢ (E, F)—1.

3. Let 7 : R* — F be the projection parallel to E,and 71 ;== —A 7w, T, =A - 7.
Clearly T; | E=0 and T; | F = £A. Then item (a) follows from item 2. For
v € F we have

I+T)H)w+Av)=v+Av—A-mrv—A-w-Av=v and
I+T)v=v+A-mv=1v+ Av,
which completes the proof of (b).
Now we define for each 0 < £ < 1 the subspaces
Ge =Graph(¢L)={u+&Lu:uc N;'”}
G =Graph(6L) = {u+&Lu:ue N,
and use Lemma 4.9 to find the maps

T: | NS =0 Sz [N =0
§1% an 10y =
(I +T¢) - Ny = Ge (I+Sg)'GS=N§“’

which satisfy (with @ = ¢(NE*, N;'”))

1 1
AE %nsLn <1~ and

1+«

l4+a 4
||Ss||57||$L||S £1] = &9.
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For 0 <t <t, and t, big enough we consider also the projection 7;* : Nyr(,) —
N )C,‘f o parallel to N )c,’,‘(y) and define the function
e1(t) :=[(1 4+ &))" =111 = 8(1)),

where 6 : [0, 7,] — [0, 1] is a smooth function so that
§=0 forO<tr<[ty,]—2
or0=t=1t] and |8'(1)| <1 forallO<t<rt,.

=1 for[ty]—-1/2<t<t, ;

Now we are ready to define the perturbation of the flow: for each fixed & € [0, 1]
consider the family of maps A; : Ny — Ny:(,y (which can be extended to maps
A; : TyM — Ty: ()M preserving the flow direction) as follows:

A= +81)Se) - (I +er()mf®) - P'(y)- (I + Tp).
It is easy to see that for 0 < ¢ < ¢, and small s the map A, ;A ! equals
I+t +5)Se)- (I +e1(+9)m7) - PP X' (1)) - +e1)m*) ™" (T +81)Se) ™"

Hence, by the previous choices of the maps T, Sz and the functions §(¢), &1(2),
taking & (and so also ¢1) small enough, a straightforward calculation shows that
O (A,_HA,_I) |s=0 equals P} (Y'(y)) + Lo for some linear map Ly whose norm
IILoll = o(&g) tends to zero as gg — 0.

Applying Frank’s Lemma for vector fields we obtain a vector field Z arbitrarily
C! close to Y with a periodic orbit through y with the same period and such that
DZ'(y) = (I, A) : Ef‘ ® Ny — E%‘,(y) @® Nzi(y) for 0 <t <t,, where I is the
derivative of Y’ along the flow direction at Y*(p) = Z'(p).

Now we check the resulting change in the angles between the stable and unstable
direction for the Linear Poincaré Flow. First we show that the stable manifold is
unchanged: by the choice of A; we obtain for each 0 <& <1

1PS I NSV < I+ Se) I + e (ty)ng®) Py (I + o)l

< +e)[PY INSY <[ +enal™ <1

This shows that NyCS’Y C N;S’Z and it is enough to conclude that Ny”’Y = Ny”’z
since, by assumption, we have Y, Z € ¥ so that the orbit of y with respect to Z is
hyperbolic with the same index with respect to Y.

Now we show that the unstable manifold for the transformation Pg is also un-
changed. Indeed, by definition of the perturbation we have &1 (fy) = 0 and

A fy
ve N“Y — 5y €G: — 1 e G —> PZ’(y)'veN}C,”’Y
I+T; Ty 1+8¢

y
PY
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so that P’ - N&Y < N&Y . The fact that N§* and N¢™¥ form a splitting of N,
ensures that we have in fact equality. Moreover the norm of P, el N§”’Y depends
continuously on & and is strictly smaller than 1 for £ = 0 (since in this case P? =
P;’ ). Also the homogeneous assumption on ¥ ensures that this norm is never close
to 1 for all £ € (0, 1]. Therefore Pz_ty | NyC”’Y is a contraction for each 0 <& <1
and so N;”’Z = N;"’Y.

Finally we estimate Z(N;ST’OZ(y), N;“T;fy)) in terms of B := a(N?T’OZ(y), N;”T;fy)).
For this we take & = 1 and the vectors wg € Ny” and vy € N;"“ fixed earlier in (4.9),
and note that

cs,Z

_ pl cu,Z
Zhoy) and vi:=P,°(y)-veEN

_ pl
wi = PZO(y)~wO€N 270 ()"

Since §(Tp) = 0 (we just take #, > Tp) we have
wi=(1+e)®P0(y)-wo and
v =Py) - vo+e1(14+e)P(y) - wo.

We use Lemma 4.9 and the choice of vy, wg in (4.9) to bound

B
ph -l =|lvi —g1wi|| = ——||v
IP0(y) - voll = |lv 11”_1+ﬂ” 1l
> ey (1 + &) TopTo ~woll — | PTo -
1+ﬂ)ll 1( 1) ) - woll = [I1P7°(y) - voll
> LSt en™ 1 1PPG) - vl
“ 14812
which means that
1+8 €1 T 2
— > |—(1 0—1’ <
B _‘2( e <:>'3_81(1+81)T0—4<C

by the choice of Ty and ¢; made earlier.
This contradicts Theorem 4.7 and this contradiction proves Theorem 4.8.

4.3 Uniform Hyperbolicity for the Linear Poincaré Flow

Here we complete the proof of Theorem 4.1. We state the assumptions and the con-
clusion in the following theorem.

Theorem 4.10 Let a vector field X € XY (M) be given with an attracting set Ax(U)
on some isolating neighborhood U C M satisfying

o Ax(U) C 2(X) and

e for every vector field Y in a C' neighborhood ¥ of X the critical elements of Y
within U do not change index, i.e., X is homogeneous in U.
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Then there exists a hyperbolic splitting for the Linear Poincaré Flow of X over every
compact invariant subset I' of Ax(U)* = Ax(U) \ S(X).

From Theorem 2.27 the existence of a hyperbolic splitting for the Linear Poincaré
Flow over a compact invariant set without singularities is equivalent to hyperbolicity
of this invariant subset.

In the above setting, we note in particular that, if there are no singularities in U,
then Ax(U) has a globally defined Linear Poincaré Flow with a hyperbolic split-
ting, that is, Ax(U) is hyperbolic.

The proof is adapted from the work [145] of Mafié adapted to the flow setting.
The main idea is to show that, if the splitting of the Linear Poincaré Flow provided
by Theorem 4.4 is not hyperbolic, then we can see the lack of hyperbolicity on some
periodic orbit for a C! nearby flow, which contradicts Theorems 4.7 and 4.8. This
“transfer of non-hyperbolicity” is provided by the Ergodic Closing Lemma for flows
(Theorem 2.23), which enables us to approximate a full measure subset of points by
periodic orbits for nearby flows.

In Sect. 4.3.1 we first state an abstract result that captures the conditions we use
in our setting. Then in Sect. 4.3.2 we then apply this abstract result twice, for each
subbundle of the dominated decomposition of the Linear Poincaré Flow, to complete
the proof.

4.3.1 Subadditive Functions of the Orbits of a Flow
and Exponential Growth

Let U be an open subset of M such that X*(U) C U for all # > 0 and Ay (U) the
corresponding attracting set for ¥ € 7, where ¥ is a C! neighborhood of X €
X!(M). We say that a family of functions ¢y : R x Ay (U) — R is subadditive if

Oyt +5,x) <py(s, X' (X)) +¢y(t,x), forallt,secR,xeA and Ye¥.

Theorem 4.11 Let ¢y be a family of continuous subadditive functions on the sub-
sets Ay for'Y € ¥ such that for all x € Ay and every Y € ¥

¢y (0, x) =05

Dy (x) =limsup,,_, 4(¢y (h, x)/h) < oo depends continuously on x;
Ax(U) N S(X) is discrete;

D(o) <0 foreach o € Ax(U)N S(X).

1
Moreover ¢y (s,y) depends continuously on (s,y,Y) as follows: if Y, LN X,
n—oo

yn € Ay, (U), s, € R are such that y, —— x € Ax(U) and s, —— t € R, then
n—oo

n—o0

&y, (Sns Yn) —= ox(t, x).
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Let us assume that

1. there exists Ty > 0 and a > 0 such that, for each Y € ¥ and for every periodic
point for Y whose minimal period is bigger than Ty, that is, p € {y € Per(Y) N
Ay (U) : ty = To}, we have

¢Y(tp’ p) = _atpa

where t, is the period of p; and
2. ¢y(tp, p) <O0forall pePer(Y)N Ax(U).

Then for every compact invariant subset I" of Ax(U)

¢x(t,x) <—at forallt >0, everyxe ' andall X € V.

We need some technical observations about subadditive functions before we
prove this result.

4.3.1.1 Differentiability of Subadditive Functions

Lemma 4.12 Let ¢x : R x M — R be a subadditive function for the flow X €
XY(M) satisfying

e $(0,x)=0;

e D(x):=limsup;,_ o(¢(h,x)/h) < o0.

Then 0p¢ (h, x) |n=0= D(x) =limp_0¢p(h,x)/h.

Proof Let us define ws(x) := SUPp<j<s (¢ (n,x)/n) for all x € M. Then we see that
D(x) =lims_,gws(x). We fix x € M and ¢ > 0 and consider 0 < & < ¢ and §,, =
27 "¢, for some big n € N, and obtain

2"—1

¢ (8n, X% (x))
j=0

< ¢(hv-x) — ¢(2’18”,X) < 1

D(x) — Z
) —e=— n —h

2n—1
1 .
< ZO Suws, (X7 (x)).
j:

In this way we are dividing the interval [0, 2] into dyadic subintervals with length

Oy, evaluating the function ws, at these points and making a Riemann sum. We note

that, fixing a point t of the dyadic subdivision of level n, we have w;, (X* (x)) ——
n—oo

D(X"(x)). Therefore

2"—1 h
1 . 1
- § Spws, (X0 (x)) —— —f D(X'(x))dt.
h s n—oo h 0
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Hence we get

hs
<limsup M
h—0+ h

¢ (h, x)
h

D(x) — & <liminf
h—0+

1 h
§limsup—/ D(X'(x))dt = D(x).
h—ot+ h Jo

Since ¢ > 0 was arbitrarily chosen and ¢ (0, x) = 0, we have

hv
D)= fim 2%
h—0+ h
For —¢ < h < 0 we can write
2" -1
oh,x) ¢@2",,x) _ 1 6,
D) +ez— — =" z—qu(an,Xf (x))
j=0
12"—1 )
> ) beos, (X7 (x),
j=0

and the same argument with the reverse inequalities shows that

¢ (h, x)
h

D(x) = lim =P (h, x) |h=0 -
h—0—
The proof is complete. (]

We remark that for all x € M and T > 0 we have on the one hand

S (T +h,x)— (T, x)

0 .
Ed)(t’x) T :hli%lJr h
T )+, XT(x) —p(T,x) T

< lim. ; = gt X @)
On the other hand
2 (T +hx) —$(Tx)
PR —T = h

T _
i QO HIGXTD) ST D
h—s0— h oh h=0

Therefore we deduce the following useful bound

ds. (4.10)
h=0

T a )
) ds=/0 -, X* ()

t=s

T H
¢<T,x>=/0 ~4.0)
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4.3.1.2 Subadditivity and Exponential Bounds

Here we obtain sufficient conditions for linear bounds on a subadditive function.
Then we present a proof of Theorem 4.11.

Lemmad4.13 Let ¢ = ¢px : R x I' — R be a continuous subadditive function, where
I' C Ax(U) is a compact invariant set.

If liminf, oo ¢ (¢, x) = —o0 for all x € I', then there exists Ty > 0 such that
¢ (Ty, x) < —log?2 foreveryx € I'.

Proof For each x € I" there exists ¢, such that ¢ (¢, x) < —log3. Hence for each
x € I' there is a neighborhood B(x) such that for all y € B(x) we have ¢ (¢,,y) <
—log2. Since I" is compact, there are B(x;),i =1,...,n, such that I’ C B(x1) U
-+ U B(xy).

Let Ko = sup{exp(¢(?,y)),y € B(x;),0<t <t,,i=1,...,n}, let jo be such
that 2770 . Ky < 1/2 and fix Ty > jo-sup{ty;,i =1, ..., n}. We claim that Tj satisfies
the statement of the lemma.

Indeed, given y € I we have y € B(x;,) forsome 1 <iy <n.Lett;, ..., t;, ti,
satisfy

o XTI (y) B(xi;,,), 1 < j <k,and
o fiy+ -+t To<ty+ - +ti,.

Observe that k > jo. Then for £; = 1;, +---—|—tl-j,j= 1,...,k+ 1, we have

k
¢(To.y) <P(To— L, X5 () + D (ti,, XU ()

j=1
<log Ko — jolog2 =1log(2 " K() < —log2,

and the proof is complete. U

Lemmad4.14 Let p = ¢px : Rx I' — R be a continuous subadditive function, where
I' C Ax(U) is a compact invariant set.

If there exists Ty > 0 such that ¢ (To, x) < —log?2 for all x € I, then there are
ceRand 0 <A < 1suchthat p(T,x) <c+TlogAforallx e I' and T > 0.

Proof Let K1 = sup{exp(¢(z,x)),0 <t <Ty,x € I'}. Choose 0 < A < 1 such that
1/2 < AT0 and ¢ € R such that log K1 < c+rlogh forall 0 <r < Tp. Then for any
xeland all T >0 we have T =nTy +r withn =[T/Tol =max{ik € Z : k <
T/Tp}and O <r =T —nTy < Ty. Consequently

n—1

$(T,x) < p(r, X"(x) + Y ¢(To, X/ (x))

j=0
<logKj; —nlog2 <c+rlogh+nTylogh <c+ T logh,

concluding the proof. (]
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4.3.1.3 Uniform Linear Bound on All Orbits

Now we are ready to prove Theorem 4.11. Let I' C Ax(U) be a compact invariant
set. From Lemmas 4.13 and 4.14 it is enough to show that liminf;_, o ¢ (¢, x) =
—oo foreachx e I'.

We argue by contradiction and assume that there exists x € I" such that

liminfe(r,x) =L € R.

t——+00

Then there exists s, ——> oo such that
n—o0

lim l(;S(Sn, x)>0. 4.11)

n—00 §,

Let CO(I") be the set of real continuous functions defined on I" with the topology
of uniform convergence, and define the sequence of continuous operators

W, %M >R, el Si/ o (X5 (x)) ds.
0

n

Since in the CY norm this sequence is bounded, ||¥,|| < 1, and the unit ball of the
dual CO(IN)* is weak™*-compact (see any standard reference on Functional Analysis
e.g. [234]), there exists a subsequence of ¥;,, which we still denote by ¥;,, converg-
ing to a continuous map ¥ € C%(I")* in the weak™ topology. Let .# = . (I") be
the space of measures with support on I". By the Riesz Representation Theorem
(see e.g. [233]) there exists a probability measure p € .# such that

/q)du: lim i/sn(p(Xs(x))ds=lI/((p), (4.12)
r 0

n——+00 Sn

for every continuous function ¢ : I’ — R. Note that such u is invariant under the
flow since for all r e R

U(poX)= lim i/Anw(XS'H(x))ds
0

n—-4o00 Sn

- 1 Sp+t t
= fim 2Tf. (/ p(X*(x))ds _/fp(XS(X))dS)=¥’(<p)-
0 0

n—>+00  §, Sp+1

Now we use the fact that D(x) = dp¢ (h, x) |p=0 is continuous by assumption. This
together with (4.10) ensures that

T
/ D(X*(x))ds =¢(T,x), forallT >0, (4.13)
0
and so, by (4.11) and (4.12),

/Dduzo. (4.14)
r
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The Ergodic Theorem now implies that

T—o00

T
fDd/L:/ lim l/ D(X*(x))dsdu(x). (4.15)
r r T Jo

Let X (X) be the set of strongly closed points see Sect. 2.5.8. Since u is X-invariant
and supp(w) C I', the Ergodic Closing Lemma (Theorem 2.23) ensures that p(I" N
SXHUX(X))=1.

We claim that w(I" N X (X)) > 0. For otherwise u(I" N S(X)) = 1 and, since
S(X) is X-invariant and discrete, we would get that u is a finite convex linear com-
bination of point masses in S(X): =7, s(x) 4i8s - But by assumption

Dd,u:/ Ddp = aiD(0) <0
./F S(X) Z l

oeS(X)

contradicting (4.14). This contradiction proves the claim.

The Ergodic Decomposition Theorem (see Sect. 2.7) enables us to assume with-
out loss of generality that p is ergodic. Hence w(I" N X' (X)) = 1. Therefore
by (4.14) and (4.15) there exists y € I" N X' (X) such that

T
lim l/ D(X*(y))ds > 0. (4.16)
T Jo

T—o0

Since y € X (X), there are §, —+> 0,Y, €7, and p, € Per(Y,) N Ay, (U) with
n—+0o0
period f,, such that

Y, — Xl <8, and  sup dist(Y, (pn), X*(¥)) <3,.

0<s<t,

We must have 7, — For otherwise y would be periodic for X and, if #, is its
n—

period, then (4.13) together with (4.16) imply that
1
_¢X(ty7 y) Z O
ly

contradicting the negative bound assumption on periodic orbits of item 2 of Theo-
rem 4.11. We have arrived at a contradiction and so #, grows without bound.

Let y < 0 be arbitrarily small. By (4.16) again, there exists 7, such that for
t > T, we have

[ . 1
;/ D(Xé(y))dS=?¢(l,y)ZV- (4.17)

Since t, —— 2 00, We can assume that t, > T,, for every n. The continuity of the
family ¢y together with (4.17) implies that for n big enough

1
t_¢(tns pn) =y or @y, pn) =Y.
n
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Taking n sufficiently large and y < O sufficiently small, this last inequality contra-
dicts the assumption stated as item 1 in Theorem 4.11.

This contradiction shows that our assumption (4.11) cannot be true and this com-
pletes the proof of Theorem 4.11.

4.3.1.4 Uniform Hyperbolic Splitting for the Linear Poincaré Flow

Here we present the proof of Theorem 4.10. The assumptions imply, by Theo-
rem 4.4, that there exists a dominated splitting for the Linear Poincaré Flow over
Ay (U)*, for every vector field ¥ in some C! neighborhood # of X. Here U is a
trapping region for Ax(U). We can define the family of subadditive functions

py(t,y) :=log|[Py | NV, t€R, ye Ay(U)" Y eV,

We note that this family of functions satisfies all the conditions in the statement of
Theorem 4.11 restricted to non-equilibrium points. Indeed, the Chain Rule together
with the elementary properties of the norm shows that ¢ is subadditive; it is obvious
that ¢y (0, y) = 0 for all y € Ay(U)*; the boundedness of the derivative follows
from the boundedness of Y on a bounded subset of a manifold; there are no equilib-
ria to consider in this setting and the dominated splitting implies the continuity of
the family {¢y}ycy see Theorem 2.33. Theorem 4.7 provides the main assumption
on the behavior of ¢y on periodic orbits in Ay (U)* for Y € 7.

Hence, given a compact invariant subset I" of Ax(U)*, from Theorem 4.11 we
have that there exists ¢ € R and Ay € (0, 1) such that

oy, x) <c+tlogh forallxel,teR,Ye¥

which implies that || Py | NEX| < KAy = Ke ™ forevery x € I" and t € R, where
K =e°>0and A <0 is given by e * = A. Thus N is a uniformly contracted
subbundle of the normal bundle over I".

Analogously, we show that N°*X is a uniformly expanded subbundle of the nor-
mal bundle for X, by reasoning with the family of subadditive functions

Yy (t,y) =logl|(P{ IN{)TN, Ye¥,yel teR

Altogether this shows that X € 7 has a hyperbolic splitting for the Linear Poincaré
Flow over I'. The proof of Theorem 4.10 is complete.

4.3.2 Uniform Hyperbolicity for the Linear Poincaré Flow
on the Whole Manifold

Here we prove Theorem 4.1 using Theorem 4.10.

Let ¥ be a C! neighborhood of X € X!(M) such that every critical element of
Y € ¥ is hyperbolic with the same index (dimension of the stable manifold) and
there exists w such that the closure of {Y’(w) : ¢t > 0} is dense.
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From Theorem 4.2, already proved, with U = M we see that there are no equilib-
ria for ¥ € 7, and there exists a dominated splitting N°¥ @ N“Y for the Linear
Poincaré Flow P} of Y defined on the whole M. From Theorem 4.10 applied with
U = M, we deduce that M admits a hyperbolic splitting for the Linear Poincaré
Flow with respect to the vector field X. Thus, by Theorem 2.27, M is a hyperbolic
set for X, i.e., X is an Anosov flow.

This completes the proof of Theorem 4.1.






Chapter 5
Robust Transitivity and Singular-Hyperbolicity

In the theory of differentiable dynamics for flows, i.e., in the study of the asymptotic
behavior of orbits {X’(x)};er for X € X" (M), r > 1, a fundamental problem is to
understand how the behavior of the tangent map DX controls or determines the
dynamics of the flow X'. Since the 1970s there is a complete description of the
dynamics of a system under the assumption that the tangent map has a hyperbolic
structure.

The spectral decomposition theorem, presented in Sect. 2.3 and first proved in
[252], provides a description of the non-wandering set of a structural stable system
as a finite number of disjoint compact maximal invariant and transitive sets, each of
these pieces being well understood from both the deterministic and from statistical
viewpoints. Moreover such a decomposition persists under small C! perturbations.
This naturally leads to the study of isolated transitive sets that remain transitive for
all nearby systems (robustness).

The Lorenz equations (2.2) provide an example of a robust attractor containing an
equilibrium point at the origin and periodic points accumulating on it. This is a non-
uniformly hyperbolic attractor which cannot be destroyed by any small perturbation
of the parameters. See Sect. 2.2.3 for more on this.

The existence of robust non-hyperbolic attractors for flows was first proved rig-
orously through the study of geometric models for Lorenz attractors, see Sect. 3.3.
In particular, they exhibit in a robust way an attracting transitive set with an equilib-
rium (singularity) whose eigenvalues A;, 1 <i < 3, are real and satisfy Ay < A3 <
0 < —A3 < A1. In the definition of geometrical models, another key requirement
was the existence of an invariant foliation whose leaves are forward contracted by
the flow. These features enable us to extract very complete topological, dynamical
and ergodic information about these geometrical Lorenz models, as explained in
Sect. 3.3. We prove now that these features are present for any robustly transitive
set.

Hence the main properties of the Lorenz attractor and geometric Lorenz models
are consequences of their robust transitivity. Building on this characterization, in
Chap. 7 we elaborate on the ergodic properties of singular-hyperbolic attractors.

V. Aradjo, M.J. Pacifico, Three-Dimensional Flows, Ergebnisse der Mathematik und ihrer 123
Grenzgebiete. 3. Folge / A Series of Modern Surveys in Mathematics 53,
DOI 10.1007/978-3-642-11414-4_5, © Springer-Verlag Berlin Heidelberg 2010
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5.1 Definitions and Statement of Results

Definition 5.1 An isolated set A of a C! vector field X is robustly transitive if it
has an open neighborhood U such that

Ay(U)=[Y'W)

teR

is both transitive and non-trivial (i.e., it is neither a singularity nor a periodic orbit)
for any vector field ¥ C!-close to X.

First we recall the following simpler result for global transitive flows on 3-
manifolds which was first proved by Doering in [79] and whose proof is presented
in Chap. 4.

Theorem 5.2 Assume that A = M is a robustly transitive set (on a three dimen-
sional manifold). Then the flow is Anosov. In particular the flow has no singularities.

In general, when A is a proper subset of M and contains singularities, we have
the following characterization.

Theorem 5.3 A robustly transitive set containing singularities of a flow on a closed
3-manifold is either a proper attractor or a proper repeller.

We present now some examples which help to make the meaning of Theorem 5.3
more precise.

Example 5.4 We recall that an example of an isolated and invariant compact subset
of a three-dimensional vector field, robustly transitive but not an attractor nor a
repeller, is the suspension of a horseshoe for a surface diffeomorphism. In this case
the set has no singularities. This is the case of all transitive hyperbolic isolated
subsets for three-dimensional closed manifolds.

Example 5.5 Theorem 5.3 is false for dimensions bigger than three. Indeed consider
the vector field Y : (z, w) € S* x S' > (X (2), N(w)) in S? x S!, where

e X is the vector field given by the Lorenz equations (2.2) or the vector field ob-
tained after the construction of any geometric Lorenz attractor (see Sect. 3.3.2)
suitably embedded in S3, for example with a hyperbolic unstable equilibrium at
infinity;

e N is the “North-South” vector field on the circle S' = {(x, y) : x>+ y? = 1} given
by —k -V (it | S') where 7 is the projection on the second coordinate and k > 0 is
big enough so that the expansion rate ¢* at the “North” (0, 1) and the contraction
rate e % at the “South” (0, —1) dominate every eventual expansion or contraction
along the directions of TS? x {0}.
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Then Ay = N;-oY"(U x V), which is the maximal invariant subset of U x V with
respect to Y, equals Ay x {(0, 1)} and is transitive, where

e U is anisolating neighborhood of the (geometric) Lorenz attractor for the X-flow;
e V is a small neighborhood of (0, 1) in S!: and
e Ay is the (geometric) Lorenz attractor.

Notice that S* x {(0, 1)} is an invariant and normally hyperbolic compact submani-
fold of S® x S1, see [110]. It follovzs that, for all vector fields Z Cl-close to Y, there
exists an “analytic continuation” M of the submanifold S3 x {(0, 1)} such that

e M is a Z'-invariant, compact and normally hyperbolic submanifold of S* x S';
in particular the length of any smooth curve transverse to M inside U x V is
exponentially expanded by Z’, ¢ > 0.

e MisCl-closeto S x {(0, 1)} as embeddings in S* x S!.

Hence there exists a diffeomorphism ¢ : M — S3, close to the identity, and the re-
striction of the vector field Z to M can be seen as a vector field C'-close to X under
a global change of coordinates extending ¢. Therefore the maximal invariant subset
of U x V for Z is N;=0Z (¢~ (U x V)) C M, which is transitive by the robustness
of the (geometric) Lorenz attractor. In this way we get a robustly transitive set Ay
which is neither an attractor nor a repeller.

Example 5.6 In the setting of boundary-preserving vector fields, on 3-manifolds
with boundary, the singular-horseshoe provides another counter-example (see Re-
mark 3.3) since it is robustly transitive in the space of vector fields preserving the
boundary, but it is not an attractor nor a repeller.

Example 5.7 The converse to Theorem 5.3 is also not true: proper attractors (or
repellers) with singularities are not necessarily robustly transitive, even if their pe-
riodic points and singularities are hyperbolic in a robust way. For examples, see e.g.
Morales and Pujals [171], where we can find the following construction which we
detail here.

In the construction of the geometric Lorenz attractor presented in Sect. 3.3, re-
place the one-dimensional map of Fig. 3.24 with the map represented on the left
hand side of Fig. 5.1. The fixed point p of this map represents a saddle-type hy-
perbolic periodic orbit in the maximal invariant subset of a neighborhood of the
attractor.

However, by an arbitrarily small perturbation of the one-dimensional map, we
can construct a C!-close vector field with a geometric Lorenz attractor whose one-
dimensional quotient map is represented on the right hand side of Fig. 5.1. The hy-
perbolic periodic orbit persists, and the new orbit corresponding to p’ still belongs to
the maximal invariant set of the same neighborhood, but does not belong to the new
attractor corresponding to the maximal invariant subset inside the interval [—1/2, b]
in Fig. 5.1. Hence the original attractor is transitive but not robustly transitive.

This last example prompts for a search for sufficient conditions ensuring robust-
ness of a singular-hyperbolic attractor. We shall say more about this in Chap. 6.
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Fig. 5.1 A non-robustly transitive Lorenz transformation

Theorem 5.3 is obtained from a general result on n-manifolds, n > 3, which
shows that the next conditions are sufficient for an isolated set to be an attracting set:

1. all its periodic points and singularities are hyperbolic, and
2. it robustly contains the unstable manifold either of a periodic point or of an equi-
librium point.

Before giving the proofs let us describe a global consequence of Theorem 5.3
which improves Theorem 5.2 (or Theorem 4.3).

Theorem 5.8 A C! vector field on a 3-manifold having a robustly transitive non-
wandering set is Anosov.

Proof Let X be a C! vector field satisfying the conditions of the statement above,
that is: £2(X) is (an isolated set and) robustly transitive.

If 2(X) has singularities, then £2(X) is either a proper attractor or a proper
repeller of X by Theorem 5.3, which is impossible by Lemma 2.1 from Sect. 2. Then
£2(X) is a robustly transitive set without singularities. By [79, 270] we conclude
that £2(X) is hyperbolic and so X is Axiom A with a unique basic set in its spectral
decomposition. Since Axiom A vector fields always exhibit at least one attractor
and £2(X) is the unique basic set of X, it follows that £2(X) is an attractor. By
Lemma 2.1 again this implies that £2(X) is the whole manifold.

Hence we are in the setting of Theorem 5.2 and we conclude that X is Anosov as
desired. t

Remark 5.9 As observed after the proof of Lemma 2.1 in Sect. 2, the same argument
shows that Theorem 5.8 remains true if one exchanges non-wandering set by limit
set in its statement.

5.1.1 Equilibria of Robust Attractors Are Lorenz-Like

We say that an isolated set A C M is robustly singular for X € X' (M) if there is
a neighborhood U of A in M and a C'-neighborhood % of X in X' (M) such that
Ay (U) contains a singularity for all Y € % .
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Theorem 5.10 Let A be a robustly singular transitive set of X € X' (M). Then, for
eitherY =X or Y = —X, every o € S(Y)N A is Lorenz-like and satisfies W}* (o) N
A={o}.

As a consequence, considering robust attractors, that is, attractors which persist
for all C!-nearby vector fields and remain transitive, we get

Theorem 5.11 Every singularity of a robust attractor on a closed 3-manifold is
Lorenz-like.

5.1.2 Robust Attractors Are Singular-Hyperbolic

A compact invariant set A of X is partially hyperbolic if there are a continuous
invariant tangent bundle decomposition oM = E*, @ E¢ and constants A, K > 0
such that

e ES (K, A)-dominates E%,i.e., forall x € A and forallt >0

—At

IDX"(x) | Exll < S m(DX'()| EY); (.1

e E° is (K, ))-contracting (see Sect. 2.3).

We shall say that TAM = E°, @ E¢, is a (K, 1)-splitting for short. For x € A andt €
R we let J£(x) be the absolute value of the determinant of the linear map DX" (x) |
EV:E; — EY, ) We say that the sub-bundle E¢ of the partial hyperbolic set A is
volume expanding if

JE(x)=|det(DX" | ES)| = K,

for every x € A and ¢ > 0 (in this case we say that E is (K, 1)-volume expanding
to indicate the dependence on (K, 1)).

It is known, see Theorem 2.27, that a non-singular partially hyperbolic set for
a three-dimensional flow, with volume expanding central direction, is uniformly
hyperbolic.

Definition 5.12 A partially hyperbolic set is singular-hyperbolic if its singularities
are hyperbolic and it has volume expanding central direction.

A singular-hyperbolic attractor is a singular-hyperbolic set which is an attrac-
tor as well: an example is the (geometric) Lorenz attractor presented in Sect. 3.3.
A singular-hyperbolic repeller of X is a singular-hyperbolic attractor of —X. An
example of a singular-hyperbolic set which is neither an attractor nor a repeller is
the singular horseshoe presented in Sect. 3.1.

We note that we can also say, in a 3-manifold, that an invariant subset is singular-
hyperbolic if it is volume hyperbolic: that is, it admits a D X’-invariant dominated
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splitting ES’ @ E<' such that the volume element in E¥ is uniformly contracted and
the volume element in £¢' is uniformly expanded. Since one of these subbundles is
one-dimensional, we recover the above notion of singular-hyperbolicity, either for
X or for —X.

The following result characterizes robust attractors for three-dimensional flows.

Theorem 5.13 Robust attractors of C' flows containing singularities are singular-
hyperbolic sets for X.

We remark that robust attractors cannot be C! approximated by vector fields
presenting either attracting or repelling periodic points. This implies that, on 3-
manifolds, any periodic point lying in a robust attractor is hyperbolic of saddle-type.
Thus, as in Theorem 4.10 (see also Liao [135, Theorem A]), we conclude that ro-
bust attractors without singularities on closed 3-manifolds are hyperbolic. We can
also use Theorem 2.27 and show that a singular-hyperbolic set without singularities
admits a hyperbolic splitting for the Linear Poincaré Flow: this is done in Proposi-
tion 6.2 in Chap. 6. Therefore we obtain a dichotomy as follows.

Theorem 5.14 Let A be a robust attractor of X € X'(M). Then A is either hyper-
bolic or singular-hyperbolic.

5.1.3 Brief Sketch of the Proofs

To prove Theorem 5.3 we first obtain a sufficient condition for a transitive isolated
set with hyperbolic critical elements of a C! vector field on an n-manifold, n > 3,
to be an attractor (Theorem 5.17). We use this to prove that a robustly transitive
set whose critical elements are hyperbolic is an attractor if it contains a singularity
whose unstable manifold has dimension one (Theorem 5.18). This implies that C !
robustly transitive sets with singularities on closed 3-manifolds are either proper
attractors or proper repellers (Theorem 5.3).

The characterization of singularities in a robust transitive set (Theorem 5.10) is
obtained by contradiction. Using the Connecting Lemma (see Sect. 2.5.7), we can
produce special types of cycles (inclination-flip or Shil’nikov, see Chap. 3) associ-
ated to a singularity leading to nearby vector fields which exhibit attracting or re-
pelling periodic points. This contradicts the robustness of the transitivity condition.

Theorem 5.13 is proved in Sect. 5.4. We start by proposing an invariant splitting
over the periodic points lying in A and prove uniform estimates on angles between
stable, unstable, and central unstable bundles for periodic points. Roughly speaking,
if such angles are not uniformly bounded away from zero, we construct a new vector
field near the original one exhibiting either a sink or a repeller, yielding a contradic-
tion. Such a perturbation is obtained using the extension for flows of a perturbation
lemma of Franks, given by Theorem 2.24. This allows us to prove that the splitting
proposed for the periodic points is partially hyperbolic with volume expanding cen-
tral direction. We then extend this splitting to the closure of the periodic points. We
show that the splitting proposed for the periodic points is compatible with the local
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partial hyperbolic splitting at the singularities (Proposition 5.41) using the fact that
the Linear Poincaré Flow has a dominated splitting outside the singularities ([270,
Theorem 3.8] stated as Theorem 2.33 in Sect. 2.6); and that the non-wandering set
outside a neighborhood of the singularities is hyperbolic (Lemma 5.44). We next
extend this splitting to all of A, obtaining Theorem 5.13.

5.2 Higher Dimensional Analogues

An example of a higher-dimensional invariant robust attractor with multidimen-
sional expanding directions was given by Bonatti, Pumarifio and Viana in [58],
which we present below.

5.2.1 Singular-Attractor with Arbitrary Number of Expanding
Directions

Consider a “solenoid” constructed over a uniformly expanding map f : TX — T* of
the k-dimensional torus, for some k > 2. That is, let D be the unit disk on R? and
consider a smooth embedding F : T* xD— T x D of N =T x D into itself,
which preserves and contracts the foliation

F ={{z) xD:ze T},

and moreover the natural projection 7 : N — T* on the first factor conjugates F to
fimoF=fom.

Now consider the linear flow over M = N x [0, 1]/ ~ given by the vector field
X =(0,1) on TN x R where we make the identification (x,0) ~ (x, 1) for all
x € N. Modify the flow on a cylinder U x D x [0, 1] around the orbit of a point
p =(z,0) € N, where U is a neighborhood of z in T*, in such a way as to cre-
ate a hyperbolic singularity o of saddle-type with k-expanding and 3 contracting
eigenvalues, as depicted in Fig. 5.2.

This modified flow defines a transition map L from Xy = TX x {0} to ¥ =
T* x {1} which through the identification given by (w, 1) ~r (F(w), 0) defines the
return map to the global cross-section X of a flow ¥ on the space M¥ = M/ ~F.

In [58] it is shown that, if the expanding rate of f is sufficiently big, then the set

A=J ¥z

T>0t>T

is a robust partially hyperbolic attractor with singularities.

Fig. 5.2 A sketch of the \
construction of a robust
singular-attractor in higher

dimensions
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5.2.2 The Notion of Sectionally Expanding Sets

Metzger and Morales in [156] introduced the notion of sectionally expanding set in
a manifold of arbitrary finite dimension. This notion encompasses that of singular-
hyperbolic sets in 3-manifolds as a particular case.

We say that a compact invariant set A for a flow, generated by a vector field
X € X'(M) on a compact finite dimensional manifold M, is sectionally expanding
if it is partially hyperbolic and the central direction expands uniformly the area
along any two-dimensional subspace. More precisely, the tangent bundle over A
admits a D X'-invariant and dominated splitting TyM = E* @ E°, such that there
are C, A > 0 satisfying for every x € A and ¢t > 0

e E* is uniformly contracted: | DX’ | ES|| < Ce™;
e E¢ issectionally expanded: for every bidimensional subspace Fy contained in E¢
we have |det(DX' | Fy)| > Ce™.

Similarly to the notion of singular-hyperbolicity, robust attractors in higher di-
mensional manifolds need not be sectionally expanding, as the example of Turaev
and Shil’nikov is [263] shows.

5.2.3 Homogeneous Flows and Sectionally Expanding Attractors

However, strengthening the robust transitivity assumption with homogeneity (the
definition of homogeneous flow on a neighborhood is Definition 2.32 in Sect. 2.6).
enables us to essentially apply the same arguments of the proof of Theorem 5.13.

Theorem 5.15 Let Ax(U) be a homogeneous robust attractor for a vector field
X € XY (M™) with n > 3 and index i <n — 1 (the dimension of the stable manifold
of periodic orbits in U for all nearby vector fields). Then any equilibrium in A is
generalized Lorenz-like, with index i 4+ 1, and A is a sectionally expanding set.

A proof of this result can be seen as an adaptation of the proof of Theorem 5.13,
explained in several remarks during the rest of this chapter, following the proof
of the three-dimensional case. For a partial result in this direction we mention Li,
Gan and Wen, who have shown in [132] that robustly transitive singular sets for
homogeneous vector fields, with index i, having all hyperbolic singularities with
index i, are partially hyperbolic sets with contracting bundle with dimension i.

For a proof of Theorem 5.15 the reader can consult Metzger and Morales in
[156], which refers to [132] for some technical higher-dimensional arguments.

5.3 Attractors and Isolated Sets for C! Flows

Here we prove Theorems 5.3 and 5.10. We start by focusing on isolated sets, ob-
taining the following sufficient conditions for an isolated set of a C! flow on an
n-manifold, n > 3, to be an attractor:
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e all its periodic points and singularities are hyperbolic, and
e it contains, in a robust way, the unstable manifold of some critical element.

Using this we prove that isolated sets A satisfying the following conditions are
attractors:

e the critical elements C(X) N A are hyperbolic;
e A contains a singularity with one-dimensional unstable manifold, and
o Ais
— either robustly non-trivial and transitive (robustly transitive),
— or A =C(X)N A is robustly the closure of its periodic points (C' robustly
periodic).

In particular robustly transitive sets with singularities on closed 3-manifolds are
either proper attractors or proper repellers, proving Theorem 5.3. Then we charac-
terize the singularities on robustly transitive sets on 3-manifolds, obtaining Theo-
rem 5.10.

Elementary topological dynamics ensures that an attractor containing a hyper-
bolic critical element contains the unstable manifold of this critical element. The
converse, although false in general, is true for a residual subset of C I vector fields,
as shown in [67]. We derive a sufficient condition for the converse to hold inspired
by the following property of uniformly hyperbolic attractors (see e.g. [193]): if A
is a uniformly hyperbolic attractor of a vector field X, then there is an isolating
block U of A and xo € C(X) N A such that W} (xo(Y)) C U for every Y close to X,
where xo(Y) is the hyperbolic continuation of xq for Y. This property motivates the
following definition.

Definition 5.16 Let A be an isolated set of X € X" (M), r > 1. We say that A
robustly contains the unstable manifold of a critical element if there are xo € C(X) N
A hyperbolic, an isolating block U of A and a neighborhood % of X in X" (M) such
that Wy (xo(Y)) C U, forall Y € % .

With this definition in mind we are able to prove

Theorem 5.17 Let A be a transitive isolated set of X € X' (M) where M is a com-
pact n-manifold, n > 3, and suppose that every x € C(X) N A is hyperbolic. If A
robustly contains the unstable manifold of a critical element, then A is an attractor.

Now we derive an application of Theorem 5.17.
The geometric Lorenz attractor is a robustly transitive (periodic) set, and it is an
attractor satisfying (see Sect. 3.3)

e all its periodic points are hyperbolic, and
e it contains a singularity whose unstable manifold has dimension one.

We say that an isolated set Ay (U) is C' robustly periodic if for all vector fields
YinaC 1—neighborhood of X the periodic orbits of Ay (U) are dense; see Defini-
tion 6.4.



132 5 Robust Transitivity

The result below shows that such conditions are enough for a robustly transitive
(periodic) set to be an attractor.

Theorem 5.18 Let A be either a robustly transitive or a transitive C' robustly peri-
odic set of X € X' (M), where M is an n-dimensional compact manifold, n > 3. If

1. every x € C(X) N A is hyperbolic and
2. A has a singularity whose unstable manifold is one-dimensional,

then A is an attractor of X.

Theorem 5.18 follows from Theorem 5.17 showing that A robustly contains the
unstable manifold of the singularity provided by condition 2 above.

5.3.1 Proof of Sufficient Conditions to Obtain Attractors

The proof of Theorem 5.17 is based on the following lemma.

Lemma 5.19 Let A be a transitive isolated set of X € X' (M) such that every x €
C(X) N A is hyperbolic. Suppose that the following condition holds:

(H3) There are xo € C(X) N A, an isolating block U of A and a neighborhood %
of X in ¥ (M) such that

Wyxo(Y) CU, VYYe%.
Then W (x) C A for every x € C(X) N A.

Proof Let xg, U and 7% as in (H3). By assumption O (x) is hyperbolic. If Ox (x)
is attracting then A = O (xg) since A is transitive and we are done. We can then
assume that Oy (xg) is not attracting. Thus, Wy (xo) \ Ox (xo) # 0.

By contradiction, suppose that there is x € C(X) N A such that Wy (x) is not
contained in A. Then Wy (x) is not contained in U. As M \ U is open there is a
cross-section ¥ C M \ U of X such that Wy (x) N X # @ is transverse. Shrinking
% if necessary we can assume that W7 (x(Z)) N X' # @ is transverse for every
Zeu.

Now Wy (xo) C A by (H3) applied to ¥ = X. Choose p € Wy (xo) \ Ox (xo).
As A is transitive and p, x € A, there is ¢ € Wy (x) \ Ox(x) such that p, g sat-
isfy (H1) in Theorem 2.21 (the Connecting Lemma). Indeed, the dense orbit of A
accumulates both p and x. Then, by Theorem 2.21, there are Z € % and T > 0
such that p € W7 (x(2)), ¢ € W, (x(Z)) and Z7(p) = q. In other words, 07(q)
is a saddle connection between xo(Z) and x(Z). On the other hand, as Z € %,
we have that W7 (x(Z)) N X' # @ is transverse. It follows from the A-Lemma (see
Sect. 2.5.4 of Chap. 1) that Z'(X) accumulates on g as t — oo. This allows us to
break the saddle-connection &'z (q) in the standard way in order to find Z’ € % such
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that Wg/ (x0(Z")) N X # @ (see e.g. [190] or the proof of Theorem 3.6 in [167]). In
particular, W7, (xo(Z ")) is not contained in U. This contradicts (H3) and the lemma
follows. O

Proof of Theorem 5.17 Let A and X be as in the statement of Theorem 5.17. It
follows that there are xo € C(X) N A, U and % such that (H3) holds.

Next we prove that A satisfies the hypothesis of Lemma 2.5, that is, there is an
open set W containing A such that X’ (W) C U for every r > 0.

Indeed, suppose that such a W does not exist. Then there are sequences x,, —
x € A and 1,, > 0 such that X" (x,) € M \ U. By compactness we can assume that
X (x,) — q forsome g e M\ U.

Fix an open set V C V C U containing A. As g € M \ U,

M\UCM\int(U), and M\int(U)C M\V
we have ¢ ¢ V. By Lemma 2.3 there is a neighborhood %4 C % of X such that
Ay(U)cV, forallY e %. (5.2)
Then condition (H3), the invariance of W{f (x0(Y)) and the relation (5.2) imply that
Wyxo(Y) CV C V, forevery Y € %. (5.3)

Now we have two cases:

1. either x ¢ C(X);
2. orx € C(X).

In Case 1 we obtain a contradiction as follows. Let Ox(z) be the dense orbit
of A,ie., A=wx(z). Fix pe Wg(xo) \ Ox(x0). Then p € A by (H3) applied to
Y = X. As x € A we can choose sequences z, € Ox(z) and #, > 0 such that

zy — p and Xt'/l(zn)—nc.

It follows that p, g, x satisfy (H2) of Theorem 2.22 for ¥ = X. Then from The-
orem 2.22 there is Z € % such that ¢ € W/ (xo(Z)). As q ¢ V we have that
W2 (x0(Z)) is not contained in U. And this is a contradiction by (5.3) since Z € %.

In Case 2 we use (H3) to obtain a contradiction as follows. By assumption
Ox(x) is a hyperbolic closed orbit. Clearly Ox(x) is neither attracting nor re-
pelling. In particular Wy (x) \ Ox(x) # ¢. But x, ¢ W5 (x) since x, — x and
X' (x,) ¢ U. Then, using linearizing coordinates given by the Grobman-Hartman
Theorem around O (x) (see Sect. 2.5.3), we can find x,, in the positive orbit of x;,
such that x;, — r € W¢(x) \ Ox(x). Note that » ¢ C(X) and that there are >0
such that X' (x/) — q.

Since (H3) holds, by Lemma 5.19 we have W§ (x) C A. This implies that r € A.
Then we have Case 1 replacing x by r, t, by ¢, and x, by x,. As Case 1 results in a
contradiction, we conclude that Case 2 also results in a contradiction.

Hence A satisfies the hypothesis of Lemma 2.5, and Theorem 5.17 follows. [
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Proof of Theorem 5.18 Let A be either a robust transitive set or a transitive C!
robust periodic set of X € X! (M) satisfying the following conditions:

1. Every critical element of X in A is hyperbolic.
2. A contains a singularity o with dim(Wy (0)) = 1.

On the one hand, if A is robustly transitive, we can by Definition 5.1 fix a neigh-
borhood % of X and an isolating block U of A such that Ay (U) is a non-trivial
transitive set of Y, for every Y € % . Clearly we can assume that the continuation
o (Y) is well defined for all Y € % . Since transitive sets are connected sets, we
have:

(C) Ay (U) is connected foreach Y € % .

On the other hand, if A is C! robustly periodic, we can fix by Definition 6.4 a
neighborhood % of X and an isolating block U of A such that for each Y € % we
have Ay (U) = Per(Y) N Ay (U). Assuming that o (Y) is well defined for Y € %
we have

(C) o(Y)ePer(Y)N Ay(U), forevery Y € % .
Claim The set A robustly contains the unstable manifold of a critical element.

By Definition 5.16, if % is the neighborhood of X described in either Property
(C) or (C), then it suffices to prove Wy (o (Y)) C UforallY e %.

Arguing by contradiction, suppose that there exists ¥ € % such that Wy (o (Y))
is not contained in U .

From Condition 2 above it follows that W (o) \ {o'} has two branches which we
denote by wT and w™ respectively. Fix g7 € w* and ¢~ € w™. Denote by ¢g*(¥)
the continuation of qjE for Y close to X. We can assume that the qi(Y) are well
defined forall Y € % .

As ¢gt(Y) € Wy (o (Y)), the negative orbit of g (Y) converges to o(Y) €
int(U) C U. If the positive orbit of g¥(Y) is in U, then Wy (o (Y)) C U, which
is a contradiction. Consequently the positive orbit of either g7 (Y) or ¢~ (Y) leaves
U. It follows that there is # > 0 such that either Y*(¢g*(Y)) or Y'(g—(Y)) ¢ U. As-
sume the first case. The other case is analogous. As M \ U is open, the continuous
dependence of the unstable manifolds implies that there is a neighborhood %’ C %
of Y such that

Z'(qT(Z) ¢ U, forevery ZeU'. (5.4)
Now we split the proof of the claim into two cases.

Case I. A is robustly transitive.
In this case Ay (U) is a non-trivial transitive set of Y. Fix z € Ay (U) such that
wy(2) = Ay(U). As o(Y) € Ay(U) it follows that either g7 (Y) or ¢~ (Y) €
wy(z). As Y € %', the relation (5.4) implies that ¢~ (Y) € wy (z). Thus, there is
a sequence z, € Oy (z) converging to g~ (Y). Similarly there is a sequence ¢, > 0
such that Y™ (z,,) — g for some g € W;(U(Y) \ {o(Y)}. Define p=¢q~ (Y).
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It follows that p, g, Y satisfy (H1) in Theorem 2.21, and so there is Z € %’
such that ¢~ (Z) € W5 (0(Z)). This gives a homoclinic connection associated
to 0 (Z). Breaking this connection as in the proof of Lemma 5.19, we can find
Z' € %' close to Z and ¢’ > 0 such that

7" (q™(Z') ¢ U. (5.5)

Now, (5.4) and (5.5) together with the Grobman-Harman Theorem 2.14 imply
that the set {o(Z’)} is isolated in Az(U). But Az (U) is connected by Property
(C)since Z' € %' C % . Then Az (U) = {o(Z’)}, a contradiction since Az (U)
is non-trivial. This proves the claim in this case.

Case II: A is C! robustly periodic.
The proof is similar to the previous one. In this case Ay (U) is the closure of
its periodic orbits and dim(Wy (o (Y)) = 1. As the periodic points of Ay (U) do
accumulate either g7 (Y) or g~ (Y), relation (5.4) implies that there is a sequence
pn € Per(Y) N Ay (U) such that p, — g~ (Y). Clearly there is another sequence
P, € Oy(py) now converging to some g € Wy (o(Y) \ {o(Y)}. Set p=¢q~(Y).
Again p, q,Y satisfy (H1) in Theorem 2.21, and so there is Z € %’ such that
q~(Z) e W, (0(Z)). As before we have a homoclinic connection associated to
o (Z). Breaking this connection we can find Z’ € %’ close to Z and ¢’ > 0 such
that

7" (q™(Z) ¢ U.

Again this relation together with the Grobman-Harman Theorem 2.14 and the
relation (5.4) would imply that every periodic point of Z’ passing close to o (Z)
is not contained in Az (U). But this contradicts Property (C*) since Z' € %’ C
% . This completes the proof of the claim in this case.

It follows that A is an attractor by condition (1) above, Theorem 5.17 and by the
claim. This completes the proof of Theorem 5.18. 0

5.3.2 Robust Singular Transitivity Implies Attractors or Repellers

In this section M is a closed 3-manifold and A is a robustly transitive set of X €
x(m).

According to Definition 5.1 we can fix an isolating block U of A and a neigh-
borhood % of X such that Ay(U) = N;crY’(U) is a non-trivial transitive set of
Y, for every Y € % . Robustness of transitivity implies that X € % cannot be C'-
approximated by vector fields exhibiting either sinks or sources in U. And since
dim(M) = 3 this easily implies the following.

Lemma 5.20 Let X € %y . Then X has neither sinks nor sources in U, and any
p € Per(X) N Ax(U) is hyperbolic.
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The following result shows that singularities in this setting are Lorenz-like, either
for the given flow X or for the reversed flow —X. We need the following definition.

Definition 5.21 A hyperbolic singularity o belonging to a non-trivial compact in-
variant set A for a C! flow X' is properly accumulated by regular orbits in A if
there exists a sequence (y,)neN Of distinct regular orbits contained in A such that

e a(yy) #{o}and w(y,) #{o} foralln e N;
o for every neighborhood V of o there are points p,, g, € V Ny, such that g, = X™
for some #, > 0 and n € N, and X[%"1(p,) is not contained in V.

Observe that a hyperbolic singularity o properly accumulated by regular orbits
will have points in ANW?¥ (o) \ {c} and in AN W*(0)\ {0} accumulated by distinct
regular orbits of A.

For the next result the reader should recall Definition 2.32 of a homogeneous
vector field from Chap. 2.

Lemma 5.22 Let Y € X' (M) be a homogeneous vector field in U on a 3-manifold
and o € S(Y) N Ay (U) be properly accumulated by regular orbits in A = Ay (U).
Then

1. the eigenvalues of o are real,
2. if Ay <Az < A1 are the eigenvalues of o, then Ay <0 < Aq;
3. for A; as above we have

(@) A3(0) <0 = —A3(0) <2i(0);

(b) A3(0) > 0= —X3(0) > X2(0).

Note that if A(U) = Ax(U) is robustly transitive, then the homogeneity con-
dition is satisfied for all Y C!-close to X this is just Lemma 5.20. In addition if
Ay (U) is transitive, then every equilibrium of Ay (U) is properly accumulated by
regular orbits. Thus Y € %/ satisfies the condition of the lemma.

Remark 5.23 For an example of a singular-hyperbolic isolated set of a flow X with
non-Lorenz-like singularities, consider the maximal invariant set L inside the el-
lipsoid E of the flow described in Fig. 3.16. Note that the singularities o, o2 with
complex eigenvalues inside the ellipsoid belong to L together with orbits inside
their unstable manifolds connecting them with the Lorenz attractor. Hence oy, 02
are accumulated by regular orbits of L but are not properly accumulated since there
are no orbits y,, in L approaching o; with a(y;,) # {o;} fori =1, 2.

Remark 5.24 The example give in Fig. 9.1, in Chap. 9, provides an example of a
singular-hyperbolic attractor A, obtained through a modification of the construction
of the geometric Lorenz attractor, with a singularity properly accumulated by reg-
ular orbits which is not hyperbolic. This is explained in Remark 9.10. The vector
field in this example is non-homogeneous and is not Kupka-Smale. We note that
this does not contradict item 3 of Lemma 5.22, since this item does not specify what
happens when A3(0) =0.
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Remark 5.25 Assume that we are given a nonempty compact invariant isolated set
A = Ax(U) under a flow on a 3-manifold, which is partially hyperbolic with vol-
ume expanding central direction. Since partial hyperbolicity is a robust property,
then for every close flow Y we have that Ay (U) is also partially hyperbolic. This
implies that there are no sources in Ay (U). The uniform volume expansion along
the central direction of T4 M for X implies that there are no sinks in Ay (U), for
otherwise we would get volume contraction along the central direction for points
and flows arbitrary close to A and X. This is a contradiction since dominated split-
tings depend continuously on the base point and on the dynamics, thus taking limits
we obtain a point in A with central direction whose volume is contracted by the X
flow.

Hence in this setting the flow is homogeneous in U and we conclude that ev-
ery hyperbolic singularity properly accumulated by regular orbits of a singular-
hyperbolic isolated set of a flow X is either Lorenz-like for X, or Lorenz-like for
—X. Note that we need to assume hyperbolicity of the singularity by Remark 5.24.

Proof of Lemma 5.22 Let us prove the first item by contradiction. Suppose that there
are Y € %y and o € S(Y) N Ay(U) with a complex eigenvalue w. We can assume
that o is hyperbolic by Lemma 5.20 (or, in a higher dimensional setting, by the
homogeneity assumption on U). As dim(M) = 3 the remaining eigenvalue A of o is
real. We have either Re(w) <0 < X or A < 0 < Re(w). Reversing the flow direction
if necessary we can assume that we are in the first case. We can further assume, by
a small perturbation keeping the vector field inside %, that Y is C* and

A # —Re(w). (5.6)

According to a form of the Connecting Lemma stated in Theorem 2.21, we can
assume that there is a homoclinic loop I" C Ay (U) associated to o. Then I" is a
Shil’nikov bifurcation, see Sect. 3.2, and thus there is a vector field Z arbitrarily c!
close to Y exhibiting a sink or a source in Az (U). This contradicts Lemma 5.20 and
concludes the proof of the first item.

Thus we can arrange the eigenvalues A1, A, A3 of ¢ in such a way that A, <
A3 < A1. By Lemma 5.20 we have that A, < 0 and A1 > 0. This proves the second
item in the statement.

To prove the third item we can apply Theorem 3.4 from Sect. 3.2. This shows
that if item (a) fails, there is Z arbitrarily C' close to ¥ exhibiting a sink in Az (U);
or if item (b) fails, we can find a source in Az (U). Either case is a contradiction as
before, concluding the proof of the lemma. |

Remark 5.26 The same proof above extends to homogeneous attracting sets in
higher dimensions, since we can always argue with the least contracting/expanding
eigenvalues of o through a reduction to the corresponding central manifold, see the
discussion in Sect. 3.2.3. We argue in a slightly different way from Metzger and
Morales in [156]. We first recall that in a homogeneous vector field equilibria must
be hyperbolic by definition. Keeping the notations introduced in Definition 2.30 of
generalized Lorenz-like singularity properly accumulated by regular orbits in A, we
can show that:
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1. the contracting and expanding eigenvalues with smallest real part are real and
A<0<p.

Indeed, on the one hand, if both the contracting eigenvalue with smallest real
part and the expanding eigenvalue with smallest real part are complex, then we
can, after a small perturbation of X using that o is properly accumulated by reg-
ular orbits in A, obtain a double-focus connection for o such that the eigenvalues
with smallest real part are simple (they are not multiple zeroes of the character-
istic polynomial of DX (0)). Moreover, since regular orbits accumulating on o
must do so along the central direction given by the sum of the eigenspaces of
these weak eigenvalues, we can obtain such a double-focus saddle-connection
along a central manifold corresponding to the weakest eigenvalues. This type
of connection bifurcates in a way that new periodic orbits appear with different
indexes, which contradicts the homogeneous assumption on X, see Sect. 3.2.3.

On the other hand, if one of these eigenvalues w is complex and the other X is
real, we can argue as in the three-dimensional proof of Lemma 5.22 since their
real parts have opposite signs, restricting the dynamics to the central manifold
corresponding to A, w.

Hence both such eigenvalues are real, as claimed.

2. a. either A" (0) #0 — —A < u;
b.orA (0)=0 — A< —u.

Indeed, if A~ (o) # @, then we can obtain a saddle-connection associated to
o by a perturbation through the Connecting Lemma, using the fact that o is
properly accumulated by regular orbits, connecting the one-dimensional unstable
manifold with the one-dimensional central-stable (weak-stable) manifold. The
bifurcation of this saddle-connection provides periodic orbits with different in-
dices for nearby flows if A + u < 0, by the same arguments proving Theorem 3.4.

For the other case, just note that if A~ (0) = @, then u* (o) # @ and we find
ourselves in the same setting as above after reversing time.

Summing up: given an attracting set A of a homogeneous vector field in a finite
dimensional manifold, then every equilibrium o properly accumulated by regu-
lar orbits within A is generalized Lorenz-like either for X or for —X. See also
Lemma 5.32 in a 3-dimensional setting.

The following fact is extremely useful.

Lemma 5.27 Thereisno Y € %y exhibiting two hyperbolic singularities in Ay (U)
with different unstable manifold dimensions.

Proof Suppose by contradiction that there is ¥ € % exhibiting two hyperbolic
singularities with different unstable manifold dimensions in Ay (U). Note that A’ =
Ay (U) is a robust transitive set of ¥ and —Y respectively. Since Kupka-Smale
vector fields are generic (by the results in Sect. 2.5.10) we can assume that all the
critical elements of Y in A’ are hyperbolic.

As dim(M) = 3 and Y has two hyperbolic singularities with different unstable
manifold dimensions, it follows that both ¥ and —Y have a singularity in A” whose
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unstable manifold has dimension one. Then, by Theorem 5.18 applied to Y and —Y
respectively, A’ is a proper attractor and a proper repeller of Y. In particular, A’
is an attracting set and a repelling set of Y. It would follow from Lemma 2.4 that
A’ = M. But this is a contradiction since A’ is proper. O

From this we can derive the following.
Corollary 5.28 IfY € %, then every critical element of Y in Ay (U) is hyperbolic.

Proof By Lemma 5.20 every periodic point of Y in Ay (U) is hyperbolic, for all
Y € % . 1t remains to prove that every o € S(Y) N Ay (U) is hyperbolic, for all
Y € %y. By Lemma 5.22 the eigenvalues A, A2, A3 of o are real and satisfy A, <
0 < A1. Then, to prove that o is hyperbolic, we only have to prove that A3 # 0.
If 23 =0, then o is a generic saddle-node singularity (after a small perturbation
if necessary). Unfolding this saddle-node we obtain Y’ € %4 close to Y having
two hyperbolic singularities with different unstable manifold dimensions in Ay/(U).
This contradicts Lemma 5.27 and the proof follows. (I

Finally we can start proving the main theorems.

Proof of Theorem 5.3 Let A be a robustly transitive set with singularities of
X € 2’1 (M) with dim(M) = 3. By Corollary 5.28 applied to ¥ = X we have that
every critical element of X in A is hyperbolic. So A satisfies condition (1) of The-
orem 5.18. As dim(M) = 3 and A is non-trivial, if A has a singularity, then this
singularity has unstable manifold dimension equal to one, for either X or —X. So
A also satisfies condition (2) of Theorem 5.18, for either X or —X. Applying Theo-
rem 5.18 we have that A is an attractor (in the first case) or a repeller (in the second
case).

We shall prove that A is proper in the first case. The proof is similar in the second
case. If A = M then we would have U = M. From this it would follow that £2(X) =
M and, moreover, that X cannot be C' approximated by vector fields exhibiting
attracting or repelling critical elements. It would follow from Theorem 4.3 that X is
Anosov. But this is a contradiction since A (and so X) has a singularity and Anosov
vector fields do not. This finishes the proof of Theorem 5.3. O

Now we prove Theorem 5.10. We start with the following corollary.

Corollary 5.29 IfY € %y then, for either Z =Y or Z = —Y , every singularity of
Z in Az(U) is Lorenz-like.

Proof Apply Lemmas 5.22, 5.27 and Corollary 5.28. We deduce that any singular-
ity, for Y = Z or Y = —Z, has real eigenvalues satisfying A <13 <0 < —i3 < Aj.
To conclude that A, < A3 for such o we argue by contradiction. If 1, = A3, then
by an arbitrarily small perturbation of Y, we obtain a vector field Y for which the
continuation o of ¢ has eigenvalues A and —p £ iw with 1 > 0, p > 0 and |w| ar-
bitrarily small. But we can ensure that Y1 € %, and thus the transitivity of Ay, (U)
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enables us to use the Connecting Lemma to get another C!'-close vector field ¥ hav-
ing a saddle-connection for the continuation o7 of oy in the setting of the Shilnikov
bifurcation (see Sect. 3.2). In this way we obtain either a sink or a source for a vector
field X € %y, a contradiction. O

Now we use the existence of dominated splitting for the Linear Poincaré Flow
with respect to X € %y ; see Sect. 2.6 for the relevant results and definitions.

Given X € %y define A*X(U) = Ax(U)\ S(X). According to Theorem 5.3 we
can assume that Ax (U) is a proper and isolated attractor of X. Using Lemma 5.20
and the fact that A% (U) C £2(X), we see that we are in the setting of Theorem 2.33.
Then we conclude that the Linear Poincaré Flow P’ on A% (U) admits a partially
hyperbolic splitting: N+ () = NSX @ N®-X,

The following consequence of this is used in a crucial way for the proof of ex-
pansiveness in Chap. 7.

Lemma 5.30 Let A be a compact isolated and transitive invariant set for X, with
isolating neighborhood U such that every C'-close vector field admits a dominated
splitting for the corresponding Linear Poincaré Flow on U away from singularities.
Fix o € S(X) N A and write Ly < A3 < A1 for its eigenvalues.

L. If k2 < A3 <0, then o is Lorenz-like for X and W3’ (0) N A ={o}.
2. If0 < A3 < Ay, then o is Lorenz-like for —X and Wy (o) N A ={o}.

Remark 5.31 1f we are given a singular-hyperbolic isolated set A for a flow X with
isolating neighborhood U then, by Remark 5.25, the singularities of A, which are
properly accumulated by regular orbits in A, are Lorenz-like for either X or —X.
Moreover the Linear Poincaré Flow on A* = A\ S(X) admits a partially hyperbolic
splitting naturally. Indeed the Linear Poincaré Flow is dominated by Theorem 2.33
(since singular-hyperbolicity prevents sinks and sources for nearby flows on U and
guarantees hyperbolicity of all critical elements in U) and its central-stable bundle
is uniformly contracted by the same argument as in the proof of Proposition 6.2.

