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Abstract

In this work we give an example of a flow with finite SRB-measure satisfy-
ing polynomial decay of correlations. To do that, we take the construction
of the geometrical Lorenz flow and proceed by changing the nature of the
saddle fixed point at the origin by a neutral fixed point. This modification is
accomplished by changing the linearised vector field in a neighbourhood of
origin for a neutral vector field. This change in the nature of the fixed point
will allow us to obtain a polynomial flow time, which will lead us ultimately
to the proof of the polynomial decay of correlations for the modified flow.






Kurzfassung

In dieser Arbeit geben wir ein Beispiel eines Flusses mit endlichem SRB-Mafs,
der den polynomialen Zerfall von Korrelationen erfiillt. Dafiir nehmen wir die
Konstruktion des geometrischen Lorenzflusses und fahren fort, indem wir die
Natur des Sattelfixpunkts am Ursprung fiir einen neutralen Fixpunkt &ndern.
Diese Modifikation wird erreicht, indem das linearisierte Vektorfeld in einer
Ursprungsumgebung fiir ein neutrales Vektorfeld geindert wird. Diese An-
derung in der Natur des Fixpunkts wird es uns erméglichen, eine polynomiale
Flusszeit zu erhalten, was uns schliefllich zum Beweis des polynomischen Zer-
falls von Korrelationen fiir den modifizierten Fluss fithren wird.
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Introduction

The study of flows in surfaces and higher-dimensional manifolds has caught
the interest of many scientists because of its numerous applications such as
Hamiltonian flows, which arise from energy-preserving dynamical systems,
billiard flows, flows from meteorological models, most notably the Lorenz
model. These flows are equipped with a natural invariant measure u, for
instance SRB-measures, Liouville measures, Margulis entropy maximizing
measure among other measures.

The main goal is to have a better understanding of the properties of these
flows, such as hyperbolicity, ergodicity, mixing and weak mixing and, in
chaotic settings, rates of mixing; that is, we would like to investigate the
asymptotic behaviour of the correlation coefficients

/v-woftdu—/vdu/ wdp
M M M

where ' : M — M is a flow acting on a manifold M and p its invariant
measure, and for observables v, w chosen from an appropriate Banach space.

pt(vv w) =

I

Since mixing rates are one of the strongest statistical properties to have, other
statistical laws, such as the Central Limit Theorem (CLT), usually follow.
Therefore, investigate the rates of mixing is a major tool for proving other
ergodic properties. The rates of mixing are certainly connected to the type of
flow. For example, convexity of scatters in billiard maps and flows produces
hyperbolicity and over the past years, a lot of effort has been dedicated
to prove exponential mixing of such systems, see for example [14,23,50]. To
obtain sharp estimates of mixing rates in the polynomial setting, the operator
renewal theory techniques developed by Sarig [41] and Gouézel [27] are the
only ones available.
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One of the first major successes of ergodic theory in mathematical billiards
was the proof of ergodicity of Sinai billiards in the 1970s [44]. Over the
past decades, a lot of effort has been done in proving rates of mixing con-
sidering different settings. For example, [25] proved that Anosov flows enjoy
exponential mixing.

Other example and probably the most emblematic one is the Lorenz flow. In
the mid seventies Afraimovich, Bykov and Shil’'nikov [1] and Guckenheimer
and Williams [28] introduced independently the geometric Lorenz attractors
to model the original Lorenz attractors. It was not until the end of the
nineties that Tucker [47] gave a rigorous proof for the existence of the non-
uniform hyperbolic Lorenz attractor originally suggested by E. Lorenz. More
recently, Aratjo and Melbourne in [8| proved that the geometrical Lorenz flow
(and hence the classical Lorenz flow), see Figure 1, also enjoys exponential
mixing.
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Figure 1: The Guckenheimer-Williams geometric model of the Lorenz flow.

Among the different techniques in the literature we will use the following:
any flow can be regard as a suspension flow over a Poincaré map P : ¥ — X
with roof function r : ¥ — R*. The flow becomes now a vertical, parallel flow
fiz,u) = (z,u+t) on X" = {(x,u) € ¥ x [0,r(x)]}/ ~, where (x,r(x)) ~
(P(x),0). The flow-invariant measure du = dup X du, where dup is an P-
invariant measure. If P : ¥ — ¥ is not hyperbolic, hyperbolicity can be
regained by looking at a return map Py = P7 : Y — Y, for some induce
time 7 : Y — N, preserving a measure py. If 7 is the first return map, then
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py and ppp, coincide up to a multiplicative constant. The induce map has

its own suspension flow with induced roof function ry = z;(jo)_l ro Pi(z).

Indeed the geometrical Lorenz flow can be seen as the natural extension of a
suspension flow built over a certain type of one-dimensional expanding map
f. To obtain the one-dimensional map f we first consider the cross-section ¥
which is transversal to the flow and the Poincaré map P, : ¥ — X given by
Pror(®) = Ly, (2)(x), where Ly : A — A and 7y () are the flow of the linear
system given by the Equation (3.9) and the flow (return) time to the cross-
section ¥ given by Equation 5.3, respectively. To prove exponential mixing
for the geometrical Lorenz flow certain regularity in the stable foliation is
required; that is, we need the stable foliation to be C1'*® and satisfying a
uniform non-integrability condition.

We take advantage of these techniques and construct a modification of the ge-
ometrical Lorenz flow, which we will call modified geometrical neutral Lorenz
flow. This modified version is obtained by considering in a neighbourhood
of the origin, one of the vector fields give by Equation (4.1), (8.1) or (8.11)
instead of the linearised vector field. In this way, we obtained the modified
Poincaré map Pyeu(2) = Nyy.o(2)(®), where N; : Ay — Ayx and ryen(z) are
the neutral flow given by Equation (4.7) or (8.5) and the new flow time to
the cross-section given by Equation (5.11). We prove that the stable foliation
of this modified version of the flow still fulfils the same regularity; that is,
the foliation is C'* and satisfies the uniform non-integrability condition.
This modification yields to a slower flow time that will ultimately allow us
to deduce the polynomial decay of correlations.
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Chapter 1

Basic concepts in continuous
dynamical systems

1.1 Toolbox for Flows

In this section we will give some of the basic notions of flows. Most of the
content of this Chapter is taken from [3], [10] and [31]. For a more detailed
exposition of the material the reader is encouraged to see the references.

1.1.1 Notation. A compact manifold M without boundary will be called
closed manifold. For the purpose of this work we will consider C* manifolds.

The manifold M will be endowed with some Riemannian metric p which
induces a distance on M and an associated Riemannian volume which we
will denote as Leb and we will take it to be normalized; that is, Leb(M) = 1.

Given a C" vector field X on M (r > 1) since X is defined in all M and X
is bounded (since M is compact), then for every ¢ € R the associated global
flow (X");er is well defined. The flow (X');cr (which will be denoted as X*
for simplicity) is a family of C" diffeomorphisms which satisfy the following:

1- X°=1d: M — M is the identity in M;
2.- X' = X' o X* for every t,s € R;

and it is generated by the vector field X if
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3. LXYq)|1=t, = X (X" (q)) for every ¢ € M and t; € R.

Reciprocally, a C™ ! flow (X);cr determines a unique C” vector field X with
associated flow (X);cg.

1.1.2 Notation. The vector space of all C" vector fields on M equipped with
the C" topology will be denoted by X" (M) and by §" (M) the space of C" flows
with the C" topology.

The derivatives of the flow and the vector field with respect to the variable
g will be denoted by D, X" = DX*(q) and D,X = DX (q), respectively.

1.1.3 Definition. Given a vector field X a singularity or equilibrium for
X is a point ¢ € M such that X'(q) = q for every t € R which corresponds
to the zeros of X; that is, X(q) = 0. Any point p for which X (p) # 0 is a
regular point for X. The set of all singularities will be denoted by S(X).

The orbit of a point ¢ € M is the set Orbx(q) = {X'(q) | t € R} or simply
Orb(q) if there is no confusion with the flow or vector field we are working
with. A periodic orbit is an orbit Orb(p) with X (p) = p for a minimal
T > 0. The set of all periodic points will be denoted by Per(X).

1.1.4 Definition. A point ¢ € M will be called non-wandering for the
vector field X if for every open neighbourhood U of q and every T > O there
is t > T such that X'(U)NU # (. We will denote the set of non-wandering
points by Q(X).

The omega limit set of a point q is the set of accumulation points of the
positive orbit of ¢ ({X' |t > 0}) and will be denoted by wx(q) or simply
w(q) if no confusion is raised. Likewise, we define the alpha limit set of
q as the set of accumulation points of the backward orbit of q¢ by ax(q) =
w_x(q), where —X 1is the time reversed vector field X. We have the inclusion

w(q) Ualg) C QX).

A subset A of M s called X —invariant if X'(A) = A for every t € R. We
have that Q(X), w(q) and a(q) are X -invariant.

1.1.5 Definition. Let M be a closed manifold, X € X" (M) and A a compact
X -invariant subset of M. We define the stable set of A as

Wi (A) ={qe M |wx(q) C A}
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and the unstable set as

Wx(A) ={g e M|ax(q) C A}.

When no confusion is raised we will denote them as W*(A) and W*(A) for
short.

1.1.6 Definition. Consider M a closed manifold, X € X" (M) and A a com-
pact X -invariant subset of M. We will say that A is isolated (or maximal)
if there exist a neighbourhood U of A such that

A= XHU) = (" CUXU)),

teR teR

where CI(-) denotes the closure on M.

A will be called transitive if there is ¢ € A such that wx(q) = A and at-
tracting if A(U) = (o0 X' (U) = A for some neighbourhood U of A with
CUXYU)) C U for allt > 0. U is called isolating neighbourhood of A.

An attractor of X is a transitive attracting set of X and a repeller will be
an attractor for —X.

We make the observation that in general A(U) is different from
Mier X*(U), but for an attracting set the condition CI(X*(U)) C U for all
t > 0 guarantees that X *(U) D U and thus

AS(XHU) = X(U)N(X(U)DANT = A,

teR t<0 t>0

Therefore, every attracting set is isolated.

1.1.7 Definition. Let M be a closed manifold and X € X"(M). A sink of
X is a trivial attractor and a source is a trivial repeller of X.

A singularity q is called hyperbolic if the real part of the eigenvalues of Dy X
are different from zero. Particularly, sources and sinks are hyperbolic since
all the eigenvalues of the former have positive real part and those of the later
are negative. A periodic orbit Orb(p) is hyperbolic if all the eigenvalues of
DZX : T,M — T,M, where T > 0 is the period of p, are distinct from 1.
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The geometric interpretation of hyperbolic singularities is that their stable
and unstable sets have the structure of an embedded manifold and are called
stable and unstable manifold. This comes as a consequence of the Stable
Manifold Theorem 1.1.9. Before stating this Theorem we give the necessary
definitions. The reader can find the proof of the Stable Manifold Theorem
in Robinson’s book [40].

1.1.8 Definition. Let M be a closed manifold and X € X" (M) and A a
compact X —invariant subset of M. Denote m(T) = inf = ||T'(v)| the min-
imum norm of a linear operator T'. We will say that A is hyperbolic if every
q € A is a hyperbolic singularity for X. Therefore, there are A € (0,1),
C >0, and families of subspaces Ej, E, E;( € T,M with q € A, such that,

(1) T,M = E; D E!@PE,, where E is the subspace generated by X (q)
(2) || Dgx*

Es) ‘ < Cte ™ for every t > 0,
(3) m(DgX'|gs) < Ce* for everyt >0,
(4) DyXU(E}) = E*(X*(q)) fori=s,u,X and every t € R and q € A.
The sets
WY (@) = {p € M | d(X"(), X'(p)) = 0 as t = o0 or o0},

where d is the distance on M induced by the Riemannian metric p, are called
stable /unstable manifold. See Figure 1.1
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Figure 1.1: The stable and unstable manifolds.

1.1.9 Theorem. Let M be a closed manifold, X € X"(M) and A a hyper-
bolic set. Then the (un)stable manifold W)s{/u(q) are invariant C" immersed
manifolds tangent to ES'™ for every q € A.

1.1.10 Definition. Let M be an m—dimensional manifold, My and My two
submanifolds of M. We say that My and M, intersects transversally
and denoted by My My if and only if for any © € M; N My we have
T.M =T, M, @ T,Ms.

1.1.11 Definition. Let M be an m—manifold. An p—dimensional foli-
ation F of M is a collection {M;};c5, where J is an index set, of pairwise-
disjoint, connected, immersed p— dimensional submanifolds of M, called the
leaves of the foliation, such that for every x € M, there is a chart (U, )
with U homeomorphic to R™ containing x such that every leaf, M;, meets U
in either the empty set or a countable collection of subspaces whose images
under ¢ in ¢(M; NU) are p—dimensional affine subspaces whose first m — p
coordinates are constant.

The following theorem is a powerful tool known as the Hartman-Grobman

19



Theorem and its proof can be found in any book concerning continuous
dynamical systems. For example in [31], [10] or [40].

1.1.12 Theorem. Let X € X" and p € M be a hyperbolic singularity of X.
Let Y = DX° : T,M — T,M be the linear vector field on T,M given by the
linear transformation DX°. Then there exists an open neighbourhood U of
p in M, a neighbourhood V' of 0 in T,M and a homeomorphism h : U — V
such that X |y is topologically conjugate to Y|y .

1.2 Anosov and almost Anosov
diffeomorphisms and flows

In the early 60’s Stephen Smale constructed the so-called Smale horseshoe,
a structurally stable dynamical system given by a diffeomorphism of the
two-dimensional sphere and having an infinite set of periodic points giving
way to an unexpected breakthrough in the theory of dynamical systems.
With this discovery, new aspects in the problem of describing the struc-
turally stable systems emerged. Anosov met Smale in the Symposium on
non-linear oscillations at Kiev in 1961, Smale posed some difficult unsolved
problems. Particularly, the problem of geodesic flows on closed manifolds
of negative curvature and the problem of structural stability of hyperbolic
automorphisms on the torus. Anosov started working on these problems and
he solved them as particular cases in his investigation of the U-systems, now
called Anosov systems in [4]. The development on Smale’s discovery done by
Anosov marked the beginning of the "hyperbolic revolution’ in mathematics.
After this brief introduction on Anosov diffeomorphism we proceed to give
its formal definition.

1.2.1 Definition. Let M be an m—dimensional manifold and f : M — M

be a C! diffeomorphism. A compact, completely invariant subset A C M is
called hyperbolic if there are A € (0,1), C > 0, and families of subspaces
E*(z), E"(z) € T, M with x € A, such that for every x € A,

(1) T:M = E*(x) @ E"(z),
(2) |dfr(v%)]| < CN*||v®|| for every v® € E*(z) and n > 0,
(3) |ldf ;™ (v")|| < CX*||v¥|| for every v* € E*(x) and n > 0,

20



(4) dfs E°(x) = E*(f(x)) and df: E"(x) = E*(f(x)).