In addition, for all close enough vector fields Y the corresponding locally maxi-
mal invariant subset Ay (U) is also partially hyperbolic with volume expanding cen-
tral direction, and so the domination property of the splitting for the Linear Poincaré
Flow of X on A is robust.

Hence we have the same properties used in the proof of Lemma 5.30. We con-
clude that every singularity properly accumulated by regular orbits in a singular-
hyperbolic isolated set satisfies either item 1 or item 2 of Lemma 5.30 above.

We can improve and eliminate the possible Lorenz-like singularities for —X if
we assume from the beginning that A is an attractor. This lemma will be very useful
in the next chapters.

Lemma 5.32 Let X € X' (M), with M a 3-manifold, and let A be an attractor for
X such that the Linear Poincaré Flow over A* admits a dominated splitting. Then
the only possible singularities of X in A are Lorenz-like for X.
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Proof We recall that the dominated splitting for the Linear Poincaré Flow extends
to periodic orbits on a small neighborhood U of A and for every vector field Y suffi-
ciently C'-close to X. Now we argue by contradiction: we know from Lemma 5.30
thatif o € AN S(X) then o is a Lorenz-like singularity, either for X or for —X, and
we assume it is Lorenz-like for —X and derive a contradiction.

The bidimensional unstable manifold Wy (o) is inside A because A is an attract-
ing set. The transitivity of A ensures that there exists some point p of A \ {o} in
W3 (o), because regular orbits accumulating on o must accumulate also arbitrarily
near W5 (o) by the linearization of the flow near 0. Considering a point g of A\ {0}
in W§"(o) (the strong-unstable manifold of o), then there are regular orbits in A
passing arbitrarily close to p and then to ¢, since W"**(c) C A and A is transi-
tive. The Connecting Lemma ensures that we can find an arbitrarily close C! vector
field Y admitting a regular orbit in a neighborhood U of A connecting Wy (oy) and
Wy (oy). This saddle-connection can be transformed into an inclination-flip type
saddle-connection as in the proof of Lemma 5.30, by an arbitrarily small C! pertur-
bation of Y. This would contradict the robustness of dominated decomposition of
the Linear Poincaré Flow. g

Proof of Lemma 5.30 To prove the first item we assume that Ay < A3 < 0. Then
o is Lorenz-like for X by Corollary 5.29. Assume by contradiction that W3’ (o) N
A#{o}.

Since A is transitive, by Theorem 2.21 there is Z € % exhibiting a homoclinic
connection I" C W7 (0 (Z)) N W5’ (c(Z)). This saddle-connection is an orbit-flip
type connection, see Sect. 3.2.2. Using Theorem 3.6 we can approximate Z by Y €
% with a homoclinic connection

r'cWy(o(¥) N (Wy (o (¥)\ Wy' (o (1)

Hence there exists a center-unstable manifold Wy" (o (Y)) containing I” " and tangent
to Wy (o(Y)) along I"". This saddle-connection is an inclination-flip type connec-
tion.

The existence of inclination-flip connections contradicts the existence of the
dominated splitting for the Linear Poincaré Flow from Theorem 2.33, as a direct
consequence of Theorem 3.6 in Sect. 3.2.2. This contradiction proves the first item.

The proof of the second item follows from the above argument applied to —X. [J

Proof of Theorem 5.10 Let A be a robust transitive set of X € X' (M) with
dim(M) = 3. By Corollary 5.29, if 0 € ox(A), then o is Lorenz-like for either
X or —X. If o is Lorenz-like for X we have W{*(0) N A = {0} by Lemma 5.30-
(1) applied to Y = X. If o is Lorenz-like for —X we have that Wi"(c) N A = {0}
by Lemma 5.30-(2) again applied to ¥ = X. As W* (o) = Wg" (o) the proof is
complete. (]

Remark 5.33 In higher dimensions, given a homogeneous attracting set A =
Ax (U), the possible equilibria belonging to A are generalized Lorenz-like (recall
Definition 2.30) either for X or for —X, by Remark 5.26.
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In this setting, a periodic orbit contained in U has index (dimension of the stable
manifold) equal to a fixed integer s(X), the index of the vector field in a neighbor-
hood of A for all C! close vector fields.

The index s(o) of a generalized Lorenz-like equilibrium, i.e., the dimension of
the stable eigenspace of o, properly accumulated by regular orbits in an attracting
set A with respect to a homogeneous vector field, is one higher than the index s(X)
of the homogeneous vector field. Indeed, a generalized Lorenz-like equilibrium
properly accumulated by regular orbits in A can be turned into a saddle-connection
in the setting of Theorem 3.4 along a central manifold, by a small perturbation us-
ing the Connecting Lemma. The unfolding of this connection induces the creation of
periodic orbits with index s (o) — 1, so that, to respect the homogeneous assumption
on X inside U, we must have s(0) — 1 = s(X).

A similar result for robustly transitive attractors in homogeneous vector fields is
given by [132, Corollary B].

If A also admits a dominated splitting with the dimension of the dominated bun-
dle equal to the index of the vector field (which is a C! robust property), then we can
argue as in the proof of Lemma 5.30. Here the strong-stable manifold of a general-
ized Lorenz-like singularity o is the invariant manifold tangent at o to the directions
corresponding to the eigenvalues in A~ (o).

Indeed, if o is generalized Lorenz-like, properly accumulated by regular orbits
in A and W* (o) N A # {0}, then we can use the Connecting Lemma to obtain
an orbit-flip type saddle-connection along the central manifold corresponding to
the weakest contracting and expanding eigenvalues. A small perturbation provides
an inclination-flip type saddle-connection, contradicting the robust domination as-
sumption. The same argument holds for a generalized Lorenz-like singularity after
time reversal. Therefore Lemma 5.30 extends to the setting of homogeneous attract-
ing sets.

Again, Li, Gan and Wen gave a similar result for robustly transitive singular sets
of a homogeneous vector field in [132, Lemma 4.3].

In addition, Lemma 5.32 also extends to this setting with the same argument:
given a homogeneous attractor A with dominated splitting, then all its equilibria
must be generalized Lorenz-like. Otherwise the same type of perturbation arguments
builds an inclination-flip type saddle-connection contradicting the domination.

In particular, every equilibria in a sectionally expanding attractor is generalized
Lorenz-like. All these results were obtained by Metzger and Morales in [156].

5.4 Attractors and Singular-Hyperbolicity

Here we present a proof of Theorem 5.13.

Let A be a robust attractor of X € X!(M) with dim(M) = 3, U an isolating block
of A, and %y a neighborhood of X such that Ay (U) = N;er Y (U) is transitive for
all Y € %y . By definition A = Ax(U).

As we have already proved (in Lemma 5.20 and Corollary 5.28), for all Y € %y,
all the singularities of Ay (U) are Lorenz-like and all the critical elements in Ay (U)
are hyperbolic of saddle type.
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For future reference we state precisely the technical conditions for the arguments
that follow.

Theorem 5.34 Let A = Ax(U) be a compact proper isolated invariant subset of
X € XY (M) such that

1. one of the following conditions holds

e cither A contains a dense regular orbit,
e or A is connected and contains a dense subset of periodic orbits,

2. for every vector field C'-close to X, all critical elements in U are hyperbolic of
saddle-type (i.e., there are no sinks or sources nearby);
3. for all C'-close vector fields every equilibrium in U is Lorenz-like.

Then A is singular-hyperbolic.

The strategy to prove Theorem 5.13 is the following: given X € %y we show
that there exists a neighborhood ¥ of X, ¢ > 0,0 < A < 1 and Ty > 0 such that, for
allY € 7, the set

{y € Per(Y) N U : (minimal period of y)> Ty}

has a continuous invariant (c, A)-dominated splitting E* @ E, with the dimension
of E° equal to 1.

Using the Closing Lemma of Pugh (Theorem 2.19) and the absence of sinks
and sources, we obtain a dominated splitting for the Linear Poincaré Flow with
uniform bounds for all C! close maximal invariant subsets, and this induces a dom-
inated splitting over Ax (U). The natural difficulty is to obtain the splitting around
the singularities. The singularities are Lorenz-like and, consequently, they carry the
local hyperbolic bundle E*% associated to the strongest contracting eigenvalue of
DX (o), and the central bundle E" associated to the remaining eigenvalues of
DX (o). These bundles induce a local partial hyperbolic splitting E’S @ E* around
the singularities.

The main step now is to prove that the splitting proposed for the periodic points
is compatible with the local partial hyperbolic splitting at the singularities. Proposi-
tion 5.41 expresses this fact. Finally we prove that E* is contracting and that the cen-
tral direction E* is volume expanding, using the Ergodic Closing Lemma through
Theorem 4.11 (on subadditive functions along orbits of a flow), concluding the proof
of Theorem 5.34 and of Theorem 5.13.

We point out that the splitting for the Linear Poincaré Flow P’ obtained in Theo-
rem 2.33 is not necessarily invariant under D X’. When A}‘((U) =Ax(U)\S(X) is
closed, this splitting induces a hyperbolic splitting for X; see Theorem 2.27. How-
ever; the arguments used there do not apply here since A% (U) is not closed. We also
note that a hyperbolic splitting for X over A% (U) cannot be automatically extended
to a hyperbolic one over A% (U): the presence of a singularity is a natural obstruc-
tion for this. On the other hand, Theorem 5.34 shows that this can be circumvented
to get a partially hyperbolic structure for X over the whole of Ax (U).
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Let us present now each step of the proof. We keep in mind the original set-
ting of a robustly transitive attractor for clarity, but the only properties used in the
arguments are those stated in Theorem 5.34.

Remark 5.35 1t is not difficult to see that these steps can be performed for vector
fields X in compact manifolds of any dimension, since a homogeneous attractor
Ax (U) such that every equilibrium close to A for all C' nearby vector fields is
generalized Lorenz-like. We comment on some of the adapted arguments along the
several steps of the proof in a number of remarks in what follows.

5.4.1 Uniformly Dominated Splitting over the Periodic Orbits

Let Ay (U) be arobust attractor of Y € %, where U and %} are as in the previous
section, that is: for every Y € %/, every critical element inside U is hyperbolic of
saddle-type. Moreover the equilibria are all Lorenz-like.

Since every p € Pery(Ay(U)) is hyperbolic of saddle type, we have that the
tangent bundle of M over p can be written as

—ES Y
T\M=E,®E,®E),

where E; is the eigenspace associated to the contracting eigenvalue of DY?(p),
E7 is the eigenspace associated to the expanding eigenvalue of DY ' (p), and we
write 7, for the (minimal) period of p.

Note that 7, C N, & E}; and E; C N, @ E;, where N° @ N* is the splitting
for the Linear Poincaré Flow over regular orbits.

Observe that, if we consider the previous splitting over all Per(Y) N Ay (U), the
presence of a singularity in Per(Y) N Ay(U) is an obstruction for the extension
of the stable and unstable bundles E* and E" to Per(Y N Ay (U). Indeed, near a
singularity, the angle between either E* and E X or ES and EX, goes to zero. To
bypass this difficulty, we introduce the following notion.

Definition 5.36 Given Y € %/ define for any p € Per(Y) N Ay (U) the splitting
T,M=E}" ® ES"Y, where ES"Y :=E} & Ely.

Moreover we define a splitting over Per(Y) N Ay (U) by

TPer(Y)mAy(U)M = U (E;,Y ® E;“’Y),
pePer(Y)NAy (U)
In addition, we define the subspace EZS’Y = EZ’Y SE ,Z of the tangent space at

p € Per(Y) N Ay(U) which gives another bundle over Per(Y) N Ay (U).
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When no confusion arises we drop the Y-dependence on the notation just de-
fined. To simplify notation we denote the restriction of DY'(p) to Ef,’y (re-
spectively EIC)"’Y) simply by DY’ | Ej, (respectively DY' | ES") for t € R and
p ePer(Y)N Ay (U).

We now prove that the splitting over Per(Y) N Ay (U) given by Definition 5.36 is
a DY'-invariant and uniformly dominated splitting along periodic points with large
period.

Theorem 5.37 Given X € %y, there are a neighborhood V' C %y and constants
0<A<l1,c>0,and Ty > 0 such that, for every Y € ¥, if p € Per(Y) N Ay(U),
tp >Toand T > 0, then

IDYT | EIl-IDY T | By < -l

This result is similar to Theorem 4.8 but, since the angle between E ;', and N, can
be very close to a right angle, we cannot use estimates for the Linear Poincaré Flow
directly to obtain this result.

Theorem 5.37 will be proved in Sect. 5.4.3.3, with the help of Theorems 5.38
and 5.39 below, corresponding to Theorem 4.7, proved in Chap. 4.

Theorem 5.38 establishes, first, that the periodic points are uniformly hyperbolic,
i.e., the periodic points are of saddle-type and the Lyapunov exponents are uniformly
bounded away from zero. Secondly, the angle between the stable and the unstable
eigenspaces at periodic points are uniformly bounded away from zero.

Theorem 5.38 Given X € %y, there are a neighborhood V' C %y of X and con-
stants 0 < A < 1 and ¢ > 0, such that for every Y € ¥, if p € Per(Y) N Ay (U) and
tp is the period of p then

a) (al) ||DY" | E;|| < AP (uniform contraction on the period)
(a2) |DY "7 | EI“, || < A'» (uniform expansion on the period).

b) Z(O)p (Ef,), ﬁ’p(EZ)) > ¢ (angle uniformly bounded away from zero between
center-stable and center-unstable directions).

This result is exactly the same as Theorem 4.7, proved in Chap. 4.

Theorem 5.39 is a strong version of Theorem 5.38-b). It establishes that, at pe-
riodic points, the angle between the stable and the central unstable bundles is uni-
formly bounded away from zero.

Theorem 5.39 Given X € %y there are a neighborhood V' C %y of X and a posi-
tive constant C such that for every Y € ¥ and p € Per(Y) N Ay (U) we have angles
uniformly bounded away from zero: Z(Ey,, EY)') > C.

This result is proved in Sect. 5.4.3.4.
We shall prove that, if Theorem 5.37 fails, then we can create a periodic point
for a nearby flow with the angle between the stable and the central unstable bun-
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dles arbitrarily small. This yields a contradiction to Theorem 5.39. In proving the
existence of such a periodic point for a nearby flow we use Theorem 5.38.

Assuming Theorem 5.37, we establish in the following section the extension of
the splitting given in Definition 5.36 to all of Ax(U). Afterward, with the help of
Theorem 5.38, we show that E¥ is uniformly contracting and that E* is volume
expanding.

In the proof that E* is uniformly contracted (respectively E<* is volume expand-
ing) we show that the opposite assumption leads to the creation of periodic points
for flows near to the original one with contraction (respectively expansion) along
the stable (respectively unstable) bundle arbitrarily small, contradicting the first part
of Theorem 5.38.

All of these facts together imply Theorem 5.13.

5.4.2 Dominated Splitting over a Robust Attractor

Here we induce a dominated splitting over Ax(U) using the dominated splitting
over {p € Per(Y) N Ay (U) : t, > Ty} for flows near X, given by Definition 5.36.
The method is the same as in the proof of Theorem 4.4.

On the one hand, since Ay (U) is an attracting set for every Y close to X in X!,
we can assume without loss of generality, that for all Y € ¥ and x € Per(Y) with
Oy (x) NU # @, we have Oy (x) C Ay (U).

On the other hand, since A = Ax(U) is assumed to be connected (this property
is also a consequence of the existence of a dense forward orbit in A), we get

A(Ty) := A\ {pePer(X)NU :t, < Tp} is dense in A.

From this, to induce an invariant splitting over Ax(U) it is enough to do it over
A(Tp), as in Sect. 4.2.2.

Yk Yk
Let us take a converging subsequence E;n OF 5’: and define
ESX—hInESYk E‘”X—hmE‘“Yk.
k— 00 k—oo Mk

Since ESY» @ E““Y is a (c, A)-dominated splitting for all n, then this property is
also true for the limit ES* @ ES*. Moreover dim(ESX) = 1 and dim(ES“*) =2
forall x € Ax(U).

Define the following eigenspaces along X’ (x) for r € R

ESY :=DX'"(ESX) and EX := DX'(ESX).

X’(x) X' (x)

Since for every n the splitting over {p € Per(Y,) N Ay, (U) : t, > Tp} is (c, 1)-
dominated, it follows that the splitting defined above along X- orbits of points in

K (X) is also (c, »)-dominated. Moreover we also have that E3 is unidimen-

X ’( )
sional and E¢ X,’x is bidimensional, for all # € R. This provides the desired extension
of a dominated splitting to Ax (U).
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We denote by E* @ E< the splitting over Ax (U) obtained in this way. Since this
splitting is uniformly dominated we deduce that E¥ @ E“* depends continuously on
the points of Ay (U) and also on the vector field X; see Sect. 2.6 and also [110].

When necessary we denote by E*Y @ E“Y the above splitting for Y near X.

Remark 5.40 If o € S(X) N Ax(U) then E is the eigenspace E)° associated
to the strongest contracting eigenvalue of DX (o), and ES* is the bidimensional
eigenspace associated to the remaining eigenvalues of DX (o). This follows from
the uniqueness of dominated splittings; see Sect. 2.6 and also [79, 148].

5.4.3 Robust Attractors Are Singular-Hyperbolic

Next we prove that the splitting E* @ E* over Ax(U) is partially hyperbolic with
volume expanding central-unstable direction. For this we use Theorem 4.11.

5.4.3.1 E°® Is Uniformly Contracting

Consider the family of subadditive functions
oy (t,x):=log|DY' | ESY|, Ye¥, xeAy(U), teR.

This family of functions satisfies the conditions of Theorem 4.11, assuming Theo-
rems 5.37, 5.37 and 5.39, and using the fact that the equilibria are Lorenz-like, and
thus isolated.

Therefore there exist c € R and A € (0, 1) such that ¢x (¢, x) < c + tlogig for
all X € ¥, x € Ax(U), t > 0. This means that | DX’ | ES|| < Ke™ with K = ¢¢
and e = 2.

5.4.3.2 E°* Is Uniformly Volume Expanding

Analogously, we consider the family of subadditive functions
Yy (t, x) :=log|det(DY " | ES“Y)|l, Ye¥, xeAy(U), teR.

This family of functions satisfies the conditions of Theorem 4.11, assuming Theo-
rems 5.37, 5.37 and 5.39, and using the fact that the equilibria are Lorenz-like, and
thus isolated and their central-unstable subbundle expands area.

Again there exist ¢ € R and 1o € (0, 1) such that ¥x(¢,x) < c + tlogiy for
all X € ¥,x € Ax(U), t > 0. This means that ||det(DX " | ES*|| < Ke™' with
K =€ and e=* = A, as needed.
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5.4.3.3 Uniform Dominated Splitting on Periodic Orbits

Let us assume Theorems 5.38 and 5.39 and show how we obtain Theorem 5.37. The
central idea of the proof is to show that, if Theorem 5.37 fails, then we can obtain a
flow near X exhibiting a periodic point with an arbitrarily small angle between the
central stable and the central-unstable bundles of the Linear Poincaré Flow, leading
to a contradiction to Theorem 5.39.

For this we reduce the problem to the proof of Theorem 4.8 in Sect. 4.2.4, as
follows.

As in the proof of Lemma 4.14, to obtain Theorem 5.37 it is enough to show that
there exist a neighborhood ¥ C %y of X and Ty > 0 such that, for every vector

field Y € ¥, if p € Per,’ (Ay (U)) then
) . 1
IDY® | ELI- DY By < 5 (5.7)

Y7o (p)

We prove (5.7) arguing by contradiction. If (5.7) fails then given X € % and Tp >
0, we can find Y € %y arbitrarily close to X, y € Per(Y) N Ay (U) with ¢, > Ty and
wo € EY and v € EY" satisfying (see Sect. 4.2.4 for a similar argument)

1 1
IDYT0(y) - woll > EnDYTO(y) “vol > EHPYTo “vol. (5.8)

N
xTo(y)
function of Z(E®, E"), then we find n > 0 so that

If we show that the angle between E and Ny, ) is bounded above by a

T
1P, | Ell = nlDY™ | ES|

since the orthogonal projection on N restricted to E* is close to the identity, and
thus

1
1P (y) - woll > 15 1P - voll. (5.9)

From (5.9) we can argue just as in Sect. 4.2.4 to obtain a perturbation of Y, as close
as we want to Y, with arbitrarily small angles between N;Yro(y) and N;“To 0" This
contradicts Theorem 5.39 and proves Theorem 5.37.

Now we find the upper bound for the angle between the stable and the nor-

mal direction to the flow. Let L : (E¢%% )1 — E be a linear map such that

X" (y) x70(y)
E;TO(y) = Graph(L). Then a(E*, E**) = ||L||~! > ¢. Moreover, if 6 = Z(E*, N),
then
0 I OXTO(y)(w + Lw)|| lw+ OXTO(y)Lw”
cosfh = = )
lw—+ Lw|| [Jw 4+ OXTO(y)Lw+(Lw— OXTO(y)LU))”

X
XTo(y)
thogonal projection onto the flow direction, and that the vectors w, O xTo(yy LW and
m(Lw) are mutually orthogonal. Thus

We note that Lw — Oyry () Lw = w(Lw), where 7 : Tyzy(,) — E is the or-
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5 —-1/2
cos@=|1+ Iz (Lw)ll > ! > 1
lwil? + 1Oy L2 TV T V142

Hence the angle 6 is uniformly bounded from above, which is what we wanted to
prove.
This completes the proof of Theorem 5.37 using Theorems 5.38 and 5.39.

5.4.3.4 Uniformly Bounded Angles Between Stable and Unstable Directions
at Periodic Orbits

Here we prove Theorem 5.39, used in the proofs of the results in the previous sec-
tion.

Proof of Theorem 5.39 Arguing by contradiction, we show that, if Theorem 5.39
fails, then we can create periodic points with arbitrarily small angle between the
stable and unstable direction, leading to a contradiction to the second part of Theo-
rem 5.38, already proved.

Theorem 5.39 is a consequence of Propositions 5.41 and 5.42 below. The first
one establishes that, for periodic points close to a singularity, the stable direction re-
mains close to the strong-stable direction of the singularity, and the central-unstable
direction is close to the central-unstable direction of the singularity. This result gives
the compatibility between the splitting proposed for the periodic points in Defini-
tion 5.36 and the local partially hyperbolic splitting at the singularities.

Proposition 5.41 Given X € %y, ¢ > 0 and 0 € S(X) N Ax(U), there exist
a neighborhood V' C %y of X and 8§ > 0 such that for all Y € ¥ and p €
Pery (Ay (U)) satisfying dist(p, oy) < § we have

(a) L(E;’Y, Ef,sy’y) <e¢,and

(b) ZL(Eg-Y ESY) <e.

The second statement says that, far from singularities, the angle between the stable
direction and the central unstable direction of any periodic point, inside the maximal
invariant set, is uniformly bounded away from zero.

Proposition 5.42 Given X € %y and § > 0, there are a neighborhood V' C U of X
and a positive constant C = C(8) such that if Y € ¥ and p € Pery (Ay (U)) satisfies
dist(p, S(Y) N Ay (U)) > § then

Z(ERYESAY) > C.

Theorem 5.39 follows from these propositions since

e away from equilibria, the uniform domination between the stable and center-
unstable directions at periodic orbits is a consequence of the uniform growth rates
provided by Theorem 5.38 together with the angle estimate of Proposition 5.42;
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o for orbits passing close to equilibria, Proposition 5.41 ensures that the stable and
center-unstable directions are essentially the same as the strong-stable and center-
unstable direction at the singularity. The angle between these is bounded away
from zero since each equilibrium is Lorenz-like, by Theorem 5.10, and the set
S(X) N Ay(U) is finite because each singularity is hyperbolic. This, together
with the uniform growth rates provided by Theorem 5.38, ensures the uniform
domination between the stable and center-unstable directions.

The proof of Theorem 5.39 is complete depending only on Propositions 5.41
and 5.42. O

Remark 5.43 This same reasoning above is also valid to prove that a homogeneous
attractor with generalized Lorenz-like singularities admits a dominated splitting.

We present the proofs in the three-dimensional case but for higher dimensions
case the adaptations are straightforward.

5.4.4 Flow-Boxes Near Equilibria

Since the equilibria ¢ in our setting are all Lorenz-like, the unstable manifold
W (o) is one-dimensional, and there is a one-dimensional strong-stable manifold
W9 (o) contained in the two-dimensional stable manifold W* (o). Using the lin-
earization given by the Hartman-Grobman Theorem 2.14 or, in the absence of res-
onances, the smooth linearization results provided by Sternberg [256], orbits of the
flow in a small neighborhood Uy of the equilibrium are solutions of the linear sys-
tem (3.3), modulo a continuous change of coordinates.
Then for some § > 0 we may choose cross-sections contained in Uy

e Yo% at points y* in different components of Wi )\ {o};
e X at points x* in different components of Wi (o) \ W (o)

and Poincaré first hitting time maps R* : 4%\ ¢* — £~ U ¥%T where (* =
ZiENWS (o), satistying (see Fig. 5.3)

1. every orbit in the attractor passing through a small neighborhood of the equilib-
rium o intersects some of the incoming cross-sections X%+

2. R* maps each connected component of X% \ ¢* diffeomorphically inside a
different outgoing cross-section X %%, preserving the corresponding stable foli-
ations.

These cross-sections may be chosen to be planar relative to some linearizing
system of coordinates near o, e.g., for a small § > 0

T ={(x1, x2, 1)t Jx1| <68, 2| <8} and

TOF = (%1, x2, x3) : |x2] <8, |x3] <68},
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Fig. 5.3 Cross-sections near o+
a Lorenz-like equilibrium

>o,—

X2
Fi-
-

where the x1-axis corresponds to the unstable manifold near o, the xp-axis to the
strong-stable manifold and the x3-axis to the weak-stable manifold of the equilib-
rium which, in turn; is at the origin, see Fig. 5.3.

The equilibrium is hyperbolic for the vector field X. Hence for every C! nearby
vector field Y there exists a unique Lorenz-like equilibrium oy in Uy. Moreover the
submanifolds X% and X% remain transverse to Y. So all local properties of these
cross-sections are robust under small C! perturbations of the flow.

5.4.5 Uniformly Bounded Angle Between Stable
and Center-Unstable Directions on Periodic Orbits

Let us recall some facts and notation before starting the proof of Propositions 5.41
and 5.42.

Given a singularity o of X € %/, we know that o is hyperbolic. So for ¥ close
to X there exists a unique continuation of ¢, which we write oy . Since every singu-
larity of X in Ax(U) is hyperbolic, we conclude that the singularities of Y near to
X are the continuations of the singularities of X. Hence we can assume that, for any
Y close to X, the singularities of Y in Ay (U) coincide with those of X in Ax (U).

According to Theorem 5.10, for all Y € %y the eigenvalues A; = A;(Y), i =
1,2,3 of DY (oy) are real and satisfy Ao < A3 < 0 < —A3 < A1. We write Ef,iy for

the eigenspace associated to the strongest contracting eigenvalue A, and E(C,‘;*Y for
the bidimensional eigenspace associated to {13, A1}. Without loss of generality we
can assume that, for Y close to X, the eigenvalues of DY (oy) are the same as the
ones of DX (o).

Since M is a Riemannian manifold, for any x € M and every neighborhood U
of x there exists a normal neighborhood V C U of x, i.e., for any pair of points in
V there is a unique geodesic contained in V connecting them. Thus using parallel
transport in V we can define angles between any pair of tangent vectors at points of
V. We will use this in what follows to compare angles of tangent vectors at nearby
points. Alternatively, we can simply take a local coordinate system at x and compare
angles in those coordinates: the distortion will be bounded near x.

We reduce the proof of Propositions 5.41 and 5.42 to the following results.
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The first one is the next lemma (which is Theorem 4.10, already proved) estab-
lishing that any compact invariant set I" C Ax(U) containing no singularities is
uniformly hyperbolic.

Lemma 544 Let X € %y and I' C Ax(U) be a compact invariant set without
singularities. Then I' is uniformly hyperbolic.

Given X € %y and § > 0 we define

G= U B,

oceS(X)NAx(U)

the §-neighborhood around the singularities of X in A. Write Us = U \ C;s for the
closure of the complement of Cs in U and define

2x(Us) ={x € 2(X) : Ox(x) C Us}.
We use the following application of Lemma 5.44.

Corollary 5.45 For any § > 0, 2x(Us) is hyperbolic.

Recall that, given a regular point x € M, we define Nf as the orthogonal com-
plement of E}c/ inTyM, Ay(U)* = Ay(U) \ S(Y), and

Naywy = {NyT @ NSS4y

denotes the splitting for the Linear Poincaré Flow P,Y of Y; see Theorem 2.33 in
Sect. 2.6. For x € A} (U) we define the bundles ESY = NSY @ EY and ESY —
NS @ EY.

Recall also that for ¥ near X and p € Pery (Ay (U)) we denote by E‘;,’Y @ EIC,”’Y
the splitting induced by the hyperbolic splitting along the periodic orbit as in Defini-
tion 5.36. In this case, we have E:,"’Y = N;’Y EBEI): and EZ’Y C EIC,S’Y = N;’Y o) E}f

Using the property that a uniformly hyperbolic set has a unique locally defined
continuation for flows close to the initial one, we obtain that, for every point whose
orbit does not go away from I" for any nearby flow, any tangent vector in E<® close
to the flow direction remains close to the flow direction under the action of the flow.

Lemma 5.46 Let X € %y and I" be a compact invariant set without singularities.
Then there are neighborhoods ¥ of X, V of I' and y > 0 such that for any ¢ > 0
there exists T = T (e) > 0 satisfying: if Y € ¥, y e VN Ay(U) with Y’(y) € V
for0<s <t and somet > T, and also v € N;’Y (&> EyY with Z(v,Y(y)) <y, then
Z(DY'(y) v, Y(Y'(y) <e.

The next result provides angle estimates for orbits passing near to a singularity.
For a point y in Ay (U) and vectors v with angle bounded away from zero with the
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strong-stable bundle at the singularity, after passing near the singularity, DY’ (v)
lands in the direction of the central unstable bundle at Y’ (y).

Given oy € S(Y) N Ay(U), Wj, (oy) (W, (oy) respectively) stands for the
local stable (unstable) manifold at oy. We set Wfa (oy) =W} (oy) \ {oy} and
Wl”;c (oy) = W;; .(oy) \ {oy}. Since oy is Lorenz-like, there is a unique bundle EssY
in TWl (oy) which is strongly contracted by the derivative of the flow. For each

W (o), E3® ¥ is the fiber of £55Y at y.

In the followmg we use the notation from Sect. 5.4.4 for cross-sections near a

8-neighborhood of the singularities.

Definition 5.47 If y € Bs(oy) we write y, for the point in Wfoc(oy) satisfying
dist(y, W} (oy)) = dist(y, ys).

Now we can state the result precisely.

Lemma 5.48 Let X € %y, 0 € S(X)N Ax(U) and § > 0. There exists a neighbor-
hood V' of X such that giveny > 0 and € > 0 there exists r =r (g, y) > 0 such that,
forY eV, y e Bs(o) N Ay(U) satisfying dist(y, W} (oy)) < r and for ve TyM
with Z(v, E;i y) >y, then Z(DY*% (y)(v), E‘”W)(/})) < &, where sy is the smallest
positive time such that Y* (y) € X%,

Given 8’ € (0, 8) we define a neighborhood of the local stable manifold of o in
yiE by

TiE = (x e ZHE dist(x, W) (0) N B9F) <8). (5.10)

Finally, next result provides estimates for the angles after passing near a singularity:
if a vector v in the central direction has angle bounded away from zero with the flow
direction then, after passing near o, DX (v) becomes closer to the direction of the
flow.

Lemma 5.49 Let X € %y,0 € S(X)NAx(U) and 8 > 0. There is a neighborhood
V of X such that, given ¢ > 0, k > 0, § > 0 and cross- sectwns yiE yot g
above, there exists §' > 0 satisfying: forallY € ¥, p € 25 yandv e N” v ® EY 'f
Z(v,Y(p)) >k, then Z(DY*?(p)-v, Y (Y*r(p))) <&, where Sp s theﬁrstposztzve
time such that Y*» (p) € X%,

We postpone the proof of Lemmas 5.46, 5.48 and 5.49 to the end of this section,
and continue with the proof of Propositions 5.41 and 5.42 assuming these results.

Since we have only a finite number of singularities, we can assume that the esti-
mates given by the previous lemmas are simultaneously valid for all singularities of
Yin Ay(U) and forall Y € 7.

Proof of Proposition 5.41(a) We argue by contradiction. Using the property that
hyperbolic singularities depend continuously on the vector field, we have that, if
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item (a) of Proposition 5.41 fails, then there are a singularity ¢ of X, y >0, a
sequence of vector fields Y, converging to X and a sequence of periodic points
pn € Pery, (Ay, (U)) with p, — o such that

L(ES™, E;fy;Y") > y. (5.11)

We prove, using (5.11), that after a first passage through a neighborhood of a sin-
gularity, the stable direction and the flow direction become closer. This property
persists up to the next return to that neighborhood. After a second passage through
it, we show that the stable direction and the flow direction are close, and that the
unstable direction and the flow direction are also close. This implies that the sta-
ble and the unstable direction are close to each other, leading to a contradiction to
Theorem 5.38(b).

Fix a neighborhood B;s (o) and cross-sections X 0% »i.% contained in Bs(o) as
in Sect. 5.4.4. Since p, — o, we have that for all sufficiently large n there exists the
smallest #, > 0 such that ¢, = Y'” (pp) € O+,

Note that there exists g € W/! (o) N Ax (U ) such that g,, — q.

loc

Lemma 5.50 The bound (5.11) implies that L(E;;,Y”, Y. (qn)) —+> 0.
n——+0oo

Proof We prove first that, as a consequence of (5.11), the stable direction at g, is

close to the central-unstable direction at g,. Using some properties of the splitting

given by the Poincaré flow, we deduce that the stable direction at g, is necessarily

close to the flow direction at g,,, and from this we deduce the statement of the claim.
By (5.11) and since p,, — o, by Lemma 5.48 we get

L(EJ NoPn @ E}r) — 0. (5.12)

In/ p—s+too

Now we deduce from (5.12) that Ej, S’Y” is leaning in the direction of the flow. Indeed,
since g, — q € A% (U ), T heorem 2 33 for the Linear Poincaré Flow ensures that

LN , Ny, Yoy o E Z(Ny*, X NX%) for every n big enough. Because NY(”)
orthogonal to Y, (qn), we deduce that

A(NY Yn @EY Nu Y’LGBEY

qll qll (111 ) 4(NS Yn Nu Yn)

4n

Hence /(N @ EX Ny Y gy E}") is uniformly bounded away from zero. Since

E”"cN‘Y"eaEY andY (qn)_(N”"@EY )N (N @ EX"), by (5.12) we
obtam

Z(ES™, Yu(gn)) — 0. (5.13)
4n n—00

This completes the proof of the lemma. ]

Now we apply Lemma 5.49. For this, let § be as above, k = ¢ with ¢ given by
Theorem 5.38(b) and & < ¢/2. Let §' be given by Lemma 5.49.
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Fix 6* < max{é, 8’} and consider Usx = U \ Cs=. Since the singularities of Y €
¥ are continuations of the singularities of X, we can assume that Us« N S(Y) N
Ay(U)=@forallY € 7.

Since o is an accumulation point of {0y, (g,)}»>1 We have that, for n large
enough, there is a first positive time sn such that g, = Y,"(g,) belongs to Cg«. We
can take s, in such a way that g, € 25  (defined in (5.10)).

We assume without loss of generahty, that every ¢, belongs to the same cross-
section Z‘ 58 % associated to the same singularity of ¥, and of X. Note that from the
choice of §* we have Y (gn) € Uss forall 0 <s <.

Next we prove that (5.13) is also true replacing g, by g,, that is,

4(E~ " Yu(Gn)) mo (5.14)

Indeed, if there exists S > 0 such that s, < S for infinitely many n, then (5.13)
immediately implies (5.14).

Otherwise, let ¢ be such that ¥;," /2

(gn) —> ¢. Then Ox (q) C U+ which im-
Sp—> 00

plies that wx (q) C £2x(Us+). By Corollary 5.45 we know that £2x (Us) is uniformly

hyperbolic. Let V be a neighborhood of £2x (Us+) given by Lemma 5.46. Now we

establish that the time spent by the Y,,-orbit segment {¥}(g,),0 <t <s,} outside V

is uniformly bounded.

Lemma 5.51 There exists S > 0 such that for all n there are 0 < s,% < s,%

s,l < Sand s, — sn2 < § satisfying Y} (q,) € V for all s,]Z <s < s,%.

< s, with

Proof It is enough to prove that there exists S such that, given g, and 0 < s, < sy,
with ¥," (gn) ¢ V, then either sp<Sors,—s,<S§.
If this were not the case, there would exist s, such that Y,f” (gn) ¢ V and both

sp — s, — +00 and s, — +o00. Then we can take a sequence Yy (gn) — g’ with
q' ¢ V. This implies that Ox (q’) C Us+. So wx (q") C §2x(Us+) and hence wx (¢’) C

V. Thus for large n we would get Y, (gn) € V, contradicting the assumption. This
finishes the proof. O

Returning to the proof of (5.14), recall that A(E;;IY”, Yu(qn)) is arbitrarily small
for n large enough, by relation (5.13). Now Lemma 5.46, together with Lemma 5.51,
implies (5.14), since we know that the time spent by Y, (g,) in V for s € [0, 5,,] is
arbitrarily big.

Now since g, € 25 Y there is a first time r,, > 0 such that g, = Y,"(§,,) € X +
by the choice of the cross-sections near the singularities. We prove that also
L(E™ Ya(Gn)) 2 0.

If there exists S > 0 such that 0 < r, < S for infinitely many n, then taking a
subsequence we obtain the desired conclusion Otherwise, taking a subsequence if

necessary, we have g, — W} (o)N Es 5 and there exists g € W” (o)N X * such

loc
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that g, — g. Observe that there exists d > 0 satisfying: for any y € W,

loc

(o)N 25 gy
we have Z(X (y), E‘;“) > d. So provided n is large enough we obtain

£(Ya(Gn), EZ") > d. (5.15)

Combining (5.14) and (5.15) we obtain A(E(;’Y", Ej;"Y") > d for n large. Arguing
as in the proof of Lemma 5.51, replacing ¢, by g, for n > 0, we obtain

lim 4(E~ " ¥a(G,) =0. (5.16)

n—o0

Moreover from (5.14) Theorem 5.38(b) ensures that

A(Egr’ly”, Yu(Gn)) > c for n big enough. (5.17)
Since Eg’Y" - Ng’y" @ E;” from (5.17), Lemma 5.49 implies that

(DY’"(E~ ") Ya(Gn)) <€ <c/2 (5.18)

by the choice of ¢.
Finally (5.16) and (5.18) combined with Egn'Y "= DY;"(E}'™) give

A(Eg’y", E;’ Y") < ¢/2 for n big enough.

This contradicts Theorem 5.38(b). This contradiction completes the proof of Propo-
sition 5.41(a). O

Proof of Proposition 5.41(b) We show that given Y near to X and a periodic point
p of Y close to oy, then E}," Y is close to ESY. We split the argument into the
following claims.

Given 8, 8’ > 0 we consider the cross-sections X%+ and Eg;t, as in Sect. 5.4.4
and definition (5.10).

Lemma 5.52 Let X € %y, 0 € S(X) N Ax(U) and § > 0. There are a neigh-
borhood V of X such that, given y >0 and € > 0, there exists r =r(e,y) >0
such that, if y € X% and Ly C TyM is a plane with A(Ly,E;S) > y, then
Z(DY*¥(y) - Ly, Eg’;) < &, where sy is such that Y*»(y) € B.(oy) and Y*(y) €
Bs(oy) forall 0 <s <sy.

The proof of this claim is analogous to the proof of Lemma 5.48, which is pre-
sented at the end of this section.
Giveny e ¥ égt/ let y, be as in Definition 5.47.

Lemma 5.53 Let X € %y, 0 € S(X)NAx(U) and § > 0. There are a nelghbor—
hood V of X,y >0 and §' > 0 such that forall Y € ¥ and all y € Ay (U) 023 Py

we have Z(Ey"", Y ” Y) >y.
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Assuming the lemmas, let us complete the proof of the proposition.
Observe that for p close to oy there is s, > 0 such that p = Y_Sp (p) €

Z‘(;’;, where § and 8’ are as in Lemma 5.53. Let p, be as in Definition 5.47.
By Lemma 5.53 we have 4(E;”’Y, ESSY) > y. Hence, by Lemma 5.52, we get

P
Z(DY( ﬁ)(E;”’Y), Eg’;’y) arbitrarily small, provided that p is close enough to oy,
concluding the proof of Proposition 5.41(b). U

Proof of Lemma 5.53 First we consider points g € E;:f; NAxU)N Wfoc(a).
In this case, observe that A(Eg“’x, E¥) > A(EZ"’X, T,W; .(0)). By item 3 of

loc
Theorem 2.33 we have N;’X =T,W; (o) N N, and since X(q) € T,W} (o) we
have T, W} (o) = N;*X @ E;(. We conclude that

loc

LS Ty Wi o(0)) = Z(Eg“X Ny X @ EX) = £(Ny X Ny X)), (5.19)

Since ¥ ggc, is compact and does not contain singularities by construction, Theo-
rem 2.33 ensures that there is ¥ = y (8, §") such that A(Ng’x, N;‘X) > y for all
q € Eg; Replacing this inequality in (5.19) we conclude the proof of the lemma in
this case. _

For p close enough to oy, we have dist(p, E§§ N Wlsoc(cry)) arbitrarily small. Us-
ing the continuous dependence of the splitting N*-X @ N*¥ with the flow together
with Theorem 2.33, we find that the estimate (5.19) above still holds replacing g by
p and X by Y, concluding the proof. g

Proof of Proposition 5.42 Assume, by contradiction, that there exists a sequence of
periodic points p, ¢ Cs for flows Y,, — X such that

Z(E;I:,Yn’ES,Yn)—)O' (5.20)

Pn n——+o0o

We claim that U, Oy, (p,) N S(X) N Ax (U) # @. Indeed, if this were not the case,
we would get §* > 0 such that U, Oy, (p,) C £2x(Us+). By Corollary 5.45 the set
£2x (Us+) is hyperbolic and so there are neighborhoods V and ¥ of 2y (Us+) and
Y, respectively, and ¢ > 0 satisfying Z(E‘;,’Y, E;"’Y) > ¢ for all p € Pery(Ay(U))
such that Oy(p) C V. Since Y, m X we have Oy, (p,) C V for n suffi-

ciently large. We conclude that Z(E;,’,IY”, E;’Z’Y") > ¢, leading to a contradiction.

Thus U, Oy, (pn) N S(X) N Ax(U) # 9 as claimed.

Fix § > 0 and take cross-sections X* and X% as in Sect. 5.4.4.

Since U, Oy, (pn) N S(X) N Ax (U) # 0, there exists a positive s, such that p, =
Y (pn) € 5% for each n.

Now take x = ¢ with ¢ given by Theorem 5.38(b), ¢ < ¢/2 and & as in
Lemma 5.49. Fix §* < min{é8, 8’} and consider Us+ = U \ Cs+. By Corollary 5.45
the subset £2x (Us+) is hyperbolic.
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From the choice of §*, we obtain that Y, (p,) € Us+ for any 0 < s <s,. We
assume, without loss of generality, that every p,, is in a neighborhood of the same
singularity o . Reasoning as in the proof of Proposition 5.41(a) we prove that (5.20)
implies that

s, Y, ~
A(Eﬁn , Y,,(p,,)) = 0. (5.21)
Once (5.21) is settled, the proof follows analogously to that of the previous propo-
sition. ([l

We finally present the proofs Lemmas 5.46, 5.48 and 5.49.

Proof of Lemma 5.46 Since I is hyperbolic, there are 0 < Ay < 1 and ¢ > 0 such
that N;X = E;X ® EX with |[DX' | ESX|| <c- M., and ¢ < | X | T <.
Changing the metric in a neighborhood of I", we can assume without loss of gener-
ality that E;’X is orthogonal to Ef and || X (x)|| = 1 for all x € I". In other words, in
the new metric £ }’X coincides with the stable bundle N}’X of the Linear Poincaré
Flow restricted to I".

For each x € I', let nf;X eEN ;’X be a unit vector and consider the orthogonal ba-
sis By = {X (x), 5%} of EXe NSX In this basis the matrix of DX (x) restricted
to EX@ NI Y is

DX'|(EX @ Ny¥) = |:(1)2X:|

where [|n$ ¥ || < ¢ - Al

F1x to > 0 such that || | < 1/2 for all x € I'. There exists ¢/ > 0 such that

X,1y
ny T Xl >c forallx e I by continuity of the flow and compactness of I". Taking
a neighborhood V of I and a neighborhood ¥ C % of X, both sufficiently small,
and a change of metric varying continuously with the flow, we can make ||Y (y)|| = 1
forall Y € ¥ and all y € Ay (U). Thus the matrix of DY (y) restricted to E;/ &)

N;’Y with respect to the basis %), = {Y (y), n;’Y} is

Y

ylo

where 8Y < 80 and 8 is small for Y sufficiently close to X. Moreover ||n>;
Hence

|| <1/2.

¥.lo

Y s,Y ISY
DY | (EY @ Ny ) = | 55 |

y.n-to

with 8;",, < 28p. Let ¢ > 0 and ng be such that 27" < ¢ for all n > ng. Given
Ve E)Y @ N;‘Y we can write v = (1, y;) in the basis B,. Then for any positive
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integer m we get

V- 1y mgm (1/2)10m

_sY s,Y = 1—28

y,no ”y no-m

A(DYnom(y) v, (170)) S

For t > ng we write t =m - ng + s with 0 < s < ng and then
Z(DY'(y) v, Y(Y'(y)) <K -
for some positive constant K, concluding the proof of Lemma 5.46. (]

Proof of Lemma 5.48 We prove the lemma by introducing linearizing coordinates
in a normal neighborhood V of o. For this we assume that there is a neighborhood
V of o where all Y sufficiently near to X are linearizable. This is no restriction
since we can always get rid of resonances between the eigenvalues by small C*®
perturbations of the flow. Fix § > 0 small so that Bs(c) C V. Assume also that
oy = o and the eigenvalues of DY (oy) are the same as the ones of DX (o). Let
Ay < A3 <0 < —A3 < A1 be the eigenvalues of DX (o). So, in local coordinates
X,¥,Zz, we have that Y | V can be written as

X =A1X
YE w,2)=1{y=%1y (5.22)
Z=2A3Z
Note that in this case for y € W} (o)
Wi .(0) =V N ({0} x R?), Wi .(0) =V N (R x {0,0)},
Wi(o) =V N (R x {0} x R), E3Y =v N ({0} x R x {0}).

For y € ZOC(G)WehaveE‘“y_Rx{O}xRandZ“’iﬁWl’gc(o)={(i1,0,0)}.
For y € V and for v = (v, vp, v3),ift > Oissuchthat Y¥(y) € V forall0 <s <t,

then
DY'(y)-v= (e)‘”vl, e)‘ztvz, e v3). (5.23)

Given two vectors v and w we denote the slope between v and w by slope(v, w).
Let » > 0 and let y € Bs(o) be such that dist(y, loc(a)) <vr. Let v =

(v1,v2,v3) € TyM and let ¢ > 0 be such that Y*(y) € V forall 0 < s <t. Then

Aot |

le*2" - va|

Ve v+ (€90 v3)?

slope (DY'(y) - v, ES“X) =

On the other hand, assuming that Z(E;‘,‘Y’X, v) = Z((0,1,0),v) > y we find that
there exists 0 < 7 < 1 such that 0 < |vs| < 7. Hence v} +v3 > 1 — p2. This implies
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that either vy > /(1 — $2)/2, or v3 > /(1 — $2)/2. Thus

R Aot |
Slope (Dyt(y) ., E((;u,X) < |€ U2| < Y . e()\z—)»,')t, (524)

TleMt v T /(1= 92)/2)

where i € {1, 3} is chosen so that v; satisfies vl.2 > /(1 —y2)/2. As both Xy — A3
and A, — A1 are strictly negative, there exists T = T (e, y) > 0 such the bound given
by (5.24) is smaller than ¢ forall ¢ > T.

Now taking r sufficiently small, for y € (Bs(o) \ Wl; -(0)), we can ensure that if
Y!(y) € %%, thenr > T. These last two facts combined complete the proof.  [J

Proof of Lemma 5.49 For the proof of this lemma we use local linearizable coordi-
nates in a neighborhood of ¢ as in the proof of Lemma 5.48.

Let § > 0 be small enough so that Bs(c) C V and consider it 3o+ a5 in
Sect. 5.4.4. Take &' > 0 and consider Xjj; as in (5.10). Let p € X5, N Ay(U) and

ve Ny @ EY with Z(v, Y(p)) >k > 0. Write v=a - (1,0,0) + 5 (0,1,0) +c-
(0,0, 1) with a* + b* + > = 1.

Claim There are R > 0 and 8’ such that, if p and v are as above, then |a| > R.

Proof By the continuity of the flow direction and the normal bundle splitting far
from singularities, it suffices to verify the claim for p € W;] (o) \ {o}. In this case
E;‘Y’Y = {0} x R2. Thus all we need to prove is that / (v, E;‘V’Y) > K for some k > 0.
For this, observe that since dist(p, o) > 8, by Theorem 2.33 there is k' = k'(5)
such that Z(Ny", Niw¥y > k'. Since Z(ES"Y, ESYy = 2Ny, Ni), we con-
clude that

L(ESYEST) > K (5.25)

On the other hand, v € EY & Nj' = Ef"" and Z(v.Y(p)) = Z(v, E;"" N

E;”’Y ) > « by hypothesis. This fact combined with (5.25) give the proof of the
claim. (]

Returning to the proof of Lemma 5.49, let 1, > 0 be such that Y'» (p) € X}'. Next
we prove that for 8’ small we have

1. Z(Y'»(p)), 1,0, 0)) is small, and
2. Z(DY'(p)(v), (1,0,0)) is small.

Observe that, if 8’ — 0, then tp —> oo and Y ' (p) converges to a point in Wl’g (),
where the flow direction is (1, 0, 0). Hence the continuity of the flow direction im-
plies the first item above.

To prove the second item, recall (5.23). Then by the previous claim

b et
Altp

]
3

< e()\2_)¥1)'tp .

a-e
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Astp )
ZZA—T,; <e®=2 . |c|/R. Since t, — 00 as 8’ — 0, R > 0
and both A, — A; and A3 — A; are negative numbers, we deduce that the bounds

on both inequalities above tend to 0 when 8’ — 0, concluding the proof of
Lemma 5.49. O

Similarly, we have |







Chapter 6
Singular-Hyperbolicity and Robustness

Under the assumption of singular-hyperbolicity one can show that at each point
there exists a strong stable manifold; more precisely, the attractor is a subset of
a lamination by strong stable manifolds. It is also possible to show the existence
of local central manifolds tangent to the central unstable direction, see [110] and
Sect. 6.1. Although these central manifolds do not behave as unstable manifolds, in
the sense that their points are not necessarily asymptotic in the past, the fact that
the flow expands volume along the central unstable direction implies rather strong
properties.

We list some of these properties that give us a nice description of the dynamics
of robustly transitive sets with singularities and, in particular, for robust attractors,
or of singular-hyperbolic attracting sets with a dense subset of periodic orbits.

The first two properties do not depend on the fact that the set is either robustly
transitive or an attractor, but only on the fact that the set is partially hyperbolic and
that the flow expands volume in the central-unstable direction.

Lemma 6.1 For a non-trivial (different from a finite set of singularities) partially
hyperbolic set A with hyperbolic singularities of saddle type of a C' flow X, the
flow direction is contained in the central bundle.

Proposition 6.2 Let A be a singular-hyperbolic compact set of X' € X' (M). Then
any invariant compact set I’ C A without singularities is a uniformly hyperbolic
set.

It is clear that a singular-hyperbolic attractor has only finitely many equilibria,
since these are hyperbolic equilibria (thus isolated) contained in a compact set.
Morales in [165] shows that there are smooth vector fields exhibiting singular-
hyperbolic attractors with any given (finite) number of (Lorenz-like) equilibria in
compact 3-manifolds. Moreover, in [164], Morales also obtains an example of a
singular-hyperbolic attracting set without singularities.

For singular hyperbolic attracting sets having only one singularity we can obtain
a partial converse to the results in Chap. 5.

V. Aradjo, M.J. Pacifico, Three-Dimensional Flows, Ergebnisse der Mathematik und ihrer 163
Grenzgebiete. 3. Folge / A Series of Modern Surveys in Mathematics 53,
DOI 10.1007/978-3-642-11414-4_6, © Springer-Verlag Berlin Heidelberg 2010
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We start by stating a corollary of the arguments used to prove Theorems 5.10
and 5.11 (see Remarks 5.25 and 5.31 in Chap. 5). Observe that we assume partial
hyperbolicity with volume expanding central direction but do not assume transitivity
in the following statement.

Theorem 6.3 Let A be a nonempty compact invariant isolated set for a three-
dimensional flow X' € X'. Assume that A is partially hyperbolic with volume ex-
panding central direction. If o is a singularity properly accumulated by regular
orbits in A, then

e cither o is Lorenz-like for X and Wy’ (o) N A ={o};
o or o is Lorenz-like for —X and Wy" (o) N A = {o}.

The conditions on the orbits accumulating the singularity allow us to use the
Connecting Lemma to produce a saddle connection for a nearby C! flow which will
contradict the existence of dominated splitting if the singularity is not Lorenz-like.

Definition 6.4 Let A be anisolated set of X’ € X" (M). We say that A is C” robustly
periodic if there are an isolating block U of A and a neighborhood %/ of X in
X"(M) such that Ay(U) =Per(Y)N Ay(U) forall Y € % .

Examples of C! robustly periodic sets are the hyperbolic attractors and the geo-
metric Lorenz attractor (see Sects. 2.3 and 3.3). These examples are also C' robustly
transitive. On the other hand, the singular horseshoe (from Sect. 3.1) and the exam-
ple by Morales and Pujals in [171] are neither C' robust transitive nor C! robustly
periodic. These examples motivate the question whether all C! robust transitive sets
for vector fields are C! robustly periodic. Arroyo and Pujals have recently obtained
a positive answer to this question in [27]:

Theorem 6.5 Every singular-hyperbolic attractor has a dense subset of periodic
orbits.

Combining this with Theorem 5.13 and Proposition 6.2 one deduces the follow-
ing.
Corollary 6.6 Every C! robustly transitive set of a three-dimensional manifold is

C! robustly periodic.

Moreover Theorem 6.5 together with Proposition 2.10 implies that singular-
hyperbolic attractors are chaotic (as defined in Sect. 2.4) and, in particular, have
sensitive dependence on initial conditions.

Corollary 6.7 Every singular-hyperbolic attractor is chaotic.
The existence of a periodic orbit for singular-hyperbolic attracting sets was first

obtained by Bautista-Morales in [37]. However it is possible to construct a singular-
hyperbolic isolated set with a transitive orbit but without periodic orbits, see [162].
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All known singular-hyperbolic attractors are homoclinic classes. It has been con-
jectured by Morales in [164] that every singular-hyperbolic attractor is in fact a
homoclinic class, which, from the Birkhoff-Smale Theorem 2.17, would imply The-
orem 6.5.

Using the constructions of adapted cross-sections and of global Poincaré maps,
explained in Sect. 6.1 and first presented in [21], we give a proof of this property
(and of Theorem 6.5 as corollary through the Birkhoff-Smale Theorem) for singular-
hyperbolic attractors. We observe that this property was proved for the geometric
Lorenz attractors in Chap. 3.

Theorem 6.8 Every singular-hyperbolic attractor for a C' flow X' is a homoclinic
class, that is, there exists a periodic orbit Ox (p) of X in A such that A = Hx (p).

In general, singular-hyperbolic attractors with only one singularity may not be
C’ robustly transitive as already observed by Morales-Pujals in [171] and explained
in Example 5.7 in Chap. 5.

Nevertheless, on compact 3-manifolds, C” robustly periodic sets are C" robustly
transitive among singular-hyperbolic attractors with only one singularity.

Theorem 6.9 A C” robustly periodic singular-hyperbolic attractor, with only one
singularity, on a compact 3-manifold is C" robust.

This result, first proved in [169], gives explicit sufficient conditions for robust-
ness of attractors depending on the perturbed flow. One should aim to obtain suffi-
cient conditions depending only on the unperturbed flow. This is still an open ques-
tion.

We prove Theorem 6.8 in Sect. 6.2 (and Theorem 6.5 is a corollary of this as
already observed). We present a proof of Theorem 6.9 following [169] in Sect. 6.3.

The next two results show that important features of hyperbolic attractors and of
the geometric Lorenz attractor are present for singular-hyperbolic attractors, and so
also for robust attractors with singularities.

Proposition 6.10 A singular-hyperbolic attractor A of X € X' (M) has positive
Lyapunov exponent uniformly bounded away from zero at every orbit.

The following generic property in the space X' (M) can also be deduced from
Theorems 5.3 and 5.10.

Proposition 6.11 For X in a residual subset (a set containing an intersection of an
enumerable family of open dense subsets) of X' (M), each robust transitive set with
singularities is the closure of the stable or unstable manifold of one of its hyperbolic
periodic points.

Now we present proofs of the propositions stated above using the results from
Chap. 5.
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Proof of Lemma 6.1 It is enough to show that the flow direction X (x) at x €
A\ S(X) is not contained in the uniformly contracting direction of the dominated
splitting ES @ E€ and that the angle between EX and E° is bounded away from
ZEero.

Indeed, the one-dimensional sub-bundle EX generated by the flow direction at
regular points x € A is DX’-invariant. If EX is not contained in E* and the angle
between the two is bounded away from zero, then at each x € A \ S(X) the sub-
bundle E¥ is contained in the graph of a linear map €, : E¢ — ES whose norm is
bounded from above uniformly on x € A \ S(X). The domination condition on the
splitting now implies that the ratio

IGoll IDX, - (DX - @) DXL - x|
ul IDXL - (DX, - u)]| IDXL o]

for any given u € ES \ {0}, goes to zero exponentially fast with ¢ going to 4oo,

where v = DX -uissuch that v+ £y, (v) = DX'- X (x) = X (X~ (x)) by the

invariance of EX. This means that in fact £, («) = 0 for all u € E¢andso E X c E-.
If we assume by contradiction that EX € E?, then we get for all # > 0

IX@) I =IDX' DX X(x)|| < Ke ™ IDX™' X (x)]

and so we obtain [|[DX "X (x)|| > Ke* which grows exponentially fast with 7.
Moreover since both EX and E® are DX'-invariant, we see that X (z) € E; for
all z in the alpha-limit set ax(x) of the orbit of x. Therefore || X(X'(z))| =
IDX'X(z)|| — 0 as t — 400 and so there exists o € S(X) N ax(x) such that
z€ Wi (o).

If ax(x) = {0}, then X (X~'(x)) = DX "X (x) should grow exponentially fast,
because X (x) € EZ, and also tend to zero, because X ' (x) — o € S(X). This con-
tradiction shows that ax (x) \ {o} # @. In addition, since o is hyperbolic of saddle
type and accumulated by the backward orbit of the regular point x, then there must
be a point z € ax (x) N W (o) \ {o'} by the linearization of the flow near o. We again
deduce a contradiction because X (X ~7(z)) should grow exponentially fast and tend
to zero. This concludes the proof that EX ¢ E*.

Near the singularities of A, the flow direction is clearly away from the uniformly
contracting direction at the singularities. The continuity of a dominated splitting
ensures that this holds on a neighborhood U of the singularities in A. Away from
the singularities the set A \ U is compact, and so the continuity of the splittings
E* @ E€ and the bundle EX and the fact that EX ¢ ES ensure that there exists a
positive lower bound for the angle between E* and EX on A\ U. This is enough to
conclude the statement of the lemma. U

Proof of Proposition 6.2 The argument relies on the fact that the intersection of the
dominated splitting E* @ E* with the normal bundle N over I" induces a hyper-
bolic splitting for the Linear Poincaré Flow defined over I" (recall the definition of
the Linear Poincaré Flow in Sect. 2.6). Thus by Theorem 2.27 we conclude that I
is uniformly hyperbolic, finishing the proof.
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From the fact that I" does not contain singularities, there exists K > 0 such that
1/K < | X(x)]| < K forevery x € I'. Consider the following splitting on the normal
bundle Ny: define N} = E$" N Ny and N§ = EJ° N Ny for x € I', where E{’ =
EX®ES.

Now we show that this splitting is hyperbolic for the Linear Poincaré Flow P;
over I". Note that for any 7 € R the Jacobian of DX’ along the sub-bundle ES" can
be given by

XX )

sinZ(DX'(x) - n, X (X' (x))) - [ DX" (x) - |l - X (Ol

’

where n¥ € N is any choice of a unit vector. The last expression is the same as

X X))

Oxi oy (DX' (x) - n¥
[ Oxi o (DX () - n3) | X0l

where Oy (,) denotes the orthogonal projection from Tx: ()M onto Ny (y); recall
Sect. 2.6. Thus
I X (X" )l

det(DX' | E)| = Oxt(x DX' -l —— 6.1
|det(DX" | E&)| = || Ox () (DX (x) - n%) | X (6.1)

Since the central direction is (c, A)-volume expanding, we know that the value of
the expression in (6.1) is bigger than c - ¢*'. Hence we get

| Oy (DX (x) - 1) || > % .M forallt > 0.

This proves that N is uniformly expanded by P’.

To see that N* is uniformly contracted by the Linear Poincaré Flow, first note
that the splitting E° @ E* is partially hyperbolic along I". Thus there exists A > 0
such that Z(E$, X (x)) > A for every x € I". Hence we can find ag such that, for
all x € I' and v € N with ||v|| = 1, there exists w € E{ with [|w] =1 such that

v=aw-+b- % with |a| < ag. Therefore we have

. _ tooy . . X ()
|Ox1 (DX (x) -v) | = H 0X’(X)<DX () (aw+b ||X(x)||>>"

= | Ox1(1)(DX"(x) - (aw)) |
< ||DX’(x) . (aw)” <ap-K-e ™

for some K, A > 0 (recall that E* is (K, A) contracting). Thus N* is uniformly
contracted by P;. Proposition 6.2 is proved. ]

Proof of Proposition 6.10 Let A be as in the statement of Proposition 6.10. Given
x € A, if x is a singularity then the result follows from the fact that x is Lorenz-like
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for X. Now assume that X (x) # 0 and take v € E$" with ||v|| = 1 and orthogonal to
X (x). We have for some ¢, A >0

l .

X (o)l
X (X!
=||DXt(x).v||'” (XT )l
X (o)l
and then for ¢ > 0 we get

1 1 1 X (X" (x))l
—log |[DX'(x) -v| =1+ —logec — —log ————.

;e |24+ loge = Floe =]

Since || X (X' (x))|| is uniformly bounded for all # > 0 by compactness of A, we see
that limsup,_, , .t~ ' log || DX’ (x) - v > 0. O

Proof of Proposition 6.11 Let A = Ax(U) be a robustly transitive set with singu-
larities for X € X! (M) with isolating neighborhood U. By Theorems 5.3 and 5.13
we can assume that A is a partially hyperbolic attractor for X. On the other hand,
since the Kupka-Smale property is generic, we deduce that, for a generic subset ¢
in a C! neighborhood # of X, A = Ay (U) has a hyperbolic periodic orbit p for all
Ye¥.

As A is an attractor, the unstable manifold W*(p) of any periodic point p of A
is contained in A. In particular its closure W¥(p) is contained in A. We show that
A is contained in W¥(p).

Let g € A be such that A = wy(g) (recall that an attractor is transitive by defi-
nition). Let V be a small neighborhood of p. On the one hand, by transitivity, we
can assume without loss of generality that ¢ € V. On the other hand, since A is
partially hyperbolic, projecting g into W*(p) through the stable manifold of ¢, we
can assume that ¢ is actually contained in W*(p). Indeed, being in the same stable
manifold, ¢ and its projection have the same w-limit sets.

Finally observe that wy(q) C W*(p) because W*(p) is invariant by the flow.
Thus A = wy(q) C WH(p) finishing the proof. |

6.1 Cross-Sections and Poincaré Maps

For future reference we give here a few properties of Poincaré maps, that is, contin-
uous maps R : ¥ — X’ of the form R(x) = X () (x) between cross-sections X and
X" of the flow near a singular-hyperbolic set. We always assume that the Poincaré
time ¢ (-) is large enough as explained in what follows.

These properties will be often used in the following chapters to obtain many
dynamical and ergodic consequences of singular-hyperbolicity. In particular they
will be used in Sect. 6.3.1 to prove Theorem 6.36.
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We assume that A is a compact invariant subset for a flow X € X!(M) such that

e cither A is a singular-hyperbolic attractor,
e or A is a singular-hyperbolic attracting set with a dense subset of periodic orbits.

In both cases it has already been proved that every singularity in A is Lorenz-like.
Indeed since in both cases every singularity is properly accumulated by regular
orbits in A and attracting sets contain the unstable manifold of every hyperbolic
critical element, the only possible type of singularity allowed by Theorem 6.3 is a
Lorenz-like singularity.

We start by observing that cross-sections have co-dimension one foliations which
are dynamically defined: the leaves W*(x, X) = Wlf,c(x) M X correspond to the in-
tersections with the stable manifolds of the flow. We shall prove that these leaves are
uniformly contracted and, assuming the cross-section is adapted, that the foliation
is invariant:

R(W*(x, X)) Cc W (R(x),Y) forallxe X.

Moreover, we will show that R is uniformly expanding in the transverse direction.
Then we analyze the flow close to singularities, again by means of cross-sections.

6.1.1 Stable Foliations on Cross-Sections

We recall classical facts about partially hyperbolic systems, especially the existence
of strong-stable and center-unstable foliations. The standard reference is [110].

We have that A is a singular-hyperbolic isolated set of X € X! (M) with invariant
splitting TAM = E* @ E" with dim E* = 2. Let E* @ E“ be a continuous exten-
sion of this splitting to a small neighborhood Uy of A. For convenience we take
Uy to be forward invariant. Then E® may be chosen invariant under the derivative:
just consider at each point the direction formed by those vectors which are strongly
contracted by DX' for positive 7. In general E“* is not invariant. However we can
consider a cone field around it on Uy

CoM(x)={v=1"+v":v° € ES and v € E* with |[v*|| <a - v}
which is forward invariant for a > 0:
DX'(CS"(x)) C CS*(X'(x)) forall large t > 0. (6.2)

Moreover we may take a > 0 arbitrarily small, reducing Uy if necessary. For nota-
tional simplicity we write E* and E<“ for E* and E“ in all that follows.

The next result says that there are locally strong-stable and center-unstable man-
ifolds, defined at every regular point x € Uy and which are embedded disks tangent
to E¥(x) and E“"(x), respectively. The strong-stable manifolds are locally invariant.
Given any x € Uy define the strong-stable manifold W**(x) and the stable-manifold
W#(x) as in Sect. 2.3.
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Given ¢ > 0, denote I, = (—¢, €) and let & (I}, M) be the set of C! embedding
maps f : I} — M endowed with the C! topology.

Proposition 6.12 (Stable and center-unstable manifolds) There are continuous
maps ¢** : Uy — VI, M) and ¢* : Uy — &' (I} x I}, M) such that, given
any 0 < e <1 and x € Uy, if we denote W*(x) = ¢**(x)(Ig) and W (x) =
¢ (x)(Ie x I), then

(8) To WS () = E(x);

(b) T, W (x) = E“(x);

(c) Wi(x) is a neighborhood of x inside W**(x);

(d) if y € W*(x) then there is T > 0 such that XT (y) € wis (XT (%)) (local invari-
ance);

(e) d(X'(x),X'(y)) <K -e ™ -d(x,y) forallt >0and all y € W (x).

The constants K, A > 0 are taken as in the definition of (K, A)-splitting at the
beginning of Chap. 5, and the distance d(x, y) is the intrinsic distance between two
points on the manifold W]*(x), given by the length of the shortest smooth curve
contained in W}¥(x) connecting x to y.

Denoting E¢* = ES @ EX, where EX is the direction of the flow at x, it follows
that

T,W(x)=E and T,W'(x)=E®.

We fix ¢ once and for all. Then we call W}* (x) the local strong-stable manifold and
WE" (x) the local center-unstable manifold of x.

Now let X be a cross-section to the flow, that is, a C 2 embedded compact disk
transverse to X: at every point z € ¥ we have ;X & EZX = T;M (recall that EZX
is the one-dimensional subspace {s - X(z) : s € R}). For every x € ¥ we define
W9 (x, X) to be the connected component of W*(x) N X' that contains x. This de-
fines a foliation .73, of X' into co-dimension 1 sub-manifolds of class cl.

Remark 6.13 Given any cross-section X and a point x in its interior, we may always
find a smaller cross-section also with x in its interior and which is the image of the
square [0, 1] x [0, 1] by a c? diffeomorphism # that sends horizontal lines inside
leaves of .#3,. In what follows we always assume that cross-sections are of this
kind; see Fig. 6.1. We denote by int(X') the image of (0, 1) x (0, 1) under the above-
mentioned diffeomorphism, which we call the interior of X.

We also assume that each cross-section X' is contained in Uy, so thatevery x € X
is such that w(x) C A.

Remark 6.14 In general, we can not choose the cross-section such that W¥ (x, X') C
W3S (x). The reason is that we want cross-sections to be C 2. Cross-sections of class
C! are enough for the proof of expansiveness in Sect. 7.2.1 but C? is needed for the
construction of the physical measure in Sect. 7.3.3 and for the absolute continuity
results in Sect. 7.3.10. See Sect. 2.7.2 for the technical definitions.
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%
[ i i < ~—

Fig. 6.1 The sections X', ¥ (y), the manifolds W*(x), W*¥(x), W¥(x, X) and the projection Ry,
on the right. On the left, the square [0, 1]? is identified with X through the map h, where & )
becomes the horizontal foliation and y is a transverse curve, and solid lines with arrows indicate
the flow direction

On the one hand x — W}*(x) is usually not differentiable if we assume that X is
only of class C!; see e.g. [193]. On the other hand, assuming that the cross-section is
small with respect to €, and choosing any curve y C X crossing transversely every
leaf of .73, we may consider a Poincaré map

Ry: 2> 2 =JW @

z€y

with Poincaré time close to zero; see Fig. 6.1. This is a homeomorphism onto its im-
age, close to the identity, such that Rs (W*¥(x, X)) C W (Rx(x)). So, identifying
the points of X with their images under this homeomorphism, we may pretend that
indeed W*(x, ) C W% (x). We shall often do this in the sequel, to avoid cumber-
some technicalities.

6.1.2 Hyperbolicity of Poincaré Maps

Let X be a small cross-section to X and let R : ¥ — X’ be a Poincaré map
R(y) = X' (y) to another cross-section X’ (possibly X = X’). Note that R need
not correspond to the first time that the orbits of X encounter X’.

The splitting E° @ E* over Uy induces a continuous splitting E. ® E§ of the
tangent bundle 7 X to X (and analogously for X’), defined by

SO)=ESNTyY and ES(y)=EQNT, 3. (6.3)

We now show that if the Poincaré time 7 (x) is sufficiently large then (6.3) defines a
hyperbolic splitting for the transformation R on the cross-sections, at least restricted
to A, in the following sense.
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Proposition 6.15 Let R : X — X’ be a Poincaré map as before with Poincaré
time t(-). Then DR, (E%;(x)) = EY.,(R(x)) at every x € X and DR (ES (x)) =
EY,(R(x)) ateveryx € AN X.

Moreover for every given 0 < A < 1 there exists Ty = T{ (X, X', 1) > 0 such that,
if t(-) > Ty at every point, then

IDR|ES(x)| <A and |DR|ES(x)||>1/r ateveryxe X.

Remark 6.16 In what follows we use K as a generic notation for large constants
depending only on a lower bound for the angles between the cross-sections and the
flow direction, and on upper and lower bounds for the norm of the vector field on
the cross-sections. The conditions on 77 in the proof of the proposition depend only
on these bounds as well. In all our applications, all these angles and norms will be
uniformly bounded from zero and infinity, and so both K and 77 may be chosen
uniformly.

Proof The differential of the Poincaré map at any point x € ¥ is given by
DR(x) = PR(xyo DX'™ | T, 3,

where Pg(y) is the projection onto Tr(y) X’ along the direction of X (R(x)). Note
that E5,(x) is tangent to X' N W*(x) D W*(x, X). Since the stable manifold W* (x)
is invariant, we have invariance of the stable bundle:

DR(x)(E%(x)) = ES, (R(x)).
Moreover for all x € A we have
DX'™(ES(x)) € DX'W(ES) = EY.,..

As Pg(y) is the projection along the vector field, it sends Efe"(x) to EY(R(x)).
This proves that the center-unstable bundle is invariant restricted to A, that is,
DR(x)(EF (x)) = ET/(R(x)).

Next we prove the expansion and contraction statements. We start by noting that
| Prioy |l < K. Then we consider the basis {%, e} of ES*, where " is a unit
vector in the direction of E§(x). Since the flow direction is invariant, the matrix of

DX'" | E¢* relative to this basis is upper triangular:

IX (RGN
DX'®™ | E = | TTXI .
* 0 a

Moreover

1 X(R
— -det(DX'™W | ES) < IXCRODU | _ e get (DX'™ | ES).
K I1X ol
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Then
IDR(x) el ]| = | Preoy (DX (x) - €¥) | = lla - el | = lal
> K| det(DX'™ | ES)| = KA1 > g3,

Taking #1 large enough we ensure that the latter expression is larger than 1/A.
To prove that | DR | E;(x)|| < A, let us consider unit vectors e} € E} and ¢} €
E%.(x), and write
X(x)
X Coll”
Since Z(EY, X (x)) = Z(E%, ES") and the latter is uniformly bounded from zero,
we have |a,| > « for some « > 0 which depends only on the flow. Then

S 28
e, =ay-e, +by-

IDR(x) e}l = || Prey o (DX" ¥ (x) - &3) |

1 N X(x)
= P DX'®™ S —by————
x| H K@ © ( (x)<e" “IX @)l )) H (6.4)
1 K K
=—|P DX'™(x)-&)| < =A™ < =),
|ax| “ R(x) © ( ()C) €X) || ~ x ~ x

Once more it suffices to take 71 large to ensure that the right hand side is less
than A. (]

Given a cross-section X, a positive number p, and a point x € ¥, we define the
unstable cone of width p at x by

Cox)={v=1"+v":v' € Ex(x), v" € ES (x) and [[V*|| < p[l0"[I}  (6.5)

(we omit the dependence on the cross-section in our notations).

Let p > 0 be any small constant. In the following consequence of Proposi-
tion 6.15 we assume the neighborhood Up has been chosen sufficiently small, de-
pending on p and on a bound on the angles between the flow and the cross-sections.

Corollary 6.17 For any R : ¥ — X’ as in Proposition 6.15, with t(-) > Ty, and
any x € X, we have DR(x)(CZ(x)) C CZ/Z(R(x)) and

5
DRy ()| > EA_I vl forall v e Cp(x).

Proof Proposition 6.15 immediately implies that DR, (Cz (x)) is contained in the
cone of width p/4 around DR(x)(ES; (x)) relative to the splitting
Tr) X' = E%/(R(x)) ® DR(x)(ES (x)).

(We recall that E; is always mapped to EY,.) The same is true for ES' and E¥,
restricted to A. So the previous observation already gives the conclusion of the first
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part of the corollary in the special case of points in the attractor. Moreover to prove
the general case we only have to show that DR (x)(ESY (x)) belongs to a cone of
width less than p/4 around E g‘,(R(x)). This is easily done with the aid of the flow
invariant cone field CS* in (6.2), as follows. On the one hand,

DX'™(E§(x)) € DX'"™(E) ¢ DX'™(CE*(x)) C CE*(R(x)).

We note that DR (x)(ES (x)) = Pr(y) o DX’(")(ECE“ (x)). On the other hand, since
Pg(x) maps E;’e”(x) to ESY(R(x)) and the norms of both Pg(y) and its inverse are
bounded by some constant K (see Remark 6.16), we conclude that DR(x)(E$ (x))
is contained in a cone of width b around E§(R(x)), where b = b(a, K) can be
made arbitrarily small by reducing a. We keep K bounded, by assuming that the
angles between the cross-sections and the flow are bounded from zero and then,
reducing Uy if necessary, we can make a small so that b < p/4. This concludes the

proof since the expansion estimate is a trivial consequence of Proposition 6.15. [

As usual a curve is the image of a compact interval [a,b] by a C! map. We
use £(y) to denote its length. By a cu-curve in X' we mean a curve contained in
the cross-section X' and whose tangent direction is contained in the unstable cone
Ty CCp(z) forall z € y.

The previous lemma ensures that the image of a cu-curve by Poincaré maps
between cross-sections is another cu-curve. The next lemma says that the length of
cu-curves linking the stable leaves of nearby points x,y must be bounded by the
distance between x and y.

Lemma 6.18 Let us assume that p has been fixed, sufficiently small. Then there
exists a constant k such that, for any pair of points x,y € X, and any cu-curve y
Jjoining x to some point of W*(y, X), we have £(y) <k -d(x,y).

Here d is the intrinsic distance in the C? surface X, that is, the length of the
shortest smooth curve inside X' connecting two given points in X

Proof We consider coordinates on X for which x corresponds to the origin, ESY (x)
corresponds to the vertical axis, and Eﬁj(x) corresponds to the horizontal axis;
through these coordinates we identify X with a subset of its tangent space at x,
endowed with the Euclidean metric. In general this identification is not an isometry,
but the distortion is uniformly bounded, which is taken care of by the constants C
to C4 in what follows.

The hypothesis that y is a cu-curve implies that its velocity vector y (s) is con-
tained in the cone of width Cy - p centered at y (s) for all values of the parameter
s. In the coordinates described above this means that we may write y (s) = (£(s), 5)
for some C! function & :10,s0] = [0, 4+00) with £(0) =0, £(s) > 0 for all s >0
and || < C1p.

On the other hand, stable leaves are close to being horizontal, that is, fixing some
stable leaf through y € ¥ we may write it as a graph (u, n(u)) for a C! function
n: (—ug,ug) > R with n(0) =d > 0 and || < Cp (see Fig. 6.2).
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Fig. 6.2 The stable

manifolds on the W(y, Z)
cross-section and the
cu-curve y connecting them

W*(x,Z)

Observe now that & = n o £ satisfies |h'| < 8 = C1Cop? and h(0) = d. Thus
|h(s) —d| <& -s and hence h(sy) =0 forsome 0 < s, <d/(1 —§) <d(1+6).But
this means that

{u =§())
s =n(&(s)) =n)

that is, we have an intersection between y and the stable leaf at a distance from x
along y bounded by d(1 + 8)4/1+ (C1p)? < d(1 + C3p), where C3 is a constant
depending on C; and C; only.

Finally y has coordinates (n(u),u;) for some |ui| < ugp and since ug < p we
obtain n(u1) > d — Su; > d — 5p. Hence in Euclidean coordinates ||x — y|| > d —
6p =d(1 —dp/d) and then d(x,y) > Csd for some C4 > 0 depending on all the
previous constants (remember that d < p also) including the distortion due to the
change of metric. It follows that the length of y is bounded by « - d(x, y) where we

write & = (1 4+ 8)/1+ (C1 )2/ Ca. 0

In what follows we take 77 in Proposition 6.15 for A = 1/3. From Sect. 7.3.3
onwards we will need to decrease A once by taking a bigger 77.

or y(s)=(&(s),s) = (u,nu)),

6.1.3 Adapted Cross-Sections

Now we exhibit stable manifolds for Poincaré transformations R : ¥ — X’. The
natural candidates are the intersections W*(x, ) = W] (x) N X which we intro-
duced previously. These intersections are tangent to the corresponding sub-bundle
E$. and so, by Proposition 6.15, they are contracted by the transformation. For our
purposes it is also important that the stable foliation be invariant:

R(W*(x, X)) C W (R(x),X’) foreveryx e X. (6.6)

In order to have this we restrict our class of cross-sections whose center-unstable
boundary is disjoint from A. Recall (Remark 6.13) that we are considering cross-
sections X' that are diffeomorphic to the square [0, 1] x [0, 1], with the horizontal
lines [0, 1] x {n} being mapped to stable sets W*(y, X). The stable boundary 9* ¥



176 6 Singular-Hyperbolicity and Robustness

Fig. 6.3 An adapted

cross-section for A _ A does not intersect a

*********** "> 3-neighbhd. of the cu—boundary

is the image of [0, 1] x {0, 1}. The center-unstable boundary 9°* X is the image of
{0, 1} x [0, 1]. The cross-section is §-adapted if

d(ANX,"%) >3,

where d is the intrinsic distance in X'; see Fig. 6.3. We define a horizontal strip of X
as the image A ([0, 1] x I') for any compact subinterval 7, where A : [0, 1] x [0, 1] —
X is the coordinate system on X as in Remark 6.13. Notice that every horizontal
strip is a §-adapted cross-section.

In order to prove that adapted cross-sections do exist, we need the following
result.

Lemma 6.19 Let A be either a transitive singular-hyperbolic Lyapunov stable set,
or a connected singular-hyperbolic attracting set admitting a dense subset of peri-
odic orbits. Then every point x € A is in the closure of W (x) \ A.

Note that a singular-hyperbolic attractor satisfies the first condition of the state-
ment of Lemma 6.19. We need the following simple result.

Lemma 6.20 Let X € X' (M) and let A be a compact invariant partially hyperbolic
subset containing a strong-stable disk y , that is y is a neighborhood of some point
of W (x) N A with the relative topology of W**(x), for some x € A. Then L =
ax(y) ={a(z) : z € y} contains all stable disks through its points.

Proof The partial hyperbolic assumption on A ensures that every one of its points
has a strong-stable manifold. Moreover W**(z) C A for every z € a(y), since any
compact part of the strong-stable manifold of z is accumulated by backward iterates
of any small neighborhood of x € y inside W*¥(x). Here we are using the fact that
the contraction along the strong-stable manifold, which becomes an expansion for
negative time, is uniform. O

Proof of Lemma 6.19 The proof is by contradiction. Let us suppose that there exists
x € A such that x is in the interior of W**(x) N A. By Lemma 6.20 the set «(x)
contains all stable manifolds through its points.

It follows that «(x) does not contain any singularity: indeed, Theorems 5.10
or 6.3 prove that the strong-stable manifold of each singularity meets A only at the
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singularity (observe that every singularity of A is properly accumulated by regular
orbits in A).

Therefore by Proposition 6.2 the invariant set a(x) C A is hyperbolic. It also
follows from the previous remarks that the set

H=U{W((y):yealx)N A}

is contained in A. Also by the same argument as before, this set contains the strong-
stable manifolds of all its points. Hence H does not contain any singularity, that is,
H is uniformly hyperbolic.

We claim that W (H), the closure of the union of the unstable manifolds of the
points of H, is an open set (it is clearly a closed set).

First we show that W¥(H) is open. Note that H contains the whole stable man-
ifold W¥(z) of every z € H: this is because H is invariant and contains the strong-
stable manifold of z. Note that the union of the strong-unstable manifolds through
the points of W¥(z) contains a neighborhood of z. This proves that W*(H) is a
neighborhood of H. Thus the backward orbit of any point in W*(H) must enter the
interior of W*(H). Since the interior is an invariant set, this proves that W*(H) is
open, as claimed.

Now observe that, because W (H) is open and invariant, the strong-stable man-
ifold of any z € W*(H) is contained in W*(H'), which is contained in A since we
are assuming that A is either Lyapunov stable or attracting. Therefore taking limits
we see that W3 (w) Cc W*(H) for all w € W*(H). This implies that W*(H) does
not contain singularities and is hyperbolic. Finally the unstable manifolds of points
in W#(H) are well defined by hyperbolicity and are contained in W#(H), just by
taking limits of points in W¥(H). Hence W¥(H) contains its stable and unstable
manifolds, and so it is an open set inside A.

Since A is also a connected set (which is always the case if A is transitive) we
obtain A = W¥(H). This means that any singularity o € A must be in W*(H), a
contradiction. The proof of the lemma is complete. O

Corollary 6.21 For any x € A there exist points x* ¢ A and x~ ¢ A in distinct
connected components of W55 (x) \ {x}.

Proof Otherwise there would exist a whole segment of the strong-stable manifold
entirely contained in A. Considering any point in the interior of this segment, we
would get a contradiction to Lemma 6.19. U

Lemma 6.22 Let x € A be a regular point, that is, such that X (x) # 0. Then there
exist 8 > 0 and a §-adapted cross-section X at x.

Proof Fix € > 0 as in the stable manifold theorem. Any cross-section Xy at x suf-
ficiently small with respect to & > 0 is foliated by the intersections WS (x) N Xo.
By Corollary 6.21, we may find points x™ ¢ A and x~ ¢ A in each of the con-
nected components of W} (x) N Xy. Since A is closed, there are neighborhoods v+
of x* disjoint from A. Let y C Xy be some small curve through x, transverse to
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Fig. 6.4 The construction of
a §-adapted cross-section for
aregular x € A L V+

Zy

W (x)N Xo. Then we may find a continuous family of segments inside W (y) N X,
for y € y with endpoints contained in V*. The union X of these segments is a -
adapted cross-section, for some § > 0; see Fig. 6.4. O

We are going to show that, if the cross-sections are adapted, then we have the
invariance property (6.6). Given X, X' € & we set X (X)={x € ¥ : R(x) € X'},
the domain of the return map from X to X’.

Lemma 6.23 Given § > 0 and 8-adapted cross-sections X and X', there exists
T, =T,(X, 2') > 0 such that, if R : £(X') — X' defined by R(z) = R;(;)(z) is a
Poincaré map with time t(-) > T,, then

I. R(WS(x, X)) C W(R(x), X') for every x € X (X"), and also
2. d(R(y), R(z)) < Yd(y,2) for every y,z € W*(x, ¥) and x € ¥ (X").

Proof This is a simple consequence of the relation (6.4) from the proof of Propo-
sition 6.15: the tangent direction to each W¥(x, X) is contracted at an exponential
rate | DR(x)eS|| < Ce™ (), Choosing T» sufficiently large we ensure that

Ce™2 . sup{t(W¥(x, X)) :x € £} <.

In view of the definition of §-adapted cross-section this gives part (1) of the lemma.
Part (2) is entirely analogous: it suffices that Ce™*"2 < 1/2. ]

Remark 6.24 Clearly we may choose 7> > Tj. Remark 6.16 applies to 7, as well.

The following is a technical consequence of the uniform contraction and the way
cross-sections were chosen near real stable leaves.

Lemma 6.25 Let X be a S-adapted cross-section. Then given any r > O there
exists p such that dist(X*(y), X°(z)) <r if d(y,z) < p for all s > 0, every y,
z€ W8(x, X)), and every x € X.

Proof Let y and z be as in the statement. As in Remark 6.14, we may find
7/ = X" (2) in the intersection of the orbit of z with the strong-stable manifold of
y satisfying
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1 dist(y, 7/
L0 2) e and o< K- doy.2).
K d(y,z)

Then, given any s > 0,
dist(X* (), X*(2)) < dist(X*(y), X* (")) + dist(X* (z'), X*(2))
< C-e™ . dist(y, 7/) + dist(X* 17 (2), X*(z))
<KC-e" -d(y,2)+K|t| < (KC+K?)-d(y,2).
Taking p <7/(KC + K 2) we get the statement of the lemma. [l

A very useful consequence of the hyperbolicity of Poincaré maps is the following
criterion for the existence of a periodic orbit.

Lemma 6.26 Ler x € A be a regular point and suppose that there exist another
regular point z € W*5(x) and a sequence t, — +00 satisfying X" (z) — x when
n — 00. Then x belongs to a periodic orbit.

Proof Take an adapted cross-section X' through x. The conditions on z imply that
there exists a Poincaré return map R defined on some substrip X'(X') containing
W = WS(x, X), and that this line W is forward invariant R(W) C W. The con-
tracting property given by Lemma 6.23 ensures there exists a periodic point p for
R. Therefore p belongs to a periodic orbit for the flow and to the line W. Hence
z € W¥(p) and so w(z) = O(p). Thus x = p since there can be only one intersec-
tion &(p) with X on the same stable manifold. U

From Proposition 6.2 any compact invariant subset H of a singular-hyperbolic
set A is uniformly hyperbolic, and of saddle-type. Using adapted cross-sections we
can say a bit more.

Lemma 6.27 Let A be a singular-hyperbolic set. Suppose that one of the following
conditions holds

1. A is Lyapunov stable and transitive, and H is a compact proper invariant subset
of A;

2. A is an attracting set with a dense subset of periodic orbits, H is the set of
accumulation points of a branch of the unstable manifold of some singularity o
of A, and H does not contain o .

Then either H C S(X) or, for any adapted cross-section X through some regular
point of H, the intersection H N X is totally disconnected.

Note that the compact invariant set H is covered by a finite number of tubular
flow-boxes or flow-boxes near singularities Uy, = X889 (x;), for ¢ > 0 small and
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i=1,...,k. From Lemma 6.27 we conclude that each Uyx;, N H has topological
dimension one. Hence H in each case of the statement above is a one-dimensional
set. For the definition and main properties of topological dimensions see e.g. [117].

Proof We follow the arguments in Morales [161]. If H is not contained in the set
of singularities, fix a regular point x € H N ¥'. From Lemma 6.19 together with Re-
mark 6.14 we have that the connected component C of H N ¥ containing x cannot
contain intervals inside W*(x, X'). Then either C = {x} or C contains some point y
in X\ W*(x, X2'). We show that the latter cannot happen in each case according to
the assumption in the statement.

Observe first that since X' is adapted there are no points of H N X' near the center-
unstable boundary 9“ X'. Hence there must be some point #g € H in the interior of
the substrip X’ of X formed by the points of X between the two horizontal lines
WS (x, X) and W¥(y, X). For otherwise y € C would be disconnected from x.

1. If A is transitive, then there exists w € X’ close to iy with w(w) = A. Arguing
as above, there must exist a point { € H N W¥(w, X), for otherwise y and x
would be in different connected components of H N X \ W¥(w, X). Then A =
w(w) =w(¢) C H. This is not possible because H is a proper subset of A.

2. Let H = w(z) for some z € W*(0) \ {0} and some singularity o, as in item 2
of the statement, and suppose that H is not a singularity. Let X~ be some-cross
section through some regular point & of H. Since Per(X) is dense in A, we
can find a sequence p, of points in periodic orbits such that p, m o. By

assumption we can find a point w in the positive orbit of z such that w € X close
to .

Observe that, since W (o) is one-dimensional, we can assume without loss
of generality that z € ):gi for some outgoing cross-section near . Then there
are points p, € O(py) satisfying p), m z. So we can also find points p, €

O(pp) such that p, ——— w.
n—-+o00
As before, there exists a point ¢, € H N W*(p,, ). Hence we can find a
sequence ¢, in the positive orbit of ¢,, and thus in H, arbitrarily close to pj,.

Hence we can also find a sequence ¢, € H tending to o. But then o € H, which
is a contradiction.

We conclude that either H C S(X) (and H is a singularity different from o in the
scenario of item 2), or the connected component of H N X containing x is formed
by x itself. g

6.1.4 Global Poincaré Return Map

Here we construct a global Poincaré map for the flow near the singular-hyperbolic
attractor A. We then use the hyperbolicity properties of this map to reduce the dy-
namics to a one-dimensional piecewise expanding map through a quotient map over
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the stable leaves. This in turn enables us to use the rich known features of such low
dimensional maps to deduce many properties of singular-hyperbolic attractors.

6.1.4.1 Cross-Sections and Invariant Foliations

We observe first that by Lemma 6.22 we can take a §-adapted cross-section at each
non-singular point x € A. We know also that near each singularity oy there is a
flow-box Uy, as in Sect. 5.4.4; see Fig. 5.3

Using a tubular neighborhood construction near any given §-adapted cross-
section X', we linearize the flow in an open set Uy = X (—e.8) (int(X")) for a small
& > 0, containing the interior of the cross-section. This provides an open cover of
the compact set A by flow-boxes near the singularities and tubular neighborhoods
around regular points.

Welet {Us,, Uy, :i=1,...,1; k=1,...,s} be afinite cover of A, where s > 1
is the number of singularities in A, and we set 73 > 0 to be an upper bound for the
time it takes any point z € Uy, to leave this tubular neighborhood under the flow,
foranyi =1,...,l. We assume without loss that 7> > T3.

To define the Poincaré map R, for any point z in one of the cross-sections in

E={(y;, Zi* 0% j=1,.. . Lk=1,..s}

we consider 2 = X2(z) and wait for the next time 7(z) when the orbit of 2 hits
again one of the cross-sections. Then we define R(z) = X n+1@) (7) and say that
T7(z) = T» + t(2) is the Poincaré time of z. If the point z never returns to one of
the cross-sections, then the map R is not defined at z (e.g. at the lines ¢* in the
flow-boxes near a singularity). Moreover by Lemma 6.23, if R is defined for x € ¥
on some X € =, then R is defined for every point in W*(x, X'). Hence the domain
of R | X consists of strips of X . The smoothness of (¢, x) — X'(x) ensures that the
strips

Y(Z)={xeX:R(x)e X} 6.7)

have non-empty interior in X for every X, X’ € &. When R maps to an outgoing
strip near a singularity oy, there might be a boundary of the strip corresponding to
the line E;f of points which fall in the stable manifold of oy.

Remark 6.28 Consider the Poincaré map given by the first return map Ry : & — &
defined simply as Ro(z) = XT@)(z), where

T(z) =inf{t > 0: X'(z) € &}

is the time the X-orbit of z € & takes to arrive again at &. This map Ry is not
defined on those points z which do not return and, moreover, Ry might not satisfy the
lemmas of Sect. 6.1.2, since we do not know whether the flow from z to Ry(z) has
enough time to gain expansion. However the stable manifolds are still well defined.
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By the definitions of Ry and of R we see that R is induced by Ry, i.e., if R is defined
for z € B, then there exists an integer r(x) such that

R(2) = Ry™ (2).

We note that, since the number of cross-sections in = is finite and the time #, is a
constant, the function r : Z — N is bounded: there exists g € N such that r(x) < rg
forall x € Z.

6.1.4.2 Finite Number of Strips

We show that fixing a cross-section X' € & the family of all possible strips as in (6.7)
covers X except for finitely many stable leaves W (x;, X),i =1,...,m =m(X).
Moreover we also show that each strip given by (6.7) has finitely many connected
components. Thus the number of strips in each cross-section is finite.

We first recall that each X' € 5 is contained in the forward invariant open neigh-
borhood Uy which is an isolating neighborhood for A; see Sect. 6.1.1. So x € X' is
such that w(x) C A. Note that R is locally smooth for all points x € int(X") such that
R(x) € int(&) by the Tubular Flow Theorem and the smoothness of the flow, where
int(&') is the union of the interiors of each cross-section of Z. Let 9°Z' denote the
union of all the leaves forming the stable boundary of every cross-section in =Z.

Lemma 6.29 The set of discontinuities of R in E \ 0° & is contained in the set of

—~

points x € & \ 0° & such that:

1. either R(x) is defined and belongs to 3° Z;
2. or there is some time O < t < T» such that X' (x) € Wfoc(a)for some singularity
o of A.

Moreover this set is contained in a finite number of stable leaves of the cross-
sections X € 5.

Proof We divide the proof into several steps.

Step 1 Cases (1) and (2) in the statement of the lemma correspond to all possible
discontinuities of R in & \ 0° &

Let x be a pointin X'\ 9* X for some X' € =, not satisfying any of the conditions
in items (1) and (2). Then R(x) is defined and R(x) belongs to the interior of some
cross-section X’. By the smoothness of the flow and by the flow-box theorem we
have that R is smooth in a neighborhood of x in X'. Hence any discontinuity point
for R must be in one the situations (1) or (2).

Step 2 Points satisfying item (2) are contained in finitely many stable leaves in each
Yeb&.

Indeed if we set W = X!=729(U, W (o)), where the union above is taken over
all singularities o of A, then W is a compact sub-manifold of M with boundary,
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tangent to the center-stable sub-bundle E* @ EX. This means that W is transverse
to any cross-section of ='.

Hence the intersection of W with any X' € & is a one-dimensional sub-manifold
of X'. Thus the number of connected components of the intersection is finite in each
X, This means that there are finitely many points xp, ..., xx € X such that

WNEZCWi(x;, Z)U---UW (xg, ).

Step 3 Points satisfying item (1) are contained in a finite number of stable leaves of
each ¥ € &.

We argue by contradiction. Assume that the set of points D of X' sent by R into
stable boundary points of some cross-section of = is such that

L={Wx,X):xeD}

has infinitely many lines. Note that D in fact equals L by Lemma 6.23. Then there
exists an accumulation line W*¥ (xg, X). Since the number of cross-sections in &' is
finite we may assume that W*(xg, X') is accumulated by distinct W* (x;, X) with
x; € D satisfying R(x;) € W3(z, X') Cc 9° X’ for a fixed X' € E, i > 1. We may
assume that x; tends to xog when i — o0, that x is in the interior of W*(xg, X) and
that the x; are all distinct—in particular the points x; do not belong to any periodic
orbit of the flow since we can choose the x; anywhere in the stable set W* (x;, X).

As a preliminary result we show that R(x;) = X* (x;) is such that s; is a bounded
sequence in the real line. For otherwise s; — oo and this means, by definition of R,
that the orbit of X2 (x;) is very close to the local stable manifold of some singularity
o of A and that R(x;) belongs to the outgoing cross-section near this singularity:
R(xj)e X (‘,"i. Hence it must be that X (x;) tends to the stable manifold of o when
i — oo and that R(x;) tends to the stable boundary of X g’i. Since no point in any
cross-section in & is sent by R into this boundary line, we get a contradiction.

Now the smoothness of the flow and the fact that W* (z, X”) is closed imply that
R(xp) € W¥(z, X’) also since we have the following

R(x0) = lim R(x;) = lim X% (x;) = X*(xp) and lim s; =sp.
1—> 00 1—> 00 1—> 00

Moreover R(W(xg, X)) C W¥(z, X) and R(xq) is in the interior of the image
R(W*(xg, X)), and then R(x;) € R(W*(xo, X)) for all i big enough. This means
that there exists a sequence y; € W¥(xg, X') and a sequence of real numbers t; such
that X% (y;) = R(y;) = R(x;) for all sufficiently big integers i. By construction we
have x; # y; and both belong to the same orbit. Since x;, y; are in the same cross-
section we get x; = X% (y;) with |o;| > T3 for all big .

However we also have t; — sg because R(y;) = R(x;) = R(xq), yi € W*(xg, X)
and R | W¥(xq, X') is smooth. Thus |s; — ;| — 0. But |s; — ;| = |o;| > T3 > 0. This
is a contradiction.

This proves that D is contained in finitely many stable leaves.

Combining the three steps above we conclude the proof of the lemma. ([l
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Let I" be the finite set of stable leaves of = provided by Lemma 6.29 together
with 0° Z. Then the complement = \ I" of this set is formed by finitely many open
strips where R is smooth. Each of these strips is then a connected component of the
sets X(X/) for X, X' € E.

6.1.5 The One-Dimensional Piecewise Expanding Map

We choose a C? cu-curve y x transverse to . s ineach X € E. Then the projection
px along leaves of & EY onto yyisaC 1 map, since the stable leaves W*(x, X) are
defined through every point of ¥ € Z and each depends C'! smoothly on the base
point, by the Stable Manifold Theorem. We set

I= U int (Z(Z")Nys
X, yeE
and observe that, by the properties of X (X”) obtained earlier at the beginning of the
previous Sect. 6.1.4.1, the set [ is diffeomorphic to a finite union of non-degenerate
open intervals Iy, ..., I, by a C? diffeomorphism, and py | pgl (I) becomes a c!

submersion. Note that since = is finite we can choose yx so that px has bounded
derivative: there exists By > 1 such that

1
/3_ < |ng | y| < Bo for every cu-curve y inside any ¥ € &.
0

According to Lemma 6.23, Proposition 6.15 and Corollary 6.17, the Poincaré map
R : E — & takes stable leaves of .% . inside stable leaves of the same foliation and
is hyperbolic. In addition a cu-curve y C X' is taken by R into a cu-curve R(y) in
the image cross-section. Hence the map

f:I—1 givenbyl >z p;z(R(W‘Y(z, N ZJ(Z")))
for X, X € = is C! for points in the interior of I;,i =1, ..., m, and we have

1
’Df|=’D(p2/oRoy2)|z%~a. (6.8)

Thus choosing #; (and consequently #;) big enough so that /89 > 2 in Proposi-
tion 6.15, we deduce that f is piecewise expanding with finitely many branches.
6.1.6 Denseness of Periodic Orbits and the One-Dimensional Map

We fix in every X € & a cu-curve yx which is transversal to every stable leaf of
XY and take the projection py : ¥ — yy by x € ¥ > W¥(x, ¥) N yy and the
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associated one-dimensional piecewise expanding map f :U;[l; — I := W, as
defined in Sect. 6.1.5. It is important to recall that each /; is taken to be an open
interval. As usual in one-dimensional dynamics, we denote in what follows |J| for
the length or Lebesgue measure of an interval J C I.

The following is the first step towards the proof that a singular-hyperbolic attrac-
tor is a homoclinic class.

Lemma 6.30 Let f:U;l; — I be a piecewise C! expanding map with finitely
many branches Iy, ..., I; such that each I is a non-empty open interval, |Df |
Ii| >0 >2and I\ (Ujl;) is finite.

Then for each small § > 0 there exists n = n(8) such that, for every non-empty
open interval J C U;I; with |J| > 8, we can find 0 < k < n, a sub-interval J of J
and 1 < j <1 satisfying

fk | JiJ—> I; is a diffeomorphism.

In addition, f has finitely many periodic orbits O(py), ..., O(px) contained in
U;l;, and every non-empty open interval J admits an open sub-interval J,a pe-
riodic point p; and an iterate n such that f" | Jisa diffeomorphism onto a neigh-
borhood of p;.

Proof We start by setting Jo = J, which is contained in some /; by assumption,
and define a sequence J of intervals by induction, as follows.
For each k > 1, assuming that Ji is defined and strictly contained in some el-

ement of the family Iy, ..., I;, we consider f(Ji). If the interval f(J;) contains
some of the intervals Iy, ..., I;, we are done. Otherwise f(J) is an interval not
containing any I, ..., ;.

Let Ji4+1 be the largest connected component of
FUNW;T) = f(I)\ (U;0l))

(we recall that each /; is taken to be an open interval). Then there exists a sub-
interval fk of Ji such that f | fk : fk — Jr41 is a diffeomorphism. Moreover by
assumption we have |Ji1| > o - |Jk|/2, with o > 2.

Therefore there must be some integer k such that J; covers some element of the
family 11, ..., I; and the process stops, for otherwise the length of J; C I would
grow without bound. Moreover the number of steps k satisfies (o/2k 11 < |11,
and thus k is bounded from above depending only on |J].

Now assuming that J; D I; for some k > 1 and j € {1, ..., [}, consider the dif-
feomorphism g we obtain by composing the maps in the previous induction process

j0—>.i1—>~--—>.ik31j.

Then g~ (1 ;) is the required interval JcJocJand g = f¥ as in the statement.
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This is enough to deduce that every such map f has a periodic orbit, since the
number of smoothness domains /1, ..., I; is finite. Indeed, the map g is a diffeo-
morphism between a sub-interval fo of Jy, contained in some interval ;, and some
interval J; covering an interval j- We write this relation as i — j.

We can now start with Jo = I; and iterate. We obtain a map from the finite set
{1,...,1} to itself which must have a loop: there exists a sequence

i1—>i2—>~~-—>ik=ij

with 1 §~j <k and iy,ip,...,ir € {l,...,1}. This means that there exists a sub-
interval J of I; which is sent diffeomorphically by some power g of f into an

interval J covering [;, thatis, g : Jci = Jol i, so that there is a fixed point for
g, which is a periodic point p of f.

Now we note that starting with any given I;, as above implies that the periodic
point p has some pre-image ¢ in I;, . Moreover the iterates ¢, f(g),..., f™(g) =p
all belong to U;I; by construction. Since the starting interval /;, is arbitrary, the
proof is complete. (]

Since [ is a Baire space we obtain the second step towards the proof that a
singular-hyperbolic attractor is a homoclinic class.

Proposition 6.31 In the same setting of Lemma 6.30 there exists a periodic point
p € L and a neighborhood W of p satisfying:

e for each interval J C W there are £ € N and a sub-interval Jo C J such that
f‘Z | Jo:Jo— W s adiffeomorphism.

In addition, W contains a dense subset of periodic orbits of f.

Proof Let L; = U,z f"(pi) \ (Up=o f " (U;01;)) for each periodic orbit given by
Lemma 6.30. The closure of these sets are f-invariant sets by construction and
satisfy

LiU---ULy=1

by Lemma 6.30 again. Since I is a Baire space, one of these sets, L = L say, must
have non-empty interior. Moreover, by the construction of L, given a point x € L
and a neighborhood Vj of x, there exists y € L N Vy and n € N with f"(y) = pi,
and a neighborhood V| C Vp of y such that f" | V| is a diffeomorphism onto a
neighborhood of p;. Then we can assume that p; belongs to the interior of L.

This shows that every non-empty open interval J satisfying J N L # J admits
n € N such that f"(J) is a neighborhood of p;. Thus, given 0 < § < min{|/;|,i =
1,...,1} we may find ng € N such that 1/n¢ < §/2 and partition the interval I into
ng equally sized sub-intervals Ji := [k/ng, (k+1)/nol, k=0, ...,n9 — 1. For each
such interval Jj intersecting L there exists ny such that f"*(J;) contains a non-
empty open interval Wi which contains p;. Let W be the intersection of all these
finitely many intervals, which is also an interval containing p;.



6.1 Cross-Sections and Poincaré Maps 187

Now any interval J/ C W C L admits a sub-interval J and n € N such that M J
is a diffeomorphism from J to some I;. By the choice of § there exists some J; C I;
and by construction /; C L. Hence there exist j € N and a sub-interval J of Ji such
that f7 | Jy is a diffeomorphism between J and W. Therefore composing the maps
above we get £ =n + j and a sub-interval Jy of J as in the statement of the lemma.

Observe now that W contains a dense subset of periodic orbits of f, since each
sub-interval Wy of W C L admits a smaller sub-interval W; C W, and an iterate
k such that f k | Wi : Wy — W D Wy is a diffeomorphism, so that there exists a
periodic point in Wi C Wy. The proof is complete. O

6.1.7 Crossing Strips and the One-Dimensional Map

The family %’ (&) of connected components of the sub-strips {2(2,) X esr }
for any given ¥ € &, is the set of maximal connected sub-strips of X' where R is
smooth; see Sect. 6.1.4.

Definition 6.32 Given strips S1 =[0, 1] x J1 C X1 and S, = [0, 1] x J» C X», for
some X1, ¥, € Z, where Ji, Jo are compact sub-intervals of [0, 1], we say that
Rk(Sl) crosses Sy for some k > 1, if there exists a sub-strip S = [0, 1] x J of S}
such that

Dz, (Rk (S)) Ops, (S2) and RF (S) is diffeomorphic to S.
Given two strips S1, S» we write Sy i) Sy if Rk(Sl) crosses 5.

The usefulness of the previous results on the dynamics of the one-dimensional
map is given by the following simple criterion for two given strips to cross.

Lemma 6.33 [f there exists an interval J C I and an integer n such that f" | J
is a diffeomorphism between J and its image f"(J), then the strip S = [0, 1] x J
crosses the strip S = [0, 1] x f"(J).

Proof Indeed since f o p = p o R by the definition of f though the projection p,
we have

" (p($)) =p(R"(S)) = f"(J)

A

and thus R"(S) projects on p(S‘). Hence S = S. O
Moreover this has the following important consequence for cu-curves.

Lemma 6.34 In the same setting as Lemma 6.33, if v is a cu-curve which crosses S,
that is, p | (y N S) is a diffeomorphism between y and J, then R" (y) also crosses
S.In particular, R" (y) h W¥(x, X) # @ for all x € S, where X € E is such that
ScX.
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Proof Since f" | J is a diffeomorphism with its image and J is precisely the image
of p | y, the smooth conjugation between R and f ensures that p o R" | y is also
a diffeomorphism with f”(J). Therefore for each x = (t,y) € S the intersection
between R"(y) and W* (x, X) is given by R" o (po R" | y)~!(v). The transversality
of the intersection is clear from the fact that cu-curves are sent to cu-curves by the
Poincaré map R. ]

6.2 Singular-Hyperbolic Attractors are Homoclinic Classes

Now we assume that A is a singular-hyperbolic attractor for a C! flow X. Recall
that given a hyperbolic periodic orbit p for X the associated homoclinic class H(p)
is given by the closure of the set of transversal intersections of the stable and unsta-
ble manifolds of the orbit of p; see Chap. 2.

We consider the global Poincaré return map R for a C! flow X’ associated to
a singular-hyperbolic attractor A. Let f be the one-dimensional map obtained in
Sect. 6.1.5.

The main step in the argument is the following.

Proposition 6.35 There exists a strip So such that every sub-strip S of So eventually
k
crosses So, that is, there exists k € N satisfying S — Sp.

We prove this result arguing with the one-dimensional map f associated with =
and X through the projection p.

Proof Consider the strip So := p~! (W) in the adapted cross-section X; correspond-
ing to the interval /; which contains W, where W is the interval whose existence
is assured by Proposition 6.31. Then, given any sub-strip S of Sp and considering
J = (S), we know from Proposition 6.31 that there exists a sub-interval Jy of J
such that /" | Jo : Jo = W is a diffeomorphism.

Lemma 6.33 ensures that the strip S’ = p_1 (Jo) eventually crosses Sp, as
claimed. O

It is well known that every Lyapunov stable set contains the unstable manifold
of its periodic orbits. Hence, given any point P of a periodic orbit &'(P) of X in
a singular-hyperbolic attractor A, we have W#(P) C A and also H(P) C A (we
recall that each periodic orbit inside a singular-hyperbolic attractor is hyperbolic).

In addition, for the local unstable manifold W (P) for P € X', withsome ¥ € &,
there exists a strip S contained in some connected component of 4 (&) such that
S N WE(P) is a neighborhood of p inside WY (P) N X. That is, px(W}(P) N X)
contains a neighborhood of px(P).

Let w be a point of a transitive orbit inside A. Then there exists # > 0 such
that X’ (w) € S, and so there exists y € W*(P) N W*(X"(w), X). This implies that
wx(y) =wx(w) = A and so W¥(P) D A.
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Next we show that there exists a periodic orbit &'(P) in A such that W¥(P) =
H(P). Since W“(P) = A this proves that A is a homoclinic class.

We observe that from Lemma 6.30 and Proposition 6.31 we can find a periodic
stable leaf W*(y, X') for some X' € Z. The uniform contraction of stable leaves on
Z ensures that there exists a unique periodic point P of R on this leaf, which corre-
sponds to a periodic orbit of X in A. This shows that every C' singular-hyperbolic
attractor admits some periodic orbit.

Let Sp be the strip contained in some connected component of %’ (Z), such that
So N WZ(P) is a neighborhood of P inside WX (P) N X, given by Proposition 6.35.
We consider D a small connected bounded disk inside W*(P). Then we have that
X~'(D) converges uniformly to &'(P) when t — +00 by the definition of unsta-
ble manifold of a hyperbolic periodic orbit. Therefore there exists fy > 0 such that
X~(D) N Sy contains a cu-curve y. In particular y is not tangent to the center-
stable direction at any point.

According to Proposition 6.35, by the choice of Sy, the strip S = p_l (p(y)) ad-

mits n > 1 such that § = Sy. This implies that y,, = f"(yp) eventually crosses
So. But 9 C y is a piece of W¥(P) which is invariant under the flow. Hence
Yy C WH"(P) is a cu-curve which crosses Sp. Lemma 6.34 implies that y, M
WS(P, X)#£0.

Again the invariance of the center-stable and center-unstable manifolds imply
that y M W*(P) # @ first, and then also that D h W*(P) # . Since D is an arbi-
trary small disk inside W*(P), this shows that a dense subset of W*(P) consists of
homoclinic points. This is enough to conclude that W#(p) C H(p). This completes
the proof that a singular-hyperbolic attractor is a homoclinic class.

6.3 Sufficient Conditions for Singular-Hyperbolic Attractors
to Be Robust

Here we present a proof of Theorem 6.9. This is based on the following result whose
proof we postpone to Sect. 6.3.1.

Theorem 6.36 Let A be a singular-hyperbolic attracting set of X € X" for some
r > 1. Suppose that A is connected and contains a dense subset of periodic orbits.
Moreover assume that A contains only one singularity and is not transitive.

Then for every neighborhood U of A there exists a flow Y close to X in the C”
topology such that Ay (U) ¢ 2(Y).

Let A be a singular-hyperbolic attractor of a C" flow X on a compact 3-manifold
M. Assume that A is C" robustly periodic and has a unique singularity o.

Denote by U a neighborhood of A such that Ay (U) NPer(Y) is dense in Ay (U)
for every flow Y whichis C" close to X. Clearly Ay (U) is a singular-hyperbolic set
of Y forall Y close to X.

Because A has a unique singularity, which is Lorenz-like, then Ay(U) has a
unique singularity as well. Indeed, by Theorem 6.3, every singularity of Ay (U)
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must be either singular-hyperbolic for Y or for —Y. In both cases the singularities
are hyperbolic and bifurcations are not allowed for any Y close to X. Hence if Ay
had more than one singularity there would exist at least two distinct singularities in
the original set A, by the property of analytic continuation of any hyperbolic critical
element.

Recalling that A is an attractor by assumption, and thus transitive in particular,
we see that A is connected, and so we can assume that the neighborhood U above
is connected. Then Ay (U) is connected as well.

Summarizing: Ay (U) is a connected singular-hyperbolic attracting set of ¥ con-
taining only one singularity.

Were A not C" robust, there would exist Y close to X such that Ay (U) is not
transitive. In this case Ay(U) would satisfy all the conditions of Theorem 6.36.
Hence there would exist Z close to Y satisfying Az (U) ¢ §2(Z). But we are assum-
ing that Az(U) N C(Z) is dense in Az(U) and C(Z) is always contained in £2(Z).

This contradiction completes the proof of Theorem 6.9, assuming Theorem 6.36.

6.3.1 Denseness of Periodic Orbits and Transitivity with a Unique
Singularity

Here we start the proof of Theorem 6.36 We present the proof as a sequence of
several simpler results which will be proved in the sequel.

Let X € X" and let A be a singular-hyperbolic set of X satisfying the conditions
in the statement of Theorem 6.36: thus A contains a unique singularity o, it has a
dense subset of periodic orbits and it is a singular hyperbolic non-connected attract-
ing set. The singularity is Lorenz-like by Theorem 6.3. Then W** (o) divides W* (o)
into two connected components, which we denote by W+ and WS ~.

Note that A # {o}, for otherwise we would get an attracting set consisting of a
singularity with an expanding eigenvalue, which is impossible. Therefore the set of
periodic orbits in A is non-empty.

A crucial result in this setting is that the unstable manifold of every periodic orbit
in A crosses the stable manifold of the singularity transversely. We present a proof
in Sect. 6.3.2 following the arguments in [168].

Theorem 6.37 Let A be either a singular-hyperbolic attractor, or a connected
singular-hyperbolic attracting set with a dense subset of periodic orbits. Then for
every p € Per(X) N A there exists a singularity o of A such that W"(p) and W* (o)
intersect transversely.

The intersections provided by this results together with the uniqueness assump-
tion on S(X) enables us to use the two connected components W*+ and W%~ of
WS (o) to relate two distinct periodic orbits of A or to deduce non-trivial conse-
quences if A is not transitive or a disconnected set.
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We do this by considering the following invariant subsets of A:

PE={pePer(X)NA:Wi(p)hW*E(0)#@} and HE =P=E,

The rest of this section is devoted to proving the following result, which we then
use to prove Theorem 6.36.

Theorem 6.38 Letr A be a connected singular-hyperbolic attracting set of a flow
X e X", r > 1, on a closed three-manifold M. Suppose that A contains a dense
subset of periodic orbits and a unique singularity. Moreover assume that A is not
transitive. Then HY and H~ are homoclinic classes of X .

From Theorem 6.37 and the assumption that S(X) N A is a singleton together
with denseness of periodic orbits in A, we easily deduce that P* cover the whole
attractor.

Lemma 6.39 Let A be a connected singular-hyperbolic attracting set with dense
periodic orbits and only one singularity c. Then A=HT U H™.

In this setting we can state Theorem 6.38 in the following useful way: a singular
hyperbolic attracting set having dense periodic orbits with only one singularity is
either transitive or the union of two homoclinic classes.

Since each element & € Per(X) N A is hyperbolic of saddle-type, then W* (&) \
{0} has two connected components. For & € P* one of these components intersects
W% (o). We write that component W* ¥ ().

Now we show that both H* and H ™ are transitive sets.

Lemma 6.40 Let A be a singular-hyperbolic attracting set with dense periodic
orbits and only one singularity o. Then HY and H™ are transitive. Moreover H* C
WuE(q) = WiE(q) h WsE(o) for all g € P*.

Proof Let p, g be two points in distinct orbits inside H* (the argument for H ™~ is
analogous). Then their unstable manifolds intersect transversely on the same side of
the stable manifold of the unique singularity. Hence through the local behavior of the
flow near a singularity, flowing to an incoming cross-section X = X"*, we obtain
two small curves y C W#(p) N X and ¢ C W¥%(g) N X crossing £ transversely.
See Fig. 5.3.

Fix neighborhoods U of p and V of ¢. Since periodic orbits are dense in A and
y C A (because A is an attracting set), then we can find a periodic orbit 7 so close
to p that

e W¥(r, X)) intersects both y and ¢ transversely;
e the orbit of r intersects U.

Hence taking z € ¢ h Wi (r, ) C W¥(q) N W*(r) we see that the positive orbit of
z visits U infinitely many times, and the negative orbit of z converges to &'(¢), and
thus visits V infinitely many times. This means that there exists some ¢ > 0 such
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that X"(V N A)N (U N A) #£. Since U and V where arbitrarily chosen, this proves
transitivity.

Recall the convention W (q) for the branch of W¥(q) \ €'(g) which intersects
W3 (o). The above argument also shows that the W* " (g) is arbitrarily near p,
that is, P+ C W4t (q) for every g € P, and thus HT C W+ (q).

Since A is attracting we have W**(q) C A. Therefore given any y € W* T (q)
there is a sequence p, € Per(X) N A such that p, m y. By Theorem 6.37

together with the inclination lemma, we deduce that W* (o) crosses W* ¥ (g) very
near y. This shows that W5 (o) N Wi+ (g) D W*T(q).

Analogously with — instead of 4. Note that the intersections above are always
transverse. The lemma is proved. O

From this we deduce the following condition for transitivity.

Lemma 6.41 [n the same setting as the previous lemma, suppose that there exists a
sequence {ppln>1 C P~ converging to some point in W5t (o) (or similarly inter-
changing + with —). Then A is transitive.

Proof Fix p € PT and let p, € P~ be as in the statement. From the construction
of flow-boxes near singularities in Sect. 5.4.4 we can fix an adapted cross-section
X = X7 through W% (o) and an open arc J C ¥ N W¥(p) intersecting W* (o)
transversely.

Again by the behavior of the flow near singularities we can assume that p, €
X for every n. By the choice of adapted cross-sections, we know that the local
stable manifolds W*(p,, X) of p, inside X intersect J transversely, for every big
enough n.

The inclination lemma 2.15 applied to the positive orbit of J C W§ (p) together
with the assumption p, € P~ imply that W (p) N W~ (o) # . Hence p € P™.

This shows that H* C H~. Thus A = H~ by Lemma 6.39, and from
Lemma 6.40 we conclude that A is transitive. 0

Proposition 6.42 In the same setting as above, if there is z € W" (o) \ {0} such that
o € w(z2), then A is transitive.

Proof Let z be as in the statement. By the local dynamics in flow-boxes near o we
can assume that there are points z, € X% in the positive orbit of z such that z,, —
20 € £, where £ = W* T (0) N X. (The argument for the — case above is analogous.)
If Per(X) N P~ =, then we would have Per(X) N A C PT by Theorem 6.37.
In this case A would be transitive by Lemma 6.40. Hence we can assume that there
existsg € P~.
This allows us to choose a sequence of points w, € W*(g) in the same side as z

is, such that w,, —+> w € W%~ (o). Since A is attracting, it contains the unstable
n——+0oo

manifolds of its points and so w € A. Thus we can find a sequence p, € Per(X) N A
tending to w, whose orbit passes very close to z. Consequently there are p, € O (py)
converging to zg.
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We have found a sequence of periodic orbits accumulating simultaneously on
WS T (o) and on W%~ (o). Arguing by contradiction, suppose that A is not tran-
sitive. Then Lemma 6.41 would imply that p), ¢ P* and p,, ¢ P~ for all n large
enough. This contradicts Theorem 6.37 and concludes the proof. ]

We assume that A is not transitive and use the previous results to disconnect A.

Lemma 6.43 If A is not transitive, then for all ¢ € P* we have

H* =WhE(g) H WiE (o) = Wi (g).

Proof Fix g € P* (for P~ the argument is the same). From Lemma 6.40 it is
enough to show that every point y € W% T (g) is an accumulation point of elements
of P*. This implies that y is accumulated by points in W* T (q) N W* T (o) by the
inclination lemma and, in addition, also ensures that y € H +,

By denseness of periodic orbits there exists a sequence p, € Per(X) N A such
that p, m y. Then p, € PT for all n big enough, for otherwise we would

gety € H™ and thus HT C W+ (q) = O(y) C H™, since H™ is invariant. Hence
A = H™T. This contradicts the assumption that A is not transitive. ]

Theorem 6.44 If A is not transitive, then for all a € W" (o) \ {0} there exists a
periodic orbit O C A such that a € W#(0), that is, w(a) = O.

Note that by Theorem 6.37 the periodic orbits given by Theorem 6.44 are homo-
clinically related to o.

Proof Fix a € W"(0) \ {0} and assume that w(a) is not a periodic orbit.

Since A is not transitive and periodic orbits are dense by assumption, we have
P* # P~ and both are non-empty. Take p € PT andg € P~.

Using the flow we can assume that a belongs to some outgoing cross-section X =
>%% of a flow-box near o. Since the unstable manifolds of p and ¢ cross W* (o)
on sides opposite to W¥S(o), both their intersections with W¥ (o) contain a curve
having o as an accumulation point and tangent to the eigendirection corresponding
to the weak contracting eigenvalue of ¢; see Fig. 6.5. Using the flow-box near o we
can find a curve I = I, contained in X' through a such that I \ {a} is formed by two
arcs I C W¥(p) and I~ C W¥(q); see Fig. 6.5. Observe that the tangent space of
I is contained in E€ N T X' by construction.

Wi(p)y, Wi(o) | we(p) by

- -

\ O

) W(o)
Fig. 6.5 The stable manifold N\ W (q) W (q)
of o, the unstable manifolds .
of p, g and the points in Xy I [y--=-=-=--""- v
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Proposition 6.42 ensures that o ¢ w(a) since A is not transitive. Therefore from
Proposition 6.2 we see that H = w(a) is a uniformly hyperbolic saddle-type set.
Moreover I C A because A is a closed attracting set.

Consider an adapted cross-section X through some point of H. Then by item
2 of Lemma 6.27 and shrinking X if necessary, we can assume that the stable
boundary 9° Xy of X does not touch H. Moreover since Xy \ H is open we can in
addition assume that d(Xo N H, 3°X') > § for some § > 0, just as in the definition
of §-adapted cross-section, but now in the center-unstable direction.

Using a tubular flow construction we can linearize X in an open tube-like set
Us, = X 88 (int(Xp)) for a small & > 0. We can cover H by a finite number
5 ={Ug,, ..., Us,} of this type of open tubular flow-boxes, since H N S(X) =0,
H is compact and H satisfies item 2 of Lemma 6.27.

Consider the Poincaré map R : ENH — & definedby z € ENH > X210 ()
where T» is defined in Sect. 6.1 and 7(z) is the first return time of X72(z) to &. The
map is defined on entire strips of Z by the construction of adapted cross-sections.

Fix now ho € H and let z,, be points in the positive orbit of z such that

n
d(Zn, R (h())) m O

Note that &, = R"(hg) always belongs to the interior of = and the same is true of
Z,. Observe that there exists a corresponding sequence of images I, of I such that
zn € I, C E. Since [ is transverse to the flow direction, we have that z,, belongs to
the interior of I,,. In addition, the expansion of R in the central-unstable direction
and the fact that z,, is §-away from the boundary of = ensures that there is an arc J,
with length bounded away from zero such that z,, € J,, C I,,.

Let & be a limit point of &,. Hence J, converges in the C! topology to an in-
terval in W*(h) (recall that h € H and H is uniformly hyperbolic). Since & has
finitely many components, we can assume that /,, J, and 4 all belong to the same
component X of &.

Notice that we cannot have z, € W*(h, Xy) for infinitely many »n, for otherwise
by Lemma 6.26 we conclude that # is periodic and z € W* (h), and thus H = w(z2) =
O (h) contradicting the assumption. Hence z, ¢ W* (h, Xo) for all big enough n.

Therefore the intersection of J, \ {z,} with W*¥(z,+1, &) is non-empty for big
enough 7. If w, belongs to this intersection, then it is either in the image of I or
in the image of 1~ inside J,,. We write JnjE for the corresponding components.

Now we use the fact that periodic orbits are dense. Assume that w, € J,© and
take p, € Per(X) N Xy close to a point in J,,” near z,41; see the rightmost rectangle
in Fig. 6.5. Then we ensure that

Wi (pn) h IS £ D # T,

+1 N W (pn)

which implies that

W (pn) MW" (p) # 0 # W"'(q) h W’ (pp).

By the choice of p, we know that &'(p,) goes very close to W%~ (o). We can find a
sequence of such orbits converging to a point in W* ~ (o). Since A is not transitive,
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Fig. 6.6 Definition of W*:*
and W*~

by Lemma 6.41 we must have p, € P~ . Butthen p mustbe in P~ by the inclination
lemma 2.15. Since p was an arbitrary point in P, we conclude that P* C P~ and
so A = H™ is transitive, a contradiction.

Otherwise we have w, € J,~ and by the same arguments we deduce thatg € P,
implying that A = H™ is transitive as before.

Hence w(z) must be a periodic orbit, as claimed. O

The orbit & provided by Theorem 6.44 is hyperbolic of saddle-type (because
it carries a dominated splitting with volume expanding central direction). Hence
there are two connected components W** of the unstable manifold of O such that
Wt UW"= = W“(0)\ O. The labels £ on each component are chosen according
to whether the corresponding component is accumulated by the unstable manifold
of a periodic point in P or P, as in the proof of Theorem 6.44; see Fig. 6.6. The
above convention does not depend on p € P, g € P~ nor on I, I~ (this is easily
proved using the Inclination Lemma).

The next results show that the choice of signs for the branches of W*(&) co-
incides with the previous convention for the unstable manifolds of periodic orbits
in A.

Lemma 6.45 We have W+ N W%~ (6) =@ and W*T N WSt (o) # 0, and the
similar facts interchanging + and —. In particular 0 € PT™ N P~.

Proof Arguing by contradiction, note that if W% NW?* (o) # @, then because this
intersection is transverse and every p € P has an unstable manifold accumulating
on W% we deduce that p € P, and again P* C P~. Thus A = H ™ is transitive,
a contradiction. Similarly exchanging 4+ with — in the above argument.

For the other part, if W%+ N W% T () = @, then W*(&0) N W3 (o) = @ since
ANW?* (o) ={o} by Theorem 5.10, contradicting Theorem 6.37. U

Lemma 6.46 Assume that W*(p) h Wt =£ @ for some p € Per(X) N A. Then
Ws(p) N Wit = Wit Similarly replacing + by —.

Proof Choose a neighborhood U of x € W, By Lemma 6.43 we have in particu-
lar WS+ (o) N Wi-+ = Wi+, Then we can find a point y € WS+ (o) N W T NU.
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Let y be a curve through y inside U N W% transverse to W% (o). Then the posi-
tive orbit of  contains open arcs which converge in the C! topology to any compact
neighborhood of & inside W* ', by the inclination lemma. Hence the positive orbit
of y intersects W*¥(p) by the assumption on p. Therefore there exists a point of
W3 (p) in U, proving that W%+ C Ws(p) N Wi+, O

Now we are ready to consider homoclinic classes inside A (see Sect. 2.5.4 for
the definition and basic properties).

Lemma 6.47 For p € P* such that W*(p) h W** % @, the homoclinic class
H(p) equals Wi+,

Observe that, since periodic orbits are dense we can choose p € Per(X) N A very
close to W*™ to obtain the condition on p in Lemma 6.47. Then by Lemma 6.43
we see that HT = W¥* = H(p) is a homoclinic class. This completes the proof of
Theorem 6.38.

Proof of Lemma 6.47 Fix z € PT, y € W** and a neighborhood U of y. By
definition there exists an arc I C W¥(p) whose forward orbit crosses W% (o).
Lemma 6.46 ensures that we can find a disk D transverse to W* inside W*(p)NU.