The subspace E*(x) (respectively, E"(x)) is called the stable (unstable)
manifold at x, and the family {E*(x)}ren ({E"(x)}sen) is called the stable
(unstable) distribution of f|,.

If M = A, then f is called Anosov diffeomorphism.

The simplest and most popular example of an Anosov diffeomorphism on T?
is the well-known Arnold’s cat map given in Example 1.2.2

1.2.2 Example. The cat map given by

flz) = (? } )~xmod1,

3+v5
2

the matriz has eigenvalues \; o = , which means that f is an Anosov

map.

If instead of considering a diffeomorphism f we consider a flow ¢! : M xR —
M from a closed differentiable manifold, then we obtain the same notion for
the flow; that is, if in Definition 1.2.1 we replace f by ¢!, then we obtain the
following definition.

1.2.3 Definition. Let M be an m— dimensional closed manifold (closed here
means compact and without boundary) and ¢' : M x R — M a C!' flow
on M. We will call the flow ¢, Anosov if there exists a continuous mutu-
ally transversal splitting of the tangent bundle TM = E°@ E*@ E" and

constants a and b such that:
(1) [|[D¢(v®)|| < be ||v*]| for every v¢ € E5(x) and t > 0,
(2) [|De(v)]| < be ™ ||v*|| for every v* € E*(x) and t < 0,
(3) DSFE* = E°, D@'E* = E* and D@'E° = E°,

where K¢ is the neutral flow direction, E° the hyperbolically stable direction
and E" the hyperbolically unstable direction.

The concept of almost Anosov diffeomorphism was first introduced in the
work of Hu and Young [32,33|, where they worked with diffeomorphisms in
the two-dimensional torus. Their goal was to give an answer to the question,
does a system f : M — M admit and SRB-measure if hyperbolicity fails at a
fixed points?. They showed that existence of a finite or infinite SRB measure

21



for an almost Anosov diffeomorphism on the two-dimensional torus depends
on the local dynamics near the neutral fixed point. We give now the formal
definition of an almost Anosov diffeomorphism.

1.2.4 Definition. [32] We will say that a diffeomorphism f: M — M from

a closed m-dimensional manifold M to itself is almost Anosov if there

exists two continuous families of non-trivial cones x — C;, CY such that the

following hold except for a finite set S of periodic points
(1) Df.Cy C C?(J}) and D f,C; 2 C‘}(I),
(2) IDf ()| < ||| for every 0 # v* € CF,
(3) 1D f ()| > [[v*]| for every 0 # v* € CF.

Likewise, if in Definition 1.2.4 we substitute the diffeomorphism f by a flow
¢t M x R — M from a closed differentiable manifold, we get the concept
of almost Anosov flow, so we get the following:

1.2.5 Definition. We will say that a flow ¢' : M x R — M on a closed
m-dimensional manifold M 1s almost Anosov if there exists a continuous
splitting of the tangent bundle TM = E°@ E°* @ E* (where E° is the one di-
mension flow direction) such that the following hold except for a finite number
of periodic orbits:

(1) [|[De(v®)| < [|vs|| for every 0 # vs € E*(x) and t > 0,

(2) [|De(v)]| > |[v*]| for every 0 # v* € E*(x) and t > 0,

(3) DO'E* = E5, DP'E* = E* and D¢'E° = E*.
We can think of almost Anosov diffeomorphisms (flows) as locally perturbed

Anosov diffeomorphisms (flows), where the perturbation is around a finite
set S (finite periodic orbits).
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Chapter 2

Ergodic theory concepts and
results

We will take Chapter 3 from [22] since it contains all the necessary ergodic
concepts we will need through this work. Naturally, these definitions and
facts can be found in text books on ergodic theory, such as the ones by
Walters, Petersen and Boyarski & Gora, see [49], [37] and [15], respectively.

2.0.1 Definition. [22] We will call a measure jn absolutely continuous
with respect to a measure X, if A\(A) = 0 implies u(A) = 0 and we will denote
it by p << A If both p < X and A < p then p and A\ are called equivalent.

2.0.2 Definition. [22] Let T : (X, A,\) — (X', A, N) be a measurable
function: Then T is called measurable preserving (m.p) if \oT-1 = ).

2.0.3 Definition. [22] (X, A, u,T) will be called a measure preserving
system if T is a measure preserving function from (X, A, u) to itself and
will say that the measure p is T-invariant

The following Theorem is known as the Radon-Nikodym theorem for a more
detailed explanation see for example [45].

2.0.4 Remark. We denote by L'(v) the space of integrable functions with
respect to v.

2.0.5 Theorem. If i is a probability measure and p < v then there is a
function h € L'(v) such that p(A) = [, h(z)dv(z) for every measurable set
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A, h is called Radon-Nikodym density. Sometimes we use the notation
h =4

dv
Let (X, A,u,T) be a measure preserving system. If T7'A = A for some
A€ A, then T71A° = A°. Thus we can split the study of T" into two parts:
T|a and T'|sc. Then we have the concept of indecomposability for measure
preserving functions, so that if 7" has this indecomposable property then
the study of T' cannot be split into separate parts. This property is called
ergodicity.

2.0.6 Definition. [22] A measure preserving transformation
T: (X, A, n) — (X, A, p) will be called ergodic if for any A € A, such that
T'A=A, n(A) =0 or p(A°) =0. We define J(T) ={A € A; T"'A= A}

The following results are well known and can be found in any book of ergodic
theory. We will not give a proof, for more details please see for example [15]
or [49]

2.0.7 Definition. [22] Let T : (X, A, u) — (X, A, 1) be a measure preserv-
ing function. Then T is weakly mixing if for all A, B € A

n—1

> (T ™A)N B) — p(A)u(B)| — 0 as n — .

SRS

T will be called strongly mixing or mixing if for all A, B € A,

w(T™(A)N B) = u(A)u(B) as n — oo.

2.0.8 Proposition. [22] Let (X, A, u, T) be a measure preserving dynamical
system. Then, T is mizing if and only if

/v-wOT"du%/vdu/ wdy,
X X X

for every v € L' (i) and w € L>=(p).

2.0.9 Observation. [22] Mizing characterizes how the statistical correla-
tions between subsets A and B or observables v and w evolve with time.
Mixing means that the correlations decay with time; that is, they are asymp-
totically independent
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2.0.10 Definition. [22] We define the decay of correlations as

pn(v,w) = '/v-on”du—/vdu/wd,u

for discrete map T', v and w as above. For the continuous version; that is,

for a flow T, we define it as
/v~ontdu—/vdu/wd,u

for suitable observables v and w.

2.0.11 Definition. [22] LetT : (X, A, u) — (X, A, u) be a measure preserv-
ing map. Then T is exact if the tail o-algebra T(A) = (Nyso T A consists
of the sets of measure 0 or 1; i.e., for every A € T(A) we have that u(A) =0
or u(A€) = 0.

)

pt(”? w) =

)

2.0.12 Proposition. [22]/ We have the following implications:
exact = mixzing =—> weakly miring = ergodic.

We now define what a Young tower is and its continuous equivalent the
suspension flow.

2.0.13 Definition. Let f : X — X be a measurable transformation on a
metric space (X,d). We say that f can be modelled by a Young tower
if there exists Y C X possessing a good hyperbolic structure, a countable
measurable partition {Y;};>0 of Y and a return time 7 : Y — Z* constant on
partition elements, such that the return map F = f7 Y — Y s uniformly
hyperbolic and smooth with invariant (SRB) measure puy. We define the
Young tower as A = {(y,{) € YXZT |0 <l < 7(x)}/ ~, where (x,0(x)) ~
(F(x),0). The tower map T : A — A is given by T(z,0) = (x,0 + 1)
computed modulo identifications with ergodic invariant probability measure
p = py X count /7, where count is the counting measure and T = [, Tdpy

(provided T € L}(Y)).

2.0.14 Definition. Let (X,v) be a probability space and P : ¥ — ¥ an
ergodic measure-preserving transformation. Let r : ¥ — R be a measur-
able (Holder continuous) roof function. We define the suspension space as
Y ={(z,u) € ¥ x [0,r(x)]}/ ~, where (x,r(x)) ~ (P(x),0). The suspen-
ston flow f, 1 X" — X7 is given by fi(z,u) = (x,u +t) computed modulo
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identifications and the measure p = v X A\, where \ is the Lebesque mea-

sure, is ergodic and f;-invariant. In the finite measure case, we normalise by

T = fz rdu so that p = %’\ 15 a probability measure.

| |

-

| r@

X

Figure 2.1: The suspension flow of P. Start at (z, u) following the suspension
flow we go until u +t = r(x) then we jump to (P(x),0).

2.0.15 Definition. Let M be an m—dimensional closed manifold, f': M x
R — M a C' flow on M and p a flow invariant probability measure. We
define the ergodic basin of by

1 /7
B(u) = {x eM ‘ / edp = lim —/ o(ffx)dt for continuous observable
M T—oo T 0

w: M — R}.
A flow invariant probability measure y is called SR B-measure (or physical)
if the ergodic basin B(p) has positive Lebesque measure.
2.1 Functions of bounded variation
Let [a,b] C R be a bounded interval and let A denote Lebesgue measure on
[a,b]. For any sequence of points a = ay < a; < ... < a, =b, n > 1, we

define a partition P = {I; = [a;_1,a;); i = 1,...,n} of [a,b]. The points
{ao, ...,a,} are called endpoints of the partition P.



2.1.1 Definition. [22] Let f : [a,b] — R and let P be a partition of [a,b].
If there exists a positive number M such that

Z |flax) — flap—1)| < M

for all partitions P, then T is said to be of bounded variation on [a,b].

If f is increasing or if it satisfies the Lipschitz condition

[f(x) = F(y)] < K|z —yl,

then it is of bounded variation.

2.1.2 Definition. [22] The number

Vo /= sup{ 3 |f(on) = flan-i)}
k=1

is called the total variation of f on [a,b], where f : [a,b] — R is a function
of bounded variation.

2.1.3 Proposition. [22] Let f be a function of bounded variation such that
| fll; < oo. Then

|f(ZL’)| < V[a,b} f+ %
for all z € [a, b].

. . IIf
Proof. We claim that there exists y € [a,b] such that [f(y)| < 3

then for any z € [a, 0]

L. If not,

(b—a)lf(@)| >[I fI];-
Hence,

b b
I = [ r@laxe) > [ a1,

and we have a contradiction.
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Since |f(x)] < 17(x) ~ F(s)| + )] we have
£ < Vi £+ 1
[

We present a result due to E. Helly that we will use later. For a proof of the
theorem please see [36] page 220.

2.1.4 Theorem. Let an infinite family of functions F be defined on an in-
terval |a,b]. If all functions of the family and the variation of all functions
of the family are bounded by a single number, i.e., |f(x)] < K, Vigy f < K
for every f € F, then there exists a sequence {fn}n>1 C F that converges
pointwise to some function f* of bounded variation and Vi, f* < K.

We now make the space of functions of bounded variation into a Banach
space. Let

BV(a.b]) = {f € L'(\; | inf Vi fi < o).

Note that the infimum is taken over all functions a.e equal to f. For example

the function
n, ifr=3% n=12...
[

0, otherwise,

clearly has infinite variation but f € BV([0, 1]) since f; = 0 is a.e equal to f
and V[[)J] f1 = 0.

We define a norm on BV([a, b]) as follows: For f € BV([a, b)),

I Flsy = Il + , i0f View f

Without L'(\)-norm, [|-||g,, would not be a norm, since a function that is not
0 A a.e. could have 0 variation. Now we give some properties of the space

BV({[a,b]), all proofs can be found in [15].
2.1.5 Proposition. BV ([a,b]) is dense in L*(\).
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Proof. Since C'([a,b]) is dense in L'(\) (Stone-Weierstrass Theorem) and
since C'([a, b)) C BV([a, b]) the result follows. O

The following Theorem makes a connection between weakly convergence and
norm convergence in L*()\).

2.1.6 Theorem. If f,, — f weakly in L'(\) and almost everywhere, then
fn — f strongly in L*(\)

2.1.7 Proposition. A bounded set in BV([a,b]) is relatively compact in
L'(\);i.e., every sequence in such bounded set has a convergent subsequence

Proof. If {fi}ies € BV([a, b]) is bounded, there is K; < oo such that
| fillgy < K for every i € J.

From the definition of [-||gy if follows that {f;}ics is uniformly bounded,;
i.e., there is Ky < oo such that |f;(z)] < Ky for every ¢ € J. Let K =
max (K, K3). By Helly’s Theorem 2.1.4, there exists a subsequence {f; }
such that f;, — f* everywhere. Since {f;}icy is weakly compact (it is uni-
formly bounded) and f;; — f*, Theorem 2.1.6 implies that f;, — f*in L'(\).
Hence {f;}icq is strongly compact in L'()). O

2.2 The Frobenius-Perron operator

The following definitions, results and ideas are taken from the work of Bo-
yarsky and Gora, for more details please consult [15].

We start by defining the Frobenius-Perron operator which enable us to study
the time evolution of densities in the phase space. The spectral theory for
this operator is a great tool that allow us to deduce ergodic properties of our
system such as ergodicity and mixing.

2.2.1 Definition. [22] Let (I, A, \,T) with A the normalized Lebesgue mea-
sure on I. We define the Frobenius-Perron operator P : L'(\) — L'()\)
as follows: For any f € LY(\), Py f is the unique (up to a.e equivalence)
function in L*(X\) such that for any A € A

/A Py fd\ = /T L
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The validity of this definition, i.e., the existence and the uniqueness of Pr f,
follows by the Radon-Nikodym Theorem 2.0.5.

Let T(I) be the class of functions 7' : I — I that satisfy the following
conditions:

1 T is piecewise expanding, i.e, there exists a partition P = {I; = [a;_1, a;]
i=1,...,q} of I such that T|;, is C', and |T/(z)] > « > 1 for any i
and for all = € (a;_1,a;), where T; =T

Ii;

2 g(x) = m is a function of bounded variation, where T"(z) is the

appropriate one-sided derivative at the endpoints of P.

For each n > 1, we define the partition P™ as follows:

n )

n—1
fP(n) _ \/ T—k(j)) _ {]io N T_llil N---N T_”""l]z‘ . ]ij c fP}.
k=0

It follows that T™ is piecewise expanding on P" if T is piecewise expanding
on P.

2.2.2 Example. The doubling map T : [0,1] — [0,1] given by Tz = 2x
mod 1. Figure 2.2 shows the graph of the doubling map.