The inclination lemma implies that the positive orbit of a sub-arc J C I accu-
mulates W* . Then there exists ¢ > 0 such that X’(J) th D # . This means that
H(p)NU # @. Since U was arbitrarily chosen and H(p) is closed by definition,
we find that y € H(p). Hence W** C H(p) and W% C H(p).

For the opposite inclusion note that by the assumption W*(p) h W+ £ ¢ and
the inclination lemma, we have W*-= > W (p) D H(p). [l

Proof of Theorem 6.36 First, by Lemma 6.47, we must have Wt QWS (o) = 0.
For otherwise we can find a sequence p, € P* converging to a point in W*~ (o).
By Lemma 6.41 this implies that A is transitive, a contradiction.

Therefore there exists a neighborhood B of W+ disjoint from W* (o). Let
J = [a, b] be a fundamental neighborhood of W*(py) for some py € &, where &
is the periodic orbit given by Theorem 6.44. That is, J is an arc with b = X' (a)
for some ¢ > 0 such that X¥(a) € W% (pg) for all 0 < s < . Take V C B a small
neighborhood of J such that every point of V belongs to a stable manifold of a
point in V N W**. The forward orbits of points in V never leave B, since W+ is
invariant.

We are going to describe a perturbation of the flow X close to the point a €
W"(o) \ {o} (which defines the orbit & = w(a)). Consider the following cross-
sections of X (recall the definition of flow-box near a singularity in Sect. 5.4.4):

e X1 containing a in its interior and X’ = X' (£%1).

e Y intersecting O in a single point in the center-unstable boundary.

e X~ asubstrip of ¥>~ which is a one-sided neighborhood of £~ not touching B
on the same side of a.

e X+ asubstrip of X%F which is a one-sided neighborhood of £+ also on the same
side of a.
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Fig. 6.7 The unperturbed

flow X
-
Fig. 6.8 The perturbed >+
flow Y
1% K]
Yo+ b 2
\L f\ Wu,+
7,0 I
a7 ©1 r&\ [({
2 ZS/“,\

Observe that the positive orbit of any pointin X U X~ by X will cross X+,
Define W = X0 (x%%) The support of the perturbation from X to Y sketched
in Figs. 6.7 and 6.8 is contained in W. This perturbation is standard, see e.g. [190],
amounting to “push a’ upwards so that its image under the flow of ¥ lands in X
above the stable manifold of 7.

Recall that A = Ax(U) = N;-0X'(U). Since A is not transitive there exists g €
P~ and so there is an interval Ky in ¥~ N W¥(g) crossing X'~ as in Fig. 6.8.

Denote by ¢’, W"(¢q"), o', K|, the continuation of these objects for the perturbed
flow Y. The Y-flow carries K to an interval K| as in Fig. 6.8.

Note that K, C Ay (U) since Ay (U) is an attracting set, ¢’ € Ay(U) and K, C
WH(q").

We claim that Ky ¢ 2(Y).

Arguing by contradiction, assume that K(’) C £2(Y) and choose x € int(K(/)).

On the one hand, the flow of Y carries points nearby x to V as sketched in
Fig. 6.8, close to the line K}. By assumption on K|}, x is non-wandering for Y. In
particular there exists x” € K close to x such that the positive Y -orbit of x' returns
to X

On the other hand, by construction, the positive orbit of every point in V by the
flow of X does not intersect X' .

Since ¥ = X outside W we conclude that the positive orbit of x’ by Y intersects
2T by the definition of W* ™. The positive orbit of such an intersection passes
through the flow-box W and arrives at V again. Then we conclude that the positive
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Y -orbit of x" never returns to X~ . This contradiction proves that K, ¢ 2(Y), as
claimed.
This implies that Ay (U) ¢ §2(Y) and finishes the proof of Theorem 6.36. O

6.3.2 Unstable Manifolds of Periodic Orbits Inside
Singular-Hyperbolic Attractors

Here we present a proof of Theorem 6.37 following the proof presented in [166].
Let A be either a singular-hyperbolic attractor, or a connected singular-
hyperbolic attracting set having a dense subset of periodic orbits.
We start by showing that the closure of the unstable manifold of any periodic
orbit in A must contain some singularity of the flow.

Lemma 6.48 Let A be a connected singular-hyperbolic attracting set containing
either a dense subset of periodic orbits, or a dense regular orbit. Fix a periodic
point po € Per(X) N A (necessarily hyperbolic of saddle-type). Let J = [a, b] be an
arc on a connected component of W**(po) \ {po} witha # b. Then H = U;~0 X" (J)
contains some singularity of A.

Proof Observe that H = W (po) C A by construction, where W (po) is the con-
nected component of W*(pg) \ & (po) containing J. In addition H contains the
unstable manifolds through any of its points, since every point in H is accumulated
by forward iterates of the arc J.

Consider the set W% (H) = U{W**(y) : y € H}. Note that W*(y) C H fory € H
and the family {W**(z)}yewu(y) covers an open neighborhood of y, and so W**(H)
is a neighborhood of H in M.

Let x be a point in W*(H). Then by forward iteration this point is sent close to
H. This shows that x is in the interior of W**(H) and hence W*S(H) is open in M.
Thus H® = W*(H) N A is an open neighborhood of H in A. If A is transitive, we
can take z € H® such that w(z) = A and, since w(z) = w(x) for some x € H®, we
conclude that A C H andso H N S(X) # .

If A is not transitive, we claim that either H* N S(X) £ @, or the closure of H®
is an open subset of A (besides being clearly a closed set).

First note that, if 0 € H* N S(X), then o € W*(y) for some y € H implying
that o € H. For otherwise we would get y € W* (o) N A\ {0}, a contradiction to
Theorem 6.3.

Suppose that H* N S(X) = @. From Proposition 6.2 we know that H® is a uni-
formly hyperbolic compact subset of A. Then every w € H® has a well defined
strong-unstable manifold. Moreover W¥*(w) C AN H® for some ¢ > 0, because A
is attracting and H* is open. We conclude that H® contains the unstable manifold of
all its points. Hence taking limits we obtain that the closure H* also contains every
unstable manifold. Analogously we see that H contains the strong-stable manifold
W55 (z) N A relative to A for all z € HS. The union of the unstable manifolds through
all points in the strong-stable manifolds provides a neighborhood of H* in A.
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Since A is connected we obtain H = A. Hence there exists some singularity
o of A in the closure of the stable manifolds of H inside A. Let 4, be points in
H* converging to o. Hence the orbits of &, contain points 4], very close to W*(po)
by definition of H®. Using the assumption of dense periodic orbits, consider a pe-
riodic orbit p, very close to h,. Then the orbit of p, will be close to W;y'(po) and
so W*(py) th W (po) # ¥ (to see this, consider an adapted cross-section X through
h!,, a small tubular flow-box through X' and recall that stable manifolds cross X hor-
izontally). The inclination lemma now ensures that W (po) = H contains p,. Thus
H is arbitrarily close to o. Therefore the closed set H contains some singularity of
S(X)N A. O

Fix po and o € S(X) N H as in the statement of Lemma 6.48. We can assume
that J is a fundamental domain for W*(py), that is, b = X7 (a) with T > 0O the first
return time of the orbit of a to W"¥(py), i.e., X' (a) ¢ W"*(pg) forall0 <t < T.

Fix ingoing adapted cross-sections fi},i of every o € S(X) N A and horizontal
substrips X% around € of small width so that &(pg) does not touch X:%. We
assume that X% \ X+ have nonempty interiors.

Consider also a cross-section X', containing pg. We can then take J = [a, b] so
close to pg that J C int(X,) and X ~*(J) never intersects Z‘f;i for all + > 0 and
every 0 € S(X)N A.

Since S(X) N W4(pg) # @ there exists a Poincaré map R from a subset D of
X, to int(Us Z‘(";i) given by the first return time 7(x) of x € D. Without loss of
generality assume that R(b) € int(X:") for some singularity o fixed from now on.
We drop the o from the notation of the cross-sections in what follows.

Note that R(a) must equal R(b). Using this with some tubular flow-boxes to-
gether with the fact that X% is an adapted cross-section, we show that the image of
J under R must cross X+ from one stable boundary to the other, thus intersecting
€%, Since £+ = Xt N W} (o), this argument proves Theorem 6.37.

Observe that, because both J and R(a) = R(b) belong to the interior of the re-
spective cross-sections to X, then there exists a tubular flow-box, given by Theo-
rem 2.13, and open neighborhoods V C X', of b and W C X+ of R(b), such that
V CD,thatis R|V :V — W is well defined and a diffeomorphism. Moreover,
since J is transverse to the stable foliation in X', then the image R(V N J) is also
transverse to the stable foliation of X", In addition, since A is attracting, we see
that J and R(J N'V) are contained in A. Because X1 is adapted, the image of J is
5-away the center-unstable boundary. Identifying the arc [a, b] with some interval
[a, b] C R we define (see Fig. 6.9)

q = sup{s € [a,b]: R(la,s]) Cint(Z")}.

By the existence of the pair V, W we have g > a. Moreover given s € (a, g) and
covering the compact arcs [a, s] and R([a, s]) by a finite number of open tubular
flow-boxes Uy, ..., Uy we easily see that R([a, s]) is connected. Indeed, R([a, s])
is the union of a sequence R([s;, si+1]) of arcs inside U; N int(X1), where a =
sop <81 <---<sg=sand R|U; Nint(X)) : U; Nint(X)) — U; Nint(Z>T) is a
diffeomorphism, i =1,..., k.
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Fig. 6.9 The arc J and 1 T S+
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Note that, by the choice of X% strictly inside X%, if ¢ belongs to the domain
D of R, then there exists a tubular flow-box Uy taking g to R(q), so that R(q)
is well defined. Hence R(g) = lim, ~, R(s) is not on the center-unstable bound-
ary 9°“ X+ by construction. Moreover using the tubular flow-box Uy we see that
R(q) € 3° X"F. For otherwise, in case R(g) € int(X%T), we would be able to ex-
tend the definition of R along J through the flow-box Uj.

Now apply the same arguments to

r =inf{s € [a, b] : R([s, b]) C int(Z"1)1.

We obtain R(a) = R(b) and R(q), R(r) € 3* 2T if r belongs to the domain of D.
We obtain in this way y = R([a, q] U [r, b]), a connected smooth arc joining two
points in the stable boundary.

If R(q), R(r) belong to the same stable-manifold on 3° X% *, then by smoothness
and connectedness there must be a tangency between y and the stable foliation on
X+ This is a contradiction.

Hence R(q), R(r) are on different stable leaves on the boundary of X", and
thus y crosses £ transversely. This means that W*(pg) th W* (o) # 0. The proof
of Theorem 6.37 now rests on the claim that both g and r belong to the domain
of R. To prove this claim we need the following result, whose proof we postpone.

Lemma 6.49 Let X be a cross-section of X containing a compact cu-curve ¢,
which is the image of a regular parametrization ¢ : [0, 1] — X, and assume that
is contained in A. Let X be another cross-section of X. Suppose that ¢ falls off X,
that is

e the positive orbit of ¢ (t) visits int(X) forall t € [0, 1);
e and the w-limit of ¢ (1) is disjoint from X.

Then ¢ (1) belongs either to the stable manifold of some periodic orbit p in A, or to
the stable manifold of some singularity.

Observe that [a, ¢] (and [r, b)) fall off £, if g (and r) does not belong to D.
Then w(q) (and w(r)) is either a periodic orbit in A, or a singularity. In the first
case the arc J D [a, ¢g] is transverse at g to the stable manifold of a periodic orbit p.
The inclination lemma ensures that there exists a fundamental domain L of W"¥(p)
accumulated by iterates of the open arc (a, g); see Fig. 6.10. Hence the flow takes
every point of L through X% . As before the image of L by the corresponding first
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Fig. 6.10 How /
accumulates D (x*)

return map must be a cu-curve C in X% . Moreover since the endpoints of L are
on the same orbit of the flow, C must be a closed cu-curve. This is impossible.

This contradiction shows that either ¢ (and r) does not fall off £*-%, so that g
(and r) is in the domain of R, or ¢ is in the stable manifold of some singularity. In the
former case, we are done. In the latter case, since the stable manifold is transverse
to W““(po) by the assumption of singular-hyperbolicity, we obtain the statement of
the theorem as well.

Now to finish the proof of Theorem 6.37 we prove the remaining lemma.

Proof of Lemma 6.49 Define H = w(£(1)) and suppose that H is not a singularity.
By an argument similar to the proof of Lemma 6.27 we find that H has totally
disconnected intersection with any cross-section.

Indeed, consider an adapted cross-section Xy of X through x € H and consider
the connected component C of H N X, containing x. As in the proof of Lemma 6.27,
we have CN WS (x, Xy) = {x}.

If there exists y € C \ W¥(x, X,) consider the horizontal strip S of X, between
the stable leaves W*(x, Xy) and W*(y, X). Then there exists a point w of H N
int(S), for otherwise W*(w, X';) would disconnect y from x. From this we find & in
the positive orbit of ¢ (1) inside int(S) and close to w. But ¢ is a cu-curve. Hence,
considering the tubular flow on a neighborhood around the piece of orbit from ¢ (1)
to &£, we find in the image of ¢ under the tubular flow a cu-curve ¢’, a connected
image of a neighborhood of ¢ (1) in ¢, with & as a boundary point. (Here we use the
hyperbolicity of the Poincaré maps between cross-sections assuming that the time
from ¢ (1) to & is big enough.)

So we have a positive iterate of a point ¢ (s) in int(S) for some s € [0, 1). Now
we use the density of periodic orbits to find a point of a periodic orbit p’ very close
to £ (s) in int(S). Then the orbit of p’ crosses int(X') by the assumption on the curve
. Again there exists 1 € H N W*(p’, S). This means that the orbit of # will cross
int(X). Since & € w(¢ (1)), then the orbit of ¢ (1) must cross int(X') also. We have
reached a contradiction.

We conclude that X, N H is totally disconnected.

Hence we can cover the set H with a finite number of flow-boxes around the sin-
gularities contained in H together with finitely many tubular neighborhoods through
adapted cross-sections, i.e., sets of the form X (—e.) (Xy). Let E be the collection of
adapted cross-sections used in this cover, some of them ingoing or outgoing cross-
sections around singularities.
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Since X, N H is totally disconnected (if the intersection is non-empty), then H
is contained in the interior of these flow-boxes. Thus X, N H is not only §-away
from the center-unstable boundary of X', but §-away from the stable boundary of ¥
as well, for some uniform § > 0 valid for every cross-section of Z.

The definition of H ensures that ¢*(1) = X’(¢(1)) is, for big enough ¢ > 0, con-
tained in a small closed neighborhood W around H, which can be taken disjoint
from the reference section X.

Let t, — +o00 be such that ¢,(1) = ¢(1) € int(E) for all n > 1. Since & is
a finite collection of sections, we can assume without loss of generality that &, (1)
always belongs to the same section S € =.

Observe that the positive orbit of ¢(s), with s < 1 and close to 1, enters W by
continuity of the flow, but does not stay in W, since it must cross int(X'). Then the
first return of ¢(s) to S, which we write ¢, (s), is well defined for s < 1 and close
to 1.

For infinitely many values of n there exists some s, € [0, 1) such that ¢, ([s,, 1])
is contained in S, the orbit segment from ¢ (s) to &, (s) is disjoint from X for all s, <
s <1, and ¢, (s,) is in the boundary of S. For otherwise we would get ¢, ([0, 1]) C
int(S) C W and so ¢(s) would never reach X.

This means that the cu-curve y, = &, ([sn, 1]) has length at least § inside S and

e cither the end point ¢,(1) of y, has a subsequence contained in the same sta-
ble manifold inside S, which by Lemma 6.26 implies that £, (1) is in the stable
manifold of a periodic orbit, and thus H is a periodic orbit;

e or y, has an accumulation curve inside S in the C! topology (using the Arzeli-
Ascoli Theorem, since y,, have bounded derivative by definition of cu-curve and
length bounded away from aero, and S is compact), so that we can find a point
£y (s) in the stable manifold of ¢, (1), for m, n very big. This is impossible be-
cause the positive orbit of ¢, (s) would stay forever close to the orbit of ¢, (1),
inside W, and would never reach X'.

We conclude that H is a periodic orbit if it is not a singularity. The proof of
Lemma 6.49 is complete. (]



Chapter 7
Expansiveness and Physical Measure

Here we obtain further consequences of singular-hyperbolicity. A singular-hyper-
bolic attractor is chaotic in two senses: it is robustly expansive and so has sensitive
dependence on initial conditions; and it supports a unique physical measure with
non-zero Lyapunov exponent.

7.1 Statements of the Results and Overview of the Arguments

Theorem 7.1 Let A be a singular-hyperbolic attractor of X € X' (M). Then A is
expansive.

The proof of Theorem 7.1 is the content of Sect. 7.2 based on the arguments
in [21].

The reasoning is based on analyzing Poincaré return maps of the flow to a conve-
nient (§-adapted) cross-section. We use the family of adapted cross-sections and cor-
responding Poincaré maps R, whose Poincaré time ¢ (-) is large enough, obtained as-
suming that the attractor A is singular-hyperbolic in Sect. 6.1. These cross-sections
have co-dimension 1 foliations, which are dynamically defined, whose leaves are
uniformly contracted and invariant under the Poincaré maps. In addition R is uni-
formly expanding in the transverse direction and this also holds near the singulari-
ties.

From here we argue by contradiction: if the flow is not expansive on A, then we
can find a pair of orbits hitting the cross-sections infinitely often on pairs of points
uniformly close. We derive a contradiction by showing that the uniform expansion
in the transverse direction to the stable foliation must take the pairs of points apart,
unless one orbit is on the stable manifold of the other.

This argument only depends on the existence of, firstly, finitely many Lorenz-
like singularities on a compact partially hyperbolic invariant attracting subset A =
Ax (U), with volume expanding central direction and, secondly, a family of adapted
cross-sections with Poincaré maps between them, whose derivative is hyperbolic. It
is straightforward that, if these conditions are satisfied for a flow X’ of X € X 1 (M 3),
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Grenzgebiete. 3. Folge / A Series of Modern Surveys in Mathematics 53,
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then the same conditions hold for all C! nearby flows ¥’ and for the maximal in-
variant subset Ay (U) with the same family of cross-sections which are also adapted
to Ay(U) (as long as Y is C Lclose enough to X). We recall that the notation
Ay (U) denotes Ny~oY!'(U) for some trapping region U. To obtain the adapted
cross-sections to start with, however, we need to assume that we have a singular-
hyperbolic attractor, that is, we need to assume transitivity.

Corollary 7.2 A singular-hyperbolic attractor A = Ax(U) is robustly expansive,
that is, there exists a neighborhood % of X in X' (M) such that Ay (U) is expansive
foreach'Y € % , where U is an isolating neighborhood of A.

Indeed, since transversality, partial hyperbolicity and volume expanding central
direction are robust properties, and also the hyperbolicity of the Poincaré maps de-
pends on the central volume expansion, all we need to do is to check that a given
8-adapted cross-section X to X is also adapted to ¥ € X! for every Y sufficiently
C! close to X. But Ax(U) and Ay (U) are close in the Hausdorff distance if X and
Y are close in the C° distance, by Lemma 2.3. Thus, if X' is §-adapted we can find
a C!'-neighborhood % of X in X! such that ¥ is (§/10)-adapted to every flow Y’
generated by a vector field in % .

7.1.1 Robust Sensitiveness

We already know that expansiveness implies sensitive dependence on initial condi-
tions or, in other words, that the flow is chaotic. An argument with the same flavor
as the proof of expansiveness provides the following.

Theorem 7.3 Every singular-hyperbolic isolated set A = N;cr X' (U) is robustly
chaotic, i.e., there exists a neighborhood % of X in X' (M) such that N,erY'(U) is
chaotic for each Y € % , where U is an isolating neighborhood of A.

We present the proof of this result after the proof of expansiveness, in Sect. 7.2.8.

It is natural to consider the converse: are all robustly chaotic isolated sets
singular-hyperbolic? Straightforward adaptations of the arguments of Chap. 5 en-
able us to prove the converse for attractors under a mild condition on the singulari-
ties of the vector field.

Theorem 7.4 Let A be an attractor for X € X' (M?) such that every singularity in
its trapping region is hyperbolic with no resonances. Then A is singular-hyperbolic
if, and only if, A is robustly chaotic.

This means that if we can show that arbitrarily close orbits, in an isolating neigh-
borhood of an attractor, are driven apart, for the future as well as for the past, by the
evolution of the system, and this behavior persists for all C' nearby vector fields,
then the attractor is singular-hyperbolic.
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The condition on the singularities amounts to restricting the possible three-
dimensional vector fields in the above statement to an open a dense subset of all
C! vector fields. Indeed, the hyperbolic and no-resonance condition on a singularity
o means that:

e cither A # N(w) if the eigenvalues of DX (0) are > € R and w, w € C;
e or o has only real eigenvalues with different norms.

As we will see, these conditions precisely allow us to deduce the same conclu-
sions of Lemma 5.22, so that the only possible singularities in the setting of Theo-
rem 7.4 are Lorenz-like singularities.

‘We can also deduce the same conclusion of Theorem 7.4 for an isolated set, not
necessarily transitive, if we assume that its singularities are Lorenz-like, as follows.

Theorem 7.5 Let A be a compact isolated invariant proper subset of M with re-
spect to a C' vector field X whose singularities are Lorenz-like. Then A is singular-
hyperbolic if, and only if, A is robustly chaotic.

The conditions on the singularities in both Theorems 7.4 and 7.5 are in principle
easy to check numerically for any given system.

We remark that the invariant set in the above statements may have no singulari-
ties. This is the case of a hyperbolic set of saddle-type for X. We also note that the
singular-horseshoe is in the setting of Theorem 7.5.

One interpretation of these results is that, among three-dimensional flows, ro-
bustly chaotic behavior is always associated either to (uniform) hyperbolicity (if
there are no singularities properly accumulated by regular orbits in the invariant set)
or to singular-hyperbolicity. Since both these types of invariant sets are by now well
known, this may have relevant consequences for the study of all sorts of mathemat-
ical models involving flows in three-dimensional manifolds.

In recent ongoing PhD thesis work of Laura Senos, at Universidade Federal do
Rio de Janeiro, a generalized version of this result is obtained, removing the non-
resonance conditions and the assumptions of future and past expansiveness (future
and past chaotic), showing that any robustly expansive attractor for a 3-flow is nec-
essarily a singular-hyperbolic attractor.

Proof of Theorems 7.4 and 7.5 As mentioned in Sect. 2.4 a chaotic system, in our
terminology, cannot have either attracting or repelling critical elements. Hence, a
robustly chaotic attractor A for a vector field X has no attracting or repelling critical
elements in a neighborhood for all vector fields ¥ which are C! close to X. Now
Theorem 2.33 implies that the Linear Poincaré Flow over A} (U) = Ay(U) \ S(Y)
admits a dominated splitting, for each vector field ¥ close enough to X in the C!
topology. As in the proofs in Chap. 5, we can now classify the possible singularities
appearing in the attractor A.

Since each singularity o € A is assumed to be hyperbolic, then DX (o) can-
not admit complex eigenvalues, for otherwise we can use the transitive orbit and
the Connecting Lemma to produce a saddle-focus connection as in the proof of
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Lemma 5.22. The non-resonance condition ensures that this saddle-focus connec-
tion would imply the existence of an attracting or repelling periodic orbit for an ar-
bitrarily C! close vector field. Having only real eigenvalues, o must be Lorenz-like,
either for X or for —X. For otherwise we would produce a saddle-connection, again
by the Connecting Lemma through the existence of a dense orbit in A, exhibiting
an inclination-flip type of connecting orbit for an arbitrarily C! close vector field.
This contradicts the domination of the splitting for the Linear Poincaré Flow. Fi-
nally o cannot be a Lorenz-like singularity for —X inside an attractor in our setting,
according to Lemma 5.32.

At this point we have all the assumptions of Theorem 7.5: every singularity o in
A is Lorenz-like for the vector field X, there are no attracting or repelling critical
elements for every C! close vector field Y. Hence, since an attractor is in particular
isolated, we can apply Theorem 5.34 and conclude that A is singular-hyperbolic.

This concludes the proof that robustly chaotic isolated sets with Lorenz-like sin-
gularities, or robustly chaotic attractors under open and dense conditions on the sin-
gularities, are singular-hyperbolic. This is a part of the statement of Theorems 7.4
and 7.5. The other part of the statements follows from Theorem 7.3. ]

7.1.2 Existence and Uniqueness of a Physical Measure

It was proved by Colmenarez in [72] that, if A is a singular-hyperbolic attractor of
a C? flow X with a dense set of periodic orbits, then the central direction E%” can
be continuously decomposed into E* @ EX along each orbit of A, where the E*
direction is non-uniformly hyperbolic, that is, has a positive Lyapunov exponent,
and A=A \ Usesxyna W (o). In [71], again under the assumption of a dense set
of periodic orbits, Colmenarez showed that every C? singular-hyperbolic attractor
supports a physical probability measure—see Sect. 2.7.1 of Chap. 1 for the relevant
definitions.

However, in another recent work, Arroyo and Pujals [27] show that every
singular-hyperbolic attractor has a dense set of periodic orbits. Indeed, as shown
in Chap. 6, every singular-hyperbolic attractor is a homoclinic class. So the dense-
ness assumption is no restriction.

Here we give an independent proof of the existence of physical measures which
does not use denseness of periodic orbits, and this enables us to obtain the hyper-
bolicity of the physical measure and, also, to show that it is a Gibbs state. We follow
the proof presented in [21].

Theorem 7.6 Let A be a singular-hyperbolic attractor of a flow X € X*(M) on a
three-dimensional manifold. Then A supports a unique physical probability mea-
sure | which is ergodic, hyperbolic and whose ergodic basin covers a full Lebesgue
measure subset of the topological basin of attraction, i.e., B(i) = W*(A) Lebesgue
mod 0. Moreover the support of 1 is the whole attractor A.
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Here we need to assume that (X'),cg is a flow of class CZ since for the construc-
tion of physical measures a bounded distortion property for one-dimensional maps
is needed. These maps are naturally obtained as quotient maps over the set of stable
leaves, which form a C!*® foliation of a finite number of cross-sections associated
to the flow if the flow is C2; see Sect. 2.7.2. This will be detailed in Sect. 7.3.

We recall from Sect. 2.7 of Chap. 1 that hyperbolicity of a measure means non-
uniform hyperbolicity: the tangent bundle over A splits into a sum T,M = E} &
E ZX @ F;, of three one-dimensional invariant subspaces defined for y-a.e. z € A and
depending measurably on the base point z, where p is the physical measure in the
statement of Theorem 7.6, E ZX is the flow direction (with zero Lyapunov exponent)
and F; is the direction with positive Lyapunov exponent.

Theorem 7.6 is another statement of sensitiveness, this time applying to the whole
essentially open set B(A). Indeed, since non-zero Lyapunov exponents express the
idea that the orbits of infinitesimally close-by points tend to move apart from each
other, this theorem means that most orbits in the basin of attraction separate under
forward iteration. See Kifer [122], and Metzger [153], and references therein, for
previous results about invariant measures and stochastic stability of the geometric
Lorenz models.

In the uniformly hyperbolic setting, it is well known that physical measures for
hyperbolic attractors admit a disintegration into conditional measures along the un-
stable manifolds of almost every point which are absolutely continuous with respect
to the induced Lebesgue measure on these sub-manifolds; see [60, 62, 201, 266].

Here the existence of unstable manifolds is guaranteed by the hyperbolicity of
the physical measure: the strong-unstable manifolds W**(z) are the “integral mani-
folds” in the direction of the one-dimensional sub-bundle F, tangent to F, at almost
every z € A. The tools developed to prove Theorem 7.6 enable us to prove that the
physical measure obtained there has absolutely continuous disintegration along the
center-unstable direction; see Sect. 2.7 of Chap. 1 for the definition of conditional
measures and the notion of adapted foliated neighborhoods of a point.

Theorem 7.7 Let A be a singular-hyperbolic attractor for a C?* three-dimen-
sional flow. Then the physical measure | supported in A has a disintegration
into absolutely continuous conditional measures (1, along center-unstable surfaces
y € I15(x) such that Z% is uniformly bounded from above, for all 5-adapted foli-

ated neighborhoods I1s(x) and every 6 > 0. Moreover supp(u) = A.

Remark 7.8 The proof that supp(u) = A which we present depends on the abso-
lutely continuous disintegration property of the physical measure p and the transi-
tivity of X on A. However, most singular-hyperbolic attractors are topologically
mixing in the C! topology [166] and the Lorenz geometric models are always
topologically mixing [142], so we should expect a more general argument prov-
ing supp(u) = A without the need to obtain first that u is a cu-Gibbs measure or
SRB-measure.
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Remark 7.9 Tt follows from the proof that the densities of the conditional measures
iy are bounded from below away from zero on A\ B, where B is any neighborhood
of the singularities o (X | A). In particular the densities tend to zero as we get closer
to the singularities of A.

The absolute continuity property along the center-unstable sub-bundle given by
Theorem 7.7 ensures that

hM(Xl)zflog}det(DXI | E“Y|dp,

by the characterization of probability measures satisfying the Entropy Formula, ob-
tained in [129]. The above integral is the sum of the positive Lyapunov exponents
along the sub-bundle E* by Oseledets’ Theorem [147, 269]. Since in the direc-
tion E" there is only one positive Lyapunov exponent along the one-dimensional
direction F_, for pu-a.e. z, the ergodicity of x then shows that the following is true.

Corollary 7.10 If A is a singular-hyperbolic attractor for a C? three-dimensional
flow X!, then the physical measure p supported in A satisfies the Entropy Formula

B (XY =/1og IDX" | Fll ().

Again by the characterization of measures satisfying the Entropy Formula we
deduce that u has absolutely continuous disintegration along the strong-unstable
direction, along which the Lyapunov exponent is positive, and thus u is a u-
Gibbs state [201]. This also shows that w is an equilibrium state for the potential
—log || DX | F,|| with respect to the diffeomorphism X'. We note that the entropy
hy (X 1 of X! is the entropy of the flow X’ with respect to the measure 1 [269].

Hence we are able to extend most of the basic results on the ergodic theory of
hyperbolic attractors to the setting of singular-hyperbolic attractors.

7.2 Expansiveness

For the proof of Theorem 7.1 we need the construction of cross-sections and
Poincaré return maps, which is the subject of Sect. 6.1. We use the construction
and notations defined there in what follows.

7.2.1 Proof of Expansiveness

Here we prove Theorem 7.1. The proof is by contradiction: let us suppose that there
exist ¢ > 0, a sequence §, — 0, a sequence of functions &, € # (see Sect. 2.4 of
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Chap. 1 for the definition of expansiveness), and sequences of points x,, y, € A
such that

d(X"(xn), X" (y,)) <8, forallteR, (7.1)
but
XMy, ¢ xU=81+el () forallr € R. (7.2)

The main step in the proof is a reduction to a forward expansiveness statement
about Poincaré maps which we state in Theorem 7.11 below.

We are going to use the following observation: there exists some regular (i.e.
non-equilibrium) point z € A which is accumulated by the sequence of w-limit sets
w(xp). To see that this is so, we start by observing that accumulation points do exist,
since A is compact. Moreover, if the w-limit sets accumulate on a singularity then
they also accumulate on at least one of the corresponding unstable branches which,
of course, consist of regular points. We fix such a z once and for all. Replacing our
sequences by subsequences, if necessary, we may suppose that for every n there
exists z, € w(x,) such that z,, — z.

Let X' be a §-adapted cross-section at z, for some small §. Reducing § (but keep-
ing the same cross-section) we may ensure that z is in the interior of the subset

Ys={ye X :d(y,0X) > 6}.

By definition, x,, returns infinitely often to the neighborhood of z,, which, in its turn,
is close to z. Thus, dropping a finite number of terms in our sequences if necessary,
we see that the orbit of x, intersects Xy infinitely many times. Let #, be the time
corresponding to the nth intersection.

Replacing X, y,, t, and h, by x™ = X' (x,), y™ = X" (y,), ¢’ =1 —1,,
and ), (t') = hy, (t' +t,) — hy(t,), we may suppose that x") € X5, while preserving
both relations (7.1) and (7.2). Moreover there exists a sequence 7, j, j > 0 with
7,0 = 0 such that

xW ()= X" x™)ye x5 and Tp,j — Tn, j—1 > max{ty, 1} (7.3)
for all j > 1, where ¢, is given by Proposition 6.15 and #, is given by Lemma 6.23.

Theorem 7.11 Given gy > 0 there exists 8y > 0 such that, if x € X5 and y € A
satisfy

(a) there exist T such that
xj=XY(x)eXs and tj—rtj_1>max{t;,n} forall j=>1;
(b) dist(X!(x), X" (y)) < 8o, for all t > 0 and some h € A,

then there exists j > 1 such that X" (y) e ng(X[’-/_’SO'UJ“SO](X)).

We postpone the proof of Theorem 7.11 until the next section and explain first
why it implies Theorem 7.1. We are going to use the following observation.
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Fig. 7.1 Distances near a

point in the stable-manifold 3 P
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Lemma 7.12 There exist p > 0 small and ¢ > 0, depending only on the flow, such
that, if z1, 22, 23 are points in A satisfying z3 € X'7P-P1(z3) and 75 € W‘;S (z1), with
Z1 away from any equilibria of X, then

dist(z1, z3) > ¢ - max{dist(z1, z2), dist(z2, z3)}.

Proof This is a direct consequence of the fact that the angle between E* and
the flow direction is bounded from zero which, in its turn, follows from the fact
that the latter is contained in the center-unstable sub-bundle E<. Indeed consider
the C! surface X[=° 'p](Wgs (z1)) for small enough p > 0. The Riemannian metric
here is uniformly close to the Euclidean one and we may choose coordinates on
[—p, p]* putting z; at the origin, sending W;*(z1) to the segment [—p, p] x {0} and
X=r-Pl(z1) to {0} x [—p, p]; see Fig. 7.1. Then the angle o between X!=7*1(z,)
and the horizontal is bounded from below away from zero and the existence of ¢
follows by standard arguments using the Euclidean metric. O

We fix ¢g = € as in (7.2) and then consider 8¢ as given by Theorem 7.11. Next,
we fix n such that §, < §p and 8, < (¢ +sup,c 4 [IX (2) ) p, and apply Theorem 7.11
to x =x"™, y = y™ and h = h,. Hypothesis (a) in the theorem corresponds to
(7.3) and, with these choices, hypothesis (b) follows from (7.1). Therefore we
obtain X" (y) € W (X5=85+¢1(x)). In other words, there exists || < & such
that X"®) (y) € WS (X**7 (x)). Hypothesis (7.2) implies that X (y) # X5+7(x).
Hence, since strong-stable manifolds are expanded under backward iteration, there
exists a maximum 6 > 0 such that

XM (p) e WX () and - XMOFEEO(y) € XTI (XM ()

for all 0 <t < 6; see Fig. 7.2. Moreover s = t; for some j > 1 so that x is close to
cross-section of the flow which we can assume is uniformly bounded away from the
equilibria, and then we can assume that || X (X’(x))|| > ¢ for 0 <t < 6. Since 0 is
maximum

either dist (X"~ (y), X*T" 7 (x)) > p

or dist (Xh(H'T_t)(y), Xh(s)_t(y)) >cp fort =6.
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Fig. 7.2 Relative positions of - h(s)—
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Using Lemma 7.12, we conclude that dist(X*T7~(x), X"+ (y)) > cp > 6,
which contradicts (7.1). This contradiction reduces the proof of Theorem 7.1 to
that of Theorem 7.11.

7.2.2 Infinitely Many Coupled Returns

We start by outlining the proof of Theorem 7.11. There are three steps.

e The first one, which we carry out in the present section, is to show that to each
return x; of the orbit of x to X' there corresponds a nearby return y; of the orbit
of y to X'. The precise statement is in Lemma 7.13 below.

e The second, and most crucial step, is to show that there exists a smooth Poincaré
map, with large return time, defined on the whole strip of X' in between the stable
manifolds of x; and y;. This is done in Sects. 7.2.3 to 7.2.6.

e The last step, Sect. 7.2.7, is to show that these Poincaré maps are uniformly hy-
perbolic, in particular, they expand cu-curves uniformly (recall the definition of
cu-curve in Sect. 6.1.2).

The theorem is then easily deduced: to prove that X")(y) is in the orbit of
WJ*(x) it suffices to show that y; € W¥(x;, X'), by Remark 6.14. The latter must
be true, for otherwise, by hyperbolicity of the Poincaré maps, the stable manifolds
of x; and y; would move apart as j — oo, and this would contradict condition (b)
of Theorem 7.11. See Sect. 7.2.7 for more details.

Lemma 7.13 There exists K > 0 such that, in the setting of Theorem 7.11, there
exists a sequence (v;) j>o such that

2. lvj—h(tj)| <K -Spandd(xj,y;) < K - 8.

Proof By assumption d(x;, X" (y)) < K - 8§y for all j > 0. In particular y} =
X" (y) is close to X. Using a flow-box in a neighborhood of X we obtain
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X¢i (y}) € X for some ¢; € (—K - o, K - §p). The constant K depends only on
the vector field X and the cross-section X' (more precisely, on the angle between X
and the flow direction). Taking v; = h(t;) + £; we get the first two claims in the
lemma. The third one follows from the triangle inequality; it may be necessary to
replace K by a larger constant, still depending on X and X only. (]

7.2.3 Semi-global Poincaré Map

Since we took the cross-section X' to be adapted, we may use Lemma 6.23 to con-
clude that there exist Poincaré maps R; with R;(x;) = x4+ and R;(y;) = yj4+1 and
sending W7 (x;, ¥) and Wi (y;, X) inside the lines W) (x; 11, X) and W} (yj4+1, X),
respectively. The goal of this section is to prove that R; extends to a smooth
Poincaré map on the whole strip Xj of X' bounded by the stable manifolds of x
and y;.

We first outline the proof. For each j we choose a curve y; transverse to the
stable foliation of X, connecting x; to y; and such that y; is disjoint from the
orbit segments [x;, x;+1] and [y;, yj4+1]. Using Lemma 6.23 in the same way as
in the last paragraph, we see that it suffices to prove that R; extends smoothly
to y;. For this purpose we consider a tube-like domain .7; consisting of local
stable manifolds through an immersed surface S; whose boundary is formed by
y; and y; 41 and the orbit segments [x;,x;1] and [y;, y;+1]; see Fig. 7.3. We
will prove that the orbit of any point in y; must leave the tube through y;iq
in finite time. We begin by showing that the tube contains no singularities. This
uses hypothesis (b) together with the local dynamics near Lorenz-like singulari-
ties. Next, using hypothesis (b) together with a Poincaré-Bendixson argument on
S;, we conclude that the forward orbit of any point in .7; must leave the tube.
Another argument, using hyperbolicity properties of the Poincaré map, shows that
orbits through y; must leave .7; through y; . In the sequel we detail these argu-
ments.

Fig. 7.3 A tube-like domain
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Fig. 7.4 Entering the Ww*(or)
flow-box of a singularity it
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7.2.4 A Tube-Like Domain Without Singularities

Since we took y; and y;41 disjoint from the orbit segments [x;,x;y1] and
[vj,yj+1], the union of these four curves is an embedded circle. We recall that
the two orbit segments are close to each other: by hypothesis (b)

d(X"(x), X"D(y)) <8y forallz € [t;, t;1].

Assuming that §p is smaller than the radius of injectiveness of the exponential
map of the ambient manifold (i.e., exp, : TxM — M is locally invertible in a J¢-
neighborhood of x in M for any x € M), there exists a unique geodesic linking
each X' (x) to X"® (v), and it varies continuously (even smoothly) with 7. Using
these geodesics we easily see that the union of [y;, y;4+1] with y; and y;4 is ho-
motopic to a curve inside the orbit of x, with endpoints x; and x 11, and so it is also
homotopic to the segment [x;, x;41]. This means that the previously mentioned
embedded circle is homotopic to zero. It follows that there is a smooth immersion
¢ : [0, 1] x [0, 1] > M such that

e ¢({0} x [0, 1]) = y; and ¢ ({1} x [0, 1]) = yj+13
e ¢([0,1] x {0}) =[y;, yj+1] and ¢ ([0, 1] x {1}) =[x, x+1].
Moreover S; = ¢ ([0, 1] x [0, 1]) may be chosen such that (see Fig. 7.4)

o all the points of §; are at distance less than §; from the orbit segment [x;, x11],
for some uniform constant §; > §p which can be taken arbitrarily close to zero,
reducing Jy if necessary;

o the intersection of §; with an incoming cross-section of any singularity
(Sect. 7.3.3.1) is transverse to the corresponding stable foliation.

Then we define .7; to be the union of the local stable manifolds through the points
of that disk.

Proposition 7.14 The domain J; contains no singularities of the flow.
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Proof By construction, every point of .7; is at distance < ¢ from §; and, conse-
quently, at distance < & + 81 from [x;, x;4+1]. So, taking & and &y much smaller
than the sizes of the cross-sections associated to the singularities (Sect. 7.3.3.1), we
immediately get the conclusion of the proposition in the case when [x;,x;11] is
disjoint from the incoming cross-sections of all singularities. In the general case we
must analyze the intersections of the tube with the flow-boxes at the singularities.
The key observation is in the following statement whose proof we postpone.

Lemma 7.15 Suppose that [xj, xj 1] intersects an incoming cross-section Z‘,i of
some singularity oy at some point X with d(X,3X}) > 8. Then [y}, yj11] intersects
Z‘,i at some point y with d(x, y) < K - 8¢ and, moreover, x and y are in the same
connected component of X ,2 \ W;, (o%).

Let us recall by construction that the intersection of S; with the incoming cross-
section X is transverse to the corresponding stable foliation; see Fig. 7.4. By the
previous lemma this intersection is entirely contained in one of the connected com-
ponents of Z‘,i \ Wj, .(ox). Since .7} consists of local stable manifolds through the
points of S, its intersection with X /’( is contained in the region bounded by the stable
manifolds W3 (x, Z‘,i) and W* (3, Z‘,i), and so it is entirely contained in a connected
component of X ,i \ W}, .(o%). In other words, the crossing of the tube .7; through the
flow-box is disjoint from W;, (oy); in particular, it does not contain the singularity.
Repeating this argument for every intersection of the tube with a neighborhood of
some singularity, we get the conclusion of the proposition. ]

Proof of Lemma 7.15 The first part of the lemma is proved in exactly the same way
as Lemma 7.13. We have

x=X"x) and y=X%"(y)

with |sg — h(rg)| < K8g. The proof of the second part is by contradiction and re-
lies, fundamentally, on the local description of the dynamics near the singularity.
Associated to X and ¥ we have the points ¥ = X" (x) and ¥ = X*1(y), where the
two orbits leave the flow-box associated to the singularity. If X and J are in opposite
sides of the local stable manifold of oy, then X and y belong to different outgoing
cross-sections of oy. Our goal is to find some ¢ € R such that

dist (X' (x), X" (y)) > &,

thus contradicting hypothesis (b).

We assume by contradiction that x, y are in different connected components of
Zi’i \Ei. There are two cases to consider. We suppose first that 4(r1) > s1 and note
that s; > sg ~ h(rg), so that s; > h(rg). It follows that there exists ¢ € (rg, r1) such
that i (z) = s1 since h is non-decreasing and continuous. Then X’ (x) is on one side
of the flow-box of o}, whereas X (y) belongs to the outgoing cross-section at the
other side of the flow-box. Thus dist(X’(x), X" (y)) has the order of magnitude
of the diameter of the flow-box, which we may assume to be much larger than §.
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Now we suppose that s; > h(ry) and observe that i(ry) > h(rg), since A is in-
creasing. We recall also that X0 (y) is close to $, near the incoming cross-section,
so that the whole orbit segment from X hro) ( y) to X*1(y) is contained in (a small
neighborhood of) the flow-box, to one side of the local stable manifold of o;. The
previous observation means that this orbit segment contains X"V (y). However,
X"(x) belongs to the outgoing cross-section at the opposite side of the flow-box,
and so dist(X"1 (x), X"V (y)) has the order of magnitude of the diameter of the
flow-box, which is much larger than &g. O

7.2.5 Every Orbit Leaves the Tube

Our goal in this subsection is to show that the forward orbit of every point z € .7}
leaves the tube in finite time. The proof is based on a Poincaré-Bendixson argument
applied to the flow induced by X’ on the disk S;.

We begin by defining this induced flow. For the time being, we make the follow-
ing simplifying assumption:

(H) S; =¢([0,1] x [0, 1]) is an embedded disk and the stable manifolds W; (&)
through the points & € S; are pairwise disjoint.

This condition provides a well-defined continuous projection 7 : J; — S; by as-
signing to each point z € .7; the unique £ € §; whose local stable manifold con-
tains z. The (not necessarily complete) flow Y’ induced by X’ on S; is given by
Y'(&) = (X" (§)) for the largest interval of values of ¢ for which this is defined. It
is clear, just by continuity, that given any subset £ of S; at a positive distance from
S, there exists & > 0 such that Y (£) is defined for all £ € E and ¢ € [0, ¢]. In
fact this remains true even if E approaches the curve y; (since X' is a cross-section
for X, the flow at yj points inward §;) or the X'-orbit segments [x j»Xj+1] and
[yj, yj+1] on the boundary of S; (because they are also Y’-orbit segments). Thus
we only have to worry about the distance to the remaining boundary segment:

(x) given any subset E of §; at positive distance from y; 1, there exists £ > 0 such
that Y?(£) is defined for all £ € E and ¢ € [0, €].

We observe also that for points £ close to y;1 the flow Y (£) must intersect y; 1,
after which it is no longer defined.

Now we explain how to remove condition (H). In this case, the induced flow is
naturally defined on [0, 1] x [0, 1] rather than S;, as we now explain. Recall that
¢ : [0, 1] x [0, 1] = M is an immersion. So given any w € [0, 1] x [0, 1] there exist
neighborhoods U of w and V of ¢(w) such that ¢ : U — V is a diffeomorphism.
Moreover, just by continuity of the stable foliation, choosing V sufficiently small
we may ensure that each stable manifold W] (), & € V, intersects V only at the
point £. This means that we have a well-defined projection 7 from Ugcy W (§) to
V associating to each point z in the domain the unique element of V whose stable
manifold contains z. Then we may define Y (w) for small 7 by

Y (w) = ¢~ (X" (@ (w))).
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As before, we extend Y? to a maximal domain. This defines a (partial) flow on the
square [0, 1] x [0, 1] such that both [0, 1] x {i}, i € {0, 1} are trajectories.

Remark 7.16 An equilibrium ¢ for the flow Y’ corresponds to an equilibrium of X
in the local strong-stable manifold of ¢ in M by the definition of Y’ through the
projection 7.

Notice also that forward trajectories of points in {0} x [0, 1] enter the square.
Hence, the only way trajectories may exit is through {1} x [0, 1]. So we have the
following reformulation of property (x):

(x) given any subset E of [0, 1] x [0, 1] at positive distance from {1} x [0, 1], there
exists &€ > 0 such that Y’ (w) is defined for all w € E and ¢ € [0, €].

Moreover for points w close to {1} x [0, 1] the flow Y’ (&) must intersect {1} x [0, 1],
after which it is no longer defined.

Proposition 7.17 Given any point z € J; there exists t > 0 such that X' (z) ¢ 7.

Proof The proof is by contradiction. First, we assume condition (H). Suppose there
exists z € .7; whose forward orbit remains in the tube for all times. Let zg = 77 (2).
Then Y’ (z0) is defined for all ¢ > 0, and so it makes sense to speak of the w-limit
set @ (z0). The orbit Y’ (zp) can not accumulate on y;.| for otherwise it would leave
S . Therefore w(zo) is a compact subset of S; at positive distance from y; 1. Using
property (U) we can find a uniform constant & > 0 such that Y’ (w) is defined for
every t € [0, ] and every w € w(zp). Since w(zo) is an invariant set, we can extend
Y! to a complete flow on it.

In particular we may fix wg € ®(zp) and w € w(wp), and apply the arguments
in the proof of the Poincaré-Bendixson Theorem. On the one hand, if we consider
a cross-section S to the flow at w, the forward orbits of zg and wy must intersects
it on monotone sequences; on the other hand, every intersection of the orbit of wy
with § is accumulated by points in the orbit of zg. This implies that w is in the orbit
of wg and, in fact, that the later is periodic.

We consider the disk D C S; bounded by the orbit of w. The flow Y’ is complete
restricted to D and so we may apply the Poincaré-Bendixson theorem (see [190])
once more, and conclude that Y’ has some singularity ¢ inside D. This implies by
Remark 7.16 that X’ has a singularity in the local stable manifold of ¢, which con-
tradicts Proposition 7.14. This contradiction completes the proof of the proposition,
under assumption (H). The general case is treated in the same way, just dealing with
the flow induced on [0, 1] x [0, 1] instead of on §;. U

7.2.6 The Poincaré Map Is Well-Defined on X ;

We have shown that for the induced flow Y’ on S; (or, more generally, on [0, 1] x
[0, 1]) every orbit must eventually cross y;y1 (respectively, {1} x [0, 1]). Hence
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Fig. 7.5 Exiting the tube at p
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there exists a continuous Poincaré map

riyp—vyis, r@E=v"®e).

By compactness the Poincaré time 6(-) is bounded. We are going to deduce that
every forward X'-orbit eventually leaves the tube .7; through X', which proves
that R; is defined on the whole strip of X; between the manifolds W¥(x;, X';) and
WS(y;, X}), as claimed in Sect. 7.2.2.

To this end, let y be a central-unstable curve in Xs connecting the stable man-
ifolds W*(xj, X) and W*(y;, X). Observe that y is inside 7;. For each z € y, let
t(z) be the smallest positive time for which X 1@ (z) is on the boundary of .7;.

The crucial observation is that, in view of the construction of Y!, each X' (z)
belongs to the (global) stable manifold of Y'® (7 (z)). We observe also that for
{E}=y NW'(x;, X) we have Y'(§) = X"(§) and so 1(§) = 6(§).

Now we take z € y close to &. Just by continuity, the X’-trajectory of & and z re-
main close, and by the forward contraction along stable manifolds, the X’-trajectory
of & remains close to the segment [x;, x;11]. Moreover the orbit of z cannot leave
the tube through the union of the local strong stable manifolds passing through
[xj, xj+1], for otherwise it would contradict the definition of ¥ !, Hence the trajec-
tory of z must leave the tube through X ;. In other words X' @ (z) is a point of
i1, closeto & = X € (&),

Let y C y; be the largest connected subset which contains x; such that
X'@)(z) € X4 for all z € P. We want to prove that 7 = y since this implies that
R extends to the whole y and so, using Lemma 6.23, to the whole ;.

The proof is by contradiction. We assume 7 is not the whole of y, and let X be
the endpoint different from £. Then by definition of .%§. and of Y (from Sect. 7.2.5)
F=x'® (%) is on the center-unstable boundary 3 X'; 1 of the cross-section X 1,
between the stable manifolds W*(x; 1, ;1) and W¥(y; 41, X¥;41); see Fig. 7.5.
By the choice of y and by Corollary 6.17, 7 = {X'@(z) : z € p} is a cu-curve.

On the one hand, by Lemma 6.18, the distance between ¥ and & = X, ) (&) dom-
inates the distance between their stable manifolds and £(y):

() <x-dEF) <k d(WH(xjp, ), W (F, D).

We note that £(y) is larger than §, since € is in A and the section X 11 is adapted.
On the other hand, the distance between the two stable manifolds is smaller than the
distance between the stable manifold of x;11 and the stable manifold of y;,1, and
this is smaller than K - §p. Since &g is much smaller than §, this is a contradiction.
This proves the claim that X’®)(z) € X forall z € y.
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Fig. 7.6 Expansion within
the tube

7.2.7 Expansiveness of the Poincaré Map

We have shown that there exists a well defined Poincaré return map R on the whole
strip between the stable manifolds of x; and y; inside X'. By Proposition 6.15 and
Corollary 6.17 we know that the map R; is hyperbolic where defined and, more-
over, that the length of each cu-curve is expanded by a factor of 3 by R; (since
we chose L = 1/3 in Sect. 6.1.2). Hence the distance between the stable manifolds
R;(W*(xj, X)) and R;(W?*(y;, X)) is increased by a factor strictly larger than one;
see Fig. 7.6. This contradicts item (2) of Lemma 7.13 since this distance will eventu-
ally become larger than K - 89. Thus y; must be in the stable manifold W*(x;, X).
Since the strong-stable manifold is locally flow-invariant and X”(%/)(y) is in the
orbit of y; = XU/ (y), then X" (y) € WS (x;) = W* (X" (x)); see Lemma 7.13.

According to Lemma 7.13 we have |v; — h(t;)| < K - ¢ and, by Remark 6.14,
there exists a small &; > O such that

Rs(yj)=X"(yj) € W (x;) with|r] <ej.

Therefore the piece of the orbit &, = X[Vi—K-do=er.vj+K-qo+e1l(y) must contain
X" (y). We note that this holds for all sufficiently small values of 8y > 0 fixed
from the beginning.

Let g9 > 0 be given and let us consider the piece of the orbit &, := X7 —¢0.7j 20l (y)
and the piece of the orbit of x whose strong-stable manifolds intersect ), i.e.,

Oyy = {Xs(x):EIr elvj—K-8o—e1,vj+K-8o+e1]s.t. X" (y) € WgS(XS(x))}.

Since y; € W*¥(x;) we conclude that 0, is a neighborhood of x; = X% (x) which
can be made as small as we want by taking dp and €1 small enough. In particular this
ensures that &, C 0, and so X" (y) e WS (XIri—#0.Tj+e0l(x)). This finishes the
proof of Theorem 7.11.

7.2.8 Singular-Hyperbolicity and Chaotic Behavior

Now we can present a proof that singular-hyperbolicity implies chaotic behavior for
the past and the future.
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Proof of Theorem 7.3 The assumption of singular-hyperbolicity on an isolated
proper subset A with isolating neighborhood U ensures that the maximal invariant
subsets N;cr Y’ (U) for all C! nearby flows Y are also singular-hyperbolic. There-
fore to deduce robust chaotic behavior in this setting it is enough to show that a
proper isolated invariant compact singular-hyperbolic subset is chaotic.

Let A be a singular-hyperbolic isolated proper subset for a C! flow. Then there
exists a strong-stable manifold W**(x) through each of its points x. We claim that
this implies that A is past chaotic. Indeed, assume by contradiction that we can find
y € W (x) such that y # x and dist(X ' (y), X " (x)) < ¢ forevery ¢ > 0, for some
small &€ > 0. Then, because W**(x) is uniformly contracted by the flow in positive
time, there exists A > O such that

dist(y, x) < Const - e M dist (X_t (y), X_’(x)) < Const -ge™M

for all ¢ > 0, a contradiction since y # x. Hence for any given small ¢ > 0 we can
always find a point y arbitrarily close to x (it is enough to choose y is the strong-
stable manifold of x) such that its past orbit separates from the orbit of x.

To obtain future chaotic behavior, we argue by contradiction: we assume that A
is not future chaotic. Then for every ¢ > 0 we can find a point x € A and an open
neighborhood V of x such that the future orbit of each y € V is e-close to the future
orbit of x, that is, dist(X’(y), X' (x)) < ¢ forall t > 0.

First, x is not a singularity, because all the possible singularities inside a singular-
hyperbolic set are hyperbolic saddles and so each singularity has a unstable mani-
fold. Likewise, x cannot be in the stable manifold of a singularity. Therefore w(x)
contains some regular point z. Let X be a transversal section to the flow X' at z.

Hence there are infinitely many times #, — +oo such that x, := X" (x) € X
and x, — z when n — +-o00. Taking X' sufficiently small looking only to very large
times, the assumption on V ensures that each y € V admits also an infinite sequence
1ty (y) ——— 400 satisfying

n——+o0o

Ve i=X"P(y)e X and dist(y,, x,) < 10e.

We can assume that y € V does not belong to W* (x), since W*(x) is a C! immersed
sub-manifold of M. Hence we consider the connected components y,, := W¥(x,, X)
and &, := W*(y,, ) of W¥(x)N X and W*¥(y) N X, respectively. We recall that we
can assume that every y in a small neighborhood of A admits an invariant stable
manifold because we can extend the invariant stable cone fields from A to a small
neighborhood of A. We can also extend the invariant center-unstable cone fields
from A to this same neighborhood, so that we can also define the notion of cu-
curve in X in this setting.

The assumption on V ensures that there exists a cu-curve ¢, in X' connecting y;,
to &,, because X (V)N X is an open neighborhood of x,, containing y,. But we can
assume without loss of generality that ¢, — f, > max{¢{, 1}, forgetting some re-
turns to X' in between if necessary and relabeling the times #,,. Thus Proposition 6.15
applies and the Poincaré return maps associated to the returns to X' considered above
are hyperbolic.
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The same argument as in the proof of expansiveness, in Sect. 7.2, guarantees that
there exists a flow-box connecting {x,, y»} to {xn+1, yu+1} and sending ¢, into a
cu-curve R(¢,) connecting y,+1 and &,41, for every n > 1.

The hyperbolicity of the Poincaré return maps ensures that the length of R(Z,)
grows by a factor greater than one. Therefore, since yj, x,, are uniformly close, this
implies that the length of ¢; and the distance between y; and &} must be zero. This
contradicts the choice of y # W¥(x).

This contradiction shows that A is future chaotic, and concludes the proof. [

7.3 Singular-Hyperbolic Attractors Are Non-uniformly
Hyperbolic

Here we start the proof of Theorem 7.6.

7.3.1 The Starting Point

~

We show in Sect. 7.3.3 that, choosing a global Poincaré section & (with several
connected components) for X on A, we can reduce the transformation R to the
quotient over the stable leaves. We can do this using Lemma 6.23 with the exception
of finitely many leaves I", corresponding to the points whose orbit falls into the local
stable manifold of some singularity or are sent into the stable boundary 9* X' of some
Y € E by R, where the return time function 7 is discontinuous.

As explained in Sect. 6.1.4 the global Poincaré map R : £ — & induces in this
way amap f :.% \ I’ — % on the leaf space, diffeomorphic to a finite union of
open intervals 7, which is piecewise expanding and admits finitely many vy, ..., v
ergodic absolutely continuous (with respect to Lebesgue measure on /) invariant
probability measures whose basins cover Lebesgue almost all points of 7. In what
follows we will simply say “absolutely continuous invariant measures” and use the
shorthand acim’s when referring to this kind of measures.

Moreover the Radon-Nikodym derivatives (densities) % are bounded from
above and the support of each vy contains nonempty open intervals, and so the
basin B(vy) contains nonempty open intervals Lebesgue modulo zero, k =1, ..., 1.

7.3.1.1 Description of the Construction

Later we unwind the reductions made in Sect. 7.3.3 and obtain a physical measure
for the original flow at the end of the proof.
We divide the construction of the physical measure for A into the following steps.

1. The compact metric space & is endowed with a partition .# and map R : 5 \
I' — E, where I' is a finite set of elements of .% (see Sect. 6.1.4.1). The map R
preserves the partition .# and contracts its elements by Lemma 6.23. We have a
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finite family vy, ..., v; of absolutely continuous invariant probability measures
for the induced quotient map f : % \ I' — %.

We show in Sect. 6.1.5 that each v; defines a R-invariant ergodic probability
measure 7;. In Sect. 7.3.5 we show that the basin B(#;) is a union of strips of =,
and n; are therefore physical measures for R. Moreover these basins cover &':

W(EN (B U---UBam)) =0,

where A2 is the area measure on &

2. We then pass from R-invariant physical measures 7y, ..., 1; to invariant prob-
ability measures vy, ..., v; for the suspension semiflow over R with roof func-
tion 7. In the process we keep the ergodicity (Sect. 7.3.7) and the basin property
(Sect. 7.3.7) of the measures: the whole space & x [0, +00)/ ~ where the semi-
flow is defined equals the union of the ergodic basins of the v; Lebesgue modulo
ZEero.

3. Finally in Sect. 7.3.8 we convert each physical measure v; for the semiflow into
a physical measure u; for the original flow. We use the fact that the semiflow
is semi-conjugated to X, on a neighborhood of A by a local diffeomorphism.
Uniqueness of the physical measure w is then deduced in Sect. 7.3.8.1 through
the existence of a dense regular orbit in A (recall that our definition of attractor
demands transitivity) and by the observation that the basin of p contains open
sets Lebesgue modulo zero. In Sect. 7.3.9 we show that u is (non-uniformly)
hyperbolic.

The details are expounded in the following sections.

7.3.2 The Holder Property of the Projection

Recall the construction of the Global Poincaré Map R near a singular-hyperbolic
attractor A for a C! flow in Chap. 6 and the one-dimensional reduction. Assuming
that X is of class C? then the projections along stable leaves on cross-sections are
Holder-C!. Hence the one-dimensional map f we obtain through reduction to the
quotient leaf space has the property that 1/|Df| is Holder continuous. This is es-
sential to construct an absolutely continuous invariant probability measure for f, as
we now explain.

We assume now that the flow (X?);cr is C2. Under this condition it is well known
[147, 193] that the stable leaf WS (x, X) is a C? embedded disk for every x € X €
Z and these leaves define a C! foliation .# 5. of each ¥ € & with a Holder-C !
holonomy (since the leaves are one-dimensional).

From Sect. 2.7.2 we know that in this setting the holonomy (projection) along
transverse curves to .% . are C'*¢ for some 0 < a < 1 which depends on X only,
since they can be seen as maps between subsets of the real line.

Recall also Remark 6.14: the projections we are dealing with consist really of
the composition of two projections: the first along the strong-stable leaves and the
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second along the flow to X. Since the flow is assumed to be C?2, the end result is a
holonomy map in X which is Holder-C'.

This shows that the map f obtained here is in fact a C' piecewise expanding
map such that 1/| f'| is Holder restricted to each I ;. Indeed

e for I; corresponding to a flow-box between cross-sections of the flow away from
singularities, Df | I; is a-Holder for some O < o < 1, and so for all x, y € I; we
have

Lt _ =l .
L/l 1/ DET /D~ (3/2)2
e otherwise, f | I; corresponds to the flow near a singularity. Hence 1/|Df| on

such [; is a-Holder continuous according to Remark 7.18 on the estimation of
Poincaré times near singularities.

lx —y|*%;

7.3.2.1 Existence and Finiteness of Acim’s

It is well known [112, 266, 275] that C! piecewise expanding maps f of the interval
such that 1/|Df| has bounded variation have finitely many absolutely continuous
invariant probability measures whose basins cover Lebesgue almost all points of 7.

Using an extension of the notion of bounded variation (defined below) it was
shown in [120] that the results of existence and finiteness of absolutely continuous
ergodic invariant measures can be extended to C! piecewise expanding maps f such
that g = 1/]f’| is a-Holder for some « € (0, 1). These functions are of universally
bounded variation, i.e.,

sup (Z |g(ai) — g(aio!‘/“) <00,

a=ap<aj) <--<a,=b i=1

where the supremum is taken over all finite partitions of the interval I = [a, b].
Moreover from [120, Theorem 3.2] the densities ¢ of the absolutely continuous
invariant probability measures for f satisfy the following: there exists constants
A, C > 0 such that

/osc(¢,s,x)dx§C-8“ forall0<e <A,

where osc(g, €, x) = esssup, .cp(y ¢ 19(¥) — ¢(2)| and the essential supremum is

taken with respect to Lebesgue measure. From this we can find a sequence ¢, — 0

such that osc(¢, &, -) ——> 0 (with respect to Lebesgue measure). This implies
n—oo

that supp(¢) contains non-empty open intervals.

Indeed, for a given small § > 0 let p > 0 be so small and n so big that W =
{o > p} and V = {osc(e, &,, ) > p/2} satisfy A(/ \ W) < § and A(V) < §. Then
AMWNI\V)>1-—25>0. Let x be a Lebesgue density point of W N1\ V.
Then there exists a positive Lebesgue measure subset of B(x, ¢,) where ¢ > p. By
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definition of osc(¢, &, x) this implies that ¢(y) > p/2 > 0 for Lebesgue almost
every y € B(x, &,), and thus B(x, &,) C supp(¢).

In addition from [120, Theorem 3.3] there are finitely many ergodic absolutely
continuous invariant probability measures vy, ..., v; of f and every absolutely con-
tinuous invariant probability measure v decomposes into a convex linear combina-
tion v = Zf’:l a;v;. From [120, Theorem 3.2] considering any subinterval J C [
and the normalized Lebesgue measure A; = (A | J)/A(J) on J, every weak® ac-
cumulation point of n~! Z?;(l) £ (x) is an absolutely continuous invariant prob-
ability measure v for f (since the indicator function of J is of generalized 1/a-
bounded variation). Hence the basin of the vy, ..., v; cover I Lebesgue modulo
zero: A(1 \ (B(v1) U---U B(vy)) =0.

Note that from [120, Lemma 1.4] we also know that the density ¢ of any abso-
lutely continuous f -invariant probability measure is bounded from above.

7.3.3 Integrability of the Global Return Time

Here we study the integrability of the Poincaré time 7 with respect to the Lebesgue
area measure on the adapted cross-sections & associated to the flow-boxes which
cover A.

7.3.3.1 Poincaré Times Near Singularities

Recall that, since singularities are Lorenz-like, the unstable manifold W*(oy) is
one-dimensional, and there is a one-dimensional strong-stable manifold W** (o)
contained in the two-dimensional stable manifold W* (o). Most important for what
follows, the attractor intersects the strong-stable manifold at the singularity only, by
Theorem 5.10.

Hence for some 8 > 0 we may take §-adapted cross-sections containing X+
and X%, in Uy, as in Sect. 5.4.4. Reducing the cross-sections if necessary, i.e.,
taking § > 0 small enough, we ensure that the Poincaré times are larger than 73, so
that the same conclusions as in the previous subsections apply here. Indeed using
linearizing coordinates it is easy to see that for points z = (x1, x2, £1) € iLE the
time t* taken by the flow starting at z to reach one of X% depends on x| only and
is given by
log x1

Al

We then fix these cross-sections once and for all and define for small ¢ > O the
Sflow-box

() =—

Un= | Xcerto@ U(=8.8) x (=8,8) x (=1.1)

xeXhE\(E
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which is an open neighborhood of o with oy the unique zero of X | Uy, . We note
that the function 7% : % — R is integrable with respect to the Lebesgue (area)
measure over X*: we say that the exit time function in a flow-box near each sin-
gularity is Lebesgue integrable.

More precisely, we can determine the expression of the Poincaré maps between
ingoing and outgoing cross-sections easily though linearized coordinates

A > 00— 20, (r,x, D (Lo x 2M B (14

This shows that the map obtained by identifying points with the same x; coordinate,
i.e., points in the same stable leaf, is simply xj xf where 8 = —A3/A1 € (0, 1).
For the other possible combinations of ingoing and outgoing cross-sections the
Poincaré maps have a similar expression. This will be useful to construct physical

measures for the flow in Chap. 7.

Remark 7.18 Note that for the map f (x) = x? we have 1/Df (x) = x'=# /8 which
is Holder continuous.

7.3.3.2 The Global Poincaré Return Time

We claim that the Poincaré time t is integrable with respect to the Lebesgue area
measure on E. Indeed, given z € &, the point Z = X™(z) is either inside a flow-
box Uy, of a singularity oy, or not. In the former case, the time Z takes to reach
an outgoing cross-section X gk’i is bounded by the exit time function r(f; of the
corresponding flow-box, which is integrable. In the latter case, Z takes a time of at
most 273 to reach another cross-section, by definition of 73. Thus the Poincaré time
on & is bounded by , + 273 plus a sum of finitely many integrable functions, one
for each flow-box near a singularity, by finiteness of the number of singularities, of
the number of cross-sections in & and of the number of strips at each cross-section.
This proves the claim.

Remark 7.19 Givenz € ¥ € & we write 7%(z) = t(R¥"1(2)) + -+ 1(z) fork > 1
and so 7 = t!. Then RK(W*3(z, X)) C X’ for some X' € &, since

R (W*(z, £)) € X @Q(W'(z, £)) € X" Q),

and the length L(RF(W*(z, X)) is uniformly contracted as *(2) k—) 400 Also
—+00

d(RE(W* (2, ), 0 5") > 572

for all big enough k, by the definitions of U and of §-adapted cross-section. (The
distance d(A, B) between two sets A, B is inf{d(a,b) : a € A, b € B}.) We may
assume that this property holds for all stable leaves W*¥(z, X'), all z € ¥ and ev-
ery ¥ € & for all kK > ko, for some fixed large ko € N, by the uniform contraction
property of R in the stable direction.
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Remark 7.20 By Lemma 6.23 the Poincaré time 7 is constant on stable leaves
Ws(x,X) for all x € X € E. Thus there exists a return time function 7; on [
such that T = 77 o p, where p : & — yz is the joining of all py, ¥ € & and
yg = {yy : ¥ € E}. The integrability of t with respect to A2 (see Sect. 6.1.4.1)
implies the A-integrability of 7; naturally since (px)«A> < Aand 770 p =T.

7.3.4 Suspending Invariant Measures

Here we show how to construct an invariant measure for a transformation from
an invariant measure for the quotient map obtained from a partition of the space.
We show also that, if the measure is ergodic on the quotient, then we also obtain
ergodicity on the starting space.

In Sect. 7.3.5 we apply these results to the global Poincaré map R of a singular-
hyperbolic attractor and its corresponding one-dimensional quotient map f. We use
the properties of the one-dimensional map given in Sect. 6.1.4 to build physical
measures for f first.

Later we extend the transformation to a semi-flow through a suspension con-
struction and show that each invariant and ergodic measure for the transformation
corresponds to a unique measure for the semi-flow with the same properties.

In Sect. 7.3.7 we again apply these results to the transformation R to obtain
physical measures for the suspension semiflow over R with roof function t.

7.3.4.1 Reduction to the Quotient Map

Let = be a compact metric space, I' C = and let F : (& \ ') — & be a measurable
map. We assume that there exists a partition .# of £ into measurable subsets, having
I" as an element, which is

e invariant: the image of any & € .% distinct from I' is contained in some element
n of &,

e contracting: the diameter of F” (&) goes to zero when n — oo, uniformly over all
the & € # for which F" (&) is defined.

We denote p : & — % the canonical projection, i.e., p assigns to each point x € &
the atom & € .% that contains it. By definition, A C .% is measurable if and only if
p~1(A) is a measurable subset of 5 and likewise A is open if, and only if, p~1(A)
is open in Z. The invariance condition means that there is a uniquely defined map

fi(FN\{T}) > F suchthat fop=poF.

Clearly, f is measurable with respect to the measurable structure we introduced
in .%. We assume from now on that the leaves are sufficiently regular so that &' /.%
is a metric space with the topology induced by p.
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Let 1 ¢ be any probability measure on .% invariant under the transformation f.
For any bounded function ¢ : & — R, let ¥_ : % — R and ¢4 : % — R be de-
fined by

Y-(§)=infy(x) and v (§)=supy(x).
xeé xeg
Lemma 7.21 Given any continuous function ¥ : & — R, both limits

lim/(l//oF"),duf and lim/(woF”)+duf (7.5)
n n
exist, and they coincide.

Proof Let i be fixed as in the statement. Given ¢ > 0, let § > 0 be such that
| (x1) — ¥ (x2)] < ¢ for all x1, xp with d(x1, xp) < §. Since the partition .% is as-
sumed to be contracting, there exists ng > 0 such that diam(F"(&)) < § for every
& € % and any n > ng. Let n + k > n > n(. By definition,

(o F"™™Y_(&) — (y o FM)_(fX &) =inf(y | F*™(&)) —inf(y | F*(f*(©))).

Observe that F"tk(&) ¢ F*(f*(£)). So the difference on the right-hand side is
bounded by

sup (v | F"(f*(&))) —inf (¥ | F"(f*&))) <e.
Therefore

‘/(woF”“‘)_dﬂf—/(l/foF”)_of"d,Lf <e.

Moreover, one may replace the second integral by [(y o F")_du s, because s is
f-invariant.

At this point we have shown that {f(lp o F")_du f}y>1 is a Cauchy sequence in
RR. In particular, it converges. The same argument proves that { [ ( o F") 1 d it f}n>1
is also convergent. Moreover, keeping the previous notations,

0<WoF")4(&) —(oF")_(§)=sup(y | F' (&) —inf(y | F'(§) <e

for every n > ng. So the two sequences in (7.5) must have the same limit. The lemma
is proved. (|

Corollary 7.22 There exists a unique probability measure g on & such that

/wd,up=lim/(1/foF”)_d,uf=lim/(1/foF”)+d,uf

for every continuous function ¥ : & — R. Besides, juF is invariant under F. More-
over the correspondence [Ly = L F is injective.
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Proof Let fi(y) denote the value of the two limits. Using the expression for f(y)
in terms of (i o F)_ we immediately obtain

AW +v2) = a@) + w@o).

Analogously, the expression of () in terms of (Y o F") gives the opposite in-
equality. The function j1(-) is therefore additive. Moreover, fi(cy) = cfi(y) for ev-
ery ¢ € R and every continuous function . Therefore /i(-) is a linear real operator
in the space of continuous functions ¢ : & — R.

Clearly, f1(1) = 1 and the operator i is non-negative: fi(y) > 0 if ¢ > 0.
By the Riesz-Markov theorem, there exists a unique measure (g on & such that
() = [ dur for every continuous . To conclude that p  is invariant under F
it suffices to note that

w0 Py =tim [0 P _dies =)
for every .
To prove that the map s +— wr is injective, let s = ), be obtained from
s and ,u’f respectively. For any continuous function ¢ : .# — R we have that

Y =¢o p:E — Ris continuous. But

pr((WoFMs)=usr((@opoFMs)=pns((@o ffop)s)=puslpof™)=munr)
for all n > 1 by the f-invariance of u . Hence by definition
wr(@)=pnrW) =wp W) =W (p)

and so uy = “/f' This finishes the proof of the corollary. (|

Remark 7.23 We note that [ ¢ dpup =lim, [( o F")gdu s for every continuous
¥ : & — R and any choice of a sequence (¢ o F")4:.% — R with

inf(yr | F"(§)) < (Y o F*")4(§) <sup(yr | F"(§)).

Moreover we can define [ ¢ dup for any measurable v : & — R such that
lim_(sup(y | F"(§)) —inf(y | F"(£))) =0
n— 400
uniformly in n € N and in & € .#. This will be useful in what follows.

Lemma 7.24 Let Y : £ — R be a continuous function and & € .F be such that
1 n—1 .
tim Yo YL @) = [WeFsduy
n n# o
]:

for every k > 1. Then lim, % Z?;éw(Fj(x)) = fwdupfor every x € p~1(&).
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Proof Let us fix ¥ and £ as in the statement. Then by definition of (1 o F¥)4 and
by the properties of .7 we have

W o FOY_(f1(®) = (o FO(FI(x)) < (W o FNL(f1(®))

for all x € £ and j, k > 1. Given ¢ > 0, by Corollary 7.22 there exists kg € N such
that

B — g <ur(WoFH_)=pp(WoFYy) <pur(y) + %

for all k > kg and there exists ng € N such that

1 n—1 .
=Y o FYL(©) = s o Fa)| < 5

5 2
j=0

for all n > ng = no(k). Hence we have

n—1
1 .
wE(W) = <=3 (o FO(FI () < ur@) +e,

J=0

for all n > no(k). Since n can be made arbitrarily big and ¢ > 0 can be taken arbi-
trarily small we have concluded the proof of the lemma. g

Corollary 7.25 If vy is f-ergodic, then wF is ergodic for F.

Proof Since Z /.7 is a metric space with the topology induced by p, C°(#, R) is
dense in L' (%, R) for the L'-topology and p : & — .Z is continuous. Hence there
exists a subset & of .% with u (&) = 1 such that the conclusion of Lemma 7.24
holds for a subset E = p~ (&) of &. To prove the corollary it is enough to show
that up(E) = 1.

Let xg = x¢ o p and take ¥, : % — R a sequence of continuous functions
such that ¥, — xe when n — 400 in the L! topology with respect to f- Then
©n = ¥, o p is a sequence of continuous functions on = such that ¢, — xg when
n — 400 in the L' norm with respect to /i r.

Then it is straightforward to check that

wrlpn) = lim jip((pno FO-)= lim py(no f©)=psWn)

which converges to u (&) = 1. Since pr(¢,) tends to ur (E) when n — 400, we
conclude that g (E) = 1, as we wanted. O

7.3.5 Physical Measure for the Global Poincaré Map

Let us now apply these results (with R replacing F) to the case of the global
Poincaré map for a singular-hyperbolic attractor.
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From the previous results in Sects. 7.3.3 and 7.3.4.1, the finitely many acim’s
v1, ..., y; for the one-dimensional quotient map f uniquely induce R-invariant er-
godic probability measures 11, ..., on Z.

We claim that the basins of each 71, ..., n; have positive Lebesgue area A% on
Z and cover A? almost every point of p~!(I). Indeed the uniform contraction of
the leaves #3, \ I' provided by Lemma 6.23 implies that the forward time averages
of any pair x, y of points in & € % \ p(I") on continuous functions ¢ : & — R are
equal, i.e.,

Jj=0

1 n—1 ] 1 n—1 .
i [ om0 = Se(w) | <0
j=0

Hence B(n;) D [)_l(B(Ui)),i =1,...,1. This shows that B(»;) contains an entire
strip except for a subset of A%-null measure, because B(v;) contains some open
interval A modulo zero. Since ps (%) < A we get in particular

I 1
W (Bm)) >0 and 27 <p‘1(1> (U B(m)) ) (1 \U B(uo) =0,
i=1

i=1

showing that 11, ..., n; are physical measures whose basins cover p~!(I) Lebesgue
almost everywhere. We observe that p’1 (I) C & is forward invariant under R, and
thus it contains A N &'.

7.3.6 Suspension Flow from the Poincaré Map

Let = be a measurable space, I" some measurable subset of &, and F : (E\ ') —
& a measurable map. Let 7 : & — (0, +00] be a measurable function such that
inftr >0and t =+4+oc0on I'.

Let ~ be the equivalence relation on & x [0, +00) generated by (x, T(x)) ~
(F(x),0), that is, (x, s) ~ (x, 5) if and only if there exist

(x,5) = (x0,50), (x1,51),...,(xn,s58) =(X,5)
in & x (0, 400) such that, forevery 1 <i < N,

either x; =F(x;—1) and s;=s;_1—1t(xj_1);
or Xx;—i =F(x,-) and Si—1=3S; —‘L’(x,').
We denote by V = & x [0, +00)/ ~ the corresponding quotient space and by 7 :

& x [0, 4+00) — V the canonical projection which induces on V a topology and a
Borel o-algebra of measurable subsets of V.
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Definition 7.26 The suspension of F with roof function (or return-time) t is the
semi-flow (X%);>0 defined on V by

Xi(n(x, s))=mn(x,s+1t) forevery (x,s) € & x [0,400) and ¢ > 0.

It is easy to see that this is indeed well defined as in Sect. 2.3.2.2. In what follows
we write X’ instead of X since 7 is fixed and no ambiguity can arise.

Remark 7.27 If F is injective then we can also define
X (m(x,9) = (F "), s + T(F " (X)) + -+ 1(F ' (x)) — 1)

forevery x € F*(Z)and 0 <t < s+t (F " (x))+---+1(F!(x)). The expression
on the right does not depend on the choice of n > 1. In particular, the restriction of
the semi-flow (X");>0 to the maximal invariant set

A:{(x,t):xeﬂF”(E) and tzO}

n>0

extends, in this way, to a flow (X");cg on A.

Let ur be any probability measure on Z that is invariant under F. Then the
product ur x dt of ur by Lebesgue measure on [0, 4-00) is an infinite measure,
invariant under the trivial flow (x, s) — (x,s +1¢) in & x [0, 4+00). In what follows
we assume that the return time is integrable with respect to ur, i.e.,

/LF(‘L')Z/‘Cd/LF < 00. (7.6)

In particular wr(I") = 0. Then we introduce the probability measure ptx on V de-

fined by

1 T(x)

/wdux= /f o(m(x,t))dtdur(x)
nr(T) 0

for each bounded measurable ¢ : V — R.

We observe that the correspondence pr — y defined above is injective. Indeed
for any bounded measurable ¢ : & — R, defining ¢ on {x} x [0, T(x)) to equal
Wwr(t) - ¥(x)/T(x) gives a bounded measurable map ¢ : V — R (since inft > 0)
such that px (9) = ur(¥). Hence if ux = p'y then pp = plp.

Lemma 7.28 The measure wy is invariant under the semi-flow (X');>0.

Proof Tt is enough to show that 1y (X")~!(B)) = ux (B) for every measurable set
B C V and any 0 < ¢ < infr. Moreover, we may suppose that B is of the form
B =m(A x J) for some A C Z and J a bounded interval in [0, inf(t | A)). This is
because these sets form a basis for the o -algebra of measurable subsets of V.



7.3 Non-uniform Hyperbolicity 231

Let B be of this form and let (x, s) be any point in Z with 0 <s < t(x). Then
X'm(x,s) € Bifand only if 7 (x, s +¢t) = w (X, §) for some (X, 5) € A x J. In other
words, 7 (x, s) € (X")~!(B) if and only if there exists some n > 0 such that

F=F"x) and S§=s+71—1t(x)— - —t(F"(x)).

Since s < (x), t < inft, and § > 0, it is impossible to have n > 2. So,

e either X = x and § = 5 + ¢ (corresponding to n = 0),
e orX = F(x)and § =5 4+t — 7(x) (corresponding to n = 1).

The two possibilities are mutually exclusive: for the first one (x, s) must be such
that s + ¢ < 7(x), whereas in the second case s + ¢t > 7(x). This shows that we can
write (X*)™(B) as a disjoint union (X’)~(B) = B; U B, with

B =n{(x,s) :x€Aands e (J —t)ﬂ[O,r(x))}
By=n{(x,s): F(x)€Aands € (J +1(x) —1) N[0, T(x))}.

Since t > 0 and sup J < 7(x), we have (J —t) N[0, t(x)) = (J —¢t) N[0, +00) for
every x € A. So, by definition, wy (B1) equals

1
wr(T)

/ (=010, 7)) dpur(x) = e (A)- (=0 N10,+00)).
A

wr(T)
Similarly inf J > 0 and ¢ < t(x) imply that

(J+1()—0)N[0, t(x)) =1(x) + (J —1) N (=00,0).
Hence nx(B») is given by

1

wr(F1(A) '
wr(T)

wr(T)

/Flm)ﬂ((]—t)ﬁ(—oo,0)>dMF(x) = (U= (=00.0)).

Since pr is invariant under F, we may replace pxz(F ~!(A)) by ur(A) in the last
expression. It follows that

wx((XH7N(B)) = pux(B1) + pux(B) =

L ey 0( = 1)
wr ! r ‘

Clearly, the last term may be written as @ ()" ur(A) - £(J) which, by definition,
is the same as wy (B). This proves that @ x is invariant under the semi-flow and ends
the proof. ]

Given a bounded measurable function ¢ : V — R, let ¢ : & — R be defined by

T(x)
P(x) =f0 @(m(x,1))dt. (7.7)
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Observe that ¢ is integrable with respect to pr and

f@d/LFZMF(T)'/fdeX,
by the definition of .

Lemma 7.29 Let ¢ : V — R be a bounded function and let ¢ be as above. We
assume that x € 5 is such that T(F/(x)) and $(F/ (x)) are finite for every j >0,
and also

(a) lim, L - Z” LT(FI(x)) = [tdur, and
(b) Tim, & Y120 @(FI(x) = [ pdpur.

Then limy_, 4 o % fOT o (x,s +1))dt = [@dux forevery mw(x,s)€V.
Proof Let x be fixed, satisfying (a) and (b). Given any T > 0 we define n = n(T)
by

T,—1<T <T, whereTj=1(x)+ - +1(F/(x)) for j > 0.

Then using (y, 7(y)) ~ (F(y), 0) we get

1 T 1 T(Fi(x)) /
7/0 (p(n(x,s—l—t))dt:T Jz_;)/o (T (F/(x), 1)) dt

T—Ty— s
+/ <P(7T(F"(X)J))df—/ (p(n(x,t))dt:|.
0 0

(7.8)

Using the definition of ¢, we may rewrite the first term on the right-hand side as

1 G(FI (x)) (7.9)
T n :0 X)). .

| N

Now we fix ¢ > 0. Assumption (a) and the definition of n imply that

n'(/TdMF_S)an—lfoTnf(n'i‘l)'(/fdﬂF“'S)

for large enough n. Observe also that n goes to infinity as 7 — -+o00, since
T(F/(x)) < oo for every j. So, for large T,

T n+1
nr(t) —¢e = 7= < T(MF(T) +&) < pr(t) + 2e.
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This proves that 7' /n converges to yr(t) when T — +o00. Consequently, assump-
tion (b) implies that (7.9) converges to

1 R
/wdw:fsodux.
ur(T)

Now we prove that the remaining terms in (7.8) converge to zero when T goes to
infinity. Since ¢ is bounded,

T—T,1
S — sup |¢|. (7.10)

1 T-T,—
'7/0 p(m(F"(x), 1)) dt

Using the definition of n once more,

T_Tn—lSTn_Tn—lf(n+l)(/fdﬂF+8>_n</7:d,uF_8>

whenever n is large enough. Then

T—Tn,1<f1:d,up+(2n+l)8< 4e
T T n(ftrdur—¢) T [tdur—c¢

for all large enough T'. This proves that (T' — 7,,_1)/ T converges to zero, and then
so does the left-hand side of (7.10). Finally, it is clear that

1 S
?/. p@@(x,t))dt -0 when T — +o0.
0

This completes the proof of the lemma. ]
Corollary 7.30 If i p is ergodic then uy is ergodic.

Proof Let ¢ : V — R be any bounded measurable function, and let ¢ be as in (7.7).
As already noted, ¢ is u p-integrable. It follows that ¢(F/ (x)) < oo for every j > 0,
at wr-almost every point x € =. Moreover, by the Ergodic Theorem, condition (b)
in Lemma 7.29 holds up-almost everywhere. For the same reasons, 7(F i (x)) is
finite for all j > 0, and condition (a) in the lemma is satisfied for ur-almost all
xeX.

This shows that Lemma 7.29 applies to every point x in a subset A C & with
wr(A) = 1. It follows that

T
tim o [ e @dr= [ pdu
T—>+oo T Jo

for every point z in B = (A X [0, 400)). Since the latter has wy(B) = 1, we have
shown that the Birkhoff average of ¢ is constant u x-almost everywhere. Then the
same is true for any integrable function, as bounded functions are dense in L! (1 x).
Thus wy is ergodic and the corollary is proved. (]
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7.3.7 Physical Measures for the Suspension

Using the results from Sects. 7.3.5 and 7.3.6, it is straightforward to obtain ergodic

probability measures vy, ..., v, invariant under the suspension (X%);>o of R with
return time t, corresponding to the R-physical probability measures 1y, ..., n; re-
spectively.

Now we use Lemma 7.29 to show that each v; is a physical measure for (X%),>o,
i=1,....,1.Letx e XN B(v;) forafixed ¥ € & and i € {1,...,1}. According to
Remark 7.20 the return time 77 on [ is Lebesgue integrable, and thus v;-integrable
also since % is bounded. Hence t is n;-integrable by the construction of n; from v;
(see Sect. 7.3.4.1).

Lemma 7.29, together with the fact that »; is physical for R, ensures that B(v;)
contains the positive X i orbit of almost every point (x,0), x € B(v;), with respect
to A2 on B(n;). If we denote by 13 = 7,.(A2 x dr) a natural volume measure on V,
then we get A3(B(v[)) > 0.

This also shows that the basins B(vy),..., B(v;) cover A3-almost every point
in Vo = n(p_l(l) x [0, +00)). Notice that this subset is a neighborhood of the

suspension T((ANE\T) x [0,+00))of ANE\T.

7.3.8 Physical Measure for the Flow

Here we extend the previous conclusions to the original flow, completing the proof
of Theorem 7.6.

We relate the suspension (X%),>¢ of R with return time 7 to (X);>0 in U as
follows. We define

®:5 x[0,400) = U by (x, 1)~ X'(x)

and since @ (x, T(x)) = (R(x),0) € & x {0}, this map naturally defines a quotient
map

¢:V—>U suchthat ¢oX. =X o0¢, forallz>0, (7.11)

through the identification ~ from Sect. 7.3.6.

Let Z; ={(x,t) e (BE\T) x [0,400) :0 <t < 7(x)}. Note that Z; is an open
setin V and that 7 | &; : &; — &, is a homeomorphism (the identity). Then the
map ¢ | E; is alocal diffeomorphism into Vy = ¢ (& x [0, 400)) C U by the natural
identification given by 7 and by the Tubular Flow Theorem, since points in &; are
not sent into singularities of X. Notice that & is a full Lebesgue (1*) measure
subset of V. Thus ¢ is a semi-conjugation modulo zero. Note also that the number
of pre-images of ¢ is globally bounded by rg from Remark 6.28.

Therefore the measures v; constructed for the semiflow X’ in the previous
Sect. 7.3.7 define physical measures pu; = ¢« (v;), i =1,...,1, whose basins cover
a full Lebesgue (m) measure subset of Vj, which is a neighborhood of A. Indeed
the semi-conjugacy (7.11) ensures that ¢ (B(v;)) C B(u;) and, since ¢ is a local
diffeomorphisms on a full Lebesgue measure subset, then
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m(Vo\$(BG1) U~ U BG) ) =0.
Since Vo C U we have

W) =J X" (Vo).

t<0

Moreover X' is a diffeomorphism for all r € R, and thus preserves subsets of zero m
measure. Hence U; .o X’ (B(u1)U- - -UB(u;)) has full Lebesgue measure in W* (A).
In other words, Lebesgue (m) almost every point x in the basin W*(A) of A is such
that X’ (x) € B(u;) forsomet >0andi=1,...,[.

7.3.8.1 Uniqueness of the Physical Measure

The set A is an attractor. According to our definition of attractor there exists zg € A
such that {X’(z¢) : ¢ > 0} is a dense regular orbit in A.

We prove uniqueness of the physical measure by contradiction, assuming that the
number [ of distinct physical measures is bigger than one. Then we can take distinct
physical measures 71, 2 for R on & associated to distinct physical measures (i1, (2
for X | A. Then there are open sets Uy, Uy C E such that

UyNUp=¢ and A*(B(n)\U;)=0, i=1,2.

For a very small ¢ > 0 we consider the open subsets V; = X~ (U;), i = 1,2, of
U such that V| NV, = . According to the construction of u; we have m(B(u;) \
Vi)=0,i=1,2.

The transitivity assumption ensures that there are positive times 77 < T» (ex-
changing Vi and V, if needed) such that XTi(z9) € Vi, i = 1,2. Since Vi, Vs
are open sets and g = X72~T1 is a diffeomorphism, there exists a small open
set Wy C Vi suchthat g | Wy : Wy —» Vyisa C 1 diffeomorphism into its image
Wy =g(Wy) C V.

Now the C! smoothness of g | W; ensures that a full Lebesgue (m) measure
subset of Wy is sent into a full Lebesgue measure subset of W,. By the definition
of g and the choice of Vi, V>, there exists a point in B(x1) N Wi whose positive
orbit contains a point in B(uy) N Wa, and thus @1 = w». Hence singular-hyperbolic
attractors have a unique physical probability measure L.

7.3.9 Hyperbolicity of the Physical Measure

For the hyperbolicity of the measure u we note that

e the sub-bundle E* is one-dimensional and uniformly contracting, and thus on the
E*-direction the Lyapunov exponent is negative for every point in U’;
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o the sub-bundle E is two-dimensional, dominates E*, contains the flow direction
and is volume expanding, and thus by Oseledets’ Theorem [147, 269] the sum of
the Lyapunov exponents on the direction of E* is given by u(log|det DX |
E“"|) > 0. Hence there is a positive Lyapunov exponent for p-almost every point
on the direction of E“*.

We already know from Sect. 2.7 that an expanding direction in E* does not
coincide with the flow direction EX = {s - X(z) : s € R}, z € A, since EX always
has zero Lyapunov exponent for regular points for a smooth flow on a compact
manifold.

This shows that at p-almost every point z the Oseledets splitting of the tangent
bundle has the form

T.M=E®&EfoF,

where F; is the one-dimensional measurable sub-bundle of vectors with positive
Lyapunov exponent. The proof of Theorem 7.6 is complete.

7.3.10 Absolutely Continuous Disintegration of the Physical
Measure

Here we prove Theorem 7.7. We let i be a physical ergodic probability measure for
a singular-hyperbolic attractor A of a C2-flow in an open subset U C M?, obtained
through the sequence of reductions of the dynamics of the flow X’ to the suspension
flow X’ of the Poincaré map R and return time function 7, with corresponding
X! -invariant measure v obtained from the R-invariant measure 5. In addition 7 is
obtained through the ergodic invariant measure v of the one-dimensional map f :
I — I. This is explained in Sect. 7.3.5. We know that u is hyperbolic as explained
in Sect. 7.3.8.

Let us fix §o > 0 small. Then by Pesin’s non-uniformly hyperbolic theory [86,
196, 216] we know that there exists a compact subset K C A such that u(A\ K) <
80, and there exists 6; > 0 for which every z € K admits a strong-unstable mani-
fold W5“1” (z) with inner radius §;. We refer to this kind of set as a Pesin set. The
inner radius of WS“I” (z) is defined as the length of the shortest smooth curve in this
manifold from z to its boundary. Moreover K > z — Wg‘l“ (z) is a continuous map

K — &'(Iy, M) (recall the notations in Sect. 6.1.1).

The suspension flow X defined on V in Sect. 7.3.6 is semi-conjugated to the X"-
flow on an open subset of U through a finite-to-1 local homeomorphism ¢, defined
in Sect. 7.3.8, which takes orbits to orbits and preserves time as in (7.11). Hence
there exists a corresponding set K’ = ¢~ (K) satisfying the same properties of K
with respect to XZ, where the constants o, §; are changed by at most a constant
factor due to ¢! by the compactness of K. In what follows we use the measure
v =(¢~"),u instead of x and write K for K.

We fix a density point xg € K of v | K. We may assume that xo € X' for some
Y € E. Otherwise if xo & &, since xg = (x,t) forsomex € ¥, ¥ € & and 0 <t <
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T (x), then we use (x, 0) instead of xq in the following arguments, but we still write
xo. Clearly the length of the unstable manifold through (x, 0) is unchanged due to
the form of the suspension flow, at least for small values of §;. Since v is given as a
product measure on the quotient space V (see Sect. 7.3.7), we may assume without
loss of generality that xq is a density pointof n on ¥ N K.

We set WH(x, X') to be the connected component of W*(x) N X, the unstable
manifold of x that contains x, for x € K N X'. Recall that W¥(x) C A because A is
an attracting set. Then W*(x, X) has inner radius bigger than some positive value
82 > 0 for x € K N X', which depends only on §; and the angle between Wé‘l“ (x)
and T, X.

Let us define .7 (xg, 82) = {W(x, X) : x € W"(xp, X)} and the correspond-
ing horizontal strip F**(xo, 82) = Uy c.#s(xy,5,) ¥ - Points z € F¥(xo, 82) can be spec-
ified using coordinates (x, y) € W*(xg, X) x R, where x is given by W*(xg, X) N
W9(z, X) and y is the length of the shortest smooth curve connecting x to z in
W9 (z, X). Let us consider

F(x0,8) ={W"(z,X):ze X and W"(z,X) crosses F’(xg,82)},

where we say that a curve y crosses F*(xg, 82) if the trace of y can be written as
the graph of a map W (xg, X') — W¥(xp, X') using the coordinates outlined above.
We stress that .F"(xp, 87) is not restricted to leaves through points of K.

We may assume that the set F*(xo, §2) = F"(x0, 82) = Uy czu(xy,s,) Y satisfies
n(F*(xg,62)) > 0 up to taking a smaller §, > 0, since xq is a density point of 7 |
K N X. Let 1) be the measure on .Z“(xg, §,) given by

n(A) = r;( U y> for every measurable set A C .7 (xg, 82).
yeA

Proposition 7.31 The measure n | F"(xo, 82) admits a disintegration into condi-
tional measures 1, along n-a.e. y € %" (xg, 82) such that n,, <K A, where A, is the
measure (length) induced on y by the natural Riemannian measure > (area) on X.
Moreover there exists Do > 0 such that

1 N
— < ay <Dy, ny-almost everywhere for i)-almost every y .
Dy ™ dx,

This is enough to conclude the proof of Theorem 7.7 since both &y and §, can be
taken arbitrarily close to zero, so that all unstable leaves W* (x, X') through almost
every point with respect to n will support a conditional measure of 7.

Indeed, to obtain the disintegration of v along the center-unstable leaves that
cross any small ball around a density point xo of K, we project that neighborhood
of x¢ along the flow in negative time onto a cross-section X. Then we obtain the
family {n, }, the disintegration of 7 along the unstable leaves y € .#* on a strip F’
of X, and consider the family {n, x dt} of measures on #* x [0, T] to obtain a
disintegration of v, where 7' > 0 is a fixed time slightly smaller than the return time
of the points in the strip F*; see Fig. 7.7.
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Fig. 7.7 Center-unstable
leaves on the suspension flow

FS

In fact, n, x dt < A, x dt and A, x dt is the induced (area) measure on the
center-unstable leaves by the volume measure A3 on V, and it can be given by
restricting the volume form A3 to the surface y x [0, T] which we write )»33,, for
y € .Z*. Thus, by Proposition 7.31 and by the definition of v, we have

ng 3 u
vyznyxdtz—-k, yeﬂ,
ar, 7

and the densities of the conditional measures 1, X dt with respect to /\)3/ are also
uniformly bounded from above and from below away from zero — we have left out
the constant factor 1/u(7) to simplify the notation.

Since u = ¢,V and ¢ is a finite-to-1 local diffeomorphism when restricted to =,
then © also has an absolutely continuous disintegration along the center-unstable
leaves. The densities on unstable leaves y are related by the expression (where
m, denotes the area measure on the center-unstable leaves induced by the volume
form m)

oo (D3 - ! ) og
Ky —¢*(Vy)—¢*< oy )”V) N (detD(CP ly x10,TD 2y )°¢ my’

for y € ", which implies that the densities along the center-unstable leaves are
uniformly bounded from above.

Indeed observe first that the number of pre-images of x under ¢ is uniformly
bounded by ry from Remark 6.28, i.e., by the number of cross-sections of = hit by
the orbit of x from time O to time 7. Moreover the tangent bundle of y x [0, T']
is sent by D¢ into the bundle E* by construction. Then, recalling that ¢ (x, 1) =
X' (x), if e1 is a unit tangent vector at x € y, €1 is the unit tangent vector at ¢ (x, 0) €
W"(x, X') and e is the flow direction at (x, 1), we get

D¢(x,1)(e1) = DX, (X'(x))(é1) and
Do (x,1)(e2) = DX' (X' (1)) (X (x,0)) = X (X' (x)).
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Hence D(¢p | y x [0, T])(x,t) = DX" | E;;’EX’[) for (x,t) € y x [0, T] and so

[det D(¢ |y x [0, T1)(x, )| = Jf (x).

Now the volume expanding property of X’ along the center-unstable sub-bundle,
together with the fact that the return time function 7 is not bounded from above near
the singularities, show that the densities of 1, are uniformly bounded from above
throughout A but not from below. In fact, this shows that these densities will tend
to zero close to the singularities of X in A.

This finishes the proof of Theorem 7.7 except for the proof of Proposition 7.31
and of supp(u) = A, which we present in what follows.

7.3.11 Constructing the Disintegration

Here we prove Proposition 7.31. We split the proof into several lemmas keeping the
notations of the previous sections.

Let A2, R: p*1 (I — E, F"(x, 62), F"(x0, 82) and n be as before, where xg €
K N X is a density point of n | K and K is a compact Pesin set.

7.3.11.1 Existence of Hyperbolic Times for f and Consequences for R

Now we show that a full measure subset of .%"(xq, §2) has absolutely continuous
disintegrations, which is enough to conclude the proof of Proposition 7.31 except
for the bounds on the densities.

We need the notion of hyperbolic time for the one-dimensional map f [9]. We
know that log(L.,) is a-Holder and the boundaries I of the intervals Iy, ..., I,, can
be taken as a singular set for f (where the map is not defined or is not differentiable)
which behaves like a power of the distance to I, as follows. Denoting by d the usual
distance on the intervals 7, there exist B > 0 and 8 > 0 such that

o 5 dx. 1)) <|f|<B-dx,I})F:

o [log|f'(x)| —log|f' M| < B-d(x,y)-d(x,Tp)7P,

for all x,y € I withd(x,y) <d(x, I'y)/2. This is true for f since it was shown in
Sect. 6.1.5 that f/| I ; either is bounded from above and below away from zero, or

else is of the form x”? with 8 € (0, 1).
Given 6 > 0 we define ds (x, I'y) =d(x, Iy) if d(x, Ih) < § and 1 otherwise.

Definition 7.32 Given b, c,5 > 0 we say that n > 1 is a (b, ¢, §)-hyperbolic time
forx e I if

n—1 n—1

[T 17(F@) e and  J] ds(f/@). Do) ze™  (7.12)

j=n—k j=n—k

forallk=0,...,n—1.
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Since f has positive Lyapunov exponent v-almost everywhere, i.e.,
s 1 ny/
lim - log |(f ) (x)| >0 forv-almostallx €1,
n—>+oon

and since dk is bounded from above (where A is the Lebesgue length measure on
I), it follows that |logd(x, I'p)| is v-integrable and, for any given ¢ > 0, we can
find § > O such that

n—1

1 .
lim —Z—logd,;(f’(x),]"o)=/—1ogd5(x,Fo)dv(x) <e,
n—-oon n ()
j:

for v-a.e. x € I. This means that f is non-uniformly expanding and has slow recur-
rence to the singular set. Hence we are in the setting of the following result.

Theorem 7.33 (Existence of a positive frequency of hyperbolic times) Let f : I —
I be a map with log| f'| a-Holder, behaving like a power of the distance to a sin-
gular set Iy, non-uniformly expanding and with slow recurrence to Iy with respect
to an absolutely continuous invariant probability measure v. Then for b,c,§ > 0
small enough there exists 6 = 0(b, c,§) > 0 such that v-a.e. x € I has infinitely
many (b, c, 8)-hyperbolic times. Moreover if we write 0 <ny; <ny <np <--- for
the hyperbolic times of x then their asymptotic frequency satisfies
#lk>1:ny <N}

liminf ——— >0 forv-ae x €l.
N—o0 N

Proof A complete proof can be found in [9, Sect. 5] with weaker assumptions cor-
responding to Theorem C in that paper. O

From now on we fix values of (b, ¢, §) so that the conclusions of Theorem 7.33
are true.

We now outline the properties of these special times. For detailed proofs see [9,
Proposition 2.8] and [7, Proposition 2.6, Corollary 2.7, Proposition 5.2].

Proposition 7.34 There are constants B, f2 > 0 depending on (b, ¢, §) and f only
such that, if n is a (b, c, §)-hyperbolic time for x € I, then there are neighborhoods
Wi(x) C I of f*X(x),k=1,...,n,such that

1. 5| Wi(x) maps Wi (x) diffeomorphically to the ball of radius 1 around f"(x);
2. foreveryl <k <nandy,ze W,(x)
d(f" o). @) = e M2 d (), 1 (@)
3. fory,z€ W,y(x)
(™Y O]

__|(f”)()l_ﬁ
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The conjugacy p o R = f o p between the actions of the Poincaré map and the
one-dimensional map on the space of leaves, together with the bounds on the deriva-
tive (6.8), enables us to extend the properties given by Proposition 7.34 to any
cu-curve inside B(n), as follows.

Let y : J — & be a cu-curve in & \ I' such that y(s) € B(n) for Lebesgue
almost every s € J, where J is a non-empty interval—such a curve exists since the
basin B(n) contains entire strips of some section X' € & except for a subset of zero
area. Note that we have the following limit in the weak™ topology,

n—1
lim )»”—77 wherek"— ZRi(Ay),

n—+00

by the choice of y and by an easy application of the Dominated Convergence The-
orem.

Proposition 7.35 There are constants kg, k1 > 0 depending on (b, ¢, 8) and on Ry,
Bo, B1 and B> only such that, if x € y and n a big enough (b, c, 8)-hyperbolic
time for p(x) € I, then there are neighborhoods Vi.(x) of R"*(x) on R *(x)(y),
k=1,...,n,suchthat

1. R*| Vi (x) maps Vi(x) diffeomorphically to the ball of radius «o around R"(x)
on R"(y);
2. foreveryl <k <mnandy,ze V,(x)

Aoty (R"*(3). R"*(2)) < Bo- ™M - dgny) (R* (). R" (2));
3. fory,z € Vy(x)
1 ID(R” | )/)(y)l

K1 |D<R" | )/)(z)|

4. the inducing time of R¥ on Vi(x) is constant, i.e., "% | Vi.(x) = const.

Here d,, denotes the distance along y given by the shortest smooth curve in y
joining two given points and A, denotes the normalized Lebesgue length measure
induced on y by the area form A% on =.

Proof of Proposition 7.35 Let xo = p(x) and Wi(xp) be given by Proposi-
tion 7.34, k =1,...,n. Then p(y) is an interval in / and p |y : y — p(y) isa
diffeomorphism—we may take y with smaller length if needed.

If n is big enough, then W, (xo) C p(y). Moreover the conjugacy implies that the
following maps are all diffeomorphisms

Vo) 5 RE(Vi(x))
Py Ip ,

k
Wi (x0) TN B(f*(x0). ko)
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Fig. 7.8 Hyperbolic times —_— T
and projections vy 1 R(y) !
R i i
o - —29— -------------
X f(x) f2(x) o 0

and the diagram commutes, where Vi (x) = (p | R"‘k(y))_l(Wk(xo)), k=1,...,n;
see Fig. 7.8. Using the bounds (6.8) to compare derivatives we get ko = 81/8o and
k1= Po- P2

To prove item (4) we just note that by definition of (b, ¢, §)-hyperbolic time none
of the sets Wy (xo) may intersect . According to the definition of I, this means
that orbits through x, y € Vi (x) cannot cut different cross-sections in = before the
next return in time 7 (x), 7(y) respectively. Hence every orbit through Wi (xo) cuts
the same cross-sections on its way to the next return cross-section. In particular the

number of cross-section cuts is the same, i.e., » | Vi(x) is constant, k = 1,...,n.
Hence by definition of r* we obtain the statement of item (4) since R(Vi(x)) =
Vi—1(x) by definition. This completes the proof of the proposition. U

7.3.11.2 Approximating n by Push Forwards of Lebesgue Measure
at Hyperbolic Times

We define for n > 1
H,={x ey :nisa(b,c/2,8)-hyperbolic time for p(x)}.

As a consequence of items (1-2) of Proposition 7.35, H,, is an open subset of y and
for any x € y N H,, we can find a connected component y " of R" (y) N B(R" (x), ko)
containing x such that R" | V,,(x) : V,;(x) — y" is a diffeomorphism. In addition,
y™ is a cu-curve according to Corollary 6.17, and by item (3) of Proposition 7.35
we deduce that

1 d(R!(xy) | B(R"(x),k0))

< <ki, Ayn—ae.ony”, 7.13
P d)uyn =K1 y 14 ( )

where A, is the Lebesgue induced measure on y " for any n > 1, and we normal-
ize both measures so that ((R")«(A,) | B(R"(x),k0))(y") = Ayn(y™), ie., their
masses on y " are the same.

Moreover the set R”(y N H,) has an at most countable number of connected
components which are diffeomorphic to open intervals. Each of these components
is a cu-curve with diameter bigger than ko and hence we can find a pairwise disjoint
family yi" of ko-neighborhoods around R"(x;) in R"(y), for some x; € H,, with
maximum cardinality, such that

n n n 1
A =in CR'(yNH,) and (RI(h)|4,)(4) > o Ay (Hp). (7.14)

1
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Indeed, since R"(y N Hy) is one-dimensional, for each connected component the
family A, may miss a set of points of length at most equal to the length of one y,",
for otherwise we would manage to include an extra xp-neighborhood in A,. Hence
we have in the worst case (assuming that there is only one set y;" for each connected
component)

Ayn(R"(y NHy) \ Ay) < /\yn(Uy,."> =Ayn(Apn)

so that
1 n
Ayn(An) > 3 oy (R"(y N Hy))

and the constant x| comes from (7.13).

For a fixed small p > 0 we consider A, , given by the balls y," with the same
center x, ; but a reduced radius of kg — p. Then the same bound in (7.14) still holds
with 2« replaced by 3«7 .

We write D,, for the family of disks from U;>;A; with the same expanding
iterate (the disks with the same centers as those from D, , but with their original
size).

We define the following sequences of measures for each n > 1

-1 n—1
1 ) 1 ; —
ol = ;ZR,i(/\y) | Aj e o= ;ZRi(xy) | Ajs hy =l — ol
j=0 j=0
1nfl )
and also  wf} := - > RIOy) |4, where Aj=Ajo.
j=0

Then any weak* limit point 7 = limy wzk for some subsequence n; <ny < ---, as
well as

_ . —n

n= hlzn )Ly“
(where n; may be taken as a subsequence of ), are R-invariant measures which
after normalization satisfy n = an + by for some a, b > 0 witha + b = 1.

We claim that 7 £ 0, and thus n = 7 as a consequence of the ergodicity of 7. In
fact, we can bound the mass of @} from below using the density of hyperbolic times
from Theorem 7.33 and the bound from (7.14) through the following Fubini-Toneli-
type argument. Write #,(J) =#J/n forany J C {0, ..., n — 1}, the uniform discrete
measure on the first n integers. Also set x;(x) = 1 if x € H; and zero otherwise,
i=0,...,n—1.Then

. 1 n—1 n .
o) = 3 = 5 [ [t dn,man
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1 _ 0
= 3—,q// Xxi(x)d#, (@) dry, (x) > o >0,

for every n big enough by the choice of y.

7.3.11.3 Approximating Unstable Curves by Images of Curves at Hyperbolic
Times

We now observe that, since n(F"(xg,d2)) > 0 and xg is a density point for the
measure 1 | F*(xg, 82), then wZ(F“(xo, 82)) > ¢ for some constant ¢ > 0 for all
big enough n. If we assume that §, < p, which poses no restriction, then we see
that the cu-curves from D; , intersecting £ (xo, 82) will cross this horizontal strip
when we restore their original size. Thus the leaves U’;;(I)D j in the support of wj
which intersect F*(xg, d2) cross this strip. Given any sequence y "% of leaves in
Dy, crossing F*(xo, 62) with n; <nz <nj < ---, then there exists a C! limit leaf
y° also crossing F*(xg,82), by the Ascoli-Arzela Theorem. We claim that this
leaf coincides with the unstable manifold of its points, i.e., y*° = W¥(x, X) for all
x € y®°. This shows that the accumulation curves y*° are defined independently of
the chosen sequence y "t of curves in X.

To prove the claim let us fix / > 0 and take a large k so that ny > [. We note
that for any distinct x, y € y* there are xi, yr € y " such that (x;, y) — (x,y)
when k — oo. Then for x, yi there exists a neighborhood V,,, in y such that y * =
R™ (Vi)

We take j =ny —[. We can now write for some wg, zx € V,,

ek, yo) = d (R (R (wi)), R (RT (1))

elc/4

= —— - d(R™ (), R (z).

Bo

Note that each pair R™~!(wy), R™(z;) belongs to a section X; € & and that
RY(R™(wy)) = xx and RU(R™L(z)) = wr. Letting kK — oo we obtain limit
points (R (wy), R (z4)) = (wy, ) in some section ¥ € & (recall that &
is a finite family of compact adapted cross-sections) satisfying

R(w)=x, R(z)=y and d(w,z)<pBoe”'* d(x,y).

Since this is true for any / > 0 we conclude that y is in the unstable manifold of x
with respect to R, i.e., y € W}g(x), and thus y € W¥(x, X) by the following lemma.
This proves the claim.

Lemma 7.36 In the same setting as above, we have W (x) = W" (x, X).

Proof On the one hand, let yy € Wl‘é (x). Then for each [ > 1 there exist y;, x; in
some section X; € & such that
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L. Rl'(y) = yo. R'(x)) = x;
2. d(y;,x;) — 0 when [l — +o0.

This means that there are s;, {7 ——— +00 such that
=400
X% (y)=yo, X"'(x)=x and dist (X_Xl (yo), X" (x)) ! > 0.
—+00

But this ensures that the points y;, x; belong to the same smoothness domain of R in
each X, for otherwise x;—1 = R(x;) and y;—1 = R(y;) would be in distinct sections
of & and the distance between them would be larger than some constant bounded
away from zero. Since there are only finitely many such smoothness domains on
&, the flow orbits between the pair x;, y; and x;_1, y;—1 are contained in a tubular
neighborhood for the flow of X. Hence condition 2 above implies that the distance
between the orbits of x; and y; under the flow of X up until the points x;_1, y;_1 are
uniformly close and tend to zero. Moreover, as a consequence of the construction
of the cross-sections in &, as stated in Remark 6.14, we also have yg = X" (y;)
with & — 0 as [ — +-o00. Altogether we get

sup { dist (X 7" (yo), X ' (%)) i <t < fl+1} — 0.
[—+4o00
Thus yg € W*(x) N X = WH(x, X).
On the other hand, let us take yp € W*(x, X'). Then, by Remark 6.14, there exists
€ so that zo = X®(yg) € W"*(x), with |¢| small and tending to 0 when we let yo —
x.Let #; > 0 be such that X (x) = w; € X for [ > 1. Then we have

dist (X~ (z0), X " (x)) —0 (7.15)

and so there exists g; such that X&'~ (z9) = z; = X® ¢~ (y9) € X with |g| small.
Notice that (7.15) ensures that |g;| — 0 also.

Hence there exists § = (e, &) satisfying § — 0 when (¢ + &) — 0 and also
d(z;, w;) < éforalll > 1. Since Rl(zl) = yo we conclude that yp € W (x), finishing
the proof. (]

7.3.11.4 Upper and Lower Bounds for Densities Through Approximation

We define .Z to be the family of all leaves y > obtained as C! accumulation points
of leaves in

F = {5 € U;’.;le ;& crosses F*(xq, 82)}.
We note that #% C .#"(xo, 82). Since for all n we have wjj > w), then & (UFH >

¢ and we obtain n(UZL) > c.

Lemma 7.37 In our setting FY, equals F"(x, §) except possibly in a n-measure
zero subset.
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Proof Let o be the family of leaves of .#"(x, §;) which are not accumulated by
leaves of .#), and let us assume that 7(%/) > 0. Since the family of leaves provides
a measurable partition of ./, we can consider the quotient measure 7 of 1 | ./ on
the space <7 of leaves which, by the dimension of the objects considered, can be
identified with a subset of an interval. Therefore 7-almost every leaf ¢ € & is a
density point of 7. We fix a density point ¢ in this sense.

For any given ¢ > 0 we can always find a §-neighborhood Vs of ¢ such that
0 <6 <eandn(dVs) =0, so that wZ(V(;) — n(Vs) > 0 when n — +00. Therefore
¢ will be 8-close to a leaf &, of .7 for every big enough n. This contradicts the
definition of .2/ so that we must have n(2) = 0, as claimed. O

By definition of .7 and by (7.13) we see that wy | F,; disintegrates along the
partition . of F! =U.Z into measures wj having density with respect to A
uniformly bounded from above and below, for almost every & € .# Y.

To take advantage of this in order to prove Proposition 7.31 we consider a se-
quence of increasing partitions (¥ )r>1 of W* (xo, £') whose diameter tends to zero.
This defines a sequence & of partitions of F = Uo<n<oo#, as follows: we fix
k > 1 and say that two elements & € .F/*, £ € F%,0 <i, j < oo are in the same
atom of &, when both intersect W (x, X) in the same atom of ¥; and eitheri, j > k
ori=j<k. ~

If g is the projection g : F# — W*(xo, X') given by the transverse intersection
EN W¥(xg, X) for all £ € .7, then .% can be identified with a subset of the real
line. Thus we may assume without loss that the union 9 %2, of the boundaries of &,
satisfies (8. %%;) = (0. %%) = 0 for all k > 1, by suitably choosing the sequence ;.

Upper and Lower Bounds for Densities Given ¢ € Z we write p:F'(xq,8) —
¢ as the projection along stable leaves and w for wy. We also write 92 (¢) for the
atom of 7, which contains ¢. Then, since &% (¢) is a union of leaves, for any given
Borel set B C ¢ and n > 1, we have

" (PN p~(B)) = f (PN pT (B)da" &) (1.16)

through disintegration, where @" is the measure on Z induced by ". Moreover
by (7.13) and because each curve in .% crosses F“(xg, 82)

1 1 _ . _
E-)\;(B)Sx—l-)»g(p 'B) <o ()N pT(B)  (7.17)

of (PN p~ (B)) <k ae(p(B)) <kiky Ac(B) (7.18)

foralln,k > 1 and @"-a.e. § € &, where k, > 0 is a constant such that

1 ~
— Ae Shg <kKkp-A; forallé e Z.
K2

This constant exists because the angle between the stable leaves in any X' € & and
any cu-curve is bounded from below; see Fig. 7.9.
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Fig. 7.9 Leaves crossing
F*(xp, §2) and the
projection p

F-\'(xo782)

Finally letting ¢ € .#% and choosing B such that n(@p~1(B)) = 0 (which poses
no restriction) and assuming that n(3(Z%(¢) N p_l(B))) =0, we get from (7.16),
(7.17) and (7.18) for all k > 1

1 R _ R
P e (B)-7(21(©) =n(Ze(@) N p~ (B)) <kikz - Ae (B) - H(2k(0)) (7.19)
by the weak* convergence of w” to . Thus to conclude the proof we are left to check
that n(3(Z(¢) N p~!(B))) = 0. To do this we observe that Z(¢) N p~'(B) can
be written as the product g(Z%(¢)) x B. Hence the boundary is equal to

(3g(P(2)) x B) U (¢(Z(£)) x 3B) C ¢~ (3g(Z(£)) U p~'(B)

and the right-hand side has 1-zero measure by construction.

This completes the proof of Proposition 7.31 since we have {¢} = Ng>1 P (¢) for
all ¢ € .Z and, by the Theorem of Radon-Nikodym, the bounds in (7.19) imply that
the disintegration of 1 | UZ% along the curves ¢ € .ZX is absolutely continuous
with respect to Lebesgue measure along these curves and with uniformly bounded
densities from above and from below.

7.3.12 The Support Covers the Whole Attractor

Finally to conclude that supp(u) = A it is enough to show that supp(u) contains
some cu-curve y : (a,b) — X in some subsection X' € Z. Indeed, see Fig. 7.10,
letting xo € A N X be a point of a forward dense regular X-orbit and fixing ¢ €
(a,b) and ¢ > 0 such that a < ¢ — & < ¢ 4+ ¢ < b, then there exists ¢ > 0 satisfying
dist(y (c), X" (x0)) < p for any p > 0. Since W* (X' (x0), ) h (y | (c—&,c+¢)) =
{z} (because y is a cu-curve in X and p > 0 can be made arbitrarily small, where
M means transverse intersection), then, by the construction of the adapted cross-
section X (see Sect. 6.1), this means that z € W* (X’ (xp)). Hence the w-limit sets
of z and xo are equal to A. Thus supp(u) 2 A because supp(u) is X-invariant and
closed, and A D supp(u) because A is an attracting set.
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Fig. 7.10 Transitiveness and
support of the physical

measure piece of stable manifold

We now use (7.19) to show that 7j-almost every y € Z is contained in supp(n),
which is contained in supp(u) by the construction of w from 7 in Sect. 7.3.5. In
fact, 7-almost every ¢ € .% is a density point of 77 | .%# and so, for any one ¢ of these
curves, we have 7(%(¢)) > 0 for all k > 1. Fixing z € ¢ and choosing ¢ > 0 we
may find k£ > 1 big enough and a small enough open neighborhood B of z in ¢ such
that

Z)Np ' (BYCB(z,e)NY and ()N p~(B)) >0,

by the left-hand inequality in (7.19). Since ¢ > 0 and z € ¢ were arbitrarily chosen,
this shows that ¢ C supp(n) C supp(u) and completes the proof of Theorem 7.7.



Chapter 8
Singular-Hyperbolicity and Volume

It is well known that a C? dynamical system admitting a hyperbolic basic set
with positive measure must be globally hyperbolic: see e.g. Bowen-Ruelle [62] and
Bochi-Viana [52]. The construction of the geometric Lorenz models, presented in
Chap. 3, forces the divergence of the vector field to be strictly negative in a isolating
neighborhood of the attractor. This feature is also present in the Lorenz system of
equations (2.2) for the classical parameters. It is then trivial to show that the corre-
sponding attractor has zero volume.

Using only the partial hyperbolic character of singular-hyperbolicity we show
in Sect. 8.2, following [8] for flows which are Holder-C ! that either singular-
hyperbolic attractors have zero volume or else the flow is globally hyperbolic, that
is, an Anosov flow (without singularities).

Using the fact that C*° flows are dense among C' flows in the C! topology, we
extend this result in Sect. 8.2.3 to a locally generic subset of all C! flows exhibiting
robust attractors. This extends the results of Bowen cited above.

A similar result can be obtained for invariant sets satisfying the weaker condition
of dominated splitting for the Linear Poincaré Flow among incompressible Holder-
C! flows in 3-manifolds, which we present first in Sect. 8.1 following [19]. This
extends the results of Bochi-Viana mentioned earlier and will be very useful to com-
plete the proof of the C! generic dichotomy for conservative flows on 3-manifolds
in Chap. 9.

8.1 Dominated Decomposition, Incompressibility and Zero
Volume

Givena C' flow X' say that an invariant subset A is regular if ANS(X) = ¢, that is,
A does not contain zeroes of the vector field X. In what follows we write %L (M) for
the family of C” vector fields which preserve the volume form (Lebesgue measure)
u on the manifold M.

V. Aradjo, M.J. Pacifico, Three-Dimensional Flows, Ergebnisse der Mathematik und ihrer 249
Grenzgebiete. 3. Folge / A Series of Modern Surveys in Mathematics 53,
DOI 10.1007/978-3-642-11414-4_8, © Springer-Verlag Berlin Heidelberg 2010
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Theorem 8.1 Given a compact 3-manifold M, there exists an open and dense subset
§cC f{i (M) such that for every X € G with a regular invariant set A (not necessarily
closed) satisfying:

e the Linear Poincaré Flow over A has a dominated decomposition; and
e A has positive volume: (1(A) > 0;

then X is Anosov and the closure of A is the whole of M.

Before giving the proof of the theorem, we can deduce the following useful con-
sequence.

Corollary 8.2 Given a compact 3-manifold M, there exists D C %L (M)™ such that
D is C'-dense and, for X € D, X' is aperiodic (that is, ju(Per(X")) = 0), X is of
class C° (s > 2) and all its sets with dominated splitting for the Linear Poincaré
Flow have zero or full measure.

Proof We take the C*-residual given by Robinson’s version of Kupka-Smale Theo-
rem for incompressible flows; see [223] and Sect. 2.5.10.

This residual set of vector fields is of class C* and the associated flows have
countable periodic points. Since X7, (M) is a Baire space (with respect to C* topol-
ogy), it follows that we have a C*-dense set D and therefore a C!-dense set, of
vector fields with countable periodic orbits on %L (M). We know that %L (M)is C!-
dense on .’{}L (M) (by Zuppa [277]), and so D is C!-dense on %}L (M) and all vector
fields in D are C°. Finally, we use Theorem 8.1 and the corollary is proved. (]

8.1.1 Dominated Splitting and Regularity

Here we prove that positive volume regular invariant subsets with dominated split-
ting for a 3-dimensional Holder-C! flow cannot admit singularities in its closure
and thus are essentially uniformly hyperbolic sets. This result will be used to prove
Theorem 8.1.

We denote by X!t (M) the set of all C! vector fields X whose derivative DX
is Holder continuous with respect to the given Riemannian norm, and we say that
X € X (M) is of class C't or Holder-C'. We clearly have

x' (M) > x (M) > X"(M), forevery r > 2.

Proposition 8.3 Let X € .’{}L‘" (M) be given, where M is a 3-manifold. Assume that
A is a regular X' -invariant subset of M with positive volume and admitting a dom-
inated splitting. Then the closure A of the set of Lebesgue density points of A does
not contain singularities.
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According to Proposition 2.34, a compact invariant set without singularities of
a C! three-dimensional vector field admitting a dominated splitting for the Linear
Poincaré Flow is a uniformly hyperbolic set. Then we obtain the following.

Corollary 8.4 Let M be a compact 3-manifold, let X € %L* (M) and let A be a
regular X'-invariant subset of M with positive volume and admitting a dominated
splitting. Then the closure A of the set of Lebesgue density points of A is a hyper-
bolic set.

This implies in particular that there are neither singular-hyperbolic sets nor par-
tially hyperbolic sets with positive volume for Holder-C! incompressible flows on
three-dimensional manifolds. A similar conclusion for singular-hyperbolic sets was
obtained by Arbieto-Matheus in [22] but assuming that the invariant compact subset
is robustly transitive.

The proof of Proposition 8.3 is divided into several steps, which we state and
prove as a sequence of lemmas in the rest of this subsection.

8.1.1.1 Bounded Angles, Eigenvalues and Lorenz-Like Singularities

Denote by D(A) the subset of the Lebesgue density points of A, that is, x € D(A)
if x € A and

n(AN B(x,r))
im —— =1
r—0t  w(B(x,r))

is well known (see e.g. [233] or [178]) that almost all points of a measurable set are
Lebesgue density points, that is, i (A \ D(A)) = 0. Moreover, since every nonempty
open subset of M has positive p-measure, we see that D(A) is contained in the
closure of A.

Assume that A is a X'-invariant set without singularities such that p(A) > 0 and
write A for the closure of D(A) in what follows. Note that A is contained in the
closure of A.

Lemma 8.5 Suppose that the Linear Poincaré Flow over A has a dominated split-
ting for X. Then there exist a neighborhood V of A, a neighborhood U of X in
XY (M) (not necessarily contained in the space of conservative flows) and n > 0
such that, for every Y € U, every periodic orbit contained in U is hyperbolic of sad-
dle type and its eigenvalues Ay and Ly satisfy A < —n and Ay > 1. Moreover the
angle between the unstable and stable directions of these periodic orbits is greater
than 7.

Proof The Dominated Splitting for the Linear Poincaré Flow extends by continuity
to every regular orbit ¢ which remains close to A for a C! nearby flow Y; this
is Lemma 2.29. The domination implies that the eigenvalues A1 < A, of O satisfy
A1+ 2k < X, for some « > 0 which only depends on the domination constant of A.
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Since the flow Y is close to being conservative, we have |1 4+ Az| < ¢, where we
can take € < /2 just by letting Y be in a small C!'-neighborhood of X.

Thus we have —A, — ¢ < A1 which implies that —A» — & + 2k < A1 + 2k < A3,
and so 21 > 2k — ¢ > 0 on the one hand. On the other hand A; < & — A, implies
that A1 <e—(k —€/2) =3¢/2 —k <.

Hence there exists 1 > 0, independent of Y in a C! neighborhood of X, and
independent of the periodic orbit & of Y in a neighborhood of A, such that A; < —p
and A > n, as stated.

For the angle bound we argue by contradiction as in the proof of Theorem 5.37:

. c! - .
assume there exists a sequence of flows ¥, ——— X and of periodic orbits &),
n—+o00

of Y, contained in the neighborhood V of A such that the angle «, between the

unstable subspace and the stable direction satisfies o, —+> 0.
n——+0oo

Then as in the proof of Theorem 5.37 we can find (through the flow version of
Frank’s Lemma, Theorem 2.24) an arbitrarily small C 1 perturbation Z, of Y, for
all big enough n > 1, sending the stable direction close to the unstable direction
along the periodic orbit, such that the orbit of &, becomes a sink or a source for Z,,.
This contradicts the first part of the statement of the lemma. (]

In the next lemma, recall the definition of Lorenz-like singularity from Chap. 2.

Lemma 8.6 Assume that X € %L(M ) is such that all singularities are hyperbolic
with no resonances (real eigenvalues are all distinct). Then the singularities S(X) N
A are all Lorenz-like for X or for —X.

Remark 8.7 The assumptions of the lemma above hold true for an open and dense
subset of all C" vector fields, whether volume preserving or not.

Proof Fix o in S(X) N A if this set is nonempty (otherwise there is nothing to
prove). By assumption on X we known that o is hyperbolic. As in Chap. 5 we show
first that o has only real eigenvalues. For otherwise we would get a conjugate pair
of complex eigenvalues w, w and a real one A and, by reversing time if needed, we
can assume that A < 0 < Re(w). Since p(A) > 0 there are infinitely many distinct
orbits of A passing through every given neighborhood of o, because each regular
orbit of a flow is a regular curve, and so does not fill volume in a three-dimensional
manifold.

Using the Connecting Lemma of Hayashi adapted to conservative flows (see
e.g. [271]) we can find a C'-close flow Y preserving the same measure ;. with a
saddle-focus connection associated to the continuation oy of the singularity o. By a
small perturbation of the vector field we can assume that Y is of class C* and still
Cl-close to X (see e.g. [277]).