1

N

Figure 2.2: Doubling map
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2.2.3 Theorem. Let T' € T(I). Then it admits an absolutely continuous
invariant measure whose density is of bounded variation.

Consider two complex Banch spaces (X, |||-|[|) and (£, ]-]]) with X € £. A

linear operator P : X — X is bounded with respect to both [||-|| and |||,
where
Pf
1Pl =sup { T .7 20
/1l

Assume that

1) If f, eX, fel, lim|fn—fll =0, and ||f.]| < C for all n, then
feXand Il < ¢;

2) H = sup,> [[P"[[x < o0
3) There exists k > 1, 0 <r < 1, and R < oo such that for f € X,

[P £l < 7lIlA + RIA (2.1)
4) If X; is a bounded subset of X, then the closure of PF X, is compact in
L.

For any complex number 7, let

D(n)={feX; Pf=nf f#0ae},

that is: 7 is an eigenvalue of P if and only if D(n) # 0.
We state the Ionescu-Tulcea and Marinescu Theorem:

2.2.4 Theorem. Under conditions 1) — 4), the intersection of the spectrum
of P with the unit circle is a set G of eigenvalues of P of modulus 1 which has
only a finite number of elements. For eachn € G, D(n) is finite-dimensional.
Furthermore, there exist bounded linear operators Q, and S on X such that

Pr=>"n"Q,+S", (2.2)
neG
Q,Qy=01in#1, Q=Q, (2.3)
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where p(S) = lim,, 0 ||S"||% is the spectral radius of S.

The properties (2.3) — (2.7) of P constitute one of equivalent definitions of a
quasi-compact operator.

The following Theorem (a generalization of Theorem 2.2.4) is a sufficient
criterion for quasi—compactness. For the proof please consult [29].

2.2.5 Theorem. [29] Suppose (L, |||-|||) is a Banach space and P : L — L is
a bounded linear operator with spectral radius p(P). Assume that there exist
a (semi)norm ||-|| with the following properties:

1.- Continuity. ||-|| is continuous in L; that is, ||-|| < [||||-

2.- Pre-compactness. For any sequence f, € L, if sup, || fulll < oo then
there exist a subsequence (ny)ren and f € L such that ||P f,, — f|| — 0
as k — 0.

3.- Boundness. There is M > 0 such that |P f|| < M| f| for every
fekl.

4.- Doeblin-Fortet inequality. There are k > 1, 0 < r < p(P) and
R > 0 such that

I1PE I < lLAl+ R

Then P : L — L 1is quasi-compact.

We shall use Theorem 2.2.5 in the following setting: £ = BV(I), ||| =
I-llgys Il = [I|l; and P = Py is the Frobenius-Perron operator. Since we
know that the Frobenius-Perron operetor Py is [-||; —continuous, then we
have the Boundness property. We also know that |||, < ||-||gy; that is, the
continuity property is fufilled. The pre-compactness propertie is equivalent
to prove that the unit closed ball in BV(I) is relatively compact in L'(\)
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which follows form Proposition 2.1.7. Finally, the Doeblin-Fortet inequality
follows from Lemma 2.2.6 bellow and its proof can be found in [15].

2.2.6 Lemma. Let T € T(I). Then there exists constants 0 <r <1, C >0
and R > 0 such that for any f € BV(I) and any n > 1,

1Pz fllgy < Cr™ [|fllgy + RISl -

All together gives us the next Theorem.

2.2.7 Theorem. Let T' € T(I). Then the Frobenius-Perron operator Pr is
quasi-compact on the space BV (I). In particular,

1) T has a finite number of ergodic absolutely continuous invariant mea-
sures: p1 = fiX, -+ pin = fa, where f1,--- f, € BV(I).

2) For each 1 < i < n, there exists a finite collection of disjoint sets
{Ay)}f‘“{ such that sup p; = ZS% A,(J), and such that for f]@ = fiﬂAy)’

]:
j:1727"' 7n<i>7
Py fiV = f1)

J J+1

and the dynamical system (A;i),T"(i), fj(i))\) is exact.

Now we state a Theorem which connects our ergodic concepts like mixing and
erodicity with the Frobenius-Perron operator. For a proof of the Theorem
see [15]. Let D((X, A, u)) denote the space of probability density functions
on the measure space (X, A, u)

2.2.8 Theorem. [15] LetT : (I,A,pu) — (I,A, ) be a measure preserving
system. Let 1 denote the constant function equal to 1 everywhere. Then,

1) T is ergodic if and only if for any f € D((I,A, p))

1 n—1
SN PR
k=0

weakly in L'(u) as n — oo;
2) T is weakly mizing if and only if for any f € D((I,A, p))
1 n—1
k=0
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weakly in L'(p) as n — oo;

3) T is mizing if and only if for any f € D((I, A, n))
Prf o1,

weakly in L'(1) as n — 0o;

4) T is exact if and only if for any f € D((I, A, pn))
Prf—1,

in the L'(i)-norm as n — oo.

34



Chapter 3

Lorenz flow

In this chapter we introduce what is probably the most famous system of all
chaotic differential equations, the Lorenz system from meteorology. It was
first formulated by Edward N. Lorenz in 1963 [35], as he was attempting
to set up a system of differential equations that could explain some of the
unpredictable weather behaviour. As a result, he obtained a simplified model
of atmospheric convection. Convection occurs when a fluid located near the
surface is heated faster than the cold fluid located higher. As a consequence
of this irregular heating, the warmer fluid rises above the cooler one that
sinks since it is heavier. This creates a large circular flow of fluid or air
which rises as it gets warmer and descends as it is cooled down. Convection
also occurs on smaller scales, for example in cups of hot coffee.

More exactly, Lorenz studied a two-dimensional fluid cell that was cooled
from above and heated from below. The systems that can describe the mo-
tion of the fluid is a system of differential equations with infinitely many
variables. Lorenz makes the assumption that all but three of these variables
remained constant. Roughly speaking, these independent variables estimate
the distortion of the vertical temperature profile from its equilibrium, the
difference in temperature between ascending and descending fluid elements
(z and y, respectively) and the rate of the circulatory fluid flow velocity (z,
clockwise if # > 0). The analysed motion leads to a three-dimensional system
of differential equations that involves three parameters: the Rayleigh number
r, the Prandtl number o, and a parameter b which relates the physical size
of the system. By making all these simplifications, the system of differential
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equations presents only two nonlinear terms and is given by:

t= o(y—ux)
Y= rr—y—xz. (3.1)
Z= xy — bz

All three parameters are assumed to be positive and ¢ > b+ 1. We will
denote the vector field generated by this system as L(z, vy, 2).

3.1 The Lorenz flow in a nutshell

In this section we will give an analysis of the Lorenz flow and its most promi-
nent properties. For a more detailed analysis and proof of the following
results the reader is encourage to check for example [3], [31] or [10].

Clearly, the Lorenz system exhibits a symmetry. If we perform the reflec-
tion (z,y,z) — (—z,—y,z), then the equations are unchanged. Thus, if
(x(t),y(t), 2(t)) is a solution then so is (—z(t), —y(t), 2(t)). When z = 0 and
y = 0, we have that £ = 0, y = 0 and 2 = —bz. Therefore, the z—axis is
invariant. Thus, on the z—axis all solutions tend to the origin. As a matter
of fact, when r < 1 the solution through any point in R? tends to the origin.

The equilibria are the origin 0 = (0,0,0) (which does not depend on the
parameters) and p+ = (£1/b(r — 1), £+/b(r — 1),7—1). A simple calculation
shows that

-0 o 0
DL=|r—-z -1 —x |. (3.2)
Y r —b

The eigenvalues of DL are \; = —=b and Ay = 3(—(o + 1) £
+ /(0 +1)2—40(1 —r)). Observe that A+ are negative for 0 < r < 1
making the origin a sink. With the help of the Lyapunov function

1
L(wy,2) = 5@ + oy + 02?) (3.3)
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we can see the global asymptotic stability of the origin. Moreover, we have
the following proposition (the proof can be found in [31] page 307-324).

3.1.1 Proposition. [31] Suppose r < 1. Then all solutions of the Lorenz
system tend to the origin.

As r increases through 1, the eigenvalue A, becomes positive and thus
the origin becomes a saddle point with 2—dimensional stable surface and
1—dimensional unstable curve. When r = 1 the new two equilibria p4 are
born and giving a pitchfork bifurcation they move away from the origin as r
increases. In [31] the following property of the new equilibria is proven.

3.1.2 Proposition. [31] The equilibrium py are sinks provided

0+b+3>.

l<r< = (—
N Py

(3.4)

A Hopf bifurcation occurs when r = ry. We remark that when » > 1, not
all solutions tend to the origin, but solutions that start far from the origin
at least move closer in. To be precise, if we consider the modified Lyapunov
function

V(z,y,z) = %(TJE2 +oy? +o(z —2r)?%) (3.5)

and the ellipsoid centered at (0,0, 2r)

E, ={(z,y,2) e R’ | V(z,y,2) = v,v > 0},

the following holds:

3.1.3 Proposition. [31] There exists vy such that any solution starting
outside E,, eventually enters the ellipsoid and remains trapped there for all
future time.

Consequently, if we denote as A the set of points whose solutions remain in
the ellipsoid for all backward and forward time. Then the w—limit set of
any solution must lie in A. In theory, A could be a big set. However, if we
take a look at the divergence of the vector field we notice that is negative as
Equation 3.6 shows.
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oL,
83:,-

Div(L) =V -L=>)_ = Trace(DL) = —(c +1+0b).  (3.6)

Since the divergence measures the rate of change of volumes under the flow
L’ of the vector field L. Let B be a region with smooth boundary and write
B(t) = L'(B), the image of the region under the flow at time ¢ and let V(¢)
denote the volume of B(t). Then Liouville’s Theorem gives

V(t) = /B(t) Div(L) dx dy dz, (3.7)

which means V() = —(o 4+ 1 4 b)V(¢) and thus by solving the differential
equation we get that V() = e~@*1*+9) 1/(0). From this we see that volumes
shrink exponentially fast to 0. Therefore, we can conclude that the volume
of A is zero.

3.2 The Lorenz Attractor

The behaviour of the Lorenz system as r increases is of great interest since
it exhibits many interesting dynamical behaviours. Although the Lorenz
system has physical relevance only for values of r near to 1, we will describe
the dynamics for values bigger than 1. In this section we will fix 0 = 10 and

b= g and describe the dynamics when varying r, but always taking r > 1.

The equilibria of the system for this fixed values are the origin 0 and p+ =

(j:(8(rgl))%, j:(s(r?)_l))%, r —1). As shown in the previous section, the eigen-

values of DgL are all real two negative and one positive. We have

[NIES

C11 (121440(r — 1))

Ay =
7 " 2
W11 (214do(r- 1))2
ss T 2 2
8
Ay = —=.
3
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Note that 0 < —Ay < A\, < —Ag. Any singularity with eigenvalues satisfying
the above condition will be called Lorenz-like singularity

As observed earlier, the unstable manifold of the origin W*(0)* is

1-dimensional and has two branches (we use the symbol 4+ to denote the
branches of the unstable manifold). By the symmetry of the system discussed
before, the two branches are related to one another. When r takes small
values, the positive branch W*(0)* remains on one side of the stable manifold

W=#(0) and goes to p, (See Figure 3.1). By symmetry, the negative branch
behaves in a similar way and moving to p_.

Figure 3.1: Unstable manifold of the origin for 1 < r < ry (Image taken
from [40]).

When r takes the value ry ~ 13.93, the unstable manifold of the origin con-
nects with the stable manifold of the origin and giving birth to a homoclinic

loop, W*(0) € W*(0) as shown in Figure 3.2.

Figure 3.2: Unstable manifold of the origin forming an homoclinic loop when
r =1 (Image taken from [40]).

For r > 7y each branch of the unstable manifold of the origin W*(0)* goes

from one side of W#(0) to the other side (see Figure 3.3).
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Figure 3.3: Unstable manifold of the origin forming an homoclinic loop when
ro < r < ry (Image taken from [40]).

When r is near ry we have that W*(0)™ drops into W*(p_) and W*(0)~ into
W*(p,). For values of r greater than ry &~ 24.74 this is no longer the case
and this will be discussed in the following paragraphs.

We will focus now on the behaviour of the equilibria p;.. We are interested
in the stability type of this points. By doing some computations we can see
that the characteristic equation for p. is

p(A) :A3+%A2+§(r+10)A+L§)(r— 1) =0. (3.8)
By Proposition 3.1.2, we see that p, are stable for the values 1 < r < rg and
they become unstable at ry. Actually, a Hopf bifurcation takes place when
r = rg; it is a subcritical bifurcation where two unstable periodic orbits
disappear at rg. When r < rg, the equilibria p1 are sinks, while for r > rpy,
these equilibria push outward in a 2-dimensional space. Since two of the
eigenvalues are complex with positive real part, then the trajectories spiral
around in the 2-dimensional surface as they move outward. As a result of
the existence of this expanding 2-dimensional subspace the unstable manifold
W(0)* is pushed away from p.. In fact, when r = 28 W*(0)* goes from one
side of W#*(0) to the other and back again as shown in Figure 3.4. Lorenz
originally worked with the parameter » = 28 and the picture displayed in
Figure 3.4 it is what nowadays it is known as the Lorenz attractor. For
r = 28, the eigenvalues are )\, ~ 11.83, \;s ~ —22.83, A\, =~ —2.67 and
rg ~ 24.74
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Figure 3.4: Unstable manifold of the origin for » = 28. The Lorenz Attractor

Figure 3.5 exhibits the local invariant manifolds and therefore the local dy-
namics near the equilibria.

Figure 3.5: Local stable and unstable manifolds near the equilipria 0 and p..
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As discussed in the previous section, by Proposition 3.1.3 there exists an
ellipsoid FE, such that any solution starting outside the ellipsoid eventually
enters it and remains trapped there for all future time. Let U be the open
region bounded by this ellipsoid, then U is a trapping region for L; that is,
LY(U) Cc U for all t > 0. Note that this trapping region contains only the
origin and not the other equilibria. Since CI(U) is compact, the maximal
positively invariant set A = (., CI(L(U)) is an attracting set where the
trajectories of the flow accumulate when ¢ increases. In this way, we define
the Lorenz Attractor A (see Figure 3.4).

3.3 Geometric model for the Lorenz attractor

In this section we will discuss a geometric model for the Lorenz attractor
proposed independently by Guckenheimer, Williams 28] and by Afraimovich,

Bykov, Shilnikov [1,2]. The reader is also encouraged to check [3,10] and [31]
for more details.

By Hartman-Grobman Theorem 1.1.12; the Lorenz system is locally conju-
gate to the linear system

T = )\1(13
z = —)\32

in a neighbourhood of the origin. Thus, we have that the flow of the linear
system is

X (20, Y0, 20) = (20 M,y ™, 25 e™1), (3.10)

where (2, Yo, 20) € R? is an arbitrary point near to the origin. In order
to make computations simpler, we chose \y = A\, = 2, Ay = =)\, = 4,
A3 = —Ag = 1. This eigenvalues are obtained when we take 0 = 1, r = 9,
and b = 1. Note that 0 < A3 < A1 < Ag.

The idea is to follow the solutions as they flow from the time when z(t) is
equal to some constant z; until z(t) equals to some constant +z;. So we
consider ¥* = {(z,y,1) € R? | |z| < 1, |y| < 1},
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Y =A{(x,y,1) e X* |z <0}, Xt ={(z,y,1) € Z*| x > 0},
Y=XTuUX  =%*\T, where I'={(z,y,1)eX*|x=0,},
SE{(£1,y,2) € R¥} and S=85Tus".

We assume that ¥* is a section transversal to the flow and every trajectory
eventually crosses ¥* in the direction of the negative axis z. Then for each
(z,y,1) € ¥, the time 7{,, such that XLor(z,,1) € S is determined by
eMTx = 41. Then we have

1
Tor(T) = —)\—llnm. (3.11)

Observe that this time only depends on x € ¥ and is such that 7(z) — 400
as x — 0. Let P, : ¥ — S be the map given by

Py(z,y,1) = X (1,9, 1)

= (L y(Mor) 2(T10r)
= (1, ylz|?, [z]™),

where o = f\‘—? and g = i—f Note that 0 < @ < 1 < £ (In our particular

choice of eigenvalues we have that o = % and 8 = 2). We could also forget
the constant entry and write P; as a function of two variables. Moreover,
to avoid to deal later on with a contraction in the y—direction, we will just
divide by two the = variable to reduce the size of the cusps. The division by 2
is convenient for us because of the particular choice of the eigenvalues we are
working with, but dividing by any other positive number also works. Thus,
P is given by Pi(z,y) = (y|%|°,|%]|*). Its derivative in the first quadrant is
given by

Dy b1 = : (3.12)
a2 gl 0
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We make the following observations:

3.3.1 Observation. 1.- P;(X%) has the shape of a cusp at (£1,0,0) and
(making abuse of notation) we will denote this images as ST and S =

STtuUsS~.

2.- If we denote by 0, (c) = {(z,y,1) € ¥ | x = ¢}, where ¢ is a constant, the
vertical line segments in ¥ and by by {n(c) = {(£1,y,2) € S| z = ¢},
where ¢ is a constant, the horizontal line segments in S. Then we clearly
have that P (¢,(co)) = Ln(cr); that is, the map Py takes the vertical line
segments in X to the horizontal line segments in S as illustrated in
Figure 3.6.

Figure 3.6: Image of ¥ under P; (Image taken from [10]).

Since we are aiming to construct the (Poincaré map) return map to the
cross-section 3, we have to describe the return of the cusps S back to . In
other words, we have to describe the global dynamics; that is, what happens
outside the neighbourhood of the origin. We also want the global dynamics
to be as close as possible to the dynamics of the Lorenz system. This will
be accomplished by composing a suitable rotation Ry by an angle of 6, an
expansion F, by a factor of @ and a translation 7. In order to obtain the
butterfly shape for the flow, the rotation will be around W*(p.) and we
will assume that py = (+1,F3,1). Therefore, the rotation axis will be the
boundaries of the cross-section ¥; that is, the vertical line segments £, (+1)
which are parallel to the y—axis. Furthermore, we will also assume that
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the horizontal line segments ¢}, (cy) are taken into the vertical ones ¢,(cy), as
depicted in Figure 3.7.

Figure 3.7: Return to ¥ under P, (Image taken from [10]).

Recall that since the origin is hyperbolic and by the Stable Manifold Theorem
(Theorem 1.1.9), the stable W*(0) and unstable W*(0) manifolds are well
defined. Also note that W*(0) \ {0} is made of two connected component
which we denote by W*%(0) and W*(0) = W**(0) U {0} U W~%(0).

)

The rotation we mentioned above will be a rotation of 270 degrees (6 = ¢
its matrix form is given by

The expansion occurs only along the x—direction, so its matrix is
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E, =

o O Q9
O = O
_ o O

with a < 2*t! = 24/2. It is worth noting that this particular bound is
good for the case we are dealing with; that is, with the particular choice of
eigenvalues that we have and because of the contraction we did in the map
P, by dividing by 2 the x variable. If this division were done by another
quantity this would be reflected in the bound of a.

Finally, the translation 7' is such that the unstable direction which starts
from the origin is sent to the boundary of ¥ and the image of both cusps S
are disjoint. More precisely, we want to send the cusps points C. = (£1,0,0)
to Ay = (F¥1,F3,1) (see Figure 3.7). Therefore the map P : S — ¥ is given
by composing the rotation, expansion and translation mentioned above; that
is, P, = ToFE,oRy. Like in the case of P;, we can express P as a function of
two variables in this case y and z; i.c., Pa(y, z) = (azF1,yF1) the minus/plus
sign depends whether we are in ST or S, respectively. Its derivative is given
by

0 a
Dy, P = ( 1 0 ) : (3.13)

The above construction allows us to describe for ¢ € RT the orbit X'(Z) of
each € . The orbit will start flowing with the linear field until S* and
then it will follow the returning field back to > and so on. We denote by
W = {X'(z) | z € &, t € R*} the set where the described flow acts. The
geometric Lorenz flow is the couple (W, X};).

The return map to 3 (the Poincaré map) P : ¥ — ¥ will be P = P,o P, and
its expression is given by

o B
<a‘g —1,y‘§’ —%) if z € (0,1];
Plr.y) = (3.14)
a1 T 1EPY 1.0
(1=afz[ 3-vl3[): Hoel-r0,
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where we take a = v/2. Its derivative is DP = DP, - DP; and is given by

a2 o1 0
DP = ) (3.15)
B2 Byxf=t 278F

Observe that the first entry of P is a function that just depends on x. This
suggests that we can quotient out the stable foliation formed by the vertical
line segments /,(c) as we will see later. Figure 3.8 shows the images of ¥+
under the action of P.

Note that for our choice of eigenvalues and the expansion constant a = /2
we have the following:

|3 x2 1
2| E2 1, |2 ——) if 1]:
(V2|5 -1 |5 -35) ifee@n

P(z,y) = . .
x|3 T
2[5l vyl +g) teet-ro)
<\/_2+ 3| *3 ifz €[-1,0)
and
1
N
DP = e (3.16)
Ty T
2 4
1 z?
The matrix DP has eigenvalues \| = NG and \, = T Observe that

N — oo as x — 0. More precisely, we have that if ; < |z| <1 then X; <1
and if [#] < } then A > 1. For the other eigenvalue we have that \) < 1
for |z| < 1. Thus we have that the Poincaré map P is hyperbolic when x
approaches the origin.
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Figure 3.8: The Poncaré map P acting on X%,

As we previously mentioned it, the foliation given by the vertical lines ¢,(c)
is invariant under the map P; that is, given any leaf v of this foliation its
image P(7) is contained in a leaf of the same foliation (See Figure 3.8).
Therefore, we can express P as P(z,y) = (f(z),g(x,y)) for some functions
f:I\{0} = Tandg: (I\{0}) xI— I, where [ =[—1,1].

Now, to conclude this section we will state without proof some properties
of the maps f(z) and g(x,y) and how the dynamics of f determines the
dynamics of P. For a more detailed exposition of this properties the reader
could check [1], [10], [28], [40] and [31].

First, let us state the properties of g(x,y).

gl.- The map g is piecewise C? and for fixed zg, the map g(zo,y) is a
contraction in the y—direction. Meaning

d(g(l‘o, y1)> g($07 y2)) S Cd(yb y2)7

for 0 < c< 1.
g2.- Equation 3.15 provides the following bound on its partial derivatives:

a) For all (z,y) € ¥ with z > 0 we have 9,g(z,y) = 27°2°. Since
B >1and |z| <1, there is 0 < n < 1 such that
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|ayg(x7y)‘ < 777

and the same bound holds for z < 0

b) For (z,y) € ¥ with 2 # 0 we have 0,9(z,y) = 2 Pyx’~L. Since
B —1>0and |y|, |z] <1 we get that |0,g(z,y)| < oc.

g3.- From g2.a) above, the uniform contraction of the foliation given by the
vertical lines ¢,(c) follows; in other words, there is C' > 0 such that, for
any given leaf v of the foliation and for ¥y, y» € 7, then

d(P"(y1), P"(y2)) < Cn"d(y1,92),

when n — oo.

For p € ¥ we denote by v(p) the stable leaf which contains the point p; that
is, the vertical line segment ¢,(c) which contains p. As we have mentioned
before, we have that v(p) is taken into another such line segment v(P(p)).
We make an equivalence class of points in ¥ that lie on the same ~(p). If
we collapse equivalence classes to points, we obtain a map 7 : ¥ — [—1,1]
given by 7(p) = z, where p = (z,y). Since P takes equivalence classes into
equivalence classes, P and 7 induces the map f : I\ {0} — I, whose graph
is depicted in Figure 3.9. The map f is called Lorenz map. The following
properties hold for the Lorenz map:

f1.- The symmetry of the Lorenz equations implies f(—z) = —f(z).

f2.- f has a single discontinuity at x = 0 with lateral limits lim, ,o- f(z) =
1 and lim, ,o+ f(z) = —1, since P is not defined at I" because

I'c W#(0).
f3.- f is differentiable on I \ {0} and f'(z) > o > 1.

f4.- The lateral limits of f" at x = 0 are lim, ,o- f'(z) = oo and
lim, o+ f'(z) = —o0.
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—1 0 1

Figure 3.9: The graph of the one dimensional map f.

The proofs of the following statements about the map f can be found in
Section 7.11.1 in [40].

3.3.2 Definition. Let I C R be an interval and f : I — I be a continuous

map. f is called locally eventually onto if for any nonempty open interval
K C I, there is an n > 0 such that f"(K) D I. If [ is locally eventually
onto, then it is transitive on I.

3.3.3 Theorem. [/0, Theorem 11.2] Assume that f : I\ {0} — I satisfies
assumptions fl-f4 given above. Then

a) Then f is locally eventually onto for the interval (—1,1),
b) Therefore f is transitive on (—1,1) and Q(f) = [-1,1].

3.3.4 Theorem. [40, Theorem 11.3] There is a one to one correspondence
between the periodic points of f and the periodic points of P. Let Ap =
Moo P(X). Then Ap = Q(P).

Hence the study of the 3—dimensional flow (W, X%,) can be reduced to the
study of the 2—dimensional Poincaré map P on ¥ and, furthermore, the
dynamics of the later can be reduced to a 1—dimensional map f on the
interval I, since we have an invariant stable foliation which enables us to
identify two points on the same leaf.
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3.4 a.c.i.p and decay of correlations for the
Lorenz map

All the results presented in this section are given without proof and are taken
from the notes of Viana. For a complete presentation and the proofs please
refer to [48]. The main tool used in the proofs is the fact that the Frobenius-
Perron operator Py is quasi-compact on the space of functions of bounded
variation BV(I) (Theorem 2.2.7).

In this section, f will denote a map from an interval I = [a,b] to itself. The
maps considered in [48| are required to have the following properties:

(C1) Regularity. There exists a partition P = {a = (a;_1,a;) | a = ap <
a; < -+ < a, = b} such that f|,, is of class C' with |[Df(z)| > 0 for
1

all z € a; and all 7 = 1,...,r. Moreover, the function g,, =

|Df

(€73

has bounded variation for every 1.

Particularly, f|,, and g,, admit continuous extensions to &; = [a;_1, a;]. Since
the modification on the values of a map over a finite set of points does not
alter its statistical properties, we can assume that f is right-continuous or
left-continuous (or both) at a; for any i. We let P! be some partition of I into
intervals o with a; C o C @; for some ¢ and f|, is continuous. Furthermore,
for m > 1 we let P™ be the partition of I such that P"(x) = P"(y) if and
only if i])l{fj(x)) = P(fi(y)) for every 0 < j < m. For a € P™, we denote
SERVYEIN

(C2) Expansivity. There exist constants C' > 0 and 0 < A < 1 such that

sup gt < CA™ for every a € P™ and every m > 1.

By Theorem 2.2.7 we know that f admits a finite number of ergodic ab-
solutely continuous invariant measures whose densities have bounded varia-
tion. In order to guarantee uniqueness of the absolutely continuous invariant
measure as well as the mixing properties we want to study, the following
assumption on the expanding map f is required:

(C3) Topological mixing. There exists an interval J C I such that f(J) =
J, every orbit f"(x) eventually goes into J, with x € I, and f|; is
topologically mixing.
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3.4.1 Theorem. [48, Corollary 3.6] If f satisfies conditions (C1)-(C3) then
it admits a unique a.c.i.p. p = em with ¢ € BV(I), where m denotes the
Lebesgue measure. Moreover, i is ergodic.

By the properties of the Lorenz map fl-f4 and by Theorem 3.3.3 in the
previous section we have that the Lorenz map f fulfils the assumptions (C1)-
(C3) above. Thus, by Theorem 3.4.1 we know that f has an ergodic and
unique a.c.i.p. = pm with ¢ € BV(I).

Proving the decay of correlations requires a main ingredient, namely, showing
that the spectrum of the Frobenius-Perron operator (spec(Py)) acting on the
space of functions of bounded variation BV (/) can be decomposed

spec(Ps) = {1} UX, with ¥y contained in a disc of radius p < 1.

A direct consequence of quasi-compactness is that (f, ) has exponential
decay of correlations, with rate of decay no bigger than p. In order to have
such decomposition exactness of the measure p is required. Thus, we have
the following result

3.4.2 Proposition. [48, Proposition 3.13] If f is a piecewise expanding
map satisfying (C1)-(C3), then the a.c.i.p. u is exact, and thus mizing for

f.

Exactness is the last ingredient needed to prove exponential decay of corre-
lations. Hence, we have the following result.

3.4.3 Theorem. [48, Corollary 3.10] If f is a piecewise expanding map
satisfying (C1)-(C3), then f has exponential decay of correlations; that is,
given v € BV(I) and w € L'(u) there are constants C(v,w) = C > 0 and
0 < © <1 such that

ntow) =| [vwo rau [ [ois] < o olly

We even have the Central Limit Theorem (CLT):
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3.4.4 Theorem. [48, Corollary 3.11] If f is a piecewise expanding map
satisfying (C1)-(C3), then f satisfies CLT; that is, given v € BV(I) and

o? = [wdu+ 22;’11 Jw(wo f7)du, where w =v — [vdu. Then o is well-
defined and o = 0 if and only if w = wo f —u for some u € L*(n). If 0 > 0
then for every interval A

2
_ 7
e 222 dt as n — oo.