We can now unfold the saddle-focus connection to obtain a Shil’nikov bifurcation
as in [47]; see also Sect. 3.2.3. In this way we produce a periodic orbit with all
Lyapunov exponents equal to zero (an elliptic closed orbit) for a C!-close flow and
near A. This contradicts Lemma 8.5, since such an orbit will be contained in a
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neighborhood of A. This shows that complex eigenvalues are not allowed for any
singularity in A.

Let then Ay < A3 < A1 be the eigenvalues of . We have Ap < 0 < A because o
is hyperbolic. The preservation of volume implies that A, = —(X] + 13) < 0, so that
—A3 < A1. We have now two cases:

A3 < 0: this implies that A < A3 <0 < —A3 < A1 by the non-resonance assump-
tion, and o is Lorenz-like for X;

Az > 0: since A = —(A2+A3) > 0 the non-resonance assumption ensures that Ay <
—X3 <0 < A3 < Ay, and so o is Lorenz-like for —X.

The proof is complete. O

8.1.1.2 Invariant Manifolds of a Positive Volume Set with Dominated Splitting
for the Linear Poincaré Flow

Now we show that there can be no equilibria in A. To do this we show that A
admits generalized stable and unstable manifolds which are fully contained in A.
This in turn implies that the existence of equilibria in A leads to a contradiction to
the assumption of dominated decomposition.

Invariant Manifolds and (Non-uniform) Hyperbolicity An embedded disk y C
M is a (local) strong-unstable manifold, or a strong-unstable disk, if dist(X ! (x),
X~'(y)) tends to zero exponentially fast as r — +o0, for every x,y € y. In the
same way y is called a (local) strong-stable manifold, or a strong-stable disk, if
dist(X’(x), X"(y)) — 0 exponentially fast as n — +oo, for every x, y € y.

We observe that since A has positive volume, by Lemma 8.5 and its proof, the
Lebesgue measure 4 normalized and restricted to A is a (non-uniformly) hyper-
bolic invariant probability measure; see e.g. [33]: indeed every Lyapunov exponent
of 4 is non-zero, except along the direction of the flow.

Assuming from now on that X € X'+ (M) we know that, according to the non-
uniform hyperbolic theory (see [33, 196, 197]), there are smooth strong-stable and
strong-unstable disks tangent to the directions corresponding to negative and posi-
tive Lyapunov exponents, respectively, at ;4 almost every point. The sizes of these
disks depend measurably on the point as well as the rates of exponential contraction
and expansion. We can define as before the strong-stable, strong-unstable, stable
and unstable manifolds at ;4 almost all points.

In addition, since u is a smooth invariant measure, we can use [34, Theorem
11.3] and conclude that there are at most countably many ergodic components
of wa. Therefore we assume from now on that |14 is ergodic without loss of gener-
ality.

In addition, hyperbolic smooth ergodic invariant probability measures for a C'*
dynamics are in the setting of Katok’s Closing Lemma; see [119] or [34, Sect. 15].
In particular, the support of 1 4 is contained in the closure of the closed orbits inside
A, that is,
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supp(ia) C Per(X)N A, (8.1)

where the periodic points in our setting are all hyperbolic by Lemma 8.5.

Almost All Invariant Manifolds Are Contained in A Now we adapt the argu-
ments of Bochi-Viana in [52] to our setting to deduce the following. Let 1, and g
denote the measures induced on (strong-)unstable and (strong-)stable manifolds by
the Lebesgue volume form .

Lemma 8.8 For pa almost every x the corresponding invariant manifolds satisfy
us(WH )\ A)=0 and p, (W (x)\ A)=0,
that is, the invariant manifolds are |1, s mod O contained in A.

In addition, since A is closed and every open subset of either W**(x) or W"*(x)
has positive g or u, measure, respectively, then we see that in fact

W¥x)c A and W"(x) c A for u — almost every x. (8.2)

To prove Lemma 8.8 we need a bounded distortion property along invariant man-
ifolds which is provided by [34, Theorems 11.1 & 11.2] and stated in Theorem 2.36.

Recurrent and Lebesgue Density Points We are now ready to start the proof of
Lemma 8.8.
Let us take a strong-unstable disk W** (x) satisfying simultaneously

o x € (k),
o u,(W"(x)N A) > 0and
e x is a u, density point of W"¥(x) N A.

For this it is enough to take « big enough since, by the absolute continuity of
the foliation of strong-unstable disks, a positive volume subset, such as 77 (k),
must intersect almost all strong-stable disks on a subset of w, positive measure,
see e.g. [216].

Using the Recurrence Theorem we can also assume without loss of generality
that x is recurrent inside .7’ (k ), that is, there exists a strictly increasing sequence of
integers n| < np < --- such that

xi = ™ (x) € (k) forall k € Nand x k—) x.
—00

Therefore we can consider the disk Wi = f~" (W, " (x;)). Observe that Wy C
Wpi(x) is a neighborhood of x and, since the sizes of the strong-unstable disks
on 77 (k) are uniformly bounded, we see that diam(W;) — O exponentially fast as

k — +o00.
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Now W,;/" (x) is one-dimensional in our setting and thus the shrinking of Wy to x

together with the f-invariance of A are enough to ensure

o (f W)\ A)) (Wi \ A)

= 0.
Mu(f_”"(W[gC’(Xk))) mu(Wi) k=00

Finally the bounded distortion given by Theorem 2.36 implies that

a7 Wit e\ ) Swgeona |90 DS 1 E @1 dpaa (@)

(S Wik (i) fypun gy [ det D] E*(2)] d o (2)

L ) Mu(W;é';(Xk) \ A)
hi Hu (Wllf,’; (xx))

z

which means that

lLu(WngZ(xk) \ A) < ) Mu (Wi \ A)
e (W)

for all k > 1. Hence we get , (W;!"(x) \ A) = 0 by the choice of x; and the contin-
uous dependence of the strong-unstable disks on the points of the hyperbolic block
F€ (k). The argument for the stable direction is the same. Since the points of a
full u4 measure subset have all the properties we used, this concludes the proof of
Lemma 8.8 and of the property (8.2).

Dense Invariant Manifolds of a Periodic Orbit Now we use the density of pe-
riodic points in A (property (8.1)). Consider again a hyperbolic block .7 (k) with
a big enough k € N such that u4 (7 (x)) > 0. For any given x € 5 (k) and § > 0
there exists a hyperbolic periodic orbit &'(p) intersecting B(x, §). Because the sizes
and angles of the stable and unstable disks of points in .7 («) are uniformly bounded
away from zero, we can ensure that we have the following transversal intersections'

W (p) Wi (x) #£0# W*(p) h WH(x).

This together with the inclination lemma implies that

Wi(p)=Wi(x)CA and Wi(p)=Ws(x) C A. (8.3)

Moreover since we can pick any x € ¢ («) we can assume without loss that x has a
dense orbit in A (since we took 114 to be ergodic) and then we can strengthen (8.3)
to: there exists a periodic orbit &'(p) inside A such that

Wi(p)=A and W*(p)=A. (8.4)

Recall the difference between W4 ( p) and W"(p) etc in the flow setting.
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Absence of Singularitiesin A Using property (8.4) we consider, on the one hand,
the invariant compact subset of A given by

L=ax(W*(p)),

the closure of the accumulation points of backward orbits of points in the strong-
stable manifold of the periodic orbit &'(p). By (8.4) we have L = A. On the other
hand, considering N = wx (W"*(p)) we likewise obtain N = A.

Let us assume that o is a singularity contained in A. By Lemma 8.6, o is either
Lorenz-like for X or Lorenz-like for —X.

In the former case, we would get W*¥ (o) C A because any compact part of the
strong-stable manifold of o is accumulated by backward iterates of a small neigh-
borhood y inside W**(x). Here we are using the property that the contraction along
the strong-stable manifold, which becomes an expansion for negative time, is uni-
form. In the latter case we would get W"** (o) C A by a similar argument reversing
the time direction.

We now explain that each one of these possibilities leads to a contradiction to the
dominated splitting of the Linear Poincaré Flow on the regular orbits of A, following
an argument from Chap. 5. It is enough to deduce a contradiction for a Lorenz-like
singularity for X, since the other case reduces to this one through a time inversion.

If W ()N A\ {o} D {y} for some point y € A and for some singularity o € A,
then we have countably distinct regular orbits of A accumulating on y € W** (o) (by
the definition of A) and on a point ¢ € W"(o0') (by the dynamics of the flow near o).

Applying the Connecting Lemma, we obtain a saddle-connection associated to
the continuation of o for a C!-close vector field Y, which is an “orbit-flip” connec-
tion; see Chap. 3.

These connections can be C! approximated by “inclination-flip” connections
for another C! nearby vector field Z, not necessarily conservative, as explained
in Chap. 3.

However the presence of “inclination-flip” connections is an obstruction to the
dominated decomposition of the Linear Poincaré Flow for nearby regular orbits.
This contradicts Lemma 2.29 and concludes the proof of Proposition 8.3.

8.1.2 Uniform Hyperbolicity

Here we conclude the proof of Theorem 8.1, showing that proper invariant hyper-
bolic subsets of a C!* incompressible flow cannot have positive volume.

Proposition 8.9 Let A be a compact invariant hyperbolic subset for X € %}]L(M ),
where M is compact manifold with finite dimension. Then either 1(A) = 0 or else
X is an Anosov flow and A = M.

The proof of Proposition 8.9 is given as a sequence of intermediate results in the
rest of this subsection. Assuming this result we easily have the following.
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Proof of Theorem 8.1 From Corollary 8.4 we have the result that a regular invariant
subset with positive volume with dominated splitting for the Linear Poincaré Flow
admits a positive volume subset which is hyperbolic. Therefore the flow of X is
Anosov from Proposition 8.9. ]

8.1.2.1 Positive Volume Hyperbolic Sets and Conservative Anosov Flows

For the proof, we recall the notion of partial hyperbolicity from Sect. 5.1.2. We need
the following result which will be demonstrated in the next section.

Theorem 8.10 ([8, Theorem 2.2]) Let f: M — M be a C'* diffeomorphism and
let A C M be a partially hyperbolic set with positive volume, where M is a finite-
dimensional compact manifold. Then A contains a strong-stable disk.

Proof of Proposition 8.9 Let A be a hyperbolic subset for X € %L*(M) with
w(A) > 0. Theorem 8.10 applied to f = X' provides a strong-stable disk y con-
tained in A. From Lemma 6.20 we see that L = «(y) satisfies W* (L) = {W*%(z) :
z € L} C L. This implies that W¥(L) = L by invariance.

Consider now W¥(L) = {W%(z) : z € L = W¥(L)}. This collection of unstable
leaves crossing the stable leaves of L forms a neighborhood U of L. Hence L is a
repeller: for w € U we have dist(X " (w), L) m 0.

This contradicts the preservation of the volume form p, unless L is the whole of
M. Thus M =L C A and X is Anosov. O

8.2 Singular-Hyperbolic Attractors Have Zero Volume

The following result generalizes the results of Bowen-Ruelle [62] which show that
a uniformly hyperbolic transitive subset of saddle-type for a C'* flow has zero
volume.

Theorem 8.11 Let X € X'T(M) be a vector field on a 3-dimensional manifold M .
Then any proper singular-hyperbolic attractor or repeller for X has zero volume.

Moreover, we obtain the following dichotomy extending to the continuous time
setting a similar result obtained for partially hyperbolic diffeomorphisms in [11].

Theorem 8.12 Let A be a transitive isolated uniformly hyperbolic set of saddle
type for X € X' (M) on a d-dimensional manifold M, for some d > 3. Then either
A has zero volume or X is a transitive Anosov vector field.

Using these results the dichotomy of Theorem 8.12 extends to singular-
hyperbolic attractors in three-dimensional manifolds.
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Theorem 8.13 Let A be a singular-hyperbolic attractor for X € X'* (M) where M
is a 3-manifold. Then either A has zero volume or X is a transitive Anosov vector

field.

8.2.1 Partial Hyperbolicity and Zero Volume on C'* Flows

The following result plays a crucial role in the proof of Theorem 8.11. We say that
a disk of topological dimension d > 1 is a d-disk.

Theorem 8.14 Let X be a C'T flow on a d-dimensional manifold with d > 3 and
let A be a partially hyperbolic invariant subset such that

ANy does not contain dg-disks for any strong-stable disk y . 8.5)

Then A has zero volume.

The proof of the above theorem is a consequence of the following result for com-
pact invariant subsets of C'* diffeomorphisms f with dominated decomposition,
whose proof is the content of the rest of this subsection.

Before we state the result let us recall the notion of dominated splitting for a
diffeomorphism f over a compact f-invariant set A, which is very similar to the
one given in the definition of (K, A)-dominated splitting in Chap. 5 since we need
only replace the relation (5.1) by

IDf | Exll- IDf ' | Fell <2 (8.6)

for all x € A. Analogously partial hyperbolicity for a diffeomorphism f is given by
a dominated decomposition E & F over a compact invariant subset A with uniform
contraction along the direction E.

Theorem 8.15 Let f : M — M be a C'T diffeomorphism and let A C M be a
partially hyperbolic set with positive volume. Then A contains a strong-stable disk.

Let us now prove Theorem 8.14 using Theorem 8.15. Let A be a partially hyper-
bolic compact invariant set for a flow X € X!+ (M) where M is a d-manifold with
d > 3. Assume that condition (8.5) is satisfied by A.

Arguing by contradiction, if m(A) > O then setting f = X, the time-one dif-
feomorphism induced by the vector field X, we see that A is a partially hyperbolic
set for f with positive volume. Hence, by Theorem 8.15, there exists some strong-
stable disk y for f contained in A with dimension dg, which is a strong-stable
disk for the flow X' and contradicts property (8.5). This contradiction shows that
m(A) = 0 and proves Theorem 8.14.
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8.2.1.1 Pre-balls and Bounded Distortion

Here we give some preparatory results for the proof of Theorem 8.15. We fix contin-
uous extensions of the two bundles £ and F to some neighborhood U of A, which
we denote by E and F. We do not require these extensions to be invariant under Df .
Given 0 < a < 1, we define the center-unstable cone field (Cf (X))xev of width a
by

CE(x)={vi + vy € Ex ® F such that |[vi]| <a - |[v2]l}. (8.7)

We define the stable cone field (C(‘lE (x))xev of width a in a similar way, just revers-
ing the roles of the bundles in (8.7). We fix @ > 0 and U small enough so that, up to
slightly increasing A < 1, the domination condition (8.6) remains valid for any pair
of vectors in the two cone fields:

IDf )ull - 1D~ (F )l <A full - [lv] (8.8)

for every u € CE(x), v e CF(f(x)), and any point x € U N f~!(U). Note that the
unstable cone field is positively invariant:

Df(x)CEF)y ccl(foy,

whengver x, f(x) € U. Indeed, the domination (8.8) together with the invariance of
F = F | A imply that

Df(x)CE) ccf,(fx) cclrx,

for every x € A. This extends to any x € U N f~!(U) by continuity. Analogously
the stable cone field is negatively invariant:

Df 't ccEr ),

whenever x, f(x) € U.

If a > 0 is taken sufficiently small in the definition of the cone fields, and we
choose 81 > 0 also so small that the §;-neighborhood of A is contained in U, then
by uniform continuity of Df we have | Df | Ey|| < A~'/2. | Df | E,| and

IDf)ull < 272D L Ex| - lull < A2 [ull, (8.9)

whenever x € A, dist(x, y) <§j,and u € Cf(y).

We say that an embedded C! submanifold N C U is tangent to the stable cone
field if the tangent subspace to N at each point x € N is contained in Cf (x). Then,
by the domination property (8.6), f~'(N) is also tangent to the stable cone field,
if it is contained in U. In particular, if N, f~'(N), ..., f~%(N) c U, then Df* |
Ty is a A¥/2-contraction according to (8.9), since | Df | E|| < A by partial
hyperbolicity. Thus, denoting by disty the distance along N given by the length of
the shortest smooth curve connecting two given points inside N, we obtain
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Lemma 8.16 Let A C U be a C' disk of radius 8 < 8 tangent to the stable cone
field. Then there exists ng > 1 such that, for n > ng and x € A with dists(x, 0A) >
38/2, there is a neighborhood V,, of x in A such that =" maps V,, diffeomorphically
onto a disk of radius §1 around 7" (x). Moreover,

dist pni oy, (F TR, F TR @) < A2 st pon gy, (F O, £ ()

forevery 1 <k <n andeveryy,z €V,.

We shall sometimes refer to the sets V,, as pre-balls. The next corollary is a
consequence of the contraction given by the previous lemma, together with some
Holder control of the tangent direction which can be found in [9, Corollary 2.4,
Proposition 2.8].

Corollary 8.17 There exists C > 1 such that, given A as in Lemma 8.16 and given
any pre-ball V,, C A with n > no, then forall y,z € V,

1 |detDf ™| T,A|
_,< = 7 <.
C ~ |detDf | T,A| —

8.2.1.2 A Local Unstable Disk Inside A

Assuming that A has positive volume and given an embedded disk A in M, denote
by m 4 the measure naturally induced by the volume form m on A. Choosing an
m density point of A, we laminate a neighborhood of that point into disks tangent
to the stable cone field. Since the relative Lebesgue measure of the intersections of
these disks with A cannot be all equal to zero, we obtain some disk A intersecting
A in a positive m 4 subset. Hence, in the setting of Theorem 8.15, we assure that
there is a disk A tangent to the stable cone field intersecting A in a positive m
subset. Let H = AN A.

Lemma 8.18 There exist an infinite sequence of integers 1 <ky <k, < --- and, for
each n € N, a disk A, of radius §1/4 tangent to the stable cone field such that the
relative Lebesgue measure of f % (H) in A, converges to 1 as n — oc.

Proof Let ¢ > 0 be some small number. By regularity of m 4, let K be a compact
subset of H and let A be an open neighborhood of H in A such that ma(A\ K) <
e-ma(H)/(14¢). Then

ma(A\K) <e-ma(K).
Choose n sufficiently large so that V, C A for each x € K, where V, is the pre-

ball associated to n. This pre-ball is mapped diffeomorphically by f~" onto a
ball Bs, (f~"(x)) of radius §; around f~"(x) tangent to the stable cone field. Let
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W, C V, be the pre-image of the ball Bs, /4(f " (x)) of radius &1 /4 under this dif-
feomorphism. By compactness we have

KCWy,U---UW,

for some xi,...,x,; € K. Let I be a maximal subset of {1,...,m} such that
Wy, N Wy, =¥ for i, j € I with i # j. By maximality, each Wy, 1 < j <m,
intersects some Wy, with i € 1, and thus f™"(Wy;) = Bs,4(f ™" (x;)) intersects
By, ja(f ")) = f7"(Wy,). Hence f~"(Wy,) C Bs, (f "(xi)) = f"(Vx,), that
is, ij C Vy;. Hence {Vy,}ics is a covering of K. Denoting by D the disk f™" A
tangent to the stable cone field, by Corollary 8.17 we have

mp(f (W) _ Jwy 19€DS " IT Aldma oy (wy)
mp(f7" (Vi) [y, 1detDF " [ TyAldma =~ ma(Vy)

and, since the area of any §; /4-ball is comparable to the area of a §1-ball centered at
the same point on a given disk (recall that lengths are measured along the disk with
respect to the induced metric), there is a uniform constant 6 > 0 such that

W,
M >0, foreveryiel.
mA(VX,')
Hence
ma(Uier W) =D ma(Wy) = > 0ma(Vy,) = 0ma(K).
iel iel
Setting
. {mA(Wx,- \K) . }
p=mny—— i€y,
mA(Wx,-)
we have

ema(K) 2 ma(A\ K)
> ma(Vier Wy, \ K)
> pma(Uier Wy;)
> pOmA(K).

This implies that p < &/6. Since ¢ > 0 can be taken arbitrarily small, by increasing
n we may take W, such that the relative Lebesgue measure of K in Wy, is arbitrarily
close to 1. Then, by the bounded distortion provided by Corollary 8.17, the relative
Lebesgue measure of f~"(H) D f~"(K) in f~"(Wy,), which is a disk of radius
81/4 around f~"(x;) tangent to unstable cone field, can be made arbitrarily close
to 1. |
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Let us now prove that there is a strong-stable disk of radius 81 /4 inside A. Let
(An)n be the sequence of disks given by Lemma 8.18, and consider (x;), the se-
quence of points at which these disks are centered. Up to taking subsequences, we
may assume that the centers of the disks converge to some point x. By Ascoli-
Arzela, these disks converge to some disk Ao, centered at x. By construction, every
point in A, is accumulated by some iterate of a pointin H C A, and so Ay, C A.

Note that each A, is contained in the k,-iterate of A, which is a disk tangent to
the stable cone field. The domination property implies that the angle between A,
and E goes to zero as n — 0o, uniformly on A. In particular, A, is tangent to E
at every point in Ao, C A. By Lemma 8.16, given any k > 1, then f¥ is a o¥/2-
contraction on A, for every large . Passing to the limit, we find that f* is a o/2-
contraction on A, for every k > 1. In particular, we have shown that the subspace
E, is uniformly contracting for Df for x € Ay. The fact that TA\M = E @ F is
a dominated splitting implies that any contraction which Df may exhibit along
the complementary direction F is weaker than the contraction in the E direction
whenever x € Ax. Then, by [196], there exists a unique strong-stable manifold
W;> (x) tangent to E which is contracted by the positive iterates of f. Since An is
contracted by every fX, and all its positive iterates are tangent to stable cone field,
then A is contained in W5 (x).

loc

This completes the proof of Theorem 8.15.

8.2.2 Positive Volume Versus Transitive Anosov Flows

Now we prove Theorems 8.11, 8.12 and 8.13.

8.2.2.1 Positive Volume Transitive Hyperbolic Sets and Anosov Flows
We start by proving Theorem 8.12.

Lemma 8.19 Ler A be a transitive uniformly hyperbolic set for X € X'+ (M) such
that m(A) > 0, where M is a d-manifold, for some d > 3. If there exists a point
x € A inthe interior of W).(x) N A, then A D W**(y) for all y € A. Moreover, the

set W"(A) formed by the union of all unstable manifolds through points of A is an
open neighborhood of A.

Here the interior of W (x) N A is taken with respect to the topology of the disk
Wfosc(x). The proof follows [174, Lemma 2.16] and [21, Lemma 2.8] closely; see
also the proof of Lemma 6.19.

Proof Letx € A be such that x is in the interior of W (x) N A. Let «(x) C A be its
a-limit set. Then Lemma 6.20 ensures that «(x) contains all strong-stable manifolds
through its points.
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Clearly the invariant set «(x) C A is uniformly hyperbolic.
It also follows from the previous remarks that the union

s= J w¥0) or S=WU(aw)
yea(x)

of the strong-stable manifolds through the points of «(x) is contained in A. By
continuity of the strong-stable manifolds and the fact that «(x) is a closed set, we
find that S is also closed. Again S is a uniformly hyperbolic set.

We claim that W*(S), the union of the unstable manifolds of the points of S, is
an open set. To prove this, we note that S contains the whole stable manifold W*(z)
of every z € §: this is because S is invariant and contains the strong-stable manifold
of z. Now the union of the strong-unstable manifolds through the points of W*(z)
contains a neighborhood of z. This proves that W*(S) is a neighborhood of S. Thus
the backward orbit of any point in W*(S) must enter the interior of W*(S). Since
the interior is, clearly, an invariant set, this proves that W*(S) is open, as claimed.

Finally, consider any backward dense orbit in A of a point that we call w. On the
one hand o(w) = A. On the other hand, X_;(w) must belong to W*(S) for some
t >0, and so «(w) C S by invariance. This implies that A C § and, since S C A by
construction, we see that A = S. O

Proof of Theorem 8.12 Assume that m(A) > 0. Then Theorem 8.15, applied to the
map f = X and to the set A with dominated decomposition given by the splitting

E®(EXaF),

ensures that there exists a strong-stable disk y contained in A. Analogously, apply-
ing Theorem 8.15 to f = X_; and to the set A with dominated decomposition given
by the splitting

(E@EX)@F,

we get a strong-unstable disk § contained in A.

Now the existence of y enables us to use Lemma 8.19 and deduce that A contains
the strong-stable manifolds of each of its points and that W*(A) is an open neigh-
borhood of A. In the same way, using Lemma 8.19 for the flow generated by —X,
from the existence of § we deduce that A contains the strong-unstable manifolds of
all of its points, that is, W*(A) C A.

But since W¥(A) is an open neighborhood of A, we conclude that A is simul-
taneously open and closed in M. Hence A = M by connectedness. This shows that
the whole of M is a transitive uniformly hyperbolic set for X and completes the
proof of Theorem 8.12. U

8.2.2.2 Positive Volume Singular-Hyperbolic Sets and Anosov Flows

Now we prove Theorems 8.11 and 8.13. To do this we need some preliminary re-
sults which show in particular that transitive singular-hyperbolic sets satisfy condi-
tion (8.5).
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In what follows X is a vector field in X!'* (M) and M is a 3-manifold.

Lemma 8.20 Let A be a transitive partially hyperbolic invariant set for X with
volume expanding central direction. Then

o cither W*S(x) N A contains no strong stable disks for all x € A,
e or A is a uniformly hyperbolic set (and in particular A does not contain singu-
larities).

Proof Let us suppose that there exists x € A such that x is in the interior of
W3 (x) N A. Then Lemma 6.20 ensures that o(x) contains the stable manifold
through all its points. It follows that «(x) does not contain any singularity, according
to Theorem 6.3, and from Theorem 2.27 the set «(x) is uniformly hyperbolic.

As in the proof of Lemma 8.19 we have

S=W"akx) cA

and S is closed. Again we see that S does not contain any singularity o, for other-
wise we would have W95 (o) D W* (z) for some z € a(x) which would contradict
Theorem 6.3 since W*S(z) C A. Thus S is a uniformly hyperbolic set.

Then W*(S) is also an open set as in the proof of Lemma 8.19. Since we are
assuming that A is transitive, again by the same arguments as in the proof of
Lemma 8.19, we have A = S. This shows that A is uniformly hyperbolic and in
particular it does not contain any singularity of X. (I

Proof of Theorem 8.11 Let A be a proper transitive singular-hyperbolic set for X.
Assume first that A does not contain singularities. Then A is a proper uniformly
hyperbolic subset of saddle type and by Theorem 8.12 A has zero volume.

Now if A contains singularities, by Lemma 8.20 we know that A satisfies prop-
erty (8.5) in the statement of Theorem 8.14. Hence A has zero volume. O

We can obtain a stronger conclusion if we further assume that A is an attractor.

Lemma 8.21 Let A be a singular-hyperbolic attractor for X . Then

e cither W% (x) N A contains no strong stable disks for all x € A,
e or A =M is a uniformly hyperbolic set (and consequently X is a transitive
Anosov vector field).

Proof Assume that there exists x € A such that x is in the interior of W*(x) N A.
From Lemma 8.20 we know that there exists a uniformly hyperbolic set S C A such
that W¥(S) is an open neighborhood of S. Moreover we also have A = §S.
However, if A is an attractor, then W*(S) C A and so A = W*(S). Hence A is
closed and also open. The connectedness of M implies that A = S = M. In par-
ticular X has no singularities and the whole of M admits a uniformly hyperbolic
structure with a dense orbit, and thus X is a transitive Anosov vector field. O
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Proof of Theorem 8.13 Let A be a singular-hyperbolic attractor for a C!'* vector
field X on a 3-manifold. If m(A) > 0 then according to Theorem 8.15 we find that
there exists some strong-stable disk y contained in A.

Hence, since A does not satisfy the first alternative of Lemma 8.21, we con-
clude that A = M and so X is an Anosov vector field. This concludes the proof of
Theorem 8.13. (]

8.2.3 Zero-Volume for C' Generic Singular-Hyperbolic Attractors

It is possible to extend the previous results on zero volume for singular-hyperbolic
attractors for C'* flows to some locally generic subsets in the C! topology. Recall
that a subset G of a set U is generic if it may be written as a countable intersection
of open and dense subsets of U. Since X' (M) is a Baire space, generic subsets of a
given open subset U of X! (M) are dense in U.

Concrete examples of such open sets on 3-manifolds are given by robust singular-
hyperbolic attractors, which comprise the Lorenz attractor, the geometric Lorenz
attractors, attractors arising from certain resonant double homoclinic loops [176]
or from certain singular cycles [171], and certain models across the boundary of
uniform hyperbolicity [173]; see Chap. 10.

Theorem 8.22 Let A be a robust attractor for X € X' (M) on a 3-manifold M
with isolating neighborhood U . Then there is a C'-neighborhood U of X and a C'
generic set G C U such that Ay (U) has volume zero forall Y € G.

The proof of this is a consequence of the following.

Theorem 8.23 Let A be an isolated partially hyperbolic set satisfying condi-
tion (8.5) for X € X"(M) on a d-dimensional manifold M with d > 3. Given an
isolating neighborhood U of A, let U C X' (M) be such that Ay(U) is partially
hyperbolic and also satisfies condition (8.5) for all Y € U.

If W is Cl-open, then there exists a generic set G C U such that Ay(U) has
volume zero forall Y € G.

Proof Let A be an isolated partially hyperbolic invariant compact subset for a flow
X € X" (M), for some r > 1, such that A satisfies condition (8.5). We always write
U for the isolating neighborhood of A.

We consider the sets

o U={Y e X" (M): Ay(U) is partially hyperbolic satisfying (8.5)} which we as-
sume is a C! open subset of X'(M);

o V={Y e X3(M): Ay(U) is partially hyperbolic satisfying (8.5)};

e U, ={Y elU:m(Ay(U)) < ¢}
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Since every C! flow X is arbitrarily close to some C? flow Y in the C! topology
(see e.g. [190]) and we are assuming that U is C! -open, we conclude that V is dense
in U in the C! topology.

We claim that U, is open and dense in U in the C' topology. After proving this
claim the proof of Theorem 8.23 finishes by setting § = N;,>1U;/,. In what follows
we prove this claim.

Let Y € U, be given. Then for every sufficiently large fixed 7 > 0 we set

Ay =N__7Y(U)2 Ay(U) and e =&—m(Ay})>0.

There exists § > 0 such that

m(B(A}.8)\ 4]) < 3
Let B€1(Y, ¢) denote the C'-neighborhood of radius ¢ around Y. Using the fact that
T is finite, by continuity and compactness we find ¢ > 0 such that

ZeBC(v,0) = ALcB(ALS).

We have
e
m(4}) =m(B(4].6)) <m(a])+ 5 <e.

forall Z e UN BC1(Y, ¢). Since Az(U) C AT, we conclude that m(Az(U)) < ¢,
forall ZeUN BC1(Y, ).

This proves that U, is C'-open. To prove that U, is C'-dense in U, just observe
that VN U C U, by Theorem 8.14. Since V is C'-dense in U this concludes the
proof of the claim and ends the proof of Theorem 8.23. O

Proof of Theorem 8.22 This is a consequence of Theorem 8.23 since a C'! robust
attractor for 3-flows is a singular-hyperbolic attractor as shown in Chap. 5. ]

8.2.4 Extension to Sectionally Expanding Attractors in Higher
Dimensions

The class of sectionally expanding attractors was introduced, by Metzger and
Morales in [156], to extend the singular-hyperbolic class of attractors in three-
dimensional manifold to higher dimensions; see Sect. 5.2. The same results proved
in this subsection are also true for this class of attractors for higher dimensional
flows.

Theorem 8.24 Let A be a sectionally expanding attractor for a C'* flow X' on a
d-dimensional manifold, where d > 4. Then either A has zero volume, or A = M
and the flow is Anosov.
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Indeed, a sectionally expanding attractor without singularities is a hyperbolic
attractor from Theorem 2.27, because of the following.

Lemma 8.25 The Linear Poincaré Flow over A admits a hyperbolic splitting.

Proof Indeed, if E* @ E€ is the splitting of 7 M over A, then the projections N* :=
O - E* and N" := 0 - E€ are P'-invariant, and N* is uniformly contracted by P’
by the same arguments as in the proof of Theorem 2.27. The expansion along N* is
obtained as follows.

Let v be a unit vector on N for some fixed x € A and let Fy be the subspace
spanned by v and X (x). We recall that X 0 over A by assumption and for some
K >0wehave K~ < || X(x)| <K forallx € A by compactness. Let us fix > 0
and consider the basis {%, v} of Fy. We note that DX (F,) is a bidimensional

where we take the basis {%,

Cc

subspace F! of EX,(X),

w}, with

% -DX" (v
w = —X &) ’t‘( ) belonging to Ny, -
0%y - DXL W)l

The same argument of Proposition 6.15 applies here: with respect to these othonor-

mal bases we have
XXl
DX'|Fy=| [XWI ,
0 A

because the flow direction is invariant. Since we can assume without loss of gener-
ality that || || < K over A (taking a bigger value for K if needed), we have

X(R 1 .
1X( ()C))IIA2 . det (DX | £
X Col K
and
1P vl =110x1y - DX ) =11A-w] = |A]
> K 3|det(DX" | Fy)| > K 3CA.
This proves that N“ is uniformly expanded by the Linear Poincaré Flow. (]

Next we argue that sectionally expanding attractors with positive volume for C'+
flows cannot have equilibria. Thus from the previous arguments these are hyperbolic
attractors with positive volume. Then we deduce Theorem 8.24 using Theorem 8.12.

The possible singularities belonging to a sectionally expanding attractor are gen-
eralized Lorenz-like by Remark 5.33.

Assuming that a sectionally expanding attractor A has singularities, then they
are Lorenz-like and their strong-stable manifolds do not intersect A except at the
singularities, again by Remark 5.33.
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Now we are in exactly the same situation as at the beginning of Sect. 8.2.2 to
show that A cannot contain strong-stable disks if A contains singularities. However
A is a partially hyperbolic set so, if A has positive volume, then by Theorem 8.15
A must contain a strong-stable disk. Thus A cannot contain singularities, as we
needed. The proof of Theorem 8.24 is complete.



Chapter 9
Global Dynamics of Generic 3-Flows

Vitor Araijo, Mario Bessa,
and Maria José Pacifico

The results in Chap. 5 form the basis of a theory of flows on three-dimensional man-
ifolds and paved the way for a global understanding of the dynamics of C! generic
flows in dimension 3. Here we present some results from the generic viewpoint,
either for C! flows on 3-manifolds, or for C! conservative flows on 3-manifolds.
This means that we present some properties satisfied by a generic subset of all vec-
tor fields in compact 3-manifolds in the C! topology. We recall that a generic subset
of a topological space is a countable intersection of open and dense subsets. Since
X'(M), endowed with the C! topology, is a Baire space, then every generic subset
in dense. The importance of generic properties stems from the fact that the intersec-
tion of any countable number of generic subsets is itself a generic subset, so that
we can always add the properties we know to be generic. In this way we obtain
topologically large families of vector fields with fairly strong dynamical properties.

The choice of the C! topology is a consequence of the present development of
deep perturbation tools, such as the Closing and Connecting Lemmas, which are
only available in the C' topology. However, dealing with the C! topology has se-
rious disadvantages. This topology does not have a strong physical meaning when
dealing with solutions of differential equations, since perturbations of solutions of-
ten arise naturally in higher topologies (C” with r > 1) by dealing with higher order
derivatives. Moreover, some results that can be proved using the C! topology, such
as the dichotomy we present in what follows for C! generic conservative vector
fields in 3-manifolds, are simply not true in higher topologies, since the “KAM
Theory” (see e.g. [26, 248]) directly contradicts this dichotomy; see below.

We first extend a classification result from hyperbolic dynamics to singular-
hyperbolic attracting sets. The Spectral Decomposition Theorem for hyperbolic sys-
tems plays a central role. It ensures that an attracting hyperbolic set having dense
periodic orbits must be a finite disjoint union of homoclinic classes. Here we pro-
vide a version of this result in the setting of singular-hyperbolic systems, presented
in Sect. 5, following [170].

Theorem 9.1 An attracting singular-hyperbolic set with dense periodic orbits and
a unique singularity is a finite union of transitive sets. Moreover, either the union is
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disjoint or the set contains finitely many distinct homoclinic classes. For C"-generic
flows, r > 1, the union is in fact disjoint.

We also show that a generic C! vector field on a closed 3-manifold either has
infinitely many sinks or sources, or else is singular Axiom A without cycles. These
results are contained in [168].

Theorem 9.2 A generic vector field X € X' (M) satisfies (only) one of the following
properties:

1. X has infinitely many sinks or sources.
2. X is singular Axiom A without cycles.

A Singular Axiom A vector field is such that the non-wandering set of the vec-
tor field has a decomposition into finitely many compact invariant sets £2(X) =
£21 U .- U £2, each one being either a (uniformly) hyperbolic basic set (i.e. tran-
sitive, isolated and with a dense subset of periodic orbits) or a singular-hyperbolic
attractor, or a singular-hyperbolic repeller with dense subset of periodic orbits (these
are defined in Chap. 5—we note that, in this decomposition, the singular-hyperbolic
sets are transitive by definition).

An analogous result was proved by Maiié in [145] for C! generic diffeomor-
phisms on surfaces.

Conservative flows are a traditional object of study from Classical Mechanics,
see e.g. [26]. These flows preserve a volume form on the ambient manifold and thus
come equipped with a natural invariant measure. On compact manifolds this pro-
vides an invariant probability giving positive measure (volume) to all open subsets.
Therefore for vector fields in this class we have £2(X) = M by the Recurrence The-
orem. In particular such flows cannot have Lyapunov stable sets, either for X or for
-X.

The device of Poincaré sections has been used extensively in the previous chap-
ters to reduce several problems, arising naturally in the setting of flows, to lower
dimensional questions about the behavior of a transformation. In the opposite direc-
tion, recent breakthroughs in the understanding of generic volume preserving diffeo-
morphisms on surfaces have non-trivial consequences for the dynamics of generic
conservative flows on three-dimensional manifolds.

The Bochi-Maiié Theorem [51] asserts that, for a C I residual subset of area
preserving diffeomorphisms, either the transformation is Anosov, or the Lyapunov
exponents are zero Lebesgue almost everywhere. This was announced by Maiié
in [146] but only a sketch of a proof was available [149]. The complete proof,
presented by Bochi, admits extensions to higher dimensions, obtained by Bochi
and Viana in [53], stating in particular that either the Lyapunov exponents of a C'
generic conservative diffeomorphism are zero Lebesgue almost everywhere, or the
system admits a dominated splitting for the tangent bundle dynamics. A survey of
this theory can be found in [52].

Using an important result of Zuppa in [277] proving that C* conservative flows
are C! dense among conservative flows (which was recently generalized by Arbieto-
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Matheus in [22] providing the C! denseness of Holder-C! conservative flows), to-
gether with the zero volume results above and several delicate perturbation tech-
niques adapted from the work of Bochi [51], we follow [19, 39] in Sect. 9.3 to prove
the Bochi-Maiié dichotomy for C! conservative flows on 3-manifolds: C! generi-
cally either the flow is Anosov or else the Lyapunov exponents are zero Lebesgue
almost everywhere.

The presence of singularities imposes some differences between the discrete and
continuous systems. More precisely, let X}, (M) be the space of C" vector fields
defining flows which preserve the volume form pu on M, for any r > 1, and let
%:L (M)* be the subset of .’{L(M ) of C" flows with zero divergence but without
singularities.

Theorem 9.3 There exists a residual set % C .’{L (M)* such that, for X € X, either
X is Anosov or else for Lebesgue almost every p € M all the Lyapunov exponents
of X! are zero.

Developing the ideas of the proof of this result, the following statement on dense-
ness of dominated splitting, now admitting singularities, was also obtained in the
same work by Bessa [41].

Recall the definition of Linear Poincaré Flow in Sect. 2.6. Given an invariant
subset A for X € X' (M), an invariant splitting N! @ N? of the normal bundle N 4
for the Linear Poincaré Flow P’ is said to be n-dominated if there exists an integer
n such that we have the domination relation

| 1] 1
|PrIN2(p)| ~ 2

for every p € A.

Theorem 9.4 There exists a dense set® C X (lu(M ) such that, for X € 3, there exist
invariant subsets D and Z whose union has full measure, such that

e for p € Z the flow has only zero Lyapunov exponents;
e D is a countable increasing union A, of compact invariant sets admitting an
n-dominated splitting for the Linear Poincaré Flow.

We prove these two results in Sect. 9.3. Now from Theorem 8.1 already proved
in Chap. 8, we observe that C! generically the subset D in the second possibility of
the statement of Theorem 9.4 has positive volume if, and only if, the flow is Anosov.
Hence we can extend Theorem 9.3 to flows with singularities.

Theorem 9.5 There exists a generic subset R C Z{L(M ) such that for X € R

o cither X is Anosov;
o or else for Lebesgue almost every p € M all the Lyapunov exponents of X' are
zero.
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We remark the Kolmogorov-Arnold-Moser Theorem ensures the persistence of
invariant circles with irrational rotations near an elliptic fixed point (the eigenval-
ues of the derivative of the map at the point are both complex with norm one) of
a conservative diffeomorphism of a surface. In many cases the family of invari-
ant circles has positive Lebesgue area for all C*™ nearby maps. Suspending this
diffeomorphism we obtain a flow on a compact 3-manifold, which can be made in-
compressible, with a positive Lebesgue volume set consisting of invariant tori. The
flow restricted to these bidimensional tori behaves like a linear irrational flow, with-
out singularities, and with all Lyapunov exponents zero. Hence we obtain a positive
Lebesgue measure invariant subset for a conservative flow on a 3-manifold, whose
points have only zero Lyapunov exponents, and this is a persistent feature, valid for
all nearby flows in the C" topology, for r > 4.

This clearly contradicts the statement of Theorem 9.5. So this C! generic result
cannot be extended to higher topologies.

9.1 Spectral Decomposition

Here we prove Theorem 9.1, stating that an attracting singular-hyperbolic set with
dense periodic orbits, and a unique singularity, is a finite union of transitive sets.
The straightforward extension of the result on a finite disjoint union of homo-
clinic classes from uniformly hyperbolic to a singular-hyperbolic attracting set with
a dense subset of periodic orbits is false, as the next counterexample shows.
Consider a modification of the construction of the geometric Lorenz attractor
given in Sect. 3.3, obtained by adding two equilibria to the flow located at W* (o) as
indicated in Fig. 9.1. This modification can be done in such a way that the new flow
restricted to the cross-section S has a C*® invariant stable foliation and the quotient
map in the leaf space is piecewise expanding with a single discontinuity ¢ as in
the Lorenz case. The resulting attracting set can be proved to be a homoclinic class
just as in the geometrical Lorenz case (see Sect. 3.3.6). In particular, such a set is
transitive with dense periodic orbits and is also singular-hyperbolic by construction.

Fig. 9.1 A modified / / /
geometric Lorenz attractor
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Fig. 9.2 A sketch of the
construction of a
singular-hyperbolic attractor
which is not the disjoint
union of homoclinic classes

Now glue two copies of this flow along the unstable manifold of the singularity o
obtaining the flow depicted in Fig. 9.2. The resulting flow can be made C*° easily.

In this way we construct an attracting singular-hyperbolic set with dense peri-
odic orbits and three equilibria which is not the disjoint union of homoclinic classes
(although it is the union of two transitive sets). It is possible to construct a simi-
lar counter-example with a unigue singularity, while this counterexample has three
equilibria. However the construction in this case is more involved; see [38].

The above counterexample shows that, when dealing with the spectral decompo-
sition for singular-hyperbolic sets, it is possible to obtain a finite union of transitive
sets rather than a finite disjoint union of homoclinic classes. The next result shows
that the former situation always occurs if the attracting set has only one singularity.

Theorem 9.6 An attracting singular-hyperbolic set with dense periodic orbits and
a unique singularity is a finite union of transitive sets.

Proof Split A into finitely many connected components. On the one hand such com-
ponents are clearly attracting with dense periodic orbits and the non-singular ones
are hyperbolic, hence transitive, by the Spectral Theorem for uniformly hyperbolic
sets; see e.g. [252]. On the other hand, the singular component satisfies the condi-
tions of Theorem 6.38. Hence this component is either transitive or the union of two
homoclinic classes, which are transitive sets. Therefore A, which is the union of its
connected components, is a finite union of transitive sets. O

Note that by a result of Morales [163] every transitive set of a flow Y, close to X,
contained in the isolating neighborhood U of a singular-hyperbolic attractor A of
X must contain a singularity. Therefore, since compact invariant subsets in A not
containing singularities are hyperbolic and admit a spectral decomposition, and the
number of singularities in U is finite, the w-limit set in U for Y has finitely many
transitive pieces only, all of which are singular. Hence, near a singular-hyperbolic
attractor, the number of transitive pieces is robustly finite.
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It is natural to ask whether the union in Theorem 9.6 is disjoint. Recall that a
vector field is Kupka-Smale if all its closed orbits are hyperbolic and their associated
invariant manifolds are in general position; see Sect. 2.5.10.

Theorem 9.7 An attracting singular-hyperbolic set, with dense periodic orbits and
a unique singularity, of a Kupka-Smale vector field is a finite disjoint union of tran-
sitive sets.

Proof Let X be a Kupka-Smale vector field in a compact 3-manifold and let A be
an attracting singular-hyperbolic set of X with dense periodic orbits and a unique
singularity o. It suffices to prove that the connected component of A containing the
singularity o is transitive. By contradiction, suppose that this is not so.

On the one hand, by Theorem 6.44, we obtain a regular point a in the unstable
manifold W*(o) of o such that w(a) is a periodic orbit &'(p). On the other hand,
the unstable manifold W* (o) is one-dimensional, and so the vector field exhibits a
non-transverse intersection between W (o) and W*(p), contradicting the choice of
X in the Kupka-Smale class. O

Theorem 9.7 implies that the union in Theorem 9.6 is disjoint for most vector
fields on closed 3-manifolds. Denote by A" (M) the subset of all vector fields X €
X" (M) for which every attracting singular-hyperbolic set with dense periodic orbits
and a unique singularity of X is a finite disjoint union of transitive sets. Standard C'!
generic arguments (see e.g. [56]) imply that R” (M) is residual in X" (M) when r =
1. The following corollary proves this assertion for all » > 1. The proof combines
Theorem 9.7 with the classical Kupka-Smale Theorem (see e.g. [190]).

Corollary 9.8 The class SR (M) is residual in X" (M) for every r > 1.

Now consider the complement of SR” (M). For a compact invariant subset A of a
vector field X define the family € (A) of homoclinic classes contained in A. Note
that if A is hyperbolic then € (A) is finite. We are able to give sufficient conditions
for the finiteness of ¥ (A) when A is a singular-hyperbolic set.

Theorem 9.9 Let A be an attracting singular-hyperbolic set with dense periodic
orbits and a unique singularity of X € X" (M). If A is not a disjoint union of transi-
tive sets, then € (A) contains finitely many homoclinic classes only.

Theorem 9.6 applies to the class of singular-hyperbolic vector fields introduced
by Bautista in [36]. A vector field X is singular-hyperbolic if its non-wandering set
£2(X) has dense critical elements and, if A(X) denotes the union of the attracting
and repelling closed orbits, there is a disjoint union

£2(X)\ AX) = £21(X) U £22(X),

where £21(X) is a singular-hyperbolic set for X and £2,(X) is a singular-hyperbolic
set for —X.
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This class of singular-hyperbolic vector fields contains the Axiom A vector fields
(uniformly hyperbolic) and the singular Axiom A example resembling the geometric
Lorenz attractor, described after Corollary 9.14.

Remark 9.10 An example of a singular-hyperbolic vector field in the 3-sphere S°
which is not Kupka-Smale can be derived from the example described in Fig. 9.1:
we consider the singularity o1, which is accumulated by regular orbits only on one
side, and weaken its weak-contracting eigenvalue so that DX (o7) now has three
real eigenvalues —A, 0, k with A, ¥ > 0. We can perform this perturbation keeping
the local stable manifold of o so that the global picture in Fig. 9.1 is kept. Since o
becomes non-hyperbolic, the vector field is not Kupka-Smale.

The following is a direct consequence of Theorems 9.6 and 9.7, and taken to-
gether this completes the proof of Theorem 9.1.

Corollary 9.11 Let X be a singular-hyperbolic vector field with a unique singular-
ity on a compact 3-manifold. If §21(X) is attracting and §2>(X) is repelling, then
$2(X) is a finite union of transitive sets. If X is Kupka-Smale, then such a union is
disjoint. In particular, the union is disjoint for a residual subset of vector fields in
X"(M),r>1.

An example of a singular-hyperbolic vector field in S? satisfying the conditions
of Corollary 9.11, without sinks nor sources, was described just before the statement
of Corollary 9.12.

The extension of these results to general singular-hyperbolic attracting sets, with
several singularities, is still work in progress.

Proof of Theorem 9.9 Suppose that A is not a disjoint union of transitive sets. Split
A into finitely many connected components as before. It suffices to prove that €' (A”)
contains finitely many homoclinic classes for all connected components A" of A. On
the one hand, for non-singular A’ we have nothing to prove, since A’ is uniformly
hyperbolic by Proposition 6.2.

On the other hand, the singular connected component Ao must contain W* (o)
(since it is connected), and W (o) has two connected components. Choose points
a,a’ in each one. Observe that Ag must not be transitive by the assumptions on A.
Then by Theorem 6.44 there are periodic orbits such that w(a) = €(a) and w(a’) =
O'(a’). By contradiction assume that there are infinitely many distinct homoclinic
classes in Ag.

Then there exists an infinite sequence of pairwise distinct periodic orbits O, C
Ap and an infinite sequence z, € Oy, and so the set A = U, H (z;;) must contain o.
For otherwise A C Ag \ {0} is uniformly hyperbolic and the number of homoclinic
classes would be finite.

Consider then x,, € 0}, such that x, ——— o. Since x,, is not o, the accumula-
n—-+00

tion on o and the flow-boxes near o show that the orbit &, accumulates also either
a or a’. Without loss of generality, assume the former case is true.
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Fig. 9.3 The accumulation
on one of the components
of W8 (o)

Since wx(a) = O(p) and 0, accumulates at a, we can find z), € 0, passing
close to O as indicated in Fig. 9.3.

By the inclination lemma we can assume that z,, converges to a point either in one
component W¥T of WS(&) \ O, or in the other component W* ~. Again suppose
that we are in the former case. By Lemma 6.43 and the inclination lemma we obtain
z, € Wt = H*. But then H(z)) = H(x) = H(z,) = H™" for infinitely many n
(since Theorem 2.17 ensures that every homoclinic class contains a dense subset of
periodic orbits, all of which are homoclinically related).

This contradicts the choice of z;,. U

9.2 A Dichotomy for C! Generic 3-Flows

It is known that a generic non-singular vector field X € X'(M) either has infinitely
many sinks or sources, or else is Axiom A without cycles; see Mafié [145] or
Liao [133]. The robustness of the geometric Lorenz attractor obtained in Sect. 3.3
shows that this is not true in general if singularities are allowed. Allowing singu-
larities we can improve this as follows. Let U'(M) c X' (M) be the set of vec-
tor fields that cannot be C' approximated by homoclinic loops. The Connecting
Lemma 2.20 implies that any singularity of every X € %'(M) is separated from
the non-wandering set. Using the arguments of Wen [270] and Hayashi [108] we
conclude that a generic vector field in ! (M) either has infinitely many sinks or
sources or else it is Axiom A without cycles.

Recently Arroyo and Hertz [28] proved that every vector field in ' (M) either
can be approximated by one that is Axiom A without cycles, or exhibits a homo-
clinic tangency associated to a periodic orbit.

9.2.1 Some Consequences of the Generic Dichotomy

Let us describe some consequences of Theorem 9.2. The first one is related to the
abundance of three-dimensional vector fields exhibiting either attractors or repellers.
As noted by Maiié in [145], a generic C! diffeomorphism in the 2-sphere S* does
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exhibit either sinks or sources. It is then natural to ask whether such a result is valid
for C! vector fields in the 3-sphere S3 instead of C! diffeomorphisms in S?. The
answer is negative as the following example shows.

Write S3 = R3 U {oo} and consider in R3 an unknotted two-torus TZ2. Then the
closure in S? of each connected component of S* \ T? is a solid two-torus. Consider
a Lorenz attractor in one solid two-torus and a Lorenz repeller in the other. Since a
fundamental domain for the Lorenz attractor (respectively repeller) is an unknotted
solid two-torus, we can glue the two solid two-torus through the unknotted torus,
obtaining a flow in S* whose non-wandering set equals the disjoint union of one
Lorenz attractor and one Lorenz repeller. Such a flow is singular Axiom A, and it
can not be approximated by vector fields with either sinks or sources. However from
Theorem 9.2 we deduce

Corollary 9.12 A generic vector field in X' (M) does exhibit either attractors or
repellers.

The second consequence of Theorem 9.2 is related to a conjecture by Palis in
[189], see also Sect. 2.8, asserting the denseness of vector fields exhibiting a finite
number of attractors whose basin of attraction forms a full Lebesgue measure subset.
Theorem 9.2 gives an approach to this conjecture in the (open) set 0! (M) of C!
vector fields on a closed 3-manifold M which cannot be C! approximated by ones
exhibiting infinitely many sinks or sources.

Corollary 9.13 A generic vector field in W (M) exhibits a finite number of attrac-
tors whose basins of attraction form an open and dense subset of M.

This corollary follows from the no-cycle condition by the classical construction
of filtrations adapted to the decomposition of the positive limit set of the flow, as the
reader can easily see in [247, Chaps. 2 & 3].

Using the filtration to isolate the dynamics around each basic piece of the singular
Axiom A decomposition, since the critical elements are robustly hyperbolic near to
each basic piece (recall that singular-hyperbolicity is a robust property of the action
of the flow on the tangent bundle), we obtain

Corollary 9.14 A C" singular Axiom A flow without cycles is in 9" (M), the interior
of the set of C" vector fields whose critical elements are hyperbolic, for any r > 1.

We note that there exists a classification by Hayashi [107] of the C! interior of
the set of diffeomorphisms whose periodic points are hyperbolic: they are Axiom A
without cycles.

The corresponding result for vector fields is false since the Lorenz attractor is
not uniformly hyperbolic. Indeed, we note that we can easily construct a singular
Axiom A vector field without cycles and with a singular basic set equivalent to the
Lorenz attractor: just take the geometric Lorenz attractor constructed in Sect. 3.3,
and embed and extend this flow to S? with a repelling singularity at the “north pole”
and a sink at the “south pole”.
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Proof of Theorem 9.2 The argument is based on the following result whose proof
we postpone to Sect. 9.2. Denote by " (M) the interior of the set of vector fields
X € X" (M) such that every periodic orbit and singularity of X is hyperbolic, for
any r > 1.

Theorem 9.15 Generic vector fields in $' (M) are singular Axiom A without cycles.

Following the arguments of Maiié in [145], we can obtain Theorem 9.2 from
Theorem 9.15. Indeed, let S (M) c X' (M) be the subset of C! vector fields such
that every singularity of X is hyperbolic. Then &' (M) is open and dense in X! (M)
by the local stability of hyperbolic critical elements. For X € &' (M) define A(X)
to be the set of periodic orbits and singularities of X that are sinks or sources.

The set-valued function X' (M) > X — A(X) € 2 (M) is lower semicontinuous,
again by the local stability of hyperbolic critical elements, where & (M) denotes the
family of compact subsets of M endowed with the Hausdorff distance. Well known
topological properties imply that the continuity points O of this map form a residual
subset of G!(M).

This ensures that every X € O not satisfying the first item of Theorem 9.2 is in
H'(M).

Indeed, for Xo € O with finitely many sinks and sources the set A(Xy) is a finite
collection of critical elements of X(. Assume by contradiction that Xo & $!(M).
Then we can find a C'-near vector field ¥ with a non-hyperbolic critical element .
Hence & is away from a neighborhood of A(X(). However O C &' (M) and &' (M)
is open, and thus we can take ¥ € G!(M). This guarantees that £ is not a singularity
of Y. Then the return map to a Poincaré section of the periodic orbit £ has two
eigenvalues, one of which has modulus 1. Perturbing ¥ we can find Z € &' (M)
arbitrarily C'-close to ¥ (and to X() having either an attracting or repelling periodic
orbit close to &. This contradicts the continuity of the set map A(X) at Xo.

Now from Theorem 9.15 there exists a residual set & C ! (M) such that every
vector field in R is singular Axiom A without cycles. The class

P =(0\5' (M) U(0NR)

is residual in II(M) by construction (recall that SH(M) is open and dense in
X1(M)). Note that if X € 7)) does not satisfy the first item of Theorem 9.2, then
Xo € O N R, since X cannot belong to O \ $H!(M) be the previous claim. This
means that X satisfies the second item of the statement of Theorem 9.2. O

9.2.2 Generic 3-Flows, Lyapunov Stability
and Singular-Hyperbolicity

Here we present a proof of Theorem 9.15. We use the auxiliary Theorems 9.16
and 9.17 below. Recall the definition and properties of Lyapunov stable sets in
Sect. 2.5.10.
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The first theorem ensures that transitive Lyapunov stable sets containing singu-
larities, if not equal to a critical element, are C' generically singular-hyperbolic sets.

Theorem 9.16 For generic vector fields X € X' (M), every nontrivial transitive
Lyapunov stable set with singularities of X is singular-hyperbolic.

The second result provides a way to obtain a singular-hyperbolic attractor from a
singularity belonging to a Lyapunov stable set of a generic three-dimensional vector
field. Together with the previous results, it asserts that the unstable manifold of a
singularity accumulates on a singular-hyperbolic set containing the singularity.

Theorem 9.17 Every Lyapunov stable singular-hyperbolic set with dense singular
unstable branches of X € X'(M) is an attractor of X.

Here we say that a singular-hyperbolic set A has dense singular unstable
branches if A = w(x) forall x € W (o) \ {o} and for every singularity o € A.

Now we explain how Theorem 9.15 is a consequence of Theorems 9.16 and 9.17,
but first we need some preliminary results. The first one gives a sufficient condi-
tion for a transitive Lyapunov stable set with singularities to have singular unstable
branches.

Lemma 9.18 For generic vector fields X € X'(M), a transitive Lyapunov stable set
with singularities A of X, such that the unstable manifold of every singularity in A
is one-dimensional, has dense singular unstable branches.

Proof Generically we can assume that X € X! (M) satisfies the properties presented
in Sect. 2.5.10 (in particular X is Kupka-Smale). Let A be a transitive Lyapunov
stable set of X, o a singularity of A and ¢ € W (o) \ {co}.

On the one hand, since A is Lyapunov stable we have W*(o) C A and in partic-
ular w(q) C A. On the other hand, we have dim(W" (o)) = 1 by assumption. Then
w(q) is Lyapunov stable by Property LS in Sect. 2.5.10.

But A is transitive by construction and intersects w(q), and so by Lemma 2.25
we have A C w(q). Then w(g) = A and A has dense singular unstable branches as
desired. ]

The next one shows that the closure of the unstable manifold of a singularity
accumulated by periodic orbits is transitive, provided that the unstable manifold is
one-dimensional and its closure is Lyapunov stable.

Lemma 9.19 Let X € X'(M) and o € S(X) NPer(X) be such that W"(c) is one-
dimensional and w(q) is Lyapunov stable for every q in any of the branches of
Wy (o) \ {o}. Then W¥(0) is transitive.

Proof We have W (o) \ {0} = 0(q1) U O(q2) for every g1, g2 belonging to differ-
ent connected components of W¥ (o) \ {o}.
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On the one hand, since o € Per(X) we can assume that q; € Per(X) without
loss of generality. Then w(g1) C Per(X) by invariance. On the other hand, w(q1) is
Lyapunov stable for X by assumption. These two properties imply that o € w(q1),
since for p, € Per(X) with p, m g1 we also have X" (p,) — o for some

sequence t, > 0, and we can apply Lemma 2.25.

Therefore W* (o) C w(q1) by the Lyapunov stability of w(q;) once more. But
Wi4(o) D w(qq) by construction, and so we conclude that W¥(o) = w(qp). This
shows that W# (o) is transitive. O

Using this we now show that any hyperbolic singularity accumulated by regular
orbits of X is in a singular-hyperbolic attractor or repeller of the flow induced by X.

Theorem 9.20 For generic X € X' (M) every o € S(X) NPer(X) belongs to either
a singular-hyperbolic attractor or a singular hyperbolic repeller.

Proof Let X € X' (M) and let o be as in the statement. Since X is generic we can
assume that o is hyperbolic. Note that o must be of saddle-type, for otherwise o
is either a sink or a source, and in each case no periodic orbit would approach o.
Hence either W* (o) or W¥ (o) is one-dimensional.

Suppose the former case is true. The latter case is the same for —X. Define A =
WH (o). Property L3 in Sect. 2.5.10 implies that A is Lyapunov stable for X because
X is generic. Property L5 then guarantees that we are in the setting of Lemma 9.19
and so A is transitive.

Therefore A is a nontrivial transitive Lyapunov stable set of X. As X is generic,
Theorem 9.16 ensures that A is singular-hyperbolic. By Theorem 5.10 we know that
every singularity in A has one-dimensional unstable manifold. We conclude that A
has dense singular unstable branches by Lemma 9.18, since X is generic. Then A is
an attractor by Theorem 9.17. (]

Now we have the tools to complete the proof of Theorem 9.15 using all the
previous results which assume Theorems 9.16 and 9.17.

Proof of Theorem 9.15 For X € X'(M) denote by §*(X) = S(X) N Per(X) the
(finite) set {071, ..., o} of singularities accumulated by periodic orbits of X.

Theorem 9.20 ensures that for generic X € f{l(M ) and for every i = 1,...,k
there is a compact invariant set A; of X such thato; € A;, and A; is either a singular-
hyperbolic attractor or a singular-hyperbolic repeller of X.

We claim that H* = 2(X) \ UleA,- is a finite disjoint union of uniformly
hyperbolic basic sets. Indeed H* \ S(X) is closed in M, for otherwise we can
find a sequence of regular points x, in H* converging to some singularity o €
S(X) \ S*(X). But Property L2 gives £2(X) = Per(X) U §(X), and so o is accu-
mulated by periodic orbits because S(X) is finite. Hence H* \ S(X) is a closed
invariant subset of X without singularities. It is known, after Wen [270], that c!
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generically such sets are uniformly hyperbolic. Property L2 again ensures that
H* =Per(X) N H*U S(X) \ $*(X). The Spectral Decomposition Theorem for uni-
formly hyperbolic sets now guarantees that H* decomposes into finitely many basic
pieces, together with finitely many singularities.

From this we see that £2(X) splits into a disjoint union of compact invariant
sets each one being either a hyperbolic basic set or a singular-hyperbolic attractor,
or a singular-hyperbolic repeller. Hence X is a singular Axiom A vector field. For
generic X we can also assume that the vector field is Kupka-Smale, and thus there
are no cycles between the transitive pieces in the above decomposition. The proof
of Theorem 9.15 is complete depending on Theorems 9.16 and 9.17. U

Proof of Theorem 9.16 Recall that there exists a residual subset O of the family
&' (M) of vector fields whose singularities are hyperbolic, such that the map X e
S (M) — A(X) restricted to O is continuous (see the arguments after the statement
of Theorem 9.15). Define Z = O N $' (M) which is residual in ' (M).

Given X € Z and 0 € S(X) N A for a non-trivial attractor A, observe that every
vector field Y sufficiently C!-close to X has no sources or sinks near to A, for oth-
erwise we deduce a contradiction to the choice of X in the continuity set O. All the
critical elements of Y are also hyperbolic. Then Y is in the setting of Theorem 2.33,
and thus the Linear Poincaré Flow over A \ S(X) is robustly dominated. This means
that A is in the setting of Lemmas 5.22 and 5.30. Thus we deduce that, for X € %,
if 0 € S(X) belongs to a non-trivial attractor A of X, then o is Lorenz-like for X
and W (c)NA={o}.

Now let X € & have a non-trivial transitive Lyapunov stable set A containing a
singularity. The previous arguments ensure that A is in the setting of Theorem 5.34,
and hence A is a singular-hyperbolic attractor. (|

Proof of Theorem 9.17 We need the following sufficient condition for a Lyapunov
stable singular-hyperbolic set, with dense singular unstable branches, to be an at-
tractor.

Lemma 9.21 Let A be a Lyapunov stable singular-hyperbolic set with dense singu-
lar unstable branches of X € X" (M), r > 1. If A admits an adapted cross-section
X such that every point in the interior of X belongs to the stable leaf of some point
of AN X, then A is an attractor.

Proof From Lemma 2.26 it is enough to prove that, if x,, is a sequence converging
to some point p € A, then w(x,) is contained in A for every big enough n. Now
o (p) satisfies one of the following alternatives.

1. w(p) contains a singularity o of A.
The orbits of x, will have o has an accumulation point. Hence the orbit of x,,
also accumulates on some regular point g of the unstable manifold of o. Since
w(q) = A by assumption, we see that for every big enough n the orbit of x,
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crosses the interior of X'. Then by the assumption on X~ we get y € A such that
O(x,) C W5(y), that is, w(x,) C A for all sufficiently big n.
2. w(p) is far from singularities.
Take S an adapted cross-section to a point g of @ (p). Then for all big enough
n the orbit of x, crosses the interior of S at some point x,, very close to g. Since
o (p) is uniformly hyperbolic by Proposition 6.2, the unstable manifold of ¢ is
well defined and W*(g) N S is a line in S crossing all stable manifolds of S in a
neighborhood of ¢. Then x], belongs to some of these stable lines. Since W*(g)
is inside A by Lyapunov stability, we see that x, belongs to the stable manifold
of some point of A. Again w(x,) C A for all sufficiently big n.
O

Now suppose that A is not an attractor. Then by Lemma 9.21, given any regular
point x € A, we can find an adapted cross-section X’ such that the intersection
AN X’ is contained in the interior of X'. Indeed, ¥ N A contains zo such that
W5 (z0, ) does not touch A, and then one of the connected components of X' \
W*(z0, X'), which is also an adapted cross-section containing x, contains z; such
that W¥(z;, ¥) N A = (. The substrip X’ between W3 (zg, X) and W¥(z1, X) only
intersects A in its interior.

Cover A by finitely many flow-boxes near singularities and tubular flow-boxes
through adapted cross-sections, around regular pieces of A, just as in Chap. 7, but
with the family & of adapted cross-sections chosen so that A N Z C int(Z').

Observe that, since A is Lyapunov stable, we can find a neighborhood U of A
such that U N & C int(Z') and then another neighborhood V C U of A satisfying
X'(V) C U for all t > 0. Then the Poincaré map R defined as in Sect. 6.1 between
the sections of = admits only finitely many discontinuity points, at the intersection
of & with a compact part of the stable manifolds of the singularities of A, since its
image cannot touch the boundary of Z. We can choose the “waiting time #,”” of R
so that the expansion rate on center-unstable cones is at least 4.

Let Z* be the subset of ingoing cross-sections near singularities of &. Fix a
point xo € AN E*\U{W?*(0) :0 € S(X) N A} and a connected cu-curve yq inside
E* through x¢ not touching the lines of intersection of Z* with the local stable
manifold of the singularities. The image curve Ri(yl), for i > 0, is well defined
until it returns to =, because the image of R does not fall outside of int(&'). Let y»
be the next return to Z*. Then its length £(y») is at least 4 - £(yy).

The image of y, is well defined except perhaps at y» N W)} (o) for some sin-
gularity o of A. In this case we replace y» by the longest connected component of
2\ W, .(0). Then £(y2) > 2 - £(y1).

Inductively we obtain a sequence y,,, n > 1, of larger and larger cu-curves in the
interior Z*, which is a finite collection of bounded cross-sections. Since the cu-
curves cannot be tangent to the stable foliation, and so cannot curl inside =, this is
impossible.

This contradiction shows that A must be an attractor and concludes the proof of
Theorem 9.17. U



9.3 C! Generic Incompressible Flows 283

9.3 Lyapunov Exponents of C! Generic Incompressible 3-Flows

Here we prove Theorems 9.3 and 9.4. Since the proof is rather technical, we present
first an outline of the strategy.

Recall the definition of dominated splitting for the Linear Poincaré Flow and that
the splitting N' @ N? of the normal bundle N is an m-dominated splitting for the
Linear Poincaré Flow if it is Py-invariant and there is an uniform m € N such that

P (P)IN, | 1

=—— < -, 9.1
I Py (P)INGII — 2 e

A(p,m)

for any point p € A.
We define some useful X’-invariant sets:

e 0 = {Oseledec regular points}, has full Lebesgue measure in M, since a volume
form is assumed to be invariant (see Sect. 2.7.2);

O+ ={p € 0 : the orbit of p has positive Lyapunov exponent};

0% = {p € O : the orbit of p has only zero Lyapunov exponents};

Aw(X) :={p € 0" : p has m-dominated splitting for the Linear Poincaré Flow};
L (X) =M\ A (X);

Fy;:_(X) =01 (X) \ A (X);

LX) = 1{p e I} (X): p ¢ Per(X)}.

The set of Oseledec regular points where (9.1) does not hold will be denoted by
Ap (X). Clearly, in Ay, (X), the orbits do not have an m-dominated splitting. Never-
theless for some p € A,,;(X) there might still exist some iterate X’(p) where (9.1)
holds. Taking this into account we note that F,;f (X)= U,X’(Am (X)).

Let AT (X, p) be the upper Lyapunov exponent which exists for p-almost every
pPEM 3 by the Theorem of Oseledec; see Sect. 2.7.1 and [147]. When there is no
ambiguity we denote AT (X, p) by AT (p). Given an X'-invariant set I’ € M we
define the “entropy function” by

LE:X} (M) — [0,400), Xr> / AT (p)du(p).
M
The next lemma gives an equivalent expression for this function.
Lemma 9.22 Let I' C M be an X'-invariant subset. Then

1
LE(X, F)=/ A (pydu(p) = inf—/ log|| Py (p)Il dpu(p).
r n>ln Jr

In particular, this shows that L E(X) = LE (X, M) is upper semicontinuous as a
function of X.

Proof Using the definition of A+ (p) we write [ AT (p)du(p) as

o1 . 1
lim —f log | Py (p)lldi(p) = lim —/ log || Py (p)Il du(p) =: I,(X)
r n—4oon r

t——4o00
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and the sequence I, (X) is subadditive: 1,44 (X) < I,(X)+1,(X) forall p,q € VA
Thus it satisfies lim,—, o0 (1, (X)/n) = inf,>1 (1, (X)/n). O

Denote LE (X, M) by L E(X). The next proposition will be crucial to prove The-
orem 9.3.

Proposition 9.23 Let X € f{i(M )", with X' aperiodic, and suppose that any hy-
perbolic set has zero Lebesgue measure. Let €,8 > 0 be given. Then there exists a
C! zero divergence vector field Y which is e-C'-close to X, such that LE(Y) < 8.

We assume Proposition 9.23 and prove Theorem 9.3 first. By Corollary 8.2, we
have a dense set such that every X is C2, aperiodic and with hyperbolic sets having
full or zero measure. The set of conservative Anosov vector fields, denoted by <7, is
open. Forall k € Nthe set o, = {X € %}L(M)* : LE(X) < k~'} is open because, by
Lemma 9.22, LE is upper semicontinuous. By Proposition 9.23, with § = k~!, we
get @ dense in &7, and so the set R =), &/ U2 isa C!-residual set. But % =
dU %= U{Xe .’{}L(M)* : LE(X) =0}, and therefore for X € ‘R either
X is an Anosov vector field or LE(X) = [,, AT (p)du(p) = 0. This last equality
implies that p-almost every p € M has zero Lyapunov exponents and Theorem 9.3
is proved.

To prove Proposition 9.23, we consider a large m € N (depending on ¢) and we
use the fact that almost every orbit does not have an m-dominated splitting, for
otherwise by Corollary 8.2 X must be Anosov. We start with a local argument and
take p € Fn‘f (X), and also t > m. By a recurrence result (see Lemma 9.40), we
obtain g = X’/z(p) such that A(g,m) > 1/2, say q € A,;,;(X). In Sect. 9.3.3 we
use the e-C!-perturbation ¥ of X, developed previously in Sects. 9.3.1 and 9.3.2,
to map the direction Ny into N )S(m( 0 In Sect. 9.3.4 we conclude that this argument

allows us to prove that for most points ¢ near p the norm of Py (q) is smaller than
8. The formula for L E in Lemma 9.22 allows us to compute a bound for LE(Y) in
a finite time ¢. Finally, in Sect. 9.3.5, extend this local procedure to the whole of M
through a Kakutani tower argument.

9.3.1 Conservative Tubular Flow Theorem

The following theorem, due to Dacorogna and Moser [75], will be used to obtain a
conservative local change of coordinates which trivialize a vector field.

Theorem 9.24 (Dacorogna-Moser) Let §2 be a bounded open subset of R" with C3
boundary 352 and g, f : 2 — R positive functions of class C* (s > 2). Then there
exists a diffeomorphism ¢ : 2 — ¢ (£2) C R”" of class C* which satisfies the partial
differential equation:

8(p(q)) det(Dgy) = Af(q), 92)
forall g € §2 where . = fgdu/ffdu. We also have ¢ =1d at 952.
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Let T : R3 — R3 be the constant vector field defined by T'(x, y, z) = (c, 0, 0) for
some ¢ > 0 and let §, € be the flow-boxes .7} (p)(B(p,r)) and .F}(p)(B(p, r)).
We start by giving a brief and informal idea of the proof of Lemma 9.25 below.
We would like to find a C? volume-preserving diffeomorphism ¥ ¢ — § such
that X = lff*T. Given amap ¢ : B(p,r) — B(p,r) and w € €, let t,, be such that
T~ € B(p,r). We define ¥ (w) := X" ( o T (w)). It is clear that, if ¥ is
volume-preserving, then ¥ will be a composition of three volume-preserving maps
and we are done. However, the choice of i to be volume-preserving needs some
care and to achieve our purposes we use Theorem 9.24 in an appropriate way.

Lemma 9.25 (Conservative flow-box theorem) Given a vector field X € %Z(M)
(for s = 2) and a non-singular point p € M (eventually periodic with period T > 1),
there exists a conservative C* diffeomorphism ¥ : § — € such that T = ¥, X.

Proof Assume that p =0 and X(p) C {(x,0,0):x € R}. Let X(x, y, z) be the
projection into the first coordinate of X (x,y,z). For a small r > 0 we define
the functions f : B(p,r) > R and g : B(p,r) — R such that f(y,7) := 1 for
0,¥,7) € B(p,r) and g(y, z) := X1(0, y, z) for (0, y,z) € B(p,r) (see Fig. 9.4).
Since g is of class C*, we apply Theorem 9.24 to 2 = B(p,r) C R2 and obtain a
diffeomorphism ¢ : 2 — ¢(£2) € R? of class C* satisfying the partial differential
equation g(¢(y,7))det(Dgyz) = A, for all (3,2) € £2, where A = [gdu/ [1dup
and ¢lyp =1d.
Now we define the C* change of coordinates by

UiRx 2 >R, (%.5.2) - X X0,¢3.9).
First we claim that
det(D¥o53) =1 forall (0,7,7) €R x £2. 9.3)

By a straightforward computation of the derivative, we obtain

AIX(X00.y,2) 0 0
) _ ) )
det(D¥(0.5.5) = |+~ X2(X°(0, 5, 2) B3 Blea |-
— ay 3
AIX3(X00,5,2) Flon Floo

Fig. 9.4 The conservative )

change of coordinates
straightening out all orbits
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Now using (9.2) of Theorem 9.24 we conclude that
det (D¥0,55) = 27" X1(0, y, 2) det (Dy5.5) = g(v, 21" det (Do.7) = 1
et (D¥0,5.5) 100, y. 2) det (Doy.z)) = g(y. 2 et (Do) =1,
and therefore (9.3) is proved. Let us now check that
det (D¥(z, 5,20) = 1 for all (¥o, ¥y, Zo) € €.
We note that
A —1+ —1~_7 _ -1+ A . _
¥ (x,5,2) =X O[X* 0T00,0(3.2)] =X P[P (E —%0.7.2)].
N Aflf ~
so that DYz57 = DX@(fffo,y,Z) o DlI/(ffyoi’z). -
Evaluating Dlﬁ(f,y,z) atx =X we get D@(fo’y_z) = DX;:/(OXE 5 o le/((),y,z).
: 3.z

Now we use (9.3) and the fact that the flow X’ is volume-preserving to conclude
that det(D¥(x,,5,.z0)) = 1. Finally, we take ¢ := A and consider the constant vector

field T :=(A,0,0). Let (x,y,2) = 117(%, v, 2). By a simple computation, we deduce
that

WT(x,y,2) = DU 55 (T (. 7,2)
= (Xl (Xk*lf(o, Y, Z)), XZ(X)Lflf(O’ y, Z)), X3 (X)Lflf(o’ y. Z)))
=X(¥(x.5.9).

Taking ¥ = ¥ ! we obtain T = ¥, X. O

9.3.2 Realizable Linear Flows

The next definition adapts the definition of realizable sequence given by Bochi
in [51] and will also be central in the proof of our theorem. In broad terms we
consider modified area-preserving linear maps acting in the normal bundle at p,
L'(p) : N, = Ny (p) that do exactly what we want. Finally, we ask whether these
maps are (y-almost C 1) realizable as the Linear Poincaré Flow of Y, e-C'-close to
X, computed on small transversal neighborhoods of one point.

We need to fix some notations before the statement. We recall that the Linear
Poincaré Flow is the differential of the standard Poincaré map

Px(p): Vp CHNp = Nxi(p),

where Axs(p), for s =0, ¢, is a surface contained in M whose tangent space at
X*(p) is the normal direction Nys(p) for s =0,¢ and ¥}, is a small neighborhood
of p. We can always guarantee the existence of a continuous time-¢ arrival function
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T(p,t)(-) from ¥}, into .Ax: () by using the implicit function theorem. Due to the
presence of singularities, #}, may be very small.

Given the Poincaré map & (p) : ¥, € AN}, — Nx1 (), Where ¥}, is chosen suf-
ficiently small, and given B C “I/,,, the set

Fr(P)(B) ={P4(p)(@):qeB, te[0,n])=2Y" (p)(B)

is called the time-n length flow-box at p associated to the vector field X. We remark
that the sections (2% (p)(B));e[0,n] are pairwise disjoint if #}, is small enough.

We include here the following useful result that will be crucial later; this enables
us to estimate the distortion of the area form pushed-forward between cross-sections
by Poincaré maps. Givenny, ny € T4, for g € .4}, we can define a pair of 2-forms
induced by the volume form w according to

c?)q(nl, n2) :=wy(X(q),n1,n2) and w,;(n1,n2) :=wy (M, ni, n2>.
X (@)l
It turns out that (,@Q (P)*dg = é)Xr([,q)(q) for all g € .#},. The measure 1 induced
by the 2-form @ is not necessarily % -invariant; however both measures [ and &
are equivalent. We call ix the Lebesgue measure at normal sections or modified area.
In fact, given n1, ny € N, we have

(P (P)*Bp(n1,n2) = x(t)  @xi(py (11, n2),

where x(¢) = || X (X" (p))|I| X (p)||~!. Since the flow is volume-preserving we have
| det P} (p)=x@) —1 Therefore we can give an explicit expression for the infinites-
imal factor of area distortion by the Linear Poincaré Flow, which in turn implies the
following simple lemma.

Lemma 9.26 Given v > 0 and T > 0, there exists r > 0 such that for any mea-
surable set K € B(p,r) C N, we have |Z(K) — x(t) - m(Z5 (p)(K))| < v for all
tel0,T].

This provides a way to estimate the area distortion due to the Poincaré map be-
tween cross-sections on a very small neighborhood around a piece of orbit of the
flow (for a proof see [39, Lemma 3.1.3]).

Definition 9.27 Given X € %L (M), e >0,0<k <1 and a non-periodic point p,
we say that the modified area-preserving sequence of linear maps L; : Ny, —
Nyj+i(p for j=0,...,n —1is an (e, k)-realizable linear flow of length n at p if,
for all y > 0, there exists 7 > 0 such that for any open set # = U C B(p,r) C N,
we can find

(a) a measurable set K C U such that (K) > (1 —«x)u(U), and

(b) a zero divergence vector field Y, e-Cl-close to X, such that:
(i) Y' = X" outside F¥(p)(U) and DX, = DY, forevery g € U, Z%(p)(U);
(ii) if g € K, then ||[P}(Y/(q)) — L;|| <y for j=0,1,...,n— 1.
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In the previous definition we consider integer iterates, but there is no restriction
to consider any intermediate linear maps, such as L; : Nyt = Nytjp1 () with
tj <tjy1and 27;(1) tj = n. The point p may also be periodic, but with period larger
than n. The realizability we deal here is with respect to the C! topology.

Next we show how to build some elementary realizable linear flows: the Linear
Poincaré Flow itself and also the juxtaposition of two realizable linear flows are
realizable linear flows.

Lemma 9.28 Ler X € .’{L (M) and p € M a non-periodic point.

(1) ForeachteR, P;(p) is (&, k)-realizable of length t for every € and k.

(2) Let {Lg,...,Ly—1} be a (e, k1)-realizable sequence of linear maps of length
nat p and let {L,, ..., Lytm—1} be (g, kp)-realizable of length m at X" (p).
Then, for k = k1 + k2 < 1 the sequence of linear maps {Lo, ..., Lyntm—1} is
(e, K)-realizable.

Proof Item (1) follows by choosing ¥ = X.

For item (2), given y > 0, let r1, r, be the radius according to Definition 9.27
related to the realizable linear flows {Lq, ..., L,—1} and {L,, ..., L,4,,—1} respec-
tively. We take any nonempty open set U C B(p, r1). If we have @; (p)(B(p,r)) €
B(X"(p), r2) then we have what we need to compose and obtain the realization;
otherwise we choose a smaller r < ry.

Given v > 0, we decrease the radius r if necessary, by using Lemma 9.26, to
get [(K) — x(O)r(P%(p)(K))| < v for all ¢ € [0,n] and any measurable set
K < B(p,r). By definition and choice of the radius r > 0, we have the flow-box
53;“” (p)(U). Again, by definition, given any U € B(p,r) we get a measurable
K1 C U and a vector field Y satisfying (a) and (b) of Definition 9.27. Also for
any nonempty open subset of B(X"(p),r2), in particular for &% (p)(U), we get a
measurable 152 - ,@;’( (p)U) =: U and a vector field Y, satisfying (a) and (b) of
Definition 9.27.

Now we define the vector field Y = Y7 in the flow-box .#§ (p)(U), Y =Y, in the
flow-box Z (X" (p))(U) and ¥ = X elsewhere.

The vector field Y is C! since, by definition, (DY), = DX, = (DY), for any
g € P%(p)(U),and so Y and U satisfies (i). To check (a) we define K := K1 N K>
where K> is such that 2% (p)(K2) = K. By Lemma 9.26, we get x(n)ﬁ(U) <
m(U) +vandalso u(U \ K») < x(n)ﬁ(l} \ 122) + v. So we obtain

TUN\K)=TU \ (K1 NK2) <TU \ K1) + ZU \ K2)
<1 AU+ xEU \ K2) +v < i 7(U) + x(n)cai(U) +v
<A + 16AU) +162v + v =« AU) + (1 + k2)v.

Therefore the result follows by considering a sufficiently small v. Finally, (ii) fol-
lows by definition. (]
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Remark 9.29 Using elementary Vitali’s covering arguments, we can show that we
only have to prove realizability of the linear maps {Lo, ..., L, } for U = B(p/, r’)
where B(p’,r") C B(p,r).

9.3.2.1 Small Rotations

Here we construct realizable linear flows of time-1 length at p, which rotate by a
small angle & the action of the Linear Poincaré Flow, i.e. Lo := P}( (p) o R where

Iég is a rotation of angle £ defined by

B. - (cos(é)—sin(é))

~ \sin(&) cos(é)

in a canonical base of N,. Let R¢ be the 3 x 3 matrix associated to the linear map
(x,y,2) = (x, Re(y, 2)).

Lemma 9.30 Given X € %i(M), a non-periodic point pe M, e >0,0<k <1
and a fixed time T = 1. Then there exists an angle & (not depending on p and
& = O(¢)) such that, for every y > 0, there exist r > 0 (depending on p) and a zero
divergence vector field Y, e-C U_close to X, such that

(a) Y — X is supported in the flow-box ﬁ)l((p)(B(p, r));
(0) 1Py(q) = Py(p)Re|l < forall g € B(p.r/T—x).

Proof We take a nonperiodic point p € M and define
C:=max{|DY,|: pe M.Y € % (X.¢)},

where % (X, ¢) is a -C'-neighborhood of X. Using Lemma 9.25 we obtain a C?
conservative diffeomorphism ¥ : § — € and T = (¢, 0, 0). Take an uniform bound
©® > 0 for the norm of the first and second derivatives of ¥ computed in time-1 thin
flow-boxes and suppose that this constant is also valid for any vector field -C-
close to X. We take the angle & such that

e(1—,/1=7%)

267 (9.4)

£ <
We now fix y > 0. To obtain item (a), we note that for any o < 1 with o = 1 there
exists r > 0 such that X[O’“](q) N NX1(p) = for every g € B(p,r). We fix such
a > 0andlet g : R — R be a C* function such that g(t) =0 for ¢ < 0, g(¢t) =t for
tell —a,2a—1],g(t) =afort >wand g <2.
Now for all ¢ = (0, y, z) € B(p, r) we decrease r so that

. ce &
|)’|’|Z|<mm{@—2g,%}' 9.5)
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For such r > 0, let G : R — [0, 1] be a C* function such that G(p) = 1 for p <
r/1—5 G(p)=0for p=rand G <2[(1 - /1 —5r]"". Weset p= /)2 + 22
and consider the rotation flow Reg(1)G(p)(0, ¥, z) acting on N, which we denote by
%#,(q), and which is defined by %; (0, y, z) = (0, Iégg(t)(;(p) (y, 2)). Denote the time
derivative by Z;. By a simple computation, we obtain

Fy o B0, y,2) =E(1)G(0)(0, 2, ). 9.6)

We consider the flow T = (ct, 0, 0) associated to T and define the map Y (¢, q) :=
T'(#:(q)) for g = (0, y,z) € B(p,r). Setting H(t, q) := (t, %:(q)) and

F(t, %:(q) :=T"(%(q) =7 (t,q)

we obtain 7' (¢,q) = F o H(t, q). Taking time derivatives at t = s we obtain

d d
ET(L Q)|l=s = ETt(%t(Q))h:s = DFH(s,q) ' DHS

i H s S 1

=T(T" 0 %s(@)) + DT, (% (@)
The vector field Z is defined in flow-box coordinates by
Z()=T()+ DT o B R - T*)().
From (9.6) we deduce that the C!-perturbation is given by Z = T + P with

P(x,y,2)=§&f(x,y,2) - A(x, y,2), CN))

where f(x,,z) is the scalar function g(x/c)G(v/y*+z2) and A(x,V,z) is the
linear map (0, —z, y). It is straightforward to see that div(Z) = 0. Also, the support
of the perturbation P is B(p,r) x [0, ca] C €.

Now we estimate the C'-norm of P. We note that |Pllco <e/® by (9.5). To
compute the C!-norm we take derivatives in (9.7) and, by the product rule,

DP=IVf - AW 3,2+ /Al
=5[(§<§>GCl’g(f)Gﬁ’g(E)Gﬁ)f‘(’“%z)*f*‘]

We use again (9.5) to bound the terms 8(x/c)G(p)e 'z and g(x/c)G(p)cy.

We remark that the other terms are unaffected by the choice of r > 0 small. We

take, for example, ¢(x/c)G \/%Z and, using polar coordinates given by (y, z) =
y24z




9.3 C! Generic Incompressible Flows 291

(pcos(B), psin(B)), we get

4p

. (XN - pcos(B)
s(oes i

. . 2p2
G psin(B) <EG— <&
c 2

<t 4 e
_— < —.

= 92

(- Ji-% ©

For the other three analogous terms we proceed in the same way to obtain

IDP|co <&/ ©®2. We note that we are allowed to take y, z close to zero without

interfering with the size of the perturbation. This is a key property of the C! topol-

ogy.

For g € B(p, r/1—«) wehave Z' (¥ (¢)) = (c, Req (¥ (q))), and so PZI(II/(q)) =
Iégu ~ ﬁg (we just have to choose r suitably small). Hence we obtain the analog of
(b) for the trivial vector field.

Now it is straightforward to see that (b) follows by choosing r suitably small
(depending on the constants y, C and @) which is possible by what we have seen
above.

Finally, we estimate the C'-norm of Pj. Using (9.5) and the choice of & in (9.4)
we obtain |[|Y — X||c1 = | P1llc1 < &, and Lemma 9.30 is proved. O

Now we commute the composition with the rotation and perturb in the past.

Lemma 9.31 Let X € f{i(M), a non-periodic point pe M, e >0,0 <k < 1, and
a fixed time T = 1 be given. Then there exists an angle & (not depending on p) such
that, for every y > 0, there exists r > 0 (depending on p) and a zero divergence
vector field Y, e-Cl-close to X, such that:

(a) Y — X is supported in
T (P)B(p, 1) ={P%(p)(@):q € B(p,r),t €[-1,0]};
(b) IP}(q) — Re Py(X~'(p)l < y for each g € 25" (p)(B(p, /T —kr)).

Proof We proceed as in Lemma 9.30, this time for X/, finding a change of coor-

dinates ¥ (x, y,2) = X_)‘flx(O, ¢(y, z)). Then we consider Rg_gl(;)c(p) for ¢ > 0 and
we find Z. We define Z = ¥,.Y and we get

Py(q) =[Py (Y (@' ~ [Py (PR = Re [Py ()] = Re Py (X' ().
by the same arguments used in the proof of Lemma 9.30. ]

Now we use the two previous lemmas to build some useful realizable linear flows.

Lemma 9.32 Given X € .’{i(M), e > 0,0 <« <1, a non-periodic point p and a
fixed time T = 1. Then there exists an angle § (not depending on p) such that Lo =
P)l((p)Rg and Ly = Rg P}( (p) are (e, k)-realizable linear flows of length 1 at p.
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Proof We prove that Lo = P}( (p)ﬁg is (¢, k)-realizable. Let y > 0. By Re-
mark 9.29, we may choose the open set U to be a ball, say B(p’,r") € B(p,r).
Now we apply Lemma 9.30 and we get a zero divergence vector field Y, e-C'-close
to X, such that ¥ — X is supported inside the flow-box 3’7)1( (p)(B(p',r")) and, for
every g € B(p/,r'~/1— k), we have | P} (q) — P)l((p/)égu < y. We note that, since
r > 0 can be taken arbitrarily small, the arrival time at Ny ) for points in B(p, r)
is almost 1.
Taking K = B(p/,r'v/1—«) C U, we get

AK)  m(l =)

wu) gt

and so the first statement of the lemma follows.

For the perturbation P, defined in Lemma 9.30, we have DX, = DY, for any
g € B(p',r'yu @;(p)(B(p/, r’)). Therefore item (i) on Definition 9.27 is true.
Finally, item (ii) follows from item (b) of Lemma 9.30 and the continuity of the
Linear Poincaré Flow.

For Ly = Iég P)I( (p) we proceed analogously now using Lemma 9.31. This com-
pletes the proof. (I

=1—«

Lemma 9.33 Given X € %IZL(M), e >0, 0 <« <1 and a non-periodic point p,
there exists an angle & such that, for |&| < &,i = 1,2, the composition

PY(p)Rg, P} (p) Rey PL(X' (p))
p——> Nxi(py = Nxttr(py = Nyxr2p)

is an (&, k)-realizable linear flow of length r 4+ 2 at p.

Proof Take y > 0. By Lemma 9.32, for x1 < « we get & such that P;((p)lég1 and
Iégz P;( (X7 (p)) are (g, k1)-realizable. By item (1) of Lemma 9.28, the trivial map
Py is (g, «1)-realizable. Now, if k| = « /3, then we use item (2) of Lemma 9.28 and
obtain the (&, k)-realizability. [l

9.3.2.2 Large Rotations

Now we find conditions under which we can rotate by large angles. In the previous
section we were able to rotate by time- 1, but we need to rotate along arbitrarily long
times. What then happens if we increase time?

We want to rotate by an angle 27, and thus we take a time m such that ém = 2.
But £ is in general very small, and so m must be very large. Note that the choice
of m may affect the norm of the perturbation because, for ¥ given by Lemma 9.25,
|¥] depends on m and, in general, increases with m. One of the reasons for this
fact is that, for v € N, we may have a very small angle £(X"™ (v), X (X" (p))).

Furthermore, the dynamics along the orbit may also obstruct the construction of
a small norm perturbation. Let us consider a situation in which this last problem is
minimized, say when we have simultaneously



9.3 C! Generic Incompressible Flows 293

(a) no domination, that is P)z (p) is “almost conformal” for all ¢ € [0, m];
(b) almost right angles: £ (N, (p), Ny (p)) = %, for all t € [0, m].

Even if we have properties (a) and (b), our perturbations may not have a small C 1
norm, because the normal directions may be sent almost parallel to EX. If this prob-
lem does not occur, then under conditions (a) and (b) we can perform large rotations
with just a single perturbation. In fact, this was the strategy for the development of
perturbations for linear differential systems in [40, Lemma 3.5].

In general, we concatenate several time-1 small rotations. However, this concate-
nation implies that « grows. In [51, Lemma 3.7], Bochi bypassed this problem using
a nested rotation lemma. Here we adapt this method to our setting.

Let &(p) € N, be an ellipse centered in p. As in [51], the eccentricity E of an

ellipse is defined by E := ,/ BU%IXE we 4150 consider the map J € SL(2, R) such

mmor ax1s
that J(&(p)) is a disk. For r > 0 we define the ellipse &(p,r) :=J~ 1(B(p, r)).
Given any elhpse &(p,r)and J € SL2,R) such that J(&(p,r)) is a disk, we
denote by Eg the elliptical rotation defined by J~ Rg J.

Lemma 9.34 Let there be given X € %i (M), a non-periodic point pe M, ¢ > 0,
0 <k < 1, afixed time T =1 and e > 1. Then there exists € > 0 (not depending
on p) such that, for every y > 0, there exists r > 0 (depending on p) with the
following properties.

If &(p,r) is an ellipse with eccentricity E < e and diam(&(p,r)) < ¢, EAE isa
rotation of the ellipse & (p, r) satisfying || P;( (p) — P}( (p)Ifg || < &, then there exists
a zero divergence vector field Y of class C', e-C'-close to X such that

(a) Y — X is supported in the flowbox 9}]( (P& (p,1));
(b) 1Py(q) — Py(P)Eell <y forallg € E(p,r/T—x).

Proof The proof is the same as for Lemma 9.30, but the angle § depends also on E.
We use Lemma 9.25 and consider the flow-box ﬁ} (p)(E(p,r)).Let J € SL(2,R)
be such that J(&(p,r)) is a disk. Now we take the flow-box 9%(p)(](£(p, r)))
and define the elliptical rotation by E¢g(1)G(p) := J ' Reg(t)G(p)J - Since E = || || =
=1, & should be smaller than the one in Lemma 9.30, which is obtained by taking
£ ~0. O

The next simple lemma says that, if we fix a small ellipse in a small ball
B(p,r) € N, and consider its arrival into N X1 (p)» then this set is almost the im-
age under the Linear Poincaré Flow at p of the same ellipse modulo translations. A
similar statement is proved in [51, Lemma 3.6].

Lemma9.35 Let X' : M — M bea Cl-ﬂow, ¢ €10, 1[ (near 1), and E > 1. There
exists r > 0 such that, for all ellipses &(q,7) S B(p,r) € N, with eccentricity < E,
P)l((p)(cg’(q, Ir) —q) + :@}((p)(q) is contained in

Py (p)(E(q, 7)) C Py(p) (&g, 2 —OF) —q) + P (p) ().



294 9 Global Dynamics of Generic 3-Flows

Since P}’((p) is modified area-preserving, we measure the non-conformality
using its norm ||P)’( (p)]l in the following way: suppose that d > a are the ma-
jor axis and the minor axis (respectively) of the ellipse &(p) = P}t((p)(B(p, ).
Then the eccentricity of &(p) is E = /d/a. Since ||P}’((p)|| = d and, by volume-
preservation, we have al=d. x (1), we conclude that E = /d/a = /d*x(t) =
dy/x(t) = [Py (P)IVx(@).

The next lemma is a version of [51, Lemma 3.7] and says that bounded eccen-
tricity is crucial to concatenate many elliptical small rotations keeping « controlled.

Lemma 9.36 Given X € %i(M), e>0,0<k <1 and E > 1, there exists € > 0
satisfying the following.
Let p € M be a non-periodic point and suppose that for some n € N we

have || P (p)|| < EJx~YWj) for j=1,....n. If Lj: ij(p) — NX_;+1(p) for
j=0,...,n—1is asequence of linear maps satisfying:

@) L,;l....Lo(B(p,n):P;é(p)(B(p, D) forj=1....n;
(b) ||P)1((Xf(p))—Lj|| <éforj=0,1,...,n—1;

then {Lo, L1, ..., Ly—1}is an (e, k)-realizable linear flow at p.

Proof Let us start by fixing some constants. We choose xo < « by taking A €]0, 1]
near 1 such that A1 — k) > 1 — k. We take ¢ €]0, 1[ such that ¢ €]x, 1[ and
2 —¢ e]l, A7 Let & be given by Lemma 9.34 depending on ¢, E and «.

Using (a) and the hypothesis ||P’ ()|l < Ev/x~1(j) (for each j) we consider
E the rotation of the ellipse j 2 5 (P)(B(p, 1)). Then L; := P (XJ (p))E satisfies
( b) and these are the linear maps which we will (e, k)-realize. Let y > 0 be given.

By Lemma 9.35 applied n times, and shrinking the radii at each step, there exists
r1 > 0 such that, for each j and all ellipses &(g,7) € B(X/(p),r1) C Nyj(py with
eccentricity < E, we have

o Py(X/(p)(E(q.57) — q) + Py (X) (P))(q) € Py (X! (p)(£(q. 7)), and
o Px(X/(P)(E(q.P) S Py(XT (P)(E(g, 2~ OF) —q) + Py (X) (P))(@).

Take r < r1. Now we will define the vector field Y and the measurable set K as in
Definition 9.27. By Remark 9.29, we consider U = B(p’, ") C B(p,r). For each j,

denoting ,@] (p)(p") by pj we define a sequence of ellipses & C Nyjp) with
eccentricity < E by

&Y= B(p',sr') fors €10,1] and & = P)J;(p)(B(p/, s’y —p) + p;-.

Decreasing r, if necessary, these ellipses satisfy the conditions of Lemma 9.35.
Thus, for each j we also have

(g;J:- g;](—zkl;) ) <@X(Xj(p))((gl) D£1+1 Déasa-i-l.

For each j we apply Lemma 9.34 to p;., Ko, é”;j and E j» with s = A". Hence there
exists a vector field Y; such that
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(i Y, —Xis suppoeted in the flow-box 7y (p;.)(éa){;,);
(i) forevery q; € éi\]nﬁ we have || P}(q;) — P;((p;.)EjH <y.

By item (i), the Y; have disjoint supports, and so we define Y := Z’};(l) Y;. We
define also K := giznm = B(p/, A*"\/T — kor’). Hence we obtain

1—«

AK) _ n("T—kor')?
aw) wr'’?

=21 — ko) > 1 —«.

Let us see that when we iterate we have a nested sequence, i.e., for all ¢ € K and
—0, _ —l —l
MF We have 2} (p') (&) S Ea_y) C E -1, and

so for every j we obtain @] (' )(5 )C 5M i C 60“\ _a. Hence for s = 12" /T — ko

we get @f, (pHY(K) C &’ o JT=kg? and the orbit of g will be inside the domain of
each of these rotations.

Finally, to prove that ||P;(Yj(q)) —Lj|l <y forall g € K, we use item (ii), and
go back and decrease r once more, if necessary. (]

each j we have Y/(q) € &

9.3.3 Blending Oseledets Directions Along an Orbit Segment

Given p € I} (X), we suppose that

I PL X (P Ny
c,
1P X (P)ING )~

AX'(p),r) =

for ¢ > 1 and 0 <t + r < m. Then the dynamics sends vectors near N¥% into

X'(p)
vectors near Ny, » during that period. The next simple lemma, whose proof may
be found in [51, Lemma 3.9], clarifies this behavior. Denote two unit vectors by

7 e N;,(p) foro =u,s.

Lemma 9.37 Given an angle &, there exists ¢ > 1 such that, if A(X'(p),r) > c,
then there exists v € Nx:(p) \ {0} satisfying £(v,n}) < & and L(Py(X'(p)) -
v,ni,,) <&.

The next lemma gives us the conditions under which we may apply Lemma 9.36.
For a proof of the next lemma see [39, Lemma 4.0.11].

Lemma 9.38 Let £ > 0 and d > 1 be given. Let £(N*

| P (s I
I -
t>0,andletd " < —”P, (p)\Nu i

E/x@®)~ forallt > 0.

Xt(p)’ xf(p)) > & for each

< d. Then there exists E > 1 such that || Py (p)|| <
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Now we are able to mix the Oseledets subspaces by small perturbations along
orbits which have no domination.

Lemma 9.39 Ler X € .'%fi (M), e >0and 0 <« < 1. There exists m € N such that,

Pm NS
foreverype A (X)={peO™T: —}:Pﬁgi;:N‘Z” > %}, there exists an (g, k)-realizable
X P
. m uy — s
linear flow such that L (Np) = NXm(p).

Proof First we set up the constants. We take £ > 0 the minimum of the angles
satisfying simultaneously Lemma 9.32 and Lemma 9.33 and depending on X, ¢ and
k/2. We set C := max{||DX*! : p € M} and c given by Lemma 9.37 depending
on the angle &. We take ¢ > C? also.

Lemma 9.38 gives us E > 1 depending on £ and d = 2¢?. Let & > 0, depending
on X, ¢, k and E, be given by Lemma 9.36. Let B8 > 0 be such that || Rg, — Id|| <
C'E~2¢ for & < B.

Finally, we take a sufficiently large m € N satisfying m > 27” Now we divide the
proof into three steps.

Step I — Small angle between the Oseledets subspaces. We assume that
for some r € [0, m] we have £(Nxr (), Nxr(,) <& (9.8)

We take advantage of this fact and we define a realizable linear flow of length 1

in the following way. On the one hand, if » < m — 1, the linear map is based at

X" (p) and is defined by L¢ := P)l((X’(p))Rg. On the other hand, if r > m — 1,

the linear map is based at X"~ (p) and is defined by L¢ := Re P}((X’_l (p).

Now we use Lemma 9.32 and concatenate from the right and left, if necessary,

with trivial maps by using item (1) of Lemma 9.28. We obtain L™ (N ) =N
Step II — Locally N° dominates N*. Now we assume that

S
xm (P) .

for some 0 <r + ¢ <m we have A(X'(p),r) > c. 9.9)

From Lemma 9.37 there exists a vector v € Ny, such that £ (v, n}') <& and
L(P(X"(p)) - v,nj,,) <&. Since & is small, we apply Lemma 9.32 at X’ (p)
and at X'*"(p). By the choice of ¢ above, we get r > 2 and so we have disjoint
perturbations.

Therefore, our first rotation allows us to send N )”(, ( onto the subspace R - v. The

)
flow then maps this direction into P} (X'(p)) - v Ii)n time r and, finally, another
rotation sends P4 (X'(p)) - Rv onto N§,+,(p).

Now we use Lemma 9.28 and concatenate the three realizable linear flows, say
rotation-trivial-rotation, by using Lemma 9.33 and we get L™ (N,’j) =N ;Y(m( )
Step III — Conformal behavior. Finally, we suppose that we do not have either (9.8)

or (9.9). We set up the conditions for Lemma 9.38. Since A(p, m) > % and (9.9)
is false we have

AX"(p), 1) = AX™ (p)ym —t —r) ' A(p,m)A(p, 1) > 2—12
C
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Therefore, since d = 2¢2,

X" (p)

IPX (X" (P))Iwe, I~

X" (p)

1 IPEX"(p)Ins, |l
q= :

for every r,t with 0 <r 4t < m. We observe that, in particular, for r = 0, we

have AC(N)”(,(p), N;‘(,(p)) > & for all ¢t € [0, m]. Now we use Lemma 9.38 and
conclude that || Py (p)|| < E+/x(¢)~! for each 7 € [0, m].
Let us take &o,&1,...,&6x—1 with & < B for each j and satisfying also

Y70 &) = L(N%, N3). We define

- ) B
L; :NXj(p) — NXj+1(p), V> P)J(+ (p)jo[P)J((p)] Loy,

Let us check the conditions of Lemma 9.36. Since, by definition, for each j we
have Lj_j...Lo= P;((p)RZ,_] "
i=0 51t

have

, we obtain item (a) of Lemma 9.36. Now we

1P (X (p) — Ll < 1PE (X7 (p) — P{T (p)Re, [P ()17
= |Py(X/ (p)lId — P§(p)Re, [P3(p)] 1]
< | PL (X)) P (P — R, 1P (p)1 1l
< IPYCXT ()P (PIILPE (I IlIId — Re, |
< CE\Jx\()EVE(DIId - Re, .
(In the last inequality we have used || Py || < E+/x(?).) Therefore we obtain
IPg (X7 (p)) — Lj|l < CE*||Id — Rg, || < &

and item (b) of Lemma 9.36 is true. From this lemma we have the realizability,
and therefore

L™(Np)=Lp—10---0Lo(N,) = P)r("(p)RZ;(,:_Ol ¢ (Ny) = Py (p)- Ny =Ny,

which proves the lemma. 0

9.3.4 Lowering the Norm: Local Procedure

We begin this section by adapting to our setting the results [51, Lemma 3.12] and
[53, Lemma 4.5]. The first lemma (for a proof see [39, Lemma 5.0.13]) gives us
information about when we have a recurrence to a positive measure set. The second
lemma is an elementary result which relates the original norm to a new norm.
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Lemma 9.40 Let X' : M — M be a measurable ju-invariant flow, A € M a positive
measure set, I' :== U;er X' (A) and let y > 0.

Then there exists a measurable function T : I' — R such that, for p-a.e. p e I',
all t > T(p) and every T € [0, 1], there exists some s € [0, t] satisfying |§ —T|l<y
and X*(p) € A.

Consider p,q := X'(p) € I' and the map P : N, — N, whose matrix written
with respect to the Oseledets basis (given by {n’[‘,, n;} and {ng, n; D is

Let || Pllmax = max{la™], |a**|, [a*"|, |a**|}.

Lemma 9.41 We have the bounds

(@ P <4(sin Z(N%, N3P llmax
() [[Pllmax < (sin Z(NJ, N5 PJI.

Now we are able to decrease the norm under a small perturbation.

Lemma 942 Let X € %i (M), where X' is aperiodic and all hyperbolic sets have
zero measure. Let €,6 > 0, 0 < k < 1. Then there exists a measurable function
T : M — R such that for u-a.e. p € M and every t > T (p), there exists a (&,k)-
realizable linear flow at p with length t such that |L* (p)|| < e'.

Proof First we take m € R large enough given by Lemma 9.39 and depending on
X,e,k/2. Write I := F,jl‘ (X), A:= A,;(X) and note that X’ aperiodic implies that
u(I(X)) = (). We have pu( 00U T) = 1, for otherwise there exists a hyperbolic
set with positive measure, contradicting our hypothesis. We suppose that w(I") > 0,
for otherwise, with u(I") = 0, u-a.e. point p € M would be such that AT (p) =0
and there is nothing to prove, because a trivial map does the work.

We recall that I" = [ J,.g X" (A). For p-a.e. p € I', the Oseledets’ Theorem in
the particular case of a three-dimensional conservative flow gives us Q(p) such that
forall > Q(p)

(1) 1log|[Py(p)-n“ll < A*(p) +38 forall " € N} \ {0);
(2) flogl|Py(p) -n*l| < =¥ (p) + 8 forall n* € N}, \ {0);

3 u s
3) —logsmL(NX,(p), NX,(p)) < t8.

By using Lemma 9.40, with T = 1/2, we get recurrence to A approximately in the
middle of the orbit segment. However, to get good estimates of the norm of the
linear map L’, points in the orbit after this time must also satisfy items (1) and (2)
above.

Let B,:={pe I :Q(p) <n} for n e N. We have B, € B,y and pu(I"\
B,) — 0.

n—00
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We consider now the following family of sets:
. . t —m
Co:=% and C,:= UIGRX (AN X"(B,)).

It is easy to see that C, = I', and so the measurable function 7 : I' — R will

be w-a.e. defined on each Cn \ C,_1 forneN.

Taking ¢ > max{log || DX pll - p € M} yields the Lyapunov exponents of any p €
O less than ¢ (recall the definition of & at the beginning of Sect. 9.3). For p € I
we have non-zero Lyapunov exponents, and so we have well-defined Oseledets one-
dimensional subspaces N, and N.

Let y =min{1/6, §/c}. Now we use Lemma 9.40, replacing A by AN X" (By,)
and I" by U,eRX’(A N X~™(By)). By this lemma, for each n, there exists a mea-
surable function 7, : C;, — R such that, for u-a.e p € C, and for all r > T,,(p),
there exists some s € [0, t] satisfying X*(p) € AN X" (B,) and |7 — %l <y.

Now we define a sufficiently large T'(p) for p € C, \ C,,—1 so that

4
T (p) = max | T(p), — 6Q(P) m . (9.10)
»Yp

Let pe Cy,\ Cy—1 and t > T (p). Since t > T (p) > T,(p), we obtain X*(p) € A.
Hence, by Lemma 9.39, we define a (¢, «/2)-realizable linear flow L : Nxs(p) —>

Nys+m(py, sending Ny, » into Ny im ) Now we concatenate from right to left with

trivial maps and, by Lemma 9.28, we obtain a (¢, k)-realizable linear flow defined by

Lg Ly L
Np —> Nxs(p) —> Nxstm(p) —> Nxi(p)

with Lo = P§(p) and Ly = P "~ (X5 (p)).

To estimate ||[L!(p)|| we consider the linear maps relative to a suitable unitary
basis {n‘)’(,( o n§(,.( p)} for r € [0, ], which is invariant for the Linear Poincaré Flow,
so they have the form

i (Q puit pis ait O
L2=< 0 Css)’ Ll:(bsu bxs>’ LO:( 0 ass)'

The key observation is that »** = 0. Consider the product matrix
0 auubuscss
Lt(p) =Ly-Li-Lo= <assbsucuu assbsscss)
Claim For pe C, \ C,—1 and t > T (p) we have:

(2) max{log|a""|,log|c*“|} < 51 (.F (p) +48);
(b) max{log|a®**|,log|c*|} < %t(—)ﬁ(p) + 45).

Proof of the claim To prove that logla"*| < %t()ﬁ(p) + 48) we first note that
s>t(1/2—y)>1t/3>T(p)/3 > Q(p) and so, by Oseledets’ Theorem, we have
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logla""| =1log| Py (p) -n,| < s T (p) +8). Since yAT(p) <yc<dandy < 1/2,
we get

s(AT(p) +8) <t(1/2+y)(AT(p) +8) <t(AT(p)/2+8/2+ 1T (p)y + )
<t(AF(p)/2+68/2+8+6/2) < %t(ﬁ(p) +46)

and the inequality follows.

To prove that log|c*"| < %t()ﬁ‘(p) + 48) we consider the fact that X*(p) €
X" (By), therefore X*7"(p) € B, and Q(X**"(p)) < n by definition of B,. So
we will have the approximation rate given by Oseledets’ Theorem if t —m — s > n.
By (9.10) for t > T(p), we have —m/t > —y. Since —s/t > —% —yand —y >
—1/6 we obtain

t =t(1 ) : 2 t>Q()>
—_ —_ = _———— > —_ — > — .
m N : : 5 Y 6= p)=n

Thus r —m — s will be sufficiently large to use item (1) above. Hence

loglc"| =log | Py ™"~ (X*™(p)) - Wiy | < (t = m = $)0F (p) +8)

<t(l—m/t —s/)AT(p) +8) <t(y +1/2)(A T (p) +6)
=t(yAT(p) +y8+ 2T (p)/2+8/2)

1
<t(8+8/2+2T(p)/2+8/2) = Et(ﬂ(p) + 48).
We note that item (b) is analogous to item (a) and the claim is proved. ([l

Now we estimate || L1 ||max. First note that
s+m>t(1/2—y+m/t)y>t(1/2—y)>1t/6> Q(p) >n,

and so by (3) we have (sin £(Ny i ()’ N‘;(H,,,(p)))’1 < e6Tms 618 Since L is
(&, k)-realizable, we conclude that || L1 — Py’ (X*(p))|| is small. Therefore, because
t>T(p)>m/y and yc < 8, we get |L1]| < e™ <e'”¢ <e!'®. By Lemma 9.41(b)
we also have

1Lt lmax < sin~" LN Ysim )0 Nysem D IL11 < €.

Now we estimate each of the entries of the product matrix:

Lot Lic—at
|auubuAvcxs' < ezt(k (p)+48)+2t5+ 51 (=17 (p)+49) :e6t3,

)

Lic—at Leont
|assbsucuu| Sezl( AT (p)+48)+2t5+ 51 (AT (p)+45) =e6t8

s

b5 5| < o3 (AT (P)+A8)+208+ J1(—2F (p)+46) < o (615 615
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616

This implies the inequality || L' (p)|lmax < €®°. By item (a) of Lemma 9.41 we have

1
L' <4— L' ax-
IL°(p)Il = sin (N N3) IL7(P) | max

Butt>T(p) > %log SO < e and we get || L' (p)| < e”*®.

4 4
sin&(N;j,N;) sin&(Ng,N;)
Replacing § by 8/7 we conclude that ||L’(p)|| < e'® and the lemma is proved. [

9.3.4.1 Realizing Vector Fields

Let X € %i(M )*, where X' is aperiodic and also all hyperbolic sets have zero
Lebesgue measure. Given ¢,6 > 0 and 0 < k < 1, we assume that m is large
enough to satisfy Lemma 9.39. By Lemma 9.42, there exists a measurable func-
tion T : M — R such that, for u-a.e. p € M and for every ¢t > T (p), there exists a
(¢, k)-realizable linear flow at p with length  such that || L/ (p)|| < e?.

This means that, for each y > 0, we can find r = r(p, t) > 0 such that, for every
open subset U of B(p,r), there exists a conservative vector field Y, ¢-C L_close
to X, satisfying the following. First, ¥ = X outside the flow-box .#} (p)(U) and,
moreover, || Py(g) — L'|| <y for g in a measurable subset K C U which is close to
U in measure (i.e. w(K) > (1 — k) (U) for a small « > 0); see Definition 9.27.

Since |L'(p)|| < e’ we conclude that || P} (¢)]| < e +y forall ¢ € K (where
y & 0). The vector field Y realizes the abstract map L'(p), i.e., P} (q) ~ L' (p) for
a large percentage of points g € U C N, (see Fig. 9.5).

9.3.5 Lowering the Norm: Global Procedure

Now we use the local construction of realizable linear flows with a small norm in
order to decrease the function L E(-) for a zero divergence vector field Y Cl-close

Fig. 9.5 Realizing vector fields given a linear map L’
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to X. We will use the notion of suspension or special flow built under a function,
from Sect. 2.3.2.2.

It follows from the Ambrose-Kakutani Theorem [12, 13] that any aperiodic flow
is isomorphic to some special flow. This theorem is applicable to the flow of Propo-
sition 9.23. The isomorphism is given by W : M — M}, where M} is the flow
under the roof function 4. The measure pw* = W, is decomposed into the prod-
uct of Lebesgue measure in R and an R-invariant measure i in the base X, that
is, th fx,du* =[5 ( Oh(x) f(x,s)ds)dpi(x). Thus we have a simplified rep-
resentation of our flow X*(p). Hereafter we assume that our flow has this represen-
tation.

9.3.5.1 Sections of Flows and Special Flows

Given a special flow over a section X, the set Q = U;cg X' (X) is called the Kaku-
tani castle. The tower of height i, which is denoted by T;, is the set below the graph
of h(B;), where B, ={x € X : h(x) =i}, thatis, T; = X0-11(B;). The next lemma
is the flow version of [51, Lemma 4.1].

Lemma 9.43 Let X' : M — M be a u-preserving aperiodic flow. For every positive
measure set U € M and every h € R, there exists a ji-positive measure section
B C U such that X'“"(B) is a flow-box and B is maximal (i.e. no set containing B
and with larger measure has the same properties as B).

Proof See [39, Lemma 6.1.2]. O

For a p-generic point p, Lemma 9.42 gives us T (p) which, in general, is very
large. Hence Lemma 9.43 is crucial to avoid the overlapping of perturbations.
Consider a vector field X under the conditions of Proposition 9.23. For all Y &-
C! close to X we define C := max{||P}(p)|| : p € M}. We take k = §°. Using the
function given by Lemma 9.42, we define Z;, :={p € M : T (p) < h}. Then we get
w(M\ Zp) h—) 0, and so for & sufficiently large we have
—>00

w(M\ Zp) < 8°. 9.11)

We intend to build a special flow with a ceiling function with height not less than
h and section inside Zj. Since, for large h, the set Z; has almost full measure, by
Lemma 9.43, we get a i-positive measure set B C Zj,. If x € B, then h(x) > h and,
since B C Z;,, we have h > T (x), and so the conditions of Lemma 9.42 are satisfied.
Let Q be the castle with base B. We have Q D Zj in the measure theoreti-
cal sense so, by (9.11), we get the inequality M(Q") < 82. We define the subcastle
0 C Q by excluding the towers of Q with height larger than 34. Adapting [51,
Lemma 4.2] (the details are fully presented in [39, Lemma 6.2.1]) we obtain

1w(Q\ Q) < 38% (9.12)
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9.3.5.2 The Zero Divergence Vector Field Y e-C!-Close to X

Now we make use of the realizability of vector fields and the properties of special
flows to construct a conservative vector field Y inside the subcastle Q by gluing
a finite number of local perturbations supported on self-disjoint flow-boxes. We
note that the measures i and & are equivalent. In the next lemma we follow [53,
Lemma 4.14].

Lemma 9.44 Given y > 0, there exist Y, e-C L_close to X, a castle U for Y and a
subcastle K for Y' such that:

(a) the castle U is open,;

() uU\ Q) <yandn(Q\U) <y;

© wU\K)<k(d+y);

d) YH(U)=X"(U) and Y' = X' outside the castle U,

(e) if q isin the base of K and h(q) is the height of the tower of K that contains q,
then

h
1Py P @l < ™ 4.

Proof The castle Q is a measurable set and, since u is Borel regular, there exists a
compact J € Q such that

w(Q\J) < yu(0)/2. (9.13)

The compact J is a X’ -castle with the same structure as Q (i.e., preserving the same
dynamics of bases and towers as is the case for the castle Q). Now we choose an
open castle V such that J C V with

n(V\J) <yu(Q), (9.14)

and also with the same structure of Q and J. For every point p; in J N B we
have h(p1) > h. Since (J N B) C Z;, we have T (p1) < h, and therefore T (p;) <
h < h(p1). So, for all 11 > T (p1), and for y fixed, there exists a radius r1(py, t1)
(decrease r; if one leaves the open castle V) such that for almost (related with
Kk = 8%) every point in Uy = B(p1,r1) C N, , more precisely for each point g €
K1 C Uj, we have a vector field Y; supported in a small flow-box containing the
orbit segment X%/11(p1) such that ||P{,11 (@l <&’ +y.

We continue by choosing p/s and by Vitali’s arguments we fill up J with a union
U of self-disjoint open flow-boxes in order to obtain

n(J\U) =yu(h)/2. 9.15)

The set U is a X'-castle with its section (base of the castle) the union of the U;.
So for each i we get a vector field ¥; supported in a small flow-box containing the
orbit segment X[O”i](pi), e-Cl-close to X, and such that | P{}i @l < Al 4 y for all
qgeK; CU;.
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We define Y = Y; inside each flow-box and Y = X outside. Since these flow-
boxes are pairwise disjoint, the vector field is well defined and it is £-C'-close to X.
Note that V is also a castle for Y?, and U is also a Y?-subcastle of the Y’-castle V
(having for base the union of all U;). We take K as the Y’-subcastle with a section
equal to the union of all the K;. By construction of U, we get items (a), (d) and (e).

Now we prove item (b). Recalling that V 2 U and J C Q, by (9.14) we obtain

wU\ Q) <u(V\J) <yu(Q)<y.

To prove that £ (Q \ U) < y we use (9.13) and (9.15) and conclude that

w(Q\U) < u(Q\J)+pn(J\U) <yu(Q) <.

Finally, for item (c) we observe that from item (b) we deduce that u(U) < u(Q) +
w(U\ Q) <1+ y. The inequality u(U \ K) < ku(U) then leads to u(U \ K) <
k(14 y). The proof is complete. (]

9.3.5.3 Computing LE(Y)

We take ¢ = h6~! (we may assume that this is an integer). By Lemma 9.22, we
obtain LE(Y) < fM % log || P}’, (p)lld(p). By the above construction for orbit seg-
ments inside the castle K and starting in the base, we guarantee a small upper Lya-
punov exponent. Therefore we define the set of points whose orbit stays for a long
time in K by G:={pe M :Y*(p) € K Vs € [0, ¢]} and denote by G° its comple-
mentary set.

t(1+6logC)s

Lemma 9.45 For p € G we have ||P{,(p)|| <e for some C > 0.

Proof Let p € G. We split the orbit segment X[%?1(p) by return-times at Bx (the
section of the castle K),sayt =b+r, +---+ry +r1 + a, where

X(p), X1 (p), X2 (py, L X L= ()

are all in the base Bk . It is clear that a, b, r; €0, 3h] except when p € Bg (a =0)
and X’(p) € Bx (b =0). Note that

IPL () = | PLTE=4 (o) < I PR (X i rta )|

x || Py (XTI p)) | x -o- x 1Py (X (p)I x 1Py (P

But these maps are based at points in Bg. Hence by Lemma 9.44(e) and for C :=
max{||DX1}7 | : p € M} (this constant is valid for any vector field e-C'-close to X)
we get

||P)t/(p)|| S C3h62?:1riac3h S e(b+2;‘:1ri+a)5c6h S elﬁc65[ S ez(1+6logC)5

concluding the proof. ]
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For points in G¢ we use inequality (9.12), Lemma 9.44 and some elementary
observations (see [53, Lemma 4.16]) to deduce the following.

Lemma 9.46 Let y = 8%h~" as in Lemma 9.44. Then n(U U T} (X) \ G) < 128.

Now using Lemma 9.46 we obtain ©(G°) < 126. Finally, we finish the proof of
Proposition 9.23 and consequently Theorem 9.3:

. 1 1
LE(Y)=;nf1/ ;logllPﬁ(p)lldu(p)S/ ;logllPé(p)lld/x(p)
=l m M

! 1
< [ FroelP () + [ 1ogl (i)
< (1+61ogC)81(G) +log Cu(GS) = (1 + 181og C)8.

Now we replace § by (l-klésm in the proof, and Proposition 9.23 is complete.

9.3.6 Proof of the Dichotomy with Singularities (Theorem 9.4)

We begin by noting that, since X’ is aperiodic, the measure of all singularities
is zero. Moreover, when we estimate the Cl-norm of the perturbation P, defined
in (9.7), the choice of r(p) in (9.5) guarantees that, even near singularities (when
¢ ~ (), the perturbation can be done. Furthermore, if in Theorem 9.24 we take
£2 with C* boundary and g, f also C°°, the diffeomorphism ¢, provided by
Dacorogna-Moser, is also C*°. So our conservative flow-box theorem guarantees
a C* conservative change of coordinates ¥. Note that the perturbation P, de-
fined in (9.7), is also C°°; moreover we know by [277] that .’{fj’ (M) is C'-dense

in X, (M).

9.3.6.1 Adapting the Proof with Singularities, from Theorem 9.3

The following proposition is similar to Proposition 9.23. The main difference is
where the computation of the entropy function is done.

Proposition 9.47 Let X € .'{ZO(M) and €,8 > 0. There exists m € N and a zero

divergence C* vector field Y, e-C'-close to X, which equals X outside the open
set I,,(X) and is such that LE (Y, I,,(X)) < 6.

Proof For a fixed m € N we have p € I',F(X) \ I}(X) if p is periodic, has positive
Lyapunov exponent and belongs to I3, (X). We consider the following simple claim.

For a proof see [40, Lemma 3.1].

Lemma 9.48 Given § > 0, there exists m € N such that u (I, (X) \ I}(X)) < 8.
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We take m € N satisfying both Lemma 9.39 and Lemma 9.48 and let T :
I (X) — R be similar to the function of Lemma 9.42. We now define

Zn={peTl(X):T(p) <h}.

It is standard that p(15(X) \ Zp) h—> 0, and so we may choose i > 0 satisfying
—00

1 (X)\ Zp) < 82 (Tn(X)).

Now we increase #, if necessary, and use Oseledets’ Theorem to obtain the inequal-
ity

||P)t((p)|| < forallt>h, (9.16)
for p € 0°(X). Since X' : I (X) — Iy (X) is an aperiodic flow, we can follow the

construction of section 9.3.5.2 and finally compute LE (Y, I';(X)). Analogously,
we define

G:={pel(X):Y(p)eK, forallsce]l0,r]},

and denote % log || P(f)(p)|| by Al,(-). Then we compute

LEQ.L,00) = [ 4 d
Iin(X)

<

AL (Y)du +/

A;(Y)du
UULH(X)\G

/F ONUUTLE (X))
+ / AL,(V)dp.
G

Since Y = X outside U, by (9.16) we obtain

/ Ay dus [ AY(X)du <5,
T (XONUULE (X)) T O\ (X)

Setting C := max{||P)1((p)|| : p € M} and using Lemma 9.48 and Lemma 9.46, we
conclude that fUUF,,T(X)\G A;,(Y) du < 138log C. Finally, on G, our construction

allows us to obtain fG A;(Y) du(p) <4 and the proposition is proved. O

9.3.6.2 The Concluding Argument

Let X € XL(M) and & > 0 be given. We will prove that there exists ¥ € %}L (M), &-
Cl-close to X satisfying the conclusions of Theorem 9.4. For & = &/2, there exists
X e %ZO (M) e-C'-close to X. It suffices to prove Theorem 9.4 for the vector field
X and ¢ > 0.
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Proof of Theorem 9.4 Let X € X7°(M) and ¢ > 0. We will find ¥ e-Cl-close to X

and a partition M = D U O into Y’-invariant sets such that Vp € O we have zero

Lyapunov exponents and D is a countable increasing union of compact invariant

sets A, admitting an m,-dominated splitting for the Linear Poincaré Flow. We

define the sequence {X,},>0 € .’f,‘jo (M), m,, € N, and eventually ¢, > 0 forn > 0.
Take Xg= X, 0 > 1 (near 1) and §, n:)() 0.

If frm(X) AT (X)dp =0 for some m € N, then we are finished by taking ¥ = X,
D = A,,(X) and O a full measure subset of I},(X). Otherwise, for some m = my
and X = Xy, we have [}, (Xo) At (Xo)du > 0. Let g9 € (0, £/2) be such that
”10

/ A (Z)dp <6 / M (Xo) .
Tng (X0) Ty (X0)

for all vector fields Z which are 2e9-C!-close of X and Z = X, outside I} mo (X0)-
We observe that such ¢ exists because LE(:, I,,(X0)) is upper semicontinuous
and I5,,(Xo) is invariant, both for X6 and Z'. Recursively, knowing X,,_1, m,_1
and g,_1 € (0, 27™), we define X, € %;’f(M), m, € N, and eventually &, > 0.

By Proposition 9.47, there exists m, € N and a perturbation of X,_1, X, €
.’{Z"(M), en_1-Cl-close to X,_1, with X,, = X,,_; outside I, (Xp—1) and such
that

/ AT (X)) du < 8.
an (an])

We assume that m, > m,_1 and note that I}, (X,) € I}y, (X,—1) € I, (Xn—1).
If me,,(Xn))‘+(X") = 0, then we finish the argument by taking ¥ = X,,, D =
A, (Y) and O a full measure subset of I, (Y). Otherwise, if || T (X) At (X, >0,
we choose ¢, € (0, &,—1/2) such that B(X,,, 2¢,) € B(X—1, én—1) and also

/ AN Z)ydp <6 / A (Xp)du,
Ly (X5) Dy (Xn)

for all vector fields Z which are 2¢,-C'-close to X,, and Z = X,, outside L, (X5).

We continue this procedure recursively and if we obtain f Loy (X) AT (X)) dp =
0 for some n € N, then we conclude the proof. Otherwise the sequence {X,},>0
converges in the C! topology to some Y € %;11 (M). Moreover, since ¢, < £/2", we
conclude that Y is e-C'-close to X.

If we set D = Un€Z+Am” (X,), since Ay, (Xy) D A, (Xp—1) and Y = X, at
Am, (X,), then Y' has an m,,-dominated splitting at A, (Xy).

Letting I" := D¢ = (,cz+ Im, (X»), then I C I}, (X,). To finish the proof of
Theorem 9.4, we now check that fr AT () du =0.