AOV2T

e € 11 5= Y (/) € 4)) -

By Proposition 3.4.2, we know that the a.c.i.p. p of the Lorenz map f is
exact and by Theorem 3.4.3 and Theorem 3.4.4, f has exponential decay of
correlations and satisfy CLT.
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Chapter 4

Neutralizing the Lorenz origin

In this chapter we will apply local surgery in a neighbourhood of the hyper-
bolic saddle equilibrium of the geometrical Lorenz model, namely the origin,
and transform it into a neutral equilibrium. We will investigate the effects
of this change in the dynamics of the model. We do this because we aim to
slow down the time that orbits take to flow from the cross-section ¥ to the
cusps S and see the changes this new motion produces in the decay of corre-
lations. The flow obtained from this modification will be an almost Anosov
flow. Existence of a finite or infinite SRB measure for two dimensional al-
most Anosov diffeomorphisms was already proven in [32,33]. A recent paper
of Hu and Zhang [34] provides polynomial mixing rates in the finite measure
setting with bounds on the exponent within a parameter range. To obtain
such rates they made use of the existence of a Markov partition, quotient dy-
namics by factoring out the stable direction, a first return inducing scheme
and renewal theory. Later, Bruin and Terhesiu in [20] proved mixing rates
in the infinite SRB measure setting for almost Anosov diffeomorphism us-
ing different methods. They used anisotropic Banach spaces of distributions
where the transfer operator of the induced map acts and established the re-
quired spectral properties to obtain optimal rates of mixing. Furthermore,
they gave more precise tail estimates for the inducing scheme. We will take
advantage of these methods and results and use them to deduce the rates of
mixing of the almost Anosov flow we will construct. Before jumping directly
to the local surgery of the geometrical Lorenz model, we will first describe
the framework we will use.
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4.1 The Framework

4.1.1 Notation. Through this Chapter we use the same notation of [17] and
write a, = O(by,) or a, K b, if there is a constant C' > 0 such that a,, < Cb,
for alln > 1, and a, ~ b, if lim,, Z—: =1.

We will begin with the set-up of [17], [20] and [21], where the starting point
is an almost Anosov flow ¢! : M x R — M on a closed 3-dimensional dif-
ferentiable manifold M (recall Definition 1.2.5), in this setting we will just
consider a single neutral periodic orbit I' ~ {(0,0,0)}, near to this orbit
the flow has the following form in local Euclidean coordinates; that is, in a
neighbourhood U of the orbit I'" the flow has the form:

iy T r(apr? + a1y® + az2?)
y | =F| vy | = —Lly + 0(4), (4.1)
2 2z —2(bor? + biy* + by2?)

where the parameters satisfy ag, a1, as, by, b1, bs > 0 with A := asbg—agbs # 0,
¢ > 0 and @ < 4agay, b? < 4bybs. The latter condition implies the first
component in (4.1) is non-negative and the 2nd non-positive for x, z > 0,
O(4) refers to terms of order four or higher, under the condition that they
are of the form z?0(2) near the yz-plane and 2?0(2) near the zy-plane. The
vector field is cubic in the transversal direction to I', but this is the only
source of non-hyperbolicity.

Note that the divergence Div(F') = (3ag—bo)z?+ (a1 —b1)y* + (ag — 3ba) 2% — .
Since we are aiming for a flow that shrinks volumes exponentially fast, like the
Lorenz flow, we need that Div(F) = —c < 0, where ¢ is a positive constant.
Then by Liouville’s theorem, we will have that % = D(t) Div(F)dzdydz,
where D(t) is a region in the Euclidean space. Therefore, V(t) = e~V (0)
which means that the flow shrinks volumes exponentially fast. In order to
achieve that, we let ¢ be big enough such that (3ag — by)z? + (a1 — by)y* +
(ay — 3by)z? < £ for all x, y and z in U.

A quick computation shows that

0 0 0
DFlg={ 0 —¢ 0 |,
0 0 0



where 0 = (0,0,0). DF|; has eigenvalues \; 3 = 0, Ay = —¢ with associated
eigenvectors (1,0,0), (0,1,0) and (0,0, 1).

If we solve for y in Equation (4.1); i.e., y(t) = yoe~* we obtain the following
non autonomous system of differential equations:

l" . X B x<a0x2 + al e—QZt +CL22’2)
( z > - Fhar ( z ) o ( _Z(b()f,lfg +61 e—2£t +b222) +O<4), (42)

where a; = alyg =b = blyg, 0 is the fixed point of F},,.. An easy computa-
tion shows that

a e—QZt 0
DFhor|(_J = ( ! 0 20t >

—aj e

thus 0 is a hyperbolic saddle fixed point for negative values of t. When ¢ tends
to infinity then the fixed point changes to a neutral fixed point nature since
e~ goes to zero or for values large enough of ¢ the fixed point is neutral.

We will assume that ¢ is large enough that the time-1 map fp,, of the flow ¢ .
of Fjor is a smooth almost Anosov map with a single neutral fixed point p =
(0,0). Since fpor is an almost Anosov map (a local perturbation of an Anosov
diffeomorphism on T?) we can suppose there exists a Markov partition { P }¥_,
for fror and assume p is in the interior of Fy. The vertical and horizontal
axes are the stable and unstable manifolds of p respectively. We also make
the assumption that the element Fy C U is a small rectangle such that
CUf (Py) U Py U fror(Py)) C U, where U is the neighbourhood mentioned
at the beginning of this section. Due to the symmetry (z,z2) — (£x,+z2),
we only need to do the analysis in the first quadrant Q) = [0, z¢] x [0, 20| of
Py (Figure 4.1). Without loss of generality (consult [20] Lemma 2.1) we can
regard [0, xo] X {20} as a local unstable leaf and {z¢} x [0, zo] as a local stable
leaf of the global diffeomorphism.
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\

Figure 4.1: First quadrant (), with stable and unstable foliations.

We consider an induced map fror = i Y =Y forY = T2 \ Py, where
o(z) = min{n > 1| f' (2) ¢ Py} is the first return time to Y. We notice
that for is invertible because fio, is. In the first quadrant of U \ Py, {¢ =
n}={z€ £, L(Q)\Q| p(z) =n}, n > 2, are vertical stripes adjacent to the
local unstable leaf [0, z¢] x {20} and converging to {0} X [z9, z1] as n — oc.
The images fuor({p = n}) are horizontal stripes adjacent to the local stable
leaf {zo} x [0, zo] and converging to [zo, 1] x {0} as n — oo, see Figure 4.1.

Contrary to firor, the induced map fror is uniformly hyperbolic, but only
piecewise continuous. Indeed, the continuity does not hold at the boundaries
of the stripes {¢ = n}, n > 2 (fror is undefined on W*(p)), but these
boundaries are local unstable and stable leaves, and it is possible to create
a countable Markov partition {P;}*_ | of Y for fi,, where all {¢ = n} are
partition elements.
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The function fj,, preserves an SRB-measure i (see [33, Lemma 5.2]).

The goal is to give estimates of the tails since they will give us the speed of
the decay of correlations.

p(e >n) = p({z € fre @)\ Q| ¢(z) > n}). (4.3)

4.2 Estimates of u(p > n)

We will start by considering the system given by Equation 4.2 without the
O(4) terms and we also let the exponential terms be absorbed by O(4); i.e.,

we consider
T\ z\ [ wz(apz? + axz?)
( 2 ) = Fhor < z ) N ( —2(box? + be2?) ) ’ (44)

where the parameters ag, as, by and b, satisfies the same restrictions as before.
The approach we will take closely follows [17], [20] and [21]. Let u,v € R the
solutions of of the linear system

2b2€0
(u + 2)@0 = ?Jb() s U= A
{ (v + 2)by — uas, that is :  2dgty (4.5)
V= A

where ¢; = a; + b; for i € {0,2}.

Let f,:oi(O, 20) = (0,21). Given ¢ = (x,2) € f};i(Q); that is; z € [20, 21] and
0 < z < xp, we define the exit time ¢(z, z) by

t(x,z t(x,z
o (@) = fro” (@,2) = (w0, w(=,1)) € 0Q, (46)
see Figure 4.2. For fixed z, by inverting this relation we obtain the asymptotic
behaviour of x(z,t) and w(z,t) as t — oo, because for integer values ¢t = n
and t = n — 1, the curves z — x(z,t) parametrise the vertical boundaries
of the strips {¢ = n}.
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Figure 4.2: The exit time of a point ¢ = (, 2) € f, L(Q).

For the vector field in Equation (4.4), we want to give accurate estimates for
z(z,t) and w(z,t). In the choice of coordinates that we are taking {zq} x [0, 2|
is a local stable leaf and thus also the curves Wy := (z(z,t), z) are local stable
leaves, since ff .(Wr) C {1} x [0, 2].

The next proposition gives a first integral for Equation (4.4) and its proof
can be found in [17] or [20].

4.2.1 Proposition. The function

rizt (2?4 B222), if A > 0;
I(z,2) =
(% 4 22T fA <0,

is a first integral of (4.4).
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Bruin in [17] and [20] provides us with the following results concerning the
estimates for the tails of u(p > n) and the Dulac map, where the Dulac
map is the transition map from a transverse section at its stable separatrix
W*(x,0) to a transverse section at its unstable separatrix W*(0,yo); that
is, the Dulac map D : W*(0,y9) — W?*(z0,0) p = D(q), shown in Figure
4.3, assigns the firs intersection ¢ (x,yo) of the integral curve through (z, o)
with the stable leaf W*(xg,0), where z € W"(0,yy) and T is the flow time;
that is, the exit time (see Equation (4.6)).

VY

q = (Cli(yo,t), yO)

Yo
w (07 yO)

Q W# (SE(), 0)

N—

)

LD = (20, w (Yo,
Zo

X

Y

Figure 4.3: The Dulac map D : W*(0,yo) — W?(xo,0).

4.2.2 Theorem. Consider a C® vector field of local form 4.4 with parameters

satisfying the same restrictions as before. Define By = “(’Tjobo and Py = @2—32

Then x(z,t) and w(z,t) are reqularly varying of order 53 and By, respectively.
In order words, there are functions {(z) and wy(z) independent of t such that
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z(z,1) = &)t (1 + 0(t™7))

and

w(z,t) = wy(2)t™ (1 + O(t2P0)).
Moreover, the Dulac map D : W*(0, z) — W#(x0,0) has the form:

w=D(z)= wo(z)50(2)7%$%(1 + O@ﬁ))»

as x — 0.

4.2.3 Theorem. Let 3* = L min{1, %2 2} then there exist Cy > 0 constant

7b27a0

such that p(p > n) = p({z € f,(Q\Q | ¢(2) > n}) = Con > (1+0(n~"")).

4.3 The Poincaré map revisited

In Section 3.3 we studied the Lorenz geometrical model and constructed the
return (Poincaré) map P to the cross-section . The construction of the
map P was given by considering two maps P, and P,. The former describes
the local dynamics in a neighbourhood of the origin by flowing points in >
through the linearised Lorenz flow and the later gives the global dynamics
conformed by a rotation, expansion and translation which takes the cusps S
back to X.

In this section, we will investigate what happens if instead of considering the
linearised Lorenz flow we consider the flow obtained from Equation (4.1).

Note that Equation (4.2) is non-autonomous and it was obtained by solving
the y—component from Equation (4.1). Since the terms involving the time
variable ¢ in the z and z—component in Equation (4.2) decrease exponentially
fast as t increases, we will consider their contribution negligible and put them
together with the higher order terms O(4). We will make use of the estimates
of the Dulac map (See Section 4.2).

Let us denote by N* the flow obtained from Equation (4.1). By Equation
(4.6) and the estimates of the Dulac map given in Theorem 4.2.2 we get the
following expression:
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N @D (3 y, 2) = (vg, ye 1@ zw(z, t(x,2)))

_ L 3
— (zg, ye o 2 |a|m). (4.7)

We will take the same cross-section as in Chapter 3; that is, we will consider

Y ={(x,y,1) e ¥* |z <0}, Xt ={(z,y,1) € Z*| z > 0},
Y=YXtUX  =%*\T, where I ={(z,y,1)€X*|z=0}.

The last equality in Equation (4.7) holds true because z will be consider as a
constant, since we are taking points in ¥. Therefore, the time ¢(x, z) becomes
a function of the variable x and by reversing the estimates in Theorem 4.2.2
we get the result. Hence we consider the map NV : ¥ — §

N(z,y,1) = Nt(x)(x, y, 1)

_ 1

§g> (4.8)

’:p
12
We can assume that zy = 1 so we can restrict the local dynamics to the unit

cube and like in the case of the map P, (See Section 3.3) we divide z by 2
to adjust the hight of the images of ¥ under N. Its derivative is given by

1 1

Lo hhyy CHA) e D) B ou)
8o _bBo Bo_
,8—22 B2 1 B2 0

Note that the y component of N can be written as a function of the z
component; that is, if we denote the z and y component of N by Z and
Y, respectively. Then,

g(z) =ge (4.10)

We make the following observations:
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1.-

N (%) has a cusp-like shape, since by Equation (4.10), N maps lines
y = c to curves of the form g(Z). Each of these image curves meets
the zy—plane perpendicularly at (1,0,0). The cusp-like shapes vary
as we vary % < Bp < 2. When we take 1 < ¢ < 4 the shapes start to
look more like the cusps we obtained from the Lorenz flow as depicted
in Figure 4.4, but for £ > 4 we obtain a degenerate case namely, the
sides of the cusp collapse to a line. We will denote N (X*) by S* and
S=8tus.

We would also like to remark that what is depicted in Figures 3.6, 3.7
and 3.8 remains true since the only changes are the new map N and
the shape of the cusps which now are deformed from the original ones
but the descriptions in the images remains true.

Like the map P;, the map N takes the vertical line segments in - to
the horizontal line segments in S, where the vertical lines in > are given
by making the x coordinate constant and the horizontal lines in S by

making z constant; i.e., N(£,( = lp(cy) as illustrated in Figure 3.6.
a) b)
a)

Figure 4.4: Examples of the cusp-like shapes: For a) and b) we have fy =

3
2
and ¢ = 1 and ¢ = 2, respectively. For ¢ and d we have (5, = % and £ =1 and

¢ = 2, respectively.

To complete the return to > we proceed as in Chapter 3 and use the map P,
to send the cusp-like shapes back to the cross-section. Therefore this time,
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the modified return map Pyey @ 2 — X is given by Pyew = P> o N; that is,

Bo

Lo Z,L 1
<a‘g 2 1, ye_£|§| . —§>, if z € (0,1];
Pxeu(,y) = 4.11
er e (4.11)
<1 —a‘i L ye” 5] —i—§>, if z € [-1,0),

and its derivative is D Pyew = DP, - DN and is given by

Boo-52 501
a@Q B2 1 B2 0
DPyey = 1 1 N . (4.12)
Lo Ry (R 5 P ot)

1

. . B, _bBo Bo_4 —£(2) B2
The matrix D Pye, has eigenvalues \; = CLB_ZQ BaxB2 " and Ay = e "2 )

Bo

Note that if we let 5y > 2, then 5— < 1 (since we are taking
2

in order to have nice cusp shapes) and then we will have that \; — oo as
x — 0. For the other eigenvalue we have that Ay < 1 and Ay — 0 as x goes

1

3 < Bo <2

to 0 since

x
—‘ 2 L ooasaw goes to 0. Thus the modified Poincaré map Pyeu

is hyperbolic when x approaches the origin.

Some properties we saw in Chapter 3 remain true for the modified return
map Pyey like the invariance of the stable foliation given by the vertical lines
l,(c) under the map Pye,. Therefore, given any leaf « of this foliation, its
image Pxeu(7) is contained in a leaf of the same foliation (See Figure 3.8).
Hence, we can express again Pyeu S Preu(T,Y) = (fNeu(T), gNeu(z,y)) for
some functions fyew @ I\ {0} — I and gnew : (I \ {0}) x I — I, where
I=[-1,1].

Let us state the properties of gneu(,y), which are similar to the properties
stated in Chapter 3.

gl.- The map gneu is piecewise C? and for fixed g, the map gneu(7o,y) is
a contraction in the y—direction. Meaning

d(gNeu (x(b y1)> gNeu<x07 y2)) S Cd(yh y?)a
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for0<e< 1.

g2.- Equation (4.12) provides the following bound on its partial derivatives:

_1
a) For all (z,y) € ¥ we have J,gnen(r,y) = e73) . Since By > 2
and |z| < 1, there is 0 < < 1 such that

|aygNeu(w7 y)| < n.

b) For (x,y) € ¥ with x # 0 we have 0, gneu(T,y) = éf%ym_(”%)

o l(E)

s

1 3
Since 1 < 1+ % <3 and |y|, |r| < 1 we get that
2

|0z gNeu(z, y)| is bounded. In fact, it tends to zero exponentially
fast as x approaches the origin.

g3.- From g2.a) above follows the uniform contraction of the foliation given
by the vertical lines ¢,(c); in other words, there is C' > 0 such that, for
any given leaf v of the foliation and for yy, ys € 7, we have

d(PIGLeu(yl)’ PI(ILeu(yQ)) < Cnnd(ylv y2)7

when n — oo.

As before, v(p) denotes the stable leaf which contains the point p € 3 and
we make again an equivalence class of points in X that lie on the same ~(p).
If we collapse equivalence classes to points, we obtain a map 7 : ¥ — [—1, 1]
given by 7(p) = x, where p = (x,y). Since Pye, takes equivalence classes
into equivalence classes, Pyey, and 7 induces the map f: I'\ {0} — I, whose
graph is depicted in Figure 4.5. The new map f is a slight modification of
the Lorenz map fior obtained in Chapter 3 and all the properties mentioned
there also hold for the new version f. We will fix notation and denote this
modification of the Lorenz map by fye. and is given by:

ar’ —1, ifz € (0,1];
freu(x) = (4.13)
1 —alz|?, ifxe[-1,0),

where 3 = % € (0,1).
2
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—1 0 1

Figure 4.5: The graph of the one dimensional map fyey-

As we saw in Section 3.4 the one dimensional Lorenz map fi., admits a
unique exact a.c.i.p measure ppo, = @rom with pro, € BV(I), where m is
the Lebesgue measure. Since fye, has the same properties as fio, following
the same argumentation stated in Section 3.4 we can deduce that fye, also
admits a unique exact a.c.i.p measure fiNey = PNeu™ With @new € BV().
Furthermore, pne, has exponential decay of correlations for observables in
BV(I) and satisfies the CLT by Theorem 3.4.3 and Theorem 3.4.4, respec-
tively.
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Chapter 5

Stable foliation

In this chapter we will deal with the stable foliation of the neutral Lorenz
flow. In the first section we will recall the construction of the Geometrical
Lorenz flow and we will talk about its stable foliation. The main references
for this section are the books of Shub [43], Aratjo and Pacifico [10] and the
work of Araujo et al. [7].

5.1 Geometrical Lorenz case

Recall that the Lorenz attractor is given by A = (0,., CI(L(O)) (See section
3.2), where O is a trapping region for L; that is, L*(O) C O for all ¢ > 0. In
Section 3.3, the construction of the Geometrical model of the Lorenz attractor
was given by analysing the dynamics at the origin and then imitating the
effect of the pair of saddles in the original Lorenz flow. This was achieved
by considering the Poincaré section > which is transversal to the flow and
the Poincaré map P, : X — X, where ¥ = {(z,y,1) € R® | |z|,|y| <
1 and z,y # 0}. The return map Py, is decomposed in two parts. The first
one of which, denoted by P;, deals with the local behaviour near the origin
and is obtained by considering a linear system in a neighbourhood of the
origin, where X is also contained, and flowing points in ¥ until time 7, where
7 is the time it takes a point in X to hit a plane S transversal to the r—axis
under the linearised flow.

More accurately, we considered the flow of the linear system given by the
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Equation (3.9); that is,

Lt(mo, Yo, 20) = (2o GM, Yo eASt, 20 e/\‘“t)? (5.1)

where the inequalities for the eigenvalues \,, A\s and Ag¢ will be specified later
(see Equation (5.7)).

Then for each (z,y,1) € X, the time 71, such that L™ (z,y,1) € S is
determined by

Tor(®) = =2, In(|z]) (5.2)

and only depends on x € Y. Therefore the Poincaré map has the form

Pi(z,y) = (y|%]°, |%]*), where o = ’;—u and 5 = /’\\—u Note that 0 < a <1 < .

The second one considers the return of points in S to the cross-section X
and simulates the random turns of a regular orbit around the origin and
describes a butterfly-like shape. It is described by an appropriate composition
of a rotation, expansion and translation denoted by P,. Note that P is a
diffeomorphism, therefore the hitting time 75(z) from S to ¥ is C¢. Thus, if
we denote by 7o (z) the full return time of the Poincaré map Pp,, we notice
that

TLor(T) = 7 . (7) + T2(2). (5.3)

The Poincaré map is given by

1
(alal* =1, ylal? = 5). itz e (0,1);
PLor(ﬂf):Pgopl(lL"): 1
(1 — alz|%, 5 y|$|5>, if x € [-1,0).

There we saw that the vertical lines denoted by ¢,(c) in the cross-section
Y. form the stable foliation which is invariant under the return map Pp,,;
that is, given any leaf « of this foliation, its image Pr,.(7y) is contained in
a leaf of the same foliation (See Figure 3.8). Thus by quotienting out the
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stable direction we can rewrite the Poincaré map as a skew-product; that is,
PLOT(xa y) = (fLor(x)a gLor('r? y))

Before stating the results concerning the stable foliation for the Lorenz flow
we give first the necessary definitions.

5.1.1 Definition. Let A be a compact invariant set of X € X" (M), ¢ > 0
and 0 < A\ < 1. We say that A has a (¢, \)—dominated splitting if the
bundle TxM has a DX;-invariant splitting of sub-bundles

T\M = E' & F?,

such that for allt >0 and x € A, we have

DXy | - ||DX e, || < e X (5.4)

We say that A is partially hyperbolic if it has a (¢, \)—dominated splitting
such that E' is uniformly contracting; that is, for some ¢ > 0 and all t > 0
and every x € A it holds

| DXl g1 || < - A (5.5)

In this case we will denote E' by E° and we will refer to it as the contracting
direction. E? will be denoted by E* and refer as the center-unstable direction.

5.1.2 Observation. 1. If the inequality in Equation (5.4) holds we will
refer it as Domination of the splitting.

2. If the inequality in Equation (5.5) holds then the splitting will be refer
as uniformly contracting.

For x € A and t € R, J{“(x) will denote the absolute value of the determinant
of DXy|geu : ES* — E%(x)' We say that E{" is area expanding if for any
x € A and t > 0 there are constants ¢ > 0 and 0 < A\ < 1 such that

J ) > c- A7h (5.6)

Note that this condition is weaker than the uniform expansion along the
central-unstable direction.

71



5.1.3 Definition. Let A be a compact invariant set of X € X"(M). We say
that A is singular hyperbolic set for X if all the equilibria of A are hyper-
bolic and A is partially hyperbolic with area expanding central direction. If A
15 also an attractor we will say that it is a singular hyperbolic attractor.

The following result due to [7] is a restatement of Theorem IV.1 in [43].

5.1.4 Theorem. [7, Theorem 6] Let X be a C* flow and A be a compact
X-invariant singular hyperbolic attractor having a dominated splitting

T\M = E° @ E™.

There are € > 0 and 0 < A < 1 such that for any v € A there are two
embedded disks W2*(x) and W () tangent to ES and ES" at x, respectively,
such that for any t > 0 the following holds:

1.- Let d(-,-) be the distance induced by the Riemannian metric. W2s(x)
is a C? embedded disk and is given by

Wes(a) = {y € M | d(X,(x), Xu(y)) < € and lim 20 Xely)

t—o0 )\t

=0}

2.- Xo(W2(z)) C W2 (Xe(x)).

3.- The embedding W5 (z) varies continuously on x in the following sense:
There is a neighbourhood B of x and a continuous map ® : B —
Emb*(I, M) such that ®(x)(0) = x and ®(x)(1) = W= (x), where
Emb*(I, M) is the set of embeddings from the unit interval 1 to M
endowed with the C? distance.

4.- Xe(W(z)) N Be(z) € WXy (x)), where Be(x) is the open ball of

radius € centred at x.

5.- The W (x) varies continuously on x as in 3. That is, there is a neigh-
bourhood B of x and a continuous map ® : B — Embz(]DQ, M) such that
®(x)(0) = z and ®(z)(D?) = W25(x), where D? is the 2-dimensional

unit disk.

We note that, for any = € A, both W?*(z) and W (x) are embedded discs
and hence sub-manifolds of M, and we will call them the local strong-
stable and local center-unstable manifold, respectively. We also have
that W2*(x) is uniquely determined since E* is uniformly contracting.
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Theorem 5.1.4 provides us with a strong-stable lamination W?*(z) through
the points x € A. The following result due to |7] shows us that the lamination
can be extended to an invariant foliation F**(z) of a open neighbourhood of
A with C? leaves and whose foliated charts are C''. Moreover, the leaves are
uniformly contracted by the action of the flow. Thus, we have the following
result due to [7].

5.1.5 Proposition. [7, Corollary 6] Let X; be a C? flow. Then for any
compact X;—invariant subset A which is partially hyperbolic; that is, the
conditions in Equations (5.4) and (5.5) are satisfied for the continuous

DX, —invariant splitting ThxM = E° @& E“, where E® is the one-dimensional
stable direction, there exists a neighbourhood V' of A in M where an extension
F*5(x) of the local stable lamination {W?5*(x)}ren is defined. F*5(x) is a
locally X;—invariant foliations whose leaves are uniformly contracted by the

action of X; for any t > 0. Furthermore, each leaf is a C* one-dimensional
submanifold of M.

Now we will see how the stable foliation constructed for the cross-section
Y, mentioned at the beginning of this section (see Section 3.3 for a full
definition), relates to the contracting foliation of the flow. We can assume
that ¥, that is, a C? embedded compact disk transverse to the flow L, at
every point x € X, is contained in the open neighbourhood V' of A where the
contracting foliation ** which extends the strong-stable lamination through
every point of A is defined.

In this way, for = € X we define W**(x, X)) to be the connected component
of 7°¢(x) NE, where F*°(x) = J,cg L+(F**()) is the center-stable leaf. Since
the flow (L;)er is C?, W*(z,X) is a C? one-dimensional embedded curve
for every x € 3 and their leaves form a C! foliation F§ of X.

Given a pair of embedded disks D; and D, in ¥ intersecting transversally a
set {WW**(x, )} ,ex of stable leafs, the holonomy map H : D\NW**(z, %) —
Dy N W**(x, %) assigns to y € Dy N W**(z, %) the unique point in h(y) €
Dy N W#s(z, %), see Figure 5.1.
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W#(z, %)

Dy

Figure 5.1: The holonomy map.

From the developments in the partially hyperbolic theory by Brin-Pesin [16]
and Pugh-Shub [39] we have that the projection along leaves, also known as
holonomies, between pair of transverse surfaces to *° have a Holder Jacobian
with respect to Lebesgue measure. This implies a similar conclusion for the
holonomies transverse to 3. It follows that the holonomy between pairs
of transverse curves to J57 along the lines of J57 can be thought as interval
maps having a Holder Jacobian. Hence these holonomies are '+ for some
0 < o < 1. In this setting, the leaves W¥s(z, X)), with x € 3, determine a
foliation F5¥ of ¥ with transversal smoothness C'*e.

Therefore, given a cross-section > we can assume that ¥ is the image of the
unit square I x I under the action of a C'™® diffeomorphism h, for some
0 < a < 1. Furthermore, h sends vertical lines inside the leaves of J57.

In the construction of the geometrical model given in Section 3.3 we saw that
we have three eigenvalues satisfying

Ass < As <0< =X < Ay < —Ags, (5.7)
which corresponds to the stable, unstable and strong stable directions. Figure

3.6 shows how the linear flow (Equation (3.10)) preserves lines in the y-
direction when we flow points from ¥ to S. Thus, its derivative DX, preserves
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planes which are orthogonal to the y—axis.

Furthermore, by the way the flow from S to ¥ was constructed (Figure 3.7)
we notice that horizontal lines in .S; that is, parallel to the y—axis, are taken
to parallel lines to the same axis in . In other words, the flow from S to
> preserves parallel lines to the y—axis. Since this flow is a composition of
rotation, expansion and translation we can deduce that the derivative of the
flow also preserves planes orthogonal to the y—axis. From this we can deduce
that the splitting R® = EQF, where E = {0} xRx {0} and F = Rx {0} xR,
is preserved by the flow; i.e., DX(E) = E and DX (F) = F for any t.