We note that Y € B(X,,, 2¢,) for all n € N. Hence we have

/ AT du </ AP du < 9/ (X)) du <68, — 0.
r Ty (Xn) Ty (Xn) n—00
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We conclude that we have zero Lyapunov exponents in a full measure subset O
of I'. The proof of Theorem 9.4 is complete. U

Now we consider the reason why Theorem 9.4 is stated for a dense subset instead
of a residual subset. In [53], the authors developed a strategy to obtain a residual
subset; unfortunately, this strategy does not apply in our case. Let us see why: they
start with a C! system X which is a continuity point of the entropy function. Then
they define the “jump” (see [53, pp 1467]) of this semi-continuous function which
is an integral over I'x(X) :=(),, [ (X). Being a continuity point implies that the
“jump” is zero. So, by definition of “jump”, u(I'so(X)) =0 or AT (p) =0 for u-
a.e. point p € ' (X) and the statements of Theorem 9.4 are verified. In order to
estimate a lower bound for the “jump” we perturb the original vector field X as
we did to prove Theorem 9.4. But our conservative flow-box theorem may not be
applied to X, unless X is of class C2, and so this argument only works for X €
%i (M). However this set, equipped with C' topology, is not a Baire space, and so
in general residual sets are meaningless.

As explained at the beginning of Sect. 9.3, this can be extended to a full di-
chotomy for C! generic incompressible vector fields using the extension of the
Bowen result for positive volume invariant sets having a dominated decomposition
for the Linear Poincaré Flow.



Chapter 10
Related Results and Recent Developments

Here we briefly present other related results about three-dimensional flows and some
recent developments, advancing some conjectures about future developments that
we feel are achievable.

10.1 More on Singular-Hyperbolicity

As shown in Chap. 4, Doering in [79] was able to prove, for 3-manifolds, that ro-
bustly transitive vector fields are Anosov. Vivier, in [268], extended the results of
Doering to higher dimensions, showing that a C! robustly transitive vector field
on a compact boundaryless n-manifold, with n > 3, does not have any singular-
ity. Similarly to Doering, Vivier showed that, for n-dimensional manifolds, robustly
transitive vector fields admit a global dominated splitting. In Chap. 4 we proved a
weaker version of this.

Robust transitivity of a compact invariant set in the C! topology for three-
dimensional flows is characterized in Chap. 5: such robust sets are singular-
hyperbolic attractors or repellers, and are hyperbolic if they have no singularities.

In Sect. 6.3 of Chap. 6 we provided sufficient conditions for a singular-hyperbolic
attractor, having only one singularity, to be robustly transitive. The conditions de-
pend on the behavior of the C' nearby vector fields in the trapping region of the
original attractor.

Conjecture 10.1 Sufficient conditions can be found which imply the robust tran-
sitivity of any singular-hyperbolic attractor (with no restriction on the number of
equilibria) depending only on the given vector field.

10.1.1 Topological Dynamics

Some aspects of the topological dynamics of the Lorenz geometric model were stud-
ied by Komuro in [124, 125], where it was proved that most geometrical Lorenz

V. Aradjo, M.J. Pacifico, Three-Dimensional Flows, Ergebnisse der Mathematik und ihrer 309
Grenzgebiete. 3. Folge / A Series of Modern Surveys in Mathematics 53,
DOI 10.1007/978-3-642-11414-4_10, © Springer-Verlag Berlin Heidelberg 2010



310 10 Recent Developments

attractors do not have the shadowing property, and their expansive properties are in-
vestigated. In [123] Klinshpont finds a topological invariant for the Lorenz attractor,
allowing him to exhibit an uncountable number of non-homeomorphic Lorenz at-
tractors in the unfolding of a certain homoclinic loop. In [50], Birman and Williams
analyze the knot type of the periodic orbits of the geometric model, and in [93]
Ghrist and Holmes use the Lorenz attractor to investigate the existence of flows
realizing all links and knots as periodic orbits in 3-manifolds, and an explicit ordi-
nary differential equation with such properties is exhibited. The reader is advised to
consult the survey [200] by Pesin and Sinai.

Morales in [163] shows that a vector field ¥ which is C! close to a given one
X in a 3-manifold exhibiting a singular-hyperbolic attractor A must have at least
one singularity, and the number of attractors of Y near A is bounded above by the
number of singularities of X in A.

Bautista showed in [35] that the geometric Lorenz model is a homoclinic class
and, together with Morales, proved in [37] that every singular-hyperbolic attractor
admits a (hyperbolic) periodic orbit.

Arroyo and Hertz, in [28], have advanced a significant step towards an affirmative
answer to the Palis Conjecture for 3-flows; see Sect. 2.8. They show that any C'
vector field on a compact 3-manifold can be approximated by another one showing
one of the following phenomena:

e uniform hyperbolicity with the non-cycle condition,
e a homoclinic tangency, or
e asingular cycle.

Arroyo and Pujals, in [27], show that a singular-hyperbolic attractor has a dense
set of periodic orbits and is the homoclinic class associated to one of these orbits.
These results show that singular-hyperbolic attractors do play the same role as the
basic pieces of Smale’s Spectral Decomposition. In the same work, Arroyo and
Pujals also prove that there exists a relatively open and dense subset of a singular-
hyperbolic attractor whose points admit well-defined unstable manifolds which have
uniform size. This may prove to be a decisive step towards a criterion for C! ro-
bustness of singular-hyperbolic attractors which depends only on the attractor. We
present a robustness criterium for singular-hyperbolic attractors with only one equi-
libria in Chap. 6, but depending on the nearby vector fields.

Conjecture 10.2 There is a characterization of robust singular-hyperbolic attractors,
and robust 2-sectionally expanding attractors, with any (finite) number of equilibria.

Abdenur, Avila and Bochi [1] prove that nontrivial homoclinic classes of C”-
generic flows are topologically mixing. This implies that, given a nontrivial C'-
robustly transitive set A of a vector field X, there is a small C!-perturbation ¥ of X
such that the continuation Ay of A is a topologically mixing set for Y. In particular,
robustly transitive flows become topologically mixing after C!-perturbations. These
results generalize a theorem by Bowen [61] on the basic sets of generic Axiom A
flows: they are mixing for a C” generic family of vector fields in compact manifolds.
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In this work it is also shown that the set of flows whose nontrivial homoclinic classes
are topologically mixing is in general not open and dense.

10.1.2 Attractors that Resemble the Lorenz Attractor

In Chap. 5, we present several results showing that every robust attractor of a 3-flow
containing equilibria looks like a geometric Lorenz attractor.

Shil’nikov and Turaev, in [263], present an example of a 4-dimensional quasi-
attractor and study its perturbations. The quasi-attractor is partially hyperbolic with
contracting dominated direction and volume expanding central direction with di-
mension higher than 2, and contains a singularity with a complex eigenvalue. Such
a quasi-attractor can not be destroyed by small perturbations of the system. Since
this set has a dense subset of homoclinic tangencies, it is called a wild strange attrac-
tor, because Newhouse in [182] (see also [193] for a detailed presentation) showed
that dynamics with such features for surface diffeomorphism imply the existence of
infinitely many attracting periodic orbits for open subsets of arbitrarily close maps.

Conjecture 10.3 Sets of this type exhibit the main chaotic features of the singular-
hyperbolic attractors: they support a physical probability measure and are expansive.

Lorenz, in [141], reports a careful numerical study of what seems to be a strange
(chaotic) attractor in four dimensions for a system of 2-degree polynomial equa-
tions. Rovella in [232] proves existence and persistence of contracting Lorenz at-
tractors, that is, with the contracting eigenvalue condition —A3 > A1; see the fol-
lowing Sect. 10.1.4.

In [187], Pacifico, Rovella and Viana prove that certain parametrized families of
one-dimensional maps with infinitely many critical points exhibit global chaotic be-
havior in a persistent way. Later Araujo and Pacifico, in [20], proved that these maps
have a unique physical (absolutely continuous) measure which varies continuously
in the space of parameters with very nice statistical properties. An application of the
methods developed in these works yields a proof of existence and even persistence
of global spiral attractors for smooth flows in three dimensions, to be given in [74].

In [198] Pesin proposed abstract models for attractors with singularities, called
generalized hyperbolic attractors, and studied their properties.

Bonatti, Pumarifio and Viana, in [58], construct a multidimensional Lorenz-like
attractor that is C'!-robust and contains a singularity with at least two positive eigen-
values. Their construction works in dimensions greater than or equal to 5. They also
obtain a physical measure for these attractors for an open set of flows in the C*
topology.

More recently Metzger and Morales [156] introduced the class of sectionally
hyperbolic vector fields on n-manifolds containing the singular-hyperbolic systems
on 3-manifolds, the multidimensional Lorenz attractors of [58] and the C! robustly
transitive sets in Li, Gan and Wen [132]. We present these notions in Chap. 5.
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Conjecture 10.4 The 2-sectionally expanding attractors satisfy all the properties
we have obtained for the singular-hyperbolic attractors in dimension 3. Namely, the
periodic orbits are dense in these attractors; they are homoclinic classes associated to
a hyperbolic periodic orbit; they are expansive/chaotic; they admit a unique physical
measure which is an equilibrium state for the logarithm of the unstable Jacobian of
the flow.

10.1.3 Lorenz-Like Attractors Through the Unfolding of Singular
Cycles

It is natural to investigate whether an attractor resembling the Lorenz attractor can
be obtained as a result of a bifurcation of a singular cycle of a given vector field.

Rychlik and Robinson studied the existence of Lorenz-like attractors in generic
unfoldings of resonant double homoclinic loops, for flows in dimension three, in a
series of works [227-229, 239]. Rychlik starts with a vector field with a Lorenz-like
singularity o with a connection between both branches of the unstable manifold of
o and the bidimensional stable manifold of ¢, such that the singular cycle obtained
is of inclination-flip type; see Sect. 3.2.2. Robinson considers a resonant connection,
that is, the eigenvalues at o are Ay < A3 < 0 < Ay but A3 + A; = 0. This means that
the singularity neither expands nor contracts volume in the central-unstable direc-
tion. In the setting of axially-symmetric vector fields, both cases are co-dimension
two bifurcations.

Similarly Ushiki, Oka, Kokubu [264] and Dumortier, Kokubu, Oka [83] show
that Lorenz-like attractors appear in the unfolding of local bifurcation of certain
degenerate singularities. Analogously Bamoén in [31] obtains attractors resembling
the Lorenz attractor in higher dimensions unfolding cycles associated to degenerate
singularities.

An extension of the results of Robinson, in dimension 3, was obtained in [175]
by Morales, Pacifico and San Martin.

Conjecture 10.5 The new 2-sectionally expanding attractors can also be obtained
through the unfolding of higher-dimensional cycles associated to (hyperbolic) equi-
libria.

10.1.4 Contracting Lorenz-Like Attractors

Rovella in [186, 232] presented a parametrized model, similar to the geometric
Lorenz model described in Sect. 3.3, which exhibits an attractor for a positive
Lebesgue measure subset of the parameter space. This attractor contains a singu-
larity with three real eigenvalues 1, < A3 < 0 < A1 but, unlike a Lorenz-like singu-
larity, we have A; < —A3, that is, the central-unstable direction at the singularity is
volume contracting.
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Fig. 10.1 The
one-dimensional map for the
contracting Lorenz model

This construction is very similar to the geometric Lorenz model, amounting es-
sentially to replacing the one-dimensional map f, whose graph is presented in
Fig. 3.24 and obtained through projecting along the contracting foliation, by the
map g whose graph can be any of these sketched in Fig. 10.1.

The parameters of these maps describe the vertical coordinates of the critical
points of each branch of continuity of the maps in Fig. 10.1.

This example is far from being robustly transitive, but it is 2-persistent. Here 2-
persistent means that there exists a surface S on the space of C* vector fields such
that

Leb ({(u, v) € B,(0,0): AX ) is an attractor for X(u,v)})
im
r—0 Leb (Br O, 0))

=1

for 2-parameter families of C°° vector fields X, , transversal to S at X 0) = Xo.
Moreover, for the parameters above, Lebesgue almost every point in a neighborhood
of the attractor has a positive Lyapunov exponent.

Rovella also showed that, in a neighborhood % of X outside of the surface S,
there exists an open and dense subset 71 C % such that for all Y € %, the set
Ay = M=0X"(U) consists of the union of one or at most two attracting periodic
orbits, a hyperbolic set of topological dimension one, a singularity, and wandering
orbits linking them.

Metzger in [153, 154] proved the existence of a physical measure and its stability
under random perturbations for the contracting Lorenz model. More recently Met-
zger and Morales, in [155], showed that the contracting Lorenz attractor is also a
homoclinic class in a 2-persistent way.

Conjecture 10.6 There exists a higher dimensional example of an attractor for a
smooth flow with several positive Lyapunov exponents, which is not 2-sectionally
expanding, not robust, but persistent along parameterized families of flows with
finitely many parameters. This attractor has a physical measure which is hyperbolic,
an equilibrium state with respect to the logarithm of the center-unstable Jacobian of
the flow, depends continuously on the attractor (on the parameters where it exists)
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Fig. 10.2 A double
homoclinic connection

/

and has exponentially large deviation estimates and exponential decay of correla-
tions.

10.1.5 Contracting Lorenz-Like Attractors Through the Unfolding
of Singular Cycles

Recently, in [176], Morales, Pacifico and San Martin proved that, similarly to
the (expanding) geometric Lorenz attractors, contracting Lorenz-like attractors can
be obtained by unfolding a resonant double homoclinic connection with a con-
tracting Lorenz-like singularity o, i.e. the eigenvalues are A, < A3 < 0 < A1 with
A3+ A1 <0; see Fig. 10.2.

We note that contracting Lorenz-like attractors persist only in a measure theo-
retical sense. In this setting, the authors prove the existence of a non-degenerate
two-parameter family of vector fields generically unfolding the singular cycle de-
scribed above, which admits a positive Lebesgue measure subset of parameters such
that the corresponding flow exhibits a contracting Lorenz-like attractor.

Conjecture 10.7 There are cycles, for higher-dimensional smooth vector fields,
whose unfolding generates examples of non-robust but persistent attractors along
finite-dimensional parameterized families, exhibiting several positive Lyapunov ex-
ponents.

10.2 Dimension Theory, Ergodic and Statistical Properties

Afraimovich and Pesin in [6] investigate the dimensional properties of “triangular
maps” which are a class of maps generalizing the Poincaré first return map P of the
geometric Lorenz model.

Concerning fractal dimensions of Lorenz attractors we mention the results of
Leonov [130, 131] together with Bouichenko [54]. The first contains explicit formu-
las for the Lyapunov dimension of the Lorenz attractor and, in the second, a simple
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upper bound on the Hausdorff dimension of Lorenz attractors is given in terms of
the parameters of the Lorenz systems of equations (2.2).

Conjecture 10.8 As in a hyperbolic attractor on a surface, the Hausdorff dimension
of any singular-hyperbolic attractor on a 3-manifold satisfies Bowen’s formula: it
is the value 2 + y where y satisfies Py, (y log|detDX' | ES|) =0, Py is the
topological pressure of the attractor, and E° is the one-dimensional stable bundle
over the attractor.

In [161] Morales shows that every (nontrivial) compact invariant subset of a tran-
sitive singular set containing a singularity is one-dimensional, extending a similar
result of Bowen in [59] in the setting of uniform hyperbolic flows.

Statistical and ergodic properties of the geometrical model were investigated by,
among others, Aratjo, Pacifico, Pujals and Viana in [21] and Colmenarez [72],
whose results and proofs are contained in Sect. 7.3.

In [276] Young shows that the geometrical Lorenz attractor can be approximated
by horseshoes with entropy close to that of the Lorenz attractor.

Conjecture 10.9 1t is possible to approximate the topological entropy of a singular-
hyperbolic or 2-sectionally expanding attractor by the topological entropy of horse-
shoes contained in the attractor.

The construction of the geometric Lorenz models forces the divergence of the
vector field to be strictly negative in an isolating neighborhood of the attractor.
This feature is also present in the Lorenz system of equations (2.2) for the clas-
sical parameters. It is then trivial to show that the corresponding attractor has zero
volume. Recently it was proved by Aratjo, Alves, Pacifico, Pinheiro, in [8], that
singular-hyperbolic attractors always have zero volume for flows which are Holder-
C!, although there is no volume dissipative condition on the definition of singular-
hyperbolicity. The precise statement of this result and its proof are contained in
Chap. 8.

10.2.1 Large Deviations for the Lorenz Flow

We recall that an invariant probability measure w for a flow X’ on a compact mani-
fold is physical if the points z satisfying

1 t
lim — X*(z))ds = du,
Jin < [we@)as= [van
for all continuous functions y form a subset with positive volume (or positive
Lebesgue measure) on the ambient space. These time averages are in principle phys-
ically observable if the flow models a real world phenomenon admitting some mea-
surable features. It is then natural to consider the rate of convergence of the time
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averages to the space average, given by the volume of the subset of points whose
time averages stay away from the space average by a prescribed amount up to some
evolution time. This rate is closely related to the so-called thermodynamical for-
malism first developed for (uniformly) hyperbolic diffeomorphisms, borrowed from
statistical mechanics by Bowen, Ruelle and Sinai (among others, see e.g. [56, 60,
62, 84, 237, 238]). The main insight behind this is that the family {/ o X'},~¢
should behave asymptotically in many respects just like an independent identically
distributed sequence of random variables.

Studying suspension semiflows over piecewise expanding base transforma-
tions, which naturally appear as representations of singular-hyperbolic flows, as in
Chap. 7, Aratjo in [18] was able to obtain exponential bounds for large deviations
for Lebesgue measure on a neighborhood of the geometric Lorenz attractor (and so
for the Lorenz flow in the classical parameters, after the work of Tucker [261]; see
Chap. 2). More precisely, if we set € > 0 as an error margin and consider

B,:{z:’;/;w(X%z))—/wdu >e},

then sufficient conditions were found, in terms of the base transformation and the
roof function, under which the Lebesgue measure of B, decays to zero exponentially
fast, i.e., whether there are constants C, £ > 0 such that

Leb (B;) < Ce™*" forall ¢ > 0.

We observe that in this setting Lebesgue measure or volume is not an invariant
measure.

In [152] Melbourne and Nicol and in [221] Rey-Bellet and Young obtained large
deviations principles for invariant measures in the same setting, including subexpo-
nential or polynomial bounds on large deviations depending on the properties of the
base transformation.

Conjecture 10.10 These results are also true for general singular-hyperbolic attrac-
tors and should be true, under some mild conditions, for singular-hyperbolic attract-
ing sets as well.

Conjecture 10.11 Exponentially large deviation bounds are true for 2-sectionally
expanding attractors with respect to the Lebesgue measure and the physical mea-
sure.

10.2.2 Central Limit Theorem for the Lorenz Flow

In [114] Holland and Melbourne, building on the work [151] of Melbourne and
Nicol, obtained the Almost Sure Invariance Principle for geometrical Lorenz attrac-
tors (and so for the Lorenz flow) which, in turn, implies the Central Limit Theorem.
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More precisely, if X’ is the geometric Lorenz flow with physical probability mea-
sure 1 and ¥ is a Holder continuous function (observable) on the manifold with

Zero mean f Y du = 0, then there exists a Brownian motion W (z) with variance
o2 > 0, and there is ¢ > 0, such that

t
/onsds=W(t)+0(t%*€) ast — 4oo for u-almost all x.
0

This result, in turn, implies the Central Limit Theorem: in the same setting as above,
for any interval A C R

,u{ (/ onsds—u(w))eA} - 0«/_ e 2<fds

and the Law of the Iterated Logarithm

t
lim sup / YoX*ds=o0 p-almost everywhere.

1
t—+o0o /2tloglogt Jo

Conjecture 10.12 The Central Limit Theorem holds for every singular-hyperbolic
attractor and for 2-sectionally expanding attractors.

10.2.3 Decay of Correlations

After obtaining an interesting invariant probability measure for a dynamical system
the next thing to do is to study the properties of this measure. Besides ergodicity
there are various degrees of mixing (see e.g. [147, 269]).

Given a flow X and an invariant ergodic probability measure u, we say that the
system (X, ) is mixing if for any two measurable sets A, B

W(ANXT'B) — pu(A) - u(B) (10.1)

or equivalently

/‘P‘(‘/mx’)dum/wufwdu

for any pair ¢, ¢ : M — R of continuous functions.

Considering ¢ and ¥ o X’ : M — R as random variables over the probability
space (M, 1), this definition just says that “the random variables ¢ and ¥ o X' are
asymptotically independent” since the expected value E(¢ - (¥ o X')) tends to the
product E(¢) - E(y) when ¢ goes to infinity. The correlation function

Ci(p. ) =|E(p- (¥ 0 X")) — E(p) - E(¥)|

:'/¢-(woxt)du—/¢du/de’ (10.2)
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satisfies C; (¢, V) —= 0 in this case. The rate of approach to zero of the correla-
—> 00

tion function is called the rate of decay of correlations for the observables ¢ and ¥
of the system (X, u).

The study of decay of correlations for hyperbolic systems goes back to the work
of Sinai [250] and Ruelle [235]. Many results were obtained for transformations.
For a diffeomorphism f the notion of decay of correlations is the same as above
replacing X’ by f" and letting n go to infinity. Since [60, 235] it is known that
the physical (SRB) measures for Axiom A diffeomorphisms are mixing and have
exponential decay of correlations, that is, there exists a constant « € (0, 1) such that
given ¢ and ¥ there exists C = C (¢, ¥) > 0 such that

Co(p, ) <C-e " foralln>1, (10.3)

for a suitable class of continuous functions M — R, in this case the Holder contin-
uous functions.

In more general cases for smooth endomorphisms (see e.g. [10, 113] and refer-
ences therein) where the inverse in (10.1) is to be taken as the inverse image of f”,
it is possible to have slower rates of decay.

In contrast to the results available in the case of discrete dynamical systems,
obtaining the rate of decay of correlations for flows seems to be much more complex
and some results have been established for Anosov flows only recently. Ergodicity
and mixing for geodesic flows on manifolds of negative curvature are known since
the early half of the XXth century [16, 116, 249].

The proof of exponential decay of correlations for geodesic flows on manifolds
of constant negative curvature was first obtained in two [70, 160, 220] and three
dimensions [210] through group theoretical arguments.

10.2.4 Decay of Correlations for the Return Map and Quantitative
Recurrence on the Geometric Lorenz Flow

Quantitative recurrence estimations and logarithm laws can be seen in the following
framework: we are interested in a quantitative estimation of the speed of approach-
ing of a certain orbit X’ (x) of the system to a given point xo. We consider the time

7 (x, x0) = inf{r e R" : X' (x) € B, (x0)}

needed for the orbit of x to enter the ball with radius r centered at xq for the first
time, and the asymptotic behavior of ,(x, xg) as r decreases to 0. Often this is a
power law of the type 7, ~ r~¢ and then we may try to extract the exponent d by
looking at the behavior of

R(x. x0) = lim 287 (0 X0) (10.4)
r—0 —logr
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In this way, we have a hitting time indicator for orbits of the system. Another way
to look at the same phenomena is by considering the behavior of the ratio of the
distance M as t — oo (for the equivalence see [92]).

Hitting time results of this kind (sometime replacing balls with other suitable
target sets) have been proved in many continuous time dynamical systems of ge-
ometrical interest: geodesic flows, unipotent flows, homogeneous spaces, etc. etc.
For discrete time systems, results of this kind hold in general if the system has fast
enough decay of correlation; see [90]. Mixing is however not sufficient, since this
relation does not hold in some slowly mixing system having particular arithmetical
properties, as shown in [92].

For the geometric Lorenz flow X’ to the cross-section X, with the added regu-
larity assumption that the one-dimensional quotient map f of the return map R to
X over the stable foliation is such that 1/’ is Lipschitz (see the description of the
construction of the geometric Lorenz flow on Sect. 3.3), Galatolo and Pacifico in
[91] found that R has exponential decay of correlations for Lipschitz observables.
Moreover they obtain a logarithmic law for quantitative recurrence: if u is the phys-
ical measure for the geometrical Lorenz attractor, and d,, is the dimension of j, then
for every regular point x¢ in the attractor, not belonging to the local stable manifold
of the equilibrium, and for which the local dimension d, (xo) is defined,

. logt(x, x0)
lim ———

=d,(xg) —1 for a.e. starting point x.
r—0t — IOgV

Here the local dimension d,, (xo) of 1 at xg is defined by

1 B
do(e) = lim 10RHE)
r—0+ logr

if this limit exists.

Conjecture 10.13 Relations of this kind hold for every smooth enough singular-
hyperbolic attractors, without restrictive assumptions on the smoothness of the one-
dimensional quotient maps.

10.2.5 Non-mixing Flows and Slow Decay of Correlations

Let f : M — M be a diffeomorphism with an invariant probability measure p and
consider the suspension flow X ; over f with constant roof function r = 1. Then the
probability measure v = . x Leb on M x [0, 1) defines in a straightforward way a
X r-invariant probability measure on X, which is NOT mixing, whatever f may be.

Indeed, consider A =7 (M x[0,1/2)) and B = M, \ A (recallthatm : M xR —
X, is the projection defined in Sect. 2.3.2.2). Then the function ¢ — v(A N X' B)
for t > 0 has the graph as in Fig. 10.3 (here X ' is a shorthand for (X")~!, the
inverse image of the map X’).
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Fig. 10.3 A correlation
function for a non-mixing
flow

This system is clearly not mixing since the sawtooth pattern in Fig. 10.3 goes on
for all positive ¢. Moreover this shows in particular that this suspension flow is not
even topologically mixing (see below for the definition).

If however if (X, f, ) is ergodic, then v is X y-ergodic also: indeed, given
A C X, such that (X;)_I(A) = A for all + > 0 (an X p-invariant set), then A is

saturated, i.e., p € A if, and only if, ﬁxf(p) C A; thus we may find A C X such
that AN (X x {0}) = n(A) is X}—invariant by construction (because r = 1), A

is f-invariant and v(A) = u(A) - Leb([0, 1)). Hence n(A) - u(X \ A) =0 by the
ergodicity of (f, u) which implies that v(A) - v(X, \ A) =0.

In addition to the examples of non-mixing suspension flows, which arguably can
be characterized as very particular cases, not all Axiom A mixing flows have expo-
nential decay of correlations: Ruelle [236] and Pollicott [209] exhibited suspensions
semiflows with piecewise constant ceiling functions over uniformly expanding base
dynamics, with arbitrarily slow decay rates of correlations.

Anosov [15] showed that geodesic flows for negatively curved compact Rieman-
nian manifolds are mixing and obtained the Anosov alternative: given a transitive
volume preserving Anosov flow, either it is mixing (with respect to the volume mea-
sure), or it is a suspension of an Anosov diffeomorphism by a constant roof function.
We note that Bowen [61] showed that, if a mixing Anosov flow is the suspension
of an Anosov diffeomorphism, then it is stably mixing, that is, the mixing property
remains true for all nearby flows (which are Anosov also by the structural stability
of Axiom A flows).

Bowen also showed [61] that the class of C" Axiom A flows, r > 1, admits a
residual subset & such that for every X € # the spectral decomposition of §2(X)
is formed by pairwise disjoint pieces £21 U - - - U §24 each of which is topologically
mixing. That is, given any pair of open sets U, V in £2;, there exists Ty = To(U, V) >
0 such that U N X" (V) #£ ¢ for all t > Ty.

10.2.6 Decay of Correlations for Flows

Chernov [68] provided a dynamical proof showing sub-exponential decay of cor-
relations for geodesic flows on surfaces of variable negative curvature through a
suitable stochastic approximation of the flow (see also [137] for a generalization
and previous results [70]).
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More recently, a breakthrough was obtained by Dolgopyat [80-82]: smooth
(C" with r > 7) geodesic flows on manifolds of negative curvature, under a non-
integrability condition exhibit exponential decay of correlations. Also Liverani
[138] building on the work [80] obtained exponential decay of correlations for C*
contact Anosov flows.

Using these ideas, applied to the particular case of a suspension over uniformly
expanding base dynamics, a conjecture of Ruelle was proved by Pollicott [211]: on
a mild (cohomological) condition on the ceiling function, the decay of correlations
for this type of suspension flows is exponential for observables not supported on the
base. This was extended by Baladi-Vallée [30], clarifying the assumptions on the
base and on the ceiling function which suffice to obtain exponential decay of cor-
relations for suspension of one-dimensional expanding maps. All these ideas were
used, in a more abstract setting, by Avila-Gouezel-Yoccoz [29] to obtain exponential
decay of correlations for the Teichmiiller flow on flat surfaces.

Recently Field-Melbourne-T6rok obtained [87] what they call stability of rapid
mixing among Axiom A flows, meaning that the correlation function C; (¢, ¥) de-
cays to zero faster than t* for all k € N when ¢ — oo, for a C2—open and C"-dense
set of flows among the family of C" Axiom A flows with r > 2.

Luzzatto, Melbourne and Paccaut [142] showed that the physical measure for the
geometric Lorenz flow is mixing. The speed of mixing for the Lorenz flow is still
an open problem.

Conjecture 10.14 Physical measures for singular-hyperbolic attractors are mixing
and have exponential decay of correlations. The rates of decay depend continuously
on the flow.

10.2.7 Thermodynamical Formalism

The thermodynamical formalism was first developed for (uniformly) hyperbolic dif-
feomorphisms, borrowed from statistical mechanics by Bowen, Ruelle and Sinai
(among others, see e.g. [56, 60, 62, 84, 237, 238]). This was extended to hyperbolic
flows by Bowen and Ruelle in [62]. The classical theory relies heavily on the coding
of basic pieces of hyperbolic dynamics by subshifts of finite type, for which many
tools are available to study in fine detail the relations among its invariant measures.
Recently most of this theory was extended to countable shifts by Gurevich [100],
Sarig [241, 242] and many others.

The extension of this theory for singular-hyperbolic attractors faces several dif-
ficulties: these attractors are modeled by a suspension semiflow whose base trans-
formation is a Holder-C! piecewise expanding but non-Markov map, and the roof
function is unbounded. In the hyperbolic flow case, the corresponding suspension
semiflow has a piecewise expanding Markov map as the base transformation and
the roof function is continuous and bounded. In the singular-hyperbolic case, nei-
ther the thermodynamical formalism is complete for the base transformation, nor
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is it clear how to proceed with unbounded roof functions, which imply an extra re-
striction of integrability on the observables with respect to invariant measure for the
base transformation.

Hope of solving this problem in the near future is provided by recent advances
in the construction of a thermodynamical formalism for non-uniformly expanding
transformations by Oliveira, Viana, Senti, Pesin, Varandas, Bruin, Todd, Pinheiro
[64, 65, 184, 199, 202, 265], and ongoing work [17, 188] on the study of equilibrium
states for multiples of the logarithm of the derivative, for suspension flows over
transformations resembling the Rovella or Lorenz one-dimensional transformations.

Conjecture 10.15 1t is possible to build a thermodynamical formalism for Rovella-
like, singular-hyperbolic and 2-sectionally expanding attractors.

10.3 Generic Conservative Flows in Dimension 3

Besides the generic dichotomy for conservative flows on 3-manifolds obtained by
Bessa [41] and Aradjo, Bessa [19] presented in Chap. 9, there are other extensions
of generic results first obtained for conservative surface diffeomorphisms.

A result of fundamental importance in the theory of generic conservative dif-
feomorphisms on surfaces was obtained by Newhouse in [180]. Newhouse’s theo-
rem states that C! generic area-preserving diffeomorphisms on surfaces either are
Anosov, or else the elliptical periodic points are dense. A refined version of this
result was presented by Arnaud in [24] in the family of 4-dimensional symplecto-
morphisms. Even more recently Saghin-Xia [240] generalized the Arnauld result
for the multidimensional symplectic case, and in [43] Bessa and Duarte obtained
a similar dichotomy for C! generic incompressible flows without equilibria on 3-
manifolds: either the flow is Anosov, or else the elliptic periodic orbits are dense in
the manifold. This dichotomy was extended by Aratjo and Bessa in [19] to general
incompressible 3-flows either with or without equilibria.

Considering C? Hamiltonian functions on compact 4-dimensional symplectic
manifolds, Bessa and Dias in [44] were able to obtain the Newhouse dichotomy:
for any open set U intersecting a far from Anosov regular energy surface, there is a
nearby Hamiltonian having an elliptic closed orbit through U. This implies that, for
far from Anosov regular energy surfaces of a C? generic Hamiltonian, the elliptic
closed orbits are generic.

Bessa in [42] extends the results of Bowen [61] and Abdenur, Avila, Bochi [1]
(see Sect. 10.1.1) for incompressible flows on compact manifolds showing that there
exists a C! residual subset Z C Z{}L(M ) such that every X € Z is a topologically
mixing vector field.

Bessa and Rocha, in [45], prove that an incompressible and C 1 -robustly transitive
vector field among incompressible nearby flows has no singularities (we stress that
this robust transitivity condition is weaker than the assumption of robust transitivity
among all nearby C' flows). Moreover, if the vector field is smooth enough, then
the Linear Poincaré Flow associated to it admits a dominated splitting over M.
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Conjecture 10.16 The C! generic dichotomy for conservative 3-flows admits an
extension to higher dimensions: there exists a residual subset Z of X }L such that, for
X € Z and for p-almost every x, either the Lyapunov exponents are zero at x, or
the Oseledets splitting at x is dominated.






Appendix A
Lyapunov Stability on Generic Vector Fields

Here we prove properties L3 through L6 stated in Sect. 2.5.10 following [66].
First we state some general results on continuity points of lower/upper semicon-
tinuous maps. Given a metric space M, consider a set-valued map

&M — (M)

with values in the metric space J# (M) of all compact subsets of M, endowed with
the Hausdorff distance: for K, K» € ¢ (M)

dg (K1, K>)=inf{e > 0: K| C B(K2,¢) and K> C B(K{, ¢)}.

We say that @ is lower semicontinuous at x € M if, for every open set V of M in-
tersecting @ (x), we can find a neighborhood U of x in M such that VN ®(y) # 0
for every y € U. Similarly, @ is upper semicontinuous at x € M if, for every com-
pact subset K € 2" (M) satisfying K N @ (x) =, there exists a neighborhood U of
x such that K N @ (y) =@ for every y € U. We say that @ is lower (respectively,
upper) semicontinuous if @ is lower (resp., upper) semicontinuous at every x € M.

A well known result from general topology (see e.g. [127]) asserts that, for Baire
spaces M (e.g. complete metric spaces), if @ is lower (resp., upper) semicontinuous
then there is a residual subset % of M such that @ is also upper (resp., lower) semi-
continuous at every point of Z. This result is often used as a device to produce
residual subsets, as we do from now on.

Properties L5 and L6 stated in Sect. 2.5.10 are a consequence of the following.
We note that property L6 is exactly the same as L5 after reversing time, and so it is
enough to prove L5.

Proposition A.1 There is a residual subset % of X' (M) such that, if X € % and

o € S(X), then the set {p € Wy (o) : ﬁ;(p) is Lyapunov stable for X} is residual
in Wy (o).

Indeed we have the following relation.
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LemmaA.2 If X € X' (M) and z € M, then ﬁ; (z) is Lyapunov stable for X if, and
only if, wx (z) is Lyapunov stable for X .

Proof 1If z € wx(z) (i.e., z is recurrent), then wx (z) = ﬁj{' (z) and we have nothing
to prove. So we assume that z is not recurrent. In particular, z is not a singularity.

Arguing by contradiction, assume that ﬁ’;{ (z) is Lyapunov stable but that wy (z)
is not Lyapunov stable. Then there are a neighborhood U of wx(z) and a sequence
pn € M converging to p € wx(z) such that p), = X" (p,) ¢ U for some sequence
t, > 0. We can assume without loss of generality that the limit x of p, as n — 400
exists.

The characterization of Lyapunov stability provided by Lemma 2.25 ensures that

x belongs to ﬁ;{ (z) \ U, since wx(z) C U. Moreover there exists fy > 0 such that
t > to implies that X’ (z) € U for t > t. Then x € X[00l(z)\ U.
Using the Tubular Flow Theorem we cover X [0.00](7) by a flow-box B and we

note that {B, U} is an open cover of ﬁ’; (). In addition, because z is not recurrent,
we can assume without loss of generality that z ¢ U, so that B U U does not cover
X[=5:91(2) for some s > 0 which can be taken as small as desired. Since B is a flow-
box, the positive orbits of p, must leave U and enter B before they approach x.
Hence we can find 0 < s, < t,, such that p, = X" (p,) is not in B U U. But then

every accumulation point of p, belongs to ﬁ; (z2) \ (U U B), a contradiction to the
construction of {U, B} as a cover of ﬁ;{(z) \ (U U B). O

From Lemma A.2 the proof of Proposition A.1 is a consequence of the local
result below, see e.g. [190]. Denote by KS'(M) the family of all Kupka-Smale
vector fields of X! (M).

Lemma A.3 Forevery X € KS' (M) there is a neighborhood % of X in X' (M) and
a residual subset Z of % suchthat,ifY € #,0 € S(Y) and DY (o) is a fundamental
domain for the dynamics of Y' on Wy (o), then the set

{peDy(o): ﬁ’;{ (p) is Lyapunov stable for Y}
is residual in Dy (o).

Indeed, since Dy (o) crosses every orbit of Y’ inside Wy (o), Wy (o) \ {o} =
UierY' (DY (0)), and so a residual set R on D} (o) becomes a residual set
UierY'(R) in Wy (o).

Proof Let X € KS'(M) be given. Then by the hyperbolicity of the singularities
S(X) of X, they are finitely many S(X) = {o1(X), ..., ox(X)} and admit “analytic
continuations” so that S(Y) = {o1(Y), ..., ok (Y)} for all vector fields Y in a neigh-
borhood % of X in X1(M).

We denote by u; the dimension of the unstable manifold of o; and assume without
loss of generality that D (0; (X)) is the u;-sphere of radius r > 0 on W (o;) around
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oj,fori =1,..., k, such that u; > 0 (otherwise o; is a sink and there is nothing to
prove).

Let X; be a cross-section of X such that DY (0;) = X; N Wy (0;). Taking r > 0
small enough, we can assume that Dy (0;) = X; N Wy(0;(Y)) is a fundamental
domain for Y’ on Wy (0i(Y)) if we also shrink the neighborhood % accordingly.

By the Stable Manifold Theory (see e.g. [110]) it follows that there is a C! map
I : % x D%(0;) — X such that

DY (07) = Graph(I3(Y, -)) ={I;(Y, 2) : z € Dy (0i)}.

Note that the natural projection IT; : Dy (0;(Y) — D% (0;), I7(Y,2) = z is a c!
diffeomorphism. Now define the set-valued map

@;: U x Dy(0;) — H (M) by (Y,y)> OF (Y, ).

The Tubular Flow Theorem and the continuity of I; imply that @; is lower semi-
continuous. Let %; be the residual set of % x DY (0;) where @; is continuous, and
define the set %; (Y) = {y € D% (0;) : (Y, y) € %;} for any given Y € % . Then the
set

Vi ={Y € % : #;(Y) is residual in D% (0;)}

is also residual in % .

Now set Z = KS'(M) N ¥ N --- N ¥ which is a residual subset of %, and
note that G;(Y) = {I7(Y,y) : y € Z;(Y)} is residual in Dy (0;) for all Y € % and
i=1,..., k. We need to prove that ﬁ;’ (p) is Lyapunov stable for Y for every triple
@Y, p)ef{l,....k} xZx G;(Y)withi =1, ... ,k.

We argue by contradiction, assuming that there exists (i, Y, p) € {1,...,k} x
X x Gi(Y) for some i € {1,...,k} such that ﬁ;’ (p) is not Lyapunov stable for Y.
We can find y € Z;(Y) such that @;(Y, y) = ﬁ’;,“(p) and so (Y, y) € %;, that is, &;
is continuous at (Y, y).

According to item 1 of Lemma 2.25, we can find sequences x, — x € & :,' (p)

and 1, > 0 such that X (x,,) — ¢ ¢ ﬁ;f (p). We note that p is not a critical element
of X, that is, it is not a singularity nor a periodic orbit. We observe also that x

cannot be a sink, for otherwise ﬁ; (p) would equal ﬁ’;{ (p) U {x}, and so would
be Lyapunov stable. By the definition of ¢ we see that ¢ cannot be a source and,
likewise, x cannot be a source either.

We can also assume that x is not a critical element of Y, for otherwise, since
Y e KS!(M) the point x would be a hyperbolic critical element of saddle-type for

Y and, using the linearization of the flow near x, we see that ﬁ;f (p) will contain
some point w # x in the stable manifold of x and also some point r # x in the
unstable manifold of x. Both p and w are not singularities nor periodic orbits, and
so we can apply the Connecting Lemma to obtain a flow Z which is arbitrarily C'-
close to Y with an orbit connecting the unstable manifold of the continuation of
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o; to the stable manifold of the continuation x(Z) of x. Then, for the continuation
p(Z) of p, the set Oz(p(Z)) is just the orbit segment from p(Z) to x(Z). This
contradicts the lower semi-continuity of the map &; at Y, since Oy (p) contains a
point r away from x.

We can also assume without loss of generality that g is not a critical element of
Y either, for otherwise, using the linearization of the flow near ¢, we can replace
g by an accumulation point of the positive orbits of x, in W} (¢g) \ {g} (this is not
empty since ¢ is not a source and is hyperbolic).

Let U be a neighborhood of ﬁ’;f (p) not containing ¢. Since K = M \ U is com-
pact, we have @; (Y, y) N K = (J by upper semi-continuity, but ¢ € K. The defini-
tion of ¢ ensures the existence of a sequence s, > 0 such that X*(p) — x and we
are ready to apply the Connecting Lemma; see Sect. 2.5.7. Recall that the Closing
Lemma demands that the accumulation point of the orbits to be connected is not a
critical element of the flow.

For every § > 0O there are x, = p € B(p,d), x4 = X" (x,) € B(x, §), tp=5,>0
and 7, = —1, <0 such that X7 (x,) € B(x,8) and X' (x,) € B(x,8). Hence the
Connecting Lemma ensures that we can find Z € xN(m) arbitrarily C I close to

Y satisfying g € ﬁ’; (p). This last fact contradicts the upper semicontinuity of @;
at (Y, y) since it shows that @;(Z, p) N K # @. This contradiction concludes the
proof. ]

Now we proceed to prove properties L3 and L4 stated in Sect. 2.5.10. Again
L4 is just L3 after reversing time, and thus we prove only L3. These properties are
consequences of the properties L5 and L6 as in the following argument, very similar
to the proof of Lemma A.3.

Let X € KS' (M) be given and consider now the set-valued maps

OE U - H (M), Y Wito(Y)), i=1,....k,

where {01(Y), ..., o0r(Y)} C S(Y) are the singularities with one-dimensional unsta-
ble manifolds, for every Y in a neighborhood % of X in X' (M), and W)'fi(ai(Y )
are the connected components of Wy (o;) \ {0;}. We observe that qﬁii (Y)=0y( pl.i)
for any chosen points pl.i € W;i(ai (Y)). Then the Lyapunov stability of @ii(Y ) is
true for C! generic vector fields Y since L5 has already been proved and we can
write

o (v) =Yo7 (p]).

t>0

Indeed, the continuous dependence of the unstable manifolds on the vector field
ensures that each of these maps is lower semi-continuous. Therefore they are con-
tinuous on a residual subset %’l.i of % . We define Z = KS! (M) ﬁ%’r N--- ﬁ%,j N
Z, N---NZ, which is also a residual subset of % .

We now show that Z is the generic set we are seeking. For Y € &% and for o €
S(Y) with one-dimensional unstable manifold, we have o = ¢;(Y) for some i €
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{1,...,k}, and so W;i(cr) = @ii(Y). It is enough to prove that each Cbl.lL(Y) is
Lyapunov stable for Y since the set Wy (o;) is then the union of two Lyapunov
stable sets for Y, and so it is Lyapunov stable for Y also.

Arguing by contradiction, we assume that <151.+(Y) is not Lyapunov stable for ¥
(an analogous argument holds for the other connected component). Then we can
find sequences x, € M such that x,, — x € ¢,'+(Y) and ¢, > 0 satisfying Y’ (x,) —
g ¢ P (Y)asn — +oo.

As in the proof of Lemma A.3 we can assume that g is not a source. Now x
cannot belong to the orbit of a periodic attractor or to a sink, for otherwise g = x
would belong to Cb;r (Y). We observe that the only way for the point x € qslfr(y) to
be in the orbit of a periodic source (or to be a source singularity) is for o = x. In
this case the unstable manifold of o; is not one-dimensional.

Therefore, if x is a critical element of Y, then x either belongs to a saddle-type
hyperbolic periodic orbit or is a hyperbolic saddle singularity. Thus

Wy () \ {x} # 0 % Wy (x) \ {x}.

Again this contradicts the continuity of CDI.J“ at Y, if the unstable manifold of o;
is one-dimensional. Indeed, linearizing the flow near the saddle x, we see that the
positive orbit of pi+ which accumulates on x must also accumulate on distinct points
we Wyx)\ {x} and r € Wy (x) \ {x}. Both w and r are not critical elements of Y.
The Connecting Lemma ensures the existence of a vector field Z arbitrarily C!-
close to Y having a saddle connection between the continuation of the branch of the
unstable manifold of o; and the stable manifold of the continuation of x. But this
means that the branch of the unstable manifold of the continuation of o; for Z does
not accumulate on any point of the unstable manifold of x(Z), which contradicts
the lower semi-continuity of <Di+ aty.

Now again x and ¢ are not critical elements of Y, and so the Connecting Lemma
enables us to obtain a vector field Z very close to Y in the C! topology such that the
branch of the unstable manifold of the continuation o;(Z) of o; passes very close
to g. This contradicts the upper semi-continuity of @;’ at Y and completes the proof.






Appendix B
A Perturbation Lemma for Flows

Here we present a proof of Theorem 2.24. This is an unpublished joint work of M. J.
Pacifico and E. R. Pujals. Recently another proof by Bonatti-Gourmelon-Vivier ap-
peared in [57]. Let Y be a vector field in the setting of the statement of the theorem.
Given v and w € R”, v - w stands for the inner product of v and w. Given v € R”
we set [v]+ = {fweR", w-v=0}. Given p, let ¥ C [Y(p)]J- be a cross-section to
Y at p whose size will be fixed later.
Define the parametrized family of maps

A@=Y'(p)+ Ai(@)
for g € X'. Observe first that A, is C? and if ¥ is taken small enough then
7 ={A(@):q € Z, 1 €a,b])

gives a neighborhood of Y1¢%1(p).

Lemma B.1 There exists r > 0 such that the following is true whenever diam(X) <
r If Ay (q1) = A (g2) with g; € X and t; € [a, b], then t) =1 and q1 = q».

Proof Assume that A,l (q1) = Atz (g2) with 1] <t and g1 # g». Then
Y (p) — Y2 (p) = Ap(q2) — Ay (q1)- (B.1)
On one hand there exists 79 € (1, t) such that
0
Y (p) = YE(p) = — 1) YO (p)]

d
= Y| Lo(p) = (11 = )Y (Y O(p)). (B.2)

On the other hand there exists [ € (71, 1) such that
A (q2) — An(q1) = (A, — Ay (q2) + An (g2 — q1)

d
= 5Az|t=l(q2)(t2_t1)+Atl(q2—q])' (B3)
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Substituting (B.2) and (B.3) into (B.1) we get

9 _
YOO = Al (a2 + Ay % (B.4)

Observe that A, (Y (p)) =Y (Y™ (p)). Since the family A, depends continuously
on ¢ there are & > 0 and y > 0 such that, if Py(,) denotes the projection on the
direction of Y (p), then

1Py () (A7 (Y (YO (p)) ]| > ¥ (B.5)

for all ¢ with |t — 7| < h. Define the numbers

0
K1 :SUP{HEAt ,t e [a,b]}, K> =sup{||A;ll, t € [a, b]}

and yo = inf{||Y (Y'(p))|l, t € [a, b]}. Observe that yy is positive since p is a regular
point. Let r > 0 be such that r < y /K1, and K1r + Kar/h < yp, and take X' with
diam(X) < r. We split the arguments into a pair of cases.

First case |t} — 2| > h. Taking norms in (B.4) leads to yy < K1r + Kaor/h < yyp,
which is a contradiction.
Second case |f; — t2] < h. Observe that (B.1) and (B.2) imply that

(t1 = )Y (Y(p)) = A (92) — Ay (qV),

which is the same as (f; — tz)A[_l1 Y(Y(p)) = At_llAt2 (g2) — q1. Thus

Py(pl(t1 — ) A 'Y (YO (p)] = Py(p)[A; A (q2) — 1]
= PyplA; ' An(q2) — 2]
= Py l(A;' Ay, — 1) (g2)]. (B.6)

Observe that we have used ¢» € ¥ = [Y (p)]*.
But there exists [ € (t1, t») such that

_ 9 _
(A Ap = 1d)(@2) = (1 = 1) - Ay Ay oso(@).

Substituting this into (B.6) we get

0
Py A7 Y (YO (p))] = Py ) [gAzﬂA,“ }Szo(cm}. (B.7)

Taking norms in (B.7) and using (B.5) we obtain y < K1]|g2||. Since diam(X') <r
and r < y(K1)~!, this is a contradiction. All together this shows that f; = > and

from (B.4) we see that g; = ¢». The proof of Lemma B.1 is complete.
d
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Now define A : .7 C [a,b] x ¥ — 7 as follows. For we T there exists, by
Lemma B.1, a unique pair (qy, ) € X X [a, b] such that A;, (g,) = w. We define

Aw) = A, 15 (qu)- (B.8)
In other words, we have X‘Y(A,(q)) =Y'"(p) + AtHA;] (As(g)) for g € ¥ and
t+s<b.

Lemma B.2 The family IZS defines a C? flow in T . Moreover

_DwAs = Dw_As~ (B9)

Proof Clearly ZS is CZA. Let us prove that ZH, = ZSZ,.
Let w € .7. Then A, (qy) = w for a unique (qy, ty) € X X [a, b]. By defini-
tion (B.8)

AyA (w) = A (A (A, () = As(Aria, (qu))- (B.10)

Define now A,Jr,w (qw) = W. Note that w = At@ (¢4)- By the uniqueness of #; and
gy given by Lemma B.1, we get t + 1, = t; and g,y = q;- Thus

Ay (Artn, (qu) = As(Ar, (92)) = Aty (40)
= Agrrt1y (qu) = As 11 (A, (qu) = Ay (w). (B.11)

Combining (B.10) and (B.11) we ¢ deduce that AH_, ;{ AV,
Now we prove (B.9). Define A(z q) = [(q) Then A is C2 and
@ §A=FY'(p)+ A is C,
(b) DyjA=A,isCL.
Note that (a) and (b) imply that

O u=2pa=p74 =24 (B.12)
AT Vi A PR VR '
Note also that D At and Dq 3 A, are C! maps since A; is a family of invertible

linear maps dependlng C? in the Earameter

Now Lemma B.1 shows that A has an inverse map R defined in the image T =
A(T). Moreover R is C! since A is C!.

Again for s € [a, b] and w € F define X(s, w) = Xg(w).

Let v and 7, be the projections on the first and second coordinates:

m:la, bl x T —[a,b], (s,w)r>s mila,blx T — T, (s,w)— w.
Clearly 7r; is C*°, i =1, 2. Since
Als, w) = Ay(w) = Agyr, (qu) = AGS + Ly, qu) = A(s + 71 0 R(w), 12 0 R(w))

we see that A is C!, which implies that AS induces a C! flow in 7.
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Finally let us verify (B.9). For this, let R(s, w) = (s + 71 o R(w), 73 0 R(w)),
where R was defined above. Clearly A = A o R. Observe that (B.12) and the fact
that R and A are C? imply that

3;( p- A%

9s T RGewT gt
0 ~ 0 —~ —~ —~ —~ 0 —~
S DwA=—-Dp AR DyR + D yy A+ - DuR

and Dw%g all exist and are continuous. Thus, by the Schwartz Lemma we ob-
tain (B.9). O

Let Z4 be the vector field induced by Zs, that is, Z4(w) = %Xx (w) is:O

Lemma B.3 The vector field Z 4 is C'. Moreover

(B.13)

Proof Since Ay isa C2 flow, Z4 is C'.

Let us calculate D,,Z 4. We first calculate Dsz| s=0. For this recall that w =
Atw (qw) with 1, € [a b] and g, € X'. To simplify notation we set tw =t and qy =
q. Then, A (w) = A (A,(q)) = A,+S(q) and so D A,+S =D; AS . DqA,. This
implies that

Ai(q)

Dy (q)A = DyA15(DyA)7L (B.14)

On the other hand A,(¢) = Y"**(p) + A,4s(q) implies that D, A, = A,4. Sub-
stituting this into (B.14) and using the fact that (Dth)_l = A,_1 we get

D;  As=A AL

Ar(q)
Thus
0 d 1
D ZA—a—D A 5= O 3 D t(q)A gA[.}_SAt s=0
proving (B.13). The proof of Lemma B.3 is completed. (|

If U Cc R”, then U stands for the complement of U.

Fix ¢ > 0 and take O < r < ¢. For each ¢ € [a, b] let X} be a cross-section to
Y!(p) satisfying diam(X,) <r and X, C Yy (pi+.

Let 2 = Uze[a,b] X,. Note that §2 is a neighborhood of Y1421 p). Thus there are
neighborhoods U; C Uy € U, C U C £2 of Y@Pl(p) and a C! function f: .7 —
R satisfying:
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o fIUi=1, flU;=0and|f|<1;and
e given w € Uy, for each t,, such that dist(w, Y[“’b](p)) = dist(w, Y™ (p)), we have

IDw f1 - lw=Y™ ()l <e.

Define the C! vector field in R”
Z(w) = f(w) - Za(w) + (1 - f(w))-Y(w).
Lemma B.4 Z is C0-near Y.

Proof Indeed,
Z(w) —Y(w) = f(w) - (Za(w) — Y (w)). (B.15)

Given w, there are t,, and ¢, such that w = Atw (qw)- By (B.8) and the definition of
Z 4 we get

Zaw) = - By g = - (P 0 () g (A1) o)
= YO () + (A 9ol
Substituting this last inequality into (B.15) we obtain
Za(w) —Y(w) = f(w)- (Y(Y’w () — Y(w) + %Aw |_Y:0<qw>>

and then

“I(gw)ll.  (B.16)

0
1Za(w) = Y @) < [Y (Y™ (p)) — Y (w)]| + H Al

Now we can assume that X' is sufficiently small so that ||A;(g)] < ||A:ll - llg]l is
small for all  and g. We can estimate the first term on the right-hand side of (B.16):

1Y (Y (p)) = Y )l < Y- Y™ (p) —wll = Y[ - 1Y (p) — Ar,, (qu)
=Y - 1Y™(p) = Y™ (p) + Ar, (qu) |
=Y 1 An, (Gl = 1Y 1 - 1Az, I - lguwll <. (B.17)

The second term on the right-hand side of (B.16) can be bounded by

105 Ary s ol - )l <, (B.18)

if ¥ is small. Substituting (B.17) and (B.18) into (B.16) we conclude the proof. [

To finish we need one last lemma.
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Lemma B.5 The vector field Z is C'-near Y.

Proof We have
DyZ —DyY =Dy f-(Za(w) =Y (w))+ f(w) - (DwZs—DyY)+ DyY. (B.19)
The norm of the first term here is bounded by

1Dw I - 1 Za(w) =Y (w)|
<Dwfll-1Za(w) = Za(XY™ (Il + 1Y (Y™ (p)) = Y ()]
<UD fI-1Zall- lw =Y (P +NY 1 - lw =Y (p)Il - | D £

and the condition on the bump function f implies that both terms in the last expres-
sion are small if X is small.

To estimate the second term on the right-hand side of (B.19) we recall that
Lemma B.3 gives

0 _
DyZs = aAtHAt oo

On the one hand this is, by hypothesis, near Dy: (Y.

On the other hand, since w = A,(q) =Y!'(p) + A;(gq), we also get that w is near
Y!(p) and so D, Y is near Dy: ()Y . Combining these last two observations we find
that D, Z 4 is near D,,Y, concluding the proof of Lemma B.5. O

The proof of Theorem 2.24 is complete.



Appendix C
Robustness of Dominated Decomposition

Here we prove Lemma 2.29. We assume that we are given an invariant subset A of a
C! flow on a boundaryless manifold M such that A is compact, A does not contain
singularities and the Linear Poincaré Flow on A admits a dominated decomposition
Npo=N /1} ® Ni where the dimensions of the sub-bundles do not depend on the
points of A. Alternatively we can assume that A is connected.

We already know from Lemma 2.28 that this decomposition is continuous, that
is, there are d;,d>» € N such that d; + dy = d := dim(M) and continuous vector

,,,,,

e each family e/ := (e{)izl d; 1s orthonormal;

yenes

e the span of ¢/ equals N/ at each point x € A.

We first construct families of vector fields close to these on A but defined on a
neighborhood of A. The compactness of A guarantees the existence of finitely many
charts ¢ : Vi — R? where each V; is a non-empty connected open set of M and
(Vi)k=1,....1 is an open cover of A. Let g9 > 0 be a Lebesgue number of this open
cover.

Givenn > 0and x € A, let 0 < &, < gp be such that

dist(y, x) <&x = [(€)H() — ()| <n, j=1.2
where the norm here denotes
sup { |Der(y) - €] (v) — Dr(x) - €] <x)\}2}
kli=t

with the supremum taken over all charts ¢y : Vi — R4 such that Vi D B(x, &), and
I - ll2 is the Euclidean norm on R4,
Fixing 0 < A < A and & > 0 we can also choose T > 0 so that

c.e-xr_<1+s>-2
- (1
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and find § > O such that

e for every C! vector field Y satisfying ||Y — X||c1 < 8, and
o for every pair of unit vectors u, € Ty M, vy € Ty, M satisfying
—xeAyeU,Y(y)#0;
— dist(x, y) < &y and
— supy |1 Dgr(x) - ux — Do (y) - vyl < n (where the supremum is taken over all
charts ¢ such that x, y € V),

we have forall -T <t <T
dist (Y' (), X' (x)) <, IDY'(y) - vy — DX"(x) - ux| <&. (C.1)

Moreover taking § small enough we can ensure that the orthogonal projections
Oy:(y) and Oy are also close, that is,

||0Y’(y)DYt(Y) Uy — OX’(X)DXt(x) " Ux ” = HP} “vy — Py -y ” <& (C2)

for —T <t <T.
Now define the collection of constant functions near x € A

el(y):=el(x) forallye B(x,e/2)

for each x € A and extend them to the whole manifold M through a bump function
so that &/ | 9B(x, &) =0.

The union U := Uyep B(x, €,/2) is a neighborhood of A and (B(x, €x/2))xea
is an open cover of A. Let us take a countable sub-cover € with the balls centered
at some sequence (x,) and let ¥ = (¥,,), N be a partition of unity subordinated to
this cover (for these notions, see e.g. [255]). We define

o= "yn-el,. j=12 (C.3)
n

Note that ¥ is locally finite: for any given y € U there exists a neighborhood V of
y such that all but finitely many 1, are non-zero on V. Since ¥ is subordinate to
the cover ¥’ we can be more precise:

Yn(y) #0 < dist(y, x,) <&, forallneN.

Hence the sum (C.3) is well defined on U and for any given y € A, éJ () is a finite
linear convex combination of some e’ (x,), all of which are close to y. Hence for all
such x,

le/ (x) —e/ (I <n andthus [|&7(y) — e/ (Il <. (C4)

In particular we have ||é/(y)|| > 1 — n which we may assume is bigger than 3/4.

Now we define cone fields around the subspaces spanned by é/ on N y for all
y € U \ S(X), and check that they are invariant under P’ for every flow Y close
enough to X in the C! topology.
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The cone field Cé (x) of width @ > 0 around the subspace 1\7,{ generated by é/ (x),
for a vector field Y close to X and x e U \ S(Y) and j =1, 2, is given by

clv,xy={w=w'+wl+a-Yx)eTM:w/ e N/, a eR
a-llwi|| > w¥ |, j=1,2anda- |w/| > |a| - [|Y X)]l}.

It is impossible that Cé(Y, x)N Cg(Y, x) # {0} with a < 1, since a non-zero vector
v in the intersection could be written as v! + v2 with

1 2 2 1 29,1 2 1 2
alv’'ll = vl and aflv” || = [[v' || = a”llv | Z alv’| = [lv' || = a” = 1.

We remark that the cone field (C,{ (Y, ¥))yeu is continuous in (Y, y) in the sense
that for y > 1 there exists § > 0 satisfying

1Z~Yller <8 &dist(z.y) <8 = CJ, (Z.2) C CL(Y.2) C C}u(Z.2)

because the vector fields él.] are continuous, j =1,2,i =1,...,d;. The domination
on the original splitting for X plus the approximation to this splitting of the exten-
sion &/ of the basis of vector fields ensures that, if we are given a > 0 and take T
big enough and & small enough so that

e P! . C2(x) is a cone of width Ce™* - a « a around the image of N2 by P},
which is contained in C2 (X' () forallt > T,

then we obtain
P} -C3(x)C C§/4(X’(x)) forallx € Aandt>T.

A dual inclusion is also true for the cone around N!. These inclusions together
with (C.1), (C.2) and (C.4) ensure that we can also assume that, for Y close enough
toXandyeU\ S(Y),

P} -Ci(y)CC2(Y'(y)) and P;'-Ch(y) CCLY™'(») (C.5)

forallz > T if Y*(y) € U forall 0 < s <. Indeed, P\ - C2(y) is close to P} - C2(x)
for 0 <t < T, and so for t = T we have the statement. In addition, if Y’ (y) € U for
T <t < 2T, then the vectors in P;_TPYT . Cg(y) are at a distance of at most n from
vectors in P)?_TPXT . Cg(x) which is again contained in Cﬁ /4(X ’(x)). The same
argument applies for kT <t < (k+ )T,k > 1.

Let y € U be given and choose x € A close to y, that is, such that dist(y, x) < &,.
Then we estimate using (C.2) forO <t <T andi=1,...,d1,k=1,...,d»:

[Py -elo] _[Pr-do] |Px-éd®] |Py-&w]
IPy-&ml [Pg-eif P&l [#y- &l

e [Pedleo]
STo¢ [Py e
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and
[Pyl _|Py-al@] Py -el@] [Py
[Pg- @] [Py-el™] [Py-ei] [[Py-éi]
1+& [Pg )]
B A PO
Thus we get
t. 5l 2
”P); ‘fzz(Y)|| - <1+5> Ce M (C.6)
[Py -] ~\1-¢

This ensures that Py - C‘%.(Y ,y) is a cone on Nyr(y) with respect to the splitting

given by the subspaces E'{/,(x) generated by (Py - &/)i—1....4;» j = 1.2, around the
3” )’
£)72.Ce ™ .q.Butthisisonly for 0<r <T.

To obtain a similar exponential bound for # > T we reapply the bound. Let £ =
[t/T] and write t = £T + s with 0 <s < T. Then, by induction on the number ¢
of subintervals of length T in [0, 7], we get (recall the choice of T and of X at the
beginning)

subspace E whose width is bounded from above by the expression (14£)%(1 —

14

Py -el ] - |:<1 +§)2.C6—AT1| Ce

|Py-egom| ~ [\1-¢
) ¢
_ |:<l +$) ) Ce—iT:|  Ce—MS—O=MIT _ =Gt
1-¢& - ’

Moreover (C.5) implies that this cone is contained in C 3(Y (y)) for t > T whenever
Y*(y) € U for all 0 <s <t. A dual statement holds for PY_’ . Cal(Y, y).
Finally we define for all y € Ay (U) \ S(Y) the splitting

N (Y)= )Py -Co(r.Y'(y)) and Nj(¥):=[ )Py Ci(Y.Y'()).

t>T t>T

which is invariant under P’ for all ¢ € R (it is clearly invariant for all |¢| > T and
P'P~" = Id). The domination is given by (C.6) since the subspaces are contained in
the cone of width 2a around the subspaces F/ generated by é/: write u = u' +u” €
Nyl,(Y) andv=v!+1%2¢ Nyz(Y) withu!, v! € Fy1 and u?,v? € Fy2 and compute

| Py ()] - I PL )+ 1| P u?) | - P @H | + 1Py uh)]l/a
1Py~ [IPL@DI = IPF@DHI| ~ [I1PE DI — 1P )] /a]
iy ] +a”!

<Ce : )
a ' —1
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This goes to zero exponentially fast. We remark that the quotients involving £ and a
can be made as close to 1 as desired by choosing & and a sufficiently close to zero,
which can be done by shrinking U through setting n > 0 and 6 > 0 small enough
from the beginning. In addition, the exponent A can be made as close to A as needed
by choosing 0 < A < A with A — A close to zero from the beginning, shrinking the
neighborhood U and reducing &, § accordingly.

The proof of Lemma 2.29 is complete.
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