We observe that [[DX;|g || < e*s! and since A, < 0 it follows that E is
uniformly contracting, and it will be called stable direction. Notice also that

< e)\ss—/\st

tlFXt(fc)

|DXi]s, | - || DX -

Since ;s — Ay < 0 we see that the contraction along the F' direction is weaker
than the one along the F direction. This is true for any point x € A. Since
domination of the splitting and uniform contraction are satisfied (See Def-
inition 5.1.1) we can conclude that A is partially hyperbolic. Furthermore,
since J¢(x) = e«*t2)! then the flow expands area along the F' direction and
hence A is a singular hyperbolic attractor (See Definition 5.1.3). The exis-
tence of the strong-stable W**(z) and center-unstable W (x) manifolds and
the strong-stable foliation F°°(x) follows from Theorem 5.1.4 and Proposition
5.1.5, respectively. Furthermore, the strong stable foliation F*%(z) is C*.

The next step is to prove that the strong stable foliation F°*(x) is not only
C' but also C'*®, for some 0 < « < 1. This is done in the work of Araijo,
Melbourne and Varandas [9], stated as Lemma 2.2. This result is a conse-
quence of domination of the splitting (Equation 5.4), uniform contraction
along the stable direction (Equation 5.5) and strong dissipativity (Definition
5.1.6 below).

5.1.6 Definition. Let G be a C™ vector field on R?® with a Lorenz-like equi-
librium; that is, the eigenvalues of DG, are real and satisfy the inequalities
in FEquation 5.7. We say that G is strongly dissipative if the divergence
of the vector field G 1is strictly negative; that is, there is ¢ > 0 such that
Div(G)(z) < —c for any x and the eigenvalues of the singularity at p satisfy
the constraint
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A+ Ags < Ay (5.8)

The usual parameter choice of the Lorenz model (A\;s &~ —22.83, \; = —%

and A\, ~ 11.83) and also the particular choice of eigenvalues taken for the
construction of the geometrical model in Section 3.3 (Ags = —4, Ay = —1
and \, = 2) satisfy the strong dissipative condition. In fact, from Section
3.1 we know that A\, = =b, Ay = 3(—(0 +1) — /(0 +1)> —40(1 — ) and
Ao = 2(=(0 + 1)+ /(6 4+ 1)> — 406(1 — r)). Therefore Equation (5.8) holds
true if

—(o+1) < —b. (5.9)

In this way, we have shown that the strong stable foliation F**(x) of the
geometrical Lorenz flow is O,

5.2 Neutral geometrical Lorenz case

In this section we will study the properties of the strong stable foliation F°¢
for the neutralized geometrical Lorenz model we built in Section 4.3. Let us
first recall the construction of the model.

For the modified geometrical model of the Lorenz attractor, denoted by Ay,
we consider the Lorenz attractor A as we did in previous section, but in
an open neighbourhood U of the origin instead of considering the linearised
vector field (Equation (3.9)) we consider the vector field given by Equation
(4.1). More precisely, we take an open neighbourhood U in which the cross-
section X, constructed for the geometrical Lorenz Model (see Section 3.3), is
contained. Then the flow we consider from ¥ to S has the form;

N(z,y,1) = N7Neu(®) (x,y,1)

1
_¢lz| By | T
:<1,ye I

Pa
B2
)
This modification yields to a different flow time form the cross-section X
to S, in the original construction we had a logarithmic time (see Equation

(5.2)): for the new flow we have a polynomial time
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e () = | 72 (5.10)

Nevertheless, the rest of the construction remains unchanged; that is, the
flow constructed from S to ¥ made by a composition of expansion, rotation
and translation. Therefore we have the same hitting time 75(z) and thus the
full return time for the modified Poincaré map Pyey, is given by

TNeu(ZE) - Tll\feu<'r> + TQ('I)' (511)

The neutralized Poincaré map Pyey : 2 — X is given by

1
(a]x\% — 1, yetll 7 —%), if z € (0, 1];
Pyeu(,y) = ) oy (5.12)

(a!x|£ +1, ye el 2 —|—§>, if z € [-1,0).
Despite the slight modification done in the construction of the geometrical
Lorenz model, the new return map Pye, : 2 — X preserves the same stable
foliation as before; i.e., the foliation conformed by the vertical lines ¢,(c) in
the cross-section X thus what is shown in Figure 3.8 remains true. Once
again by quotienting out the stable direction we can rewrite the modified
Poincaré map as a skew-product; that is, Pxeu(Z,¥) = (fNeu(Z), gNeu (T, ¥))
where fyen behaves in the same manner as fi,.

We want to proceed as in the previous case. Notice that for any point x in
U \ {0}, where 0 denotes the origin, the eigenvalues of DF|, (where F is
the vector field in Equation (4.1)) behave in the same fashion as the ones
of the Lorenz vector field; that is, we have the situation of Equation (5.7).
The origin is the only point where we have A\;y = —¢, Ay = 0 and A\, = 0.
Nevertheless, we can still consider the same splitting as before; i.e., R3 =
E @ F, where E = {0} x R x {0} and FF = R x {0} x R, once again this
splitting is preserved by the flow (DNy(E) = E and DN, (F) = F for any
t, where N, is the flow obtained from Equation 4.1). Since we have uniform
contraction along E (||[DXy|g, | < e*s! with A\, = —¢ < 0 for every x € U)

and domination of the splitting (||DX;|g, || - HDX,t]FXt(I) < et At with

Ass — As < 0 for every o € U) we can conclude that U is partially hyperbolic.
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It is worth noticing that the origin is the only point that spoils the singular
hyperbolicity condition since J&(0) = ePutX)t = 1 (recall Ay = 0 = \,);
that is, we do not possess the area expansion along the subbundle F'. Hence,
Ay is a partially hyperbolic attractor.

The existence of the strong-stable W#*(x) and center unstable W (z) man-
ifolds and the strong-stable foliation F**(z) follows from the same argument
as in the previous case for every x € U \ {0}. The situation for the ori-
gin is slightly different, since the splitting of the tangent bundle is given by
a one dimensional strong-stable direction E® and a two dimensional center
direction E°. However, we are only concerned about the existence of the
strong-stable manifold ¥ *¢(0), which follows from the theory of partial hy-
perbolicity (see [38] or [24]); that is, the part concerning W**(z) in Theorem
5.1.4 can be restated by considering a compact partially hyperbolic invariant
set instead of a singular hyperbolic set. Therefore, using the same argumenta-
tion as in previous paragraphs, we get a C'! strong-stable foliation F%(x) for
the flow and strong-stable foliation J57 for the modified return map whose
transversal smoothness is C'7*, with 0 < a < 1. Furthermore, Equation
(5.8) remains true for the origin since we have —¢ = A\;s+ A\, < Ay = 0, hence
strong dissipativity holds true. Therefore, we can conclude as before that
the strong-stable foliation F**(z) is C''**, for some 0 < a < 1.
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Chapter 6

Uniformly nonintegrability
condition (UNI)

The main goal of this chapter is to show that the stable and unstable mani-
folds of the modified geometrical model are jointly nonintegrable. From the
work of Araujo, Butterley and Varandas [6], we know that the joint noninte-
grability of the stable and unstable manifolds is equivalent to the uniformly
nonintegrability condition. Therefore, in this chapter we will aim to prove
the UNI condition.

In [5] and [9] Aratjo et al. prove the UNI condition by exploiting the proper-
ties obtained by using hyperbolic times. Therefore, in the first section we will
give all the relevant definitions and properties concerning hyperbolic times.
In the second section, we will see without proof that the geometrical Lorenz
flow satisfies the UNI condition by following the work of Aratjo, Melbourne
and Varandas [9] and the work of Aratjo and Melbourne [8]. Finally, the
third section will be devoted to prove the UNI condition for the modified
geometrical Lorenz flow.

6.1 Hyperbolic times

In this section, we will give the concept of hyperbolic times that we will
use in the next sections. We start by giving the definition of an exceptional
set. Throughout this section f : M — M will denote a continuous map
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defined on a compact Riemannian manifold M with induced distance d and
a normalized Riemannian volume form m which we call Lebesgue measure.

The map f is assumed to be a local diffeomorphism in M except for a compact
submanifold S C M satisfying some non-degeneracy conditions.

6.1.1 Definition. S C M will be called non-degenerate exceptional set
for the map f if the following holds:

1.- f behaves like a power of the distance to S; that is, there are constants
C > 1 and 8 > 0 such that for any x € M \ S and any v € T, M

C~td(z, ) <

Furthermore, for every x,y € M\ S with d(x,y) < d(z.5)
2.-
log | D) | — tog || DA () | € sl )
~d(z,S)F
3.-
|log|det Df(x)| —log|det Df(y)|| < ¢ d(z,y)
g g il < g gy

The set S can be formed by critical points of the map f or points where
f is not differentiable. The next definition make use of the J-truncated
distance from z to S given by

d(x,S), if d(z,S) <o

1 (6.1)

dg(l‘,S) = {

, otherwise.

6.1.2 Definition. We take B as in the previous definition and fix ¢ > 0
such that ¢ < min{3, ﬁ} Given 0 < 0 < 1 and § > 0, we say that n is a
(0,8)-hyperbolic time for v € M if for any 1 < k <n,

1:[ HDf(fj(x))_lH <o" and d(;(f"_k(a:),S) > ok, (6.2)

j=n—k
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6.1.3 Observation. Condition 6.2 in Definition 6.1.2 implies the dynamical
property

Hka(f”’k(a:))’lH <o" for 1 <k<n, (6.3)
which means that at any intermediate time k we have exponential stretching
by iteration of the map f.

The following Lemma gives us some bounds for the distortion when using
hyperbolic times.

6.1.4 Lemma. [5, Lemma 4.1] Given 0 < 0 < 1 and 6 > 0, there exist
01, ¢1 and k > 0, which depend only on o, § and f such that if for any x € M
and n > 1 a (0,0)-hyperbolic time for x, then there exist a neighbourhood

V(z) for which
1.- f™ maps V(z) diffeomorphically onto the ball Bs, (f™(x)).
2.- For1<k<nandy,z € V(x),

d(f"H(y), [ (2)) < o d(f"(y), [1(2)-

3.- For ally,z € V(x),

det D f"(y)
det D fn(z)

_ 1‘ < ad(f (), £(2)).
4.- V(z) C Ben().

6.2 UNI condition for the geometrical Lorenz
model

Let I = [—1,1] and fro; : I — I be the one-dimensional Lorenz map obtained
from the geometrical model (see Section 3.3). We notice that the set {0} is
an nondegenerate exceptional set for fr,.. The next Theorem will give us
the existence of an induce uniformly expanding Markov map and it can be
found in [5].
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6.2.1 Theorem. [5, Theorem 4.3] There exist a neighbourhood X = (—a, a)
C I of the singularity 0, for some 0 < a < 1, a countable Lebesque modulo
zero partition Q ofX into subintervals, a functzon T X — ZT constant
on elements of Q and constants ¢ > 0, Kk > 1 such that for any Q e Q
and T = T(Q) the map F = o © Q — X is a C? uniformly expanding
diffeomorphism with bounded distortion; that is, for every z, y € Q

DF(z)

)
DF(y)

< c|F(z) = F(y)| and |F(z) = Fy)| > Kl —yl.

Moreover, for every Q € Q there is 0 <k < N such that n = T(Q) —k is
a (0,0)-hyperbolic time for each v € Q C V(z) and f7(Q )) C I\ X for any
n<j<7(Q).

We make now some observations regarding the induce map F obtained from
the previous Theorem.

6.2.2 Observation. The map F is obtained by inducing fio, on the interval
X, the inducing time is given by the sum of a hyperbolzc time with a non-
negative integer bounded by N, where N is such that UX,(f)~1({0}) is 20-
dense in X. Furthermore, F is a full branch Markov map since 0 has dense
preimages under fror.

In addition to the bounded distortion and uniform expansion of F, we have
the following inequalities for fro, as a consequence of hyperbolic times. Given

€ (0,1) and ¢ > 0 as in Definition 6.1.2, there is a constant b > 0 such
that:

1.- (Backward contraction) Let Q(x) denotes the element of the partition
Q containing x, fory € Q(x)

’fﬁor(y) - fﬁor(x)| < bUT(x)il‘F’(y) - F(i{))|, L= 07 SR ,T(.I') -1

2.- (Slow recurrence to the singular point)

[flor(@)] < 0T i=0,.. 7(y) — L.

Following [9], our next step is to construct a piecewise uniformly hyperbolic
map F with infinitely many branches, which covers F. First, let Wg’' ()
denote the stable leaf under the Poincaré map P, containing the point x
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(see Section 5.1), 7 : X — I the projection map (see Section 3.3). We define
X =U{Wg ()| x¢€ X} as the union of stable leaves along X. We also
extend the induce time 7 from Theorem 6.2.1 to a function on X denoted
also by 7 and given by 7(z) = 7(n(z)). Now, we construct F' : X — X
the Poincaré map by setting F(z) = P{")(z) for z € X. Furthermore,
let Q be the measurable partition of X by taking J{W3 (z) | z € Q} as

its elements, with Q € Q. We will make use of X and F when making the
model of the geometrical Lorenz flow by a suspension flow.

It is standard that the map F has a unique a.c.l.p measure [t on X, see
Section 4.4. Furthermore, i, € L'(ug) and it is well-known that there
exists a unique invariant measure px for F', uy, for Ppo, and py for fro (see [5]
and Section 3.4 for more details) satisfying m.(ux) = g, m(ps) = pr, gy =
Zn21 Z;:ol(PIior)*(#XHTOW =n}) and also p; = anl Z;:ol(fﬁor)*(ﬂ)ﬂ{To
m=n}). Moreover, ux < us and pux(X) = 1, thus ug(X) > 0.
Now we take the induced roof function R : X — RT given by R(x) =
Z(fg_l TLor (P (7)). Notice that R is constant along stable leaves because
rLor 1S constant along stable leaves, we also call R the quotient induced roof
function R : X — R*Y.

6.2.1 Local product structure

In this subsection we present the results of [9] concerning the local product
structure for the induced hyperbolic map F' : X — X. In Section 5.1, we
saw that the Poincaré map P, : X — X has a strong stable foliation. To
avoid confusion, it will be denoted by F3 . We note that the leaves of this
foliation cross Y, hence the induced map F' has a strong stable manifold
Wi(z) = W (x) that cross X. The next result will give us local unstable
manifolds of uniform size for F' and defined almost everywhere. For more
details consult [9].

6.2.3 Proposition. [9, Proposition 2.4] There is a local unstable manifold
Wi(x) C Wep,  (x) that crosses X, for px-almost every x € X. Particu-

larly, 7(W(x)) = X for ux-almost every .

Using the geometric structure provided by Proposition 6.2.3 above, we get
the local product structure stated in the next Proposition.

6.2.4 Proposition. [9, Proposition 2.5] The induced map F : X — X
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has local product structure; that is, for Q@ € Q there is a measurable map
[,]] : X X Q — Q defined for all y € Q and px-almost every x € X such
that,

[z, y] € Wi(z) h Wi(y)

consists of a unique point (see Figure 6.1). Furthermore, the map |[-,-] is
constant along unstable manifolds in the first coordinate and in the second
coordinate is constant along stable manifolds. Moreover, [-,-] is C1T in the

second coordinate.

Figure 6.1: Local product structure for F.

6.2.2 Uniform bound of the derivative

In this section we give an important result that will be needed to prove
the UNI condition for the geometrical Lorenz flow. For the proof and more
details of these results consult [9)].

6.2.5 Proposition. [9, Section 2.5/ Let Q € Qy and F : Q — X as in
Theorem 6.2.1. Denote by H the set of all inverse branches of F'. Then we
have

supsup |D(R o h)(z)| < oc.
heH ze X

For z, y € X define the separation time s(z,y) as the least integer n > 0
such that F™(z) and F"(y) are in different partition elements of Qy. For
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given 0 < 1 < 1 define the symbolic metric on X as dy(z,y) = n*@v).
Denote T£’Z)r(x) = 3 TLor(Pio ().

6.2.6 Proposition. [9, Lemma 2.9] There evists B > 0 such that for all
z, y € X with s(x,y) > 1 and 0 < k < 7(x) = 7(y) we have,

P (@) = r®) ()] < BIF(z) — F(y)|".

Consequently, there is n € (0,1) such that |R|, < co, where

|R[;, = sup,, % denotes the Lipschitz constant of the quotient in-

duced roof function R : X — Rt with respect to d,. Moreover,
[F(z) = F(y)| < B - dy(z,y).

6.2.3 Temporal distortion function

The geometrical Lorenz flow can be modelled as a suspension flow S; :
Yrer — Y TLor gyer the Poincaré section ¥ and with roof function r,,. Recall
from Section 6.2 that we constructed X by first taking X C I, the domain
where the induced map F' is defined, then taking the union of stable leaves
along X; i.e., X = U{WE_ (z) |z € X}. However, by shrinking ¥ to X and
taking the induced roof function R, which does not need to be the first hitting
time, we get an alternative model for the geometrical Lorenz flow now as the
suspension flow S, : X — X over a uniformly hyperbolic map F': X — X
and an integrable but unbounded return time R : X — R*. The suspension
flow is given by Si(z,s) = (z,s + t) computed modulo identifications with
S;—invariant probability measure yu = py x m/R, where m is the Lebesgue
measure and R = [ Rdux (recall Definition 2.0.14).

Analogously, we have the quotient suspension semiflow S, X — XZE with
invariant probability measure 1 = 13 X m/R, where R = [ Rdyux.

Let @) € Q be a partition elements for F'. The temporal distortion func-
tion 7" : () x Q — R is defined almost everywhere by
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T(z,y) = Z [PLor (Plor(%)) = "o (Plor([2,9])) = Tror(Pior([y, 7))
+ TLOY(PIior)(y)]
= D [ror(Plon(®)) = rror(Plo([2.9]) = Tior (Ploe [y, 21)

1=—00

+ TLor(Plo(®))], (6.4)

where [z,y] is the local product of x and y (see Figure 6.2). The second
inequality follows from the property of rp,, of being constant along stable
leaves.

Figure 6.2: Definition of temporal distortion function 7.

Now, for every xz, y € X in the same unstable manifold for F: X — X we
define

o0

To(x,y) = Y _[rior(Pror()) = rior(Proc()): (6.5)

=1
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The continuity and other properties of Ty are stated in the following Propo-
sition taken from [9].

6.2.7 Proposition. [9, Lemma 3.1/The function Ty is measurable and
To(x,y) is finite px-almost every x and every y € Wi(x). Furthermore,
To is continuous; that is, assume Ty(x,y) is well-defined and € > 0 is given.
Then, there is 6 > 0 such that |To(2',y") — To(x,y)| < € for any pair (z',y")
satisfying:

1. To(2',y') is well-defined.
2. |2 — x| <§ and |y —y| <.
3. dy(x',x) < § and d,(y',y) < 9.

6.2.8 Observation. We can rewrite the temporal distortion function T (z,y)
in terms of Ty; that 1s,

T(l’, y) = TO(J:7 [$7 y]) + To(y7 [wa])

The principal result in [9] concerning the temporal distortion function is the
following Theorem, which establishes the jointly nonintegrability of the stable
and unstable foliations for the flow.

6.2.9 Theorem. [9, Theorem 3.4[For any geometric Lorenz flow the tem-
poral distortion function T is not identically zero; that is, there is Q) € Q and
x, y € Q such that T(x,y) # 0.

Proposition 6.2.10 will be of great help for the proof of Theorem 6.2.11 below.

6.2.10 Proposition. [11, Proposition 7.4/Let G :' Y — Y be a uniformly
expanding Markov map with partition {Y(i)}izo, r:Y =R beaC' function
on each YO with supyeq [[D(roh)|| oo < oo, where H denotes the set of
inverse branches of F' as before. Then the following are equivalent:

1.- There exists D > 0 such that there is an arbitrary large n, there exist
h, g € H,, where H,, denotes the set of inverse branches of F™, there
is a continuous unitary vector field x — y(x), such that for any x € Y,

(D™ o h)(x) - y(z) = D(r™ o g)(x) - y(2)| > D. (6.6)

2.- There exists D > 0 such that there is an arbitrary large n, there exist
h, g € H,, where H,, denotes the set of inverse branches of F™, there
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are x € X andy € T, X with |ly|]| = 1 such that

ID(r™ o h)(z) -y — D(r™ o g)(z) - y| > D. (6.7)

.- It is not possible to write 1 = ¢ + (¢ o F') — ¢ on U5 Y@, where
VY — R is constant on each Y and ¢ € C1(Y).

4.~ It is not possible to write r = 1+ (¢ o F') — ¢ almost everywhere, where
VY = R is constant on each YO and ¢ : Y — R is measurable.

Finally, the UNI condition for the geometrical Lorenz flow is stated in the
following Theorem. For a better understanding, we give a sketch of the proof.

6.2.11 Theorem. [8, Corollary 4.3/ The UNI condition holds for the geo-
metrical Lorenz flow.

Proof. Let Q € Q, z, y € Q. By Observation 6.2.8, we can write the temporal
distortion function as T'(x,y) = Ty(x, [x,y]) + To(y, [y, x]). Proposition 6.2.7
gives us a sequence of partition elements ); € Q and points z;, y; € Q); with
r =20,y =1yo and x; 1 = F(x;), y;_1 = F(y;) for i > 1, such that

o0

To(xz,y) = > _[R(z;) — R(y,)].

=1

Observe that the last equality holds since the points x; and y; are a sort of
backwards iteration under the map F'.

Now assume, by contradiction, that the UNI condition fails. By Proposition
6.2.10, there exists a locally constant function ¥ : X — R, constant on each
element @ € Q, and a C'(X) function ¢ such that R = ¢ + (¢ o F) — ¢.
Moreover, it follows that ¢ is constant along stable manifolds since R is
constant along stable manifolds and ¢ = Z;‘;Ol o FI+¢poFm— Z?;& RoFJ.
Substituting into the formulas for 7" and Tp, we get Ty(x,y) = ¢(z) — é(y)

and
T(z,y) = ¢(x) — ([, y]) + ¢(y) — ¢(ly, z]) = 0.

Thus, the temporal distortion function 7' is identically zero, a contradiction
to Theorem 6.2.9. Therefore, the UNI condition holds for the geometrical
Lorenz flow. [
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6.3 UNI condition for the modified geometrical
Lorenz model

This section will be devoted to proving the UNI condition for the modified
geometrical Lorenz flow. The strategy is the same presented in Section 6.2.
Although some of the results stated in the previous section still hold true for
the modified version, others need to be adjusted for our situation.

We keep the same notation as in Section 6.2. Let I = [—1,1] and fxey :
I — I be the one-dimensional Lorenz-like map obtained from the modified
geometrical model, see Section 4.3. We make the observation that fyeu is
essentially the same function as fr.., the only difference they have is the
dependence of their exponents. Although both exponents are in (0, 1), for
fror the exponent is a = ’\S, where A, and ), are the eigenvalues of the
unstable and stable du"ectlons respectively. Therefore, o depends on those

eigenvalues (see Section 3.3), whereas for fye, the exponent g = % where

Bo and (3 depends on the coefficients of vector field in Equation 6(2.4), see
Section 4.2. Observe that {0} is also a nondegenerate' exceptional set for
fren. Applying Theorem 6.2.1 t0 fxen, we know there are X a neighbourhood
of the singularity 0, a countable partition Q of X Lebesgue modulo zero into
subintervals, a function 7 : X — Z% constant on partition elements and
the induced map F = fNeu Q — X which is a C? uniformly expanding
diffeomorphism with bounded distortion for any Q € Q. Furthermore, the
properties and inequalities stated in Observation 6.2.2 hold true for the new

induced map by replacing fyeu for fror in the statements.

Following Section 6.2, we construct now a piecewise uniformly hyperbolic
map F with infinitely many branches, which covers E'. As before, let Wes (x)
denote the stable leaf under the modified Poincaré map Pye, containing
the point x (see Section 5.2), m : ¥ — I the projection map. Let X =
UIWE (z) |z € X} be the union of stable leaves along X. We also extend
the induce time 7 from Theorem 6.2.1 to a function on X denoted also by 7
and given by 7(x) = 7(m(x)). Now, F': X — X is the Poincaré map given
by F(z) = PLU™)(z) for # € X. Furthermore, let Q be the measurable
partition of X by taking J{Wp, (7) |z € Q) as its elements, with Q € Q.

'Nondegenerate here is meant for the derivative of the one dimensional map fyeq and
shouldn’t be confused with the degeneracy at the singularity 0 concerning the eigenvalues
being zero.
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Let ¢ be the unique a.c.i.p measure for F on X. Furthermore, rxey € L' ()
and there exists a unique invariant measure py for F', uy for Pye, and uy for
Fren satistying m(px) = pg, m(ps) = pr, pis =351 Do (Phew)s
(ux{Tom=mn})and also uy =3 -, S (Flro)s (g l{m o ™ = n}). More-
over, ux < py and px(X) =1, thus us(X) > 0. We take the induced roof
function R : X — R* given by R(z) = 327" ryeu(PE,, (). Notice that R
is constant along stable leaves because 1, is constants along stable leaves.
We also call R the quotient induced roof function R : X — R¥.

The local product structure discussed in Section 6.2.1 remains true for the
new version of the induced uniformly hyperbolic map F' : X — X. From
Section 5.2, we know that the modified Poincaré map Pyew : % — X has
a strong stable foliation which will be denoted in this section by 3 and
whose leaves cross the Poincaré section Y and hence F' has strong stable
manifolds Wi*(z) = W, _(v) that cross X. The existence of local unstable
manifolds of uniform sizes for the new F'is given by Proposition 6.2.3, since its
proof remains true for our modified version of the model because it relies on
the partial hyperbolicity of the attractor and the domination of the splitting
on the attractor, properties that are still true for our modified model, see
Section 5.2. Moreover, the local product structure of F' is obtained from
Proposition 6.2.4, since the proof is the same for our case because it uses
Proposition 6.2.3, partial hyperbolicity of the attractor and the construction
of the geometrical model.

6.3.1 Uniform bound of the derivative

Although most of the results stated in Section 6.2 are still true for the mod-
ified version of the model, the statements in Section 6.2.2 need some care.
The main difference we have is the flow times; that is, recall from Section 5.1
that rre () = =\ ' In|z| + 7o(x), where 7, € C¢(X), whereas the modified
flow time is rneu () = ]x\_% +72(x). In order to prove Proposition 6.2.5 and
Proposition 6.2.6, we need to adjust the proofs for the modified flow time as
we show next.

6.3.1 Proposition. Let Q € :52 and F : Q — X as above. Denote by H the
set of all inverse branches of F'. Then we have

supsup |[D(R o h)(z)| < occ.
heXH zeX
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Proof. Let @ eQand h e H; that is, h : X —>~C~2 be an inverse branch of F
with inducing time 7 = 7(Q)) > 1 and fix € ). We first observe that

DRk
ID(Ro k(@) = IDR(@)|-IDA@)] = pz o
_ DTNeuofNeu) D feu o h(z)|.

From the construction of the inducing partition using hyperbolic times, we
have that backward contraction and slow recurrence to the singular point,
see Observation 6.2.2; that is, there are constants o € (0,1), by > 0 and
O<e< % such that

- (Backward contraction) For y € Q(x)

[ feu ) = faeu(@)] < b0 |F(y) = F(z)], i=0,....,7 1.

- (Slow recurrence to the singular point)

|frn(@)| <o i=0,...,7—1.

Notice that

Dfi 1 .
'quoh(x)' ‘—oh(x) <byo™ i=0,...,7—1, (6.8)
DF DfNeuofNeu

where the inequality follows from the backward contraction.

Moreover, from the slow recurrence to the singularity we also get the following
inequality;

|(Dryew © firs) 0 h(@)] < bo 300 4 —o 71, (6.9)

for some constant b; > 0. Altogether, Equations (6.8) and (6.9) imply that

|D(R o h)(z \<b20“ (6.10)
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where s = 1—c(1+é). Since0<c§%andﬁg > 2, we have s < 1.

Therefore the sum converges, and we have that

supsup |D(R o h)(z)| < oo.
heH zeXx

O

Recall that for x, y € X we defined the separation time s(x,y) as the least
integer n > 0 such that F(x) and F"(y) are in different partition elements
of Qp. For given 0 < 1 < 1 the symbolic metric was defined on X as
dy(,y) = 0. Fially, 1, () = 2150 rven (B (1))

6.3.2 Proposition. There exists B > 0 such that for all z, y € X with
s(z,y) > 1 and 0 < k < 7(x) = 7(y) we have |7“1(\fe)u(x) — rl(\iﬁgu(yﬂ <
B|F(z) — F(y)|°*. Consequently, there is n € (0,1) such that |R|, < oo,

where |R|, = sup#y% denotes the Lipschitz constant of the quo-

tient induced roof function R : X — R with respect to d,. Moreover,
|F(x) — F(y)| < Bdy(z,y).

Proof. For convenience, in this proof f will denote fxes. Let x, y € X such
that s(z,y) =n > 1land 0 < k < 7(z) = 7(y). Thus y € Q"(z), where

n—1
Q"(x) = \/(F”)_I(Q(x)) is the nth refinement of Q(z), and so 7(Fi(x)) =
i=0
7(Fi(y)) for i = 0,...,n — 1. Hence, by the choice of the cross-section,
assuring that rye, is constant along stable leaves, and because rneq(x) =

|m|7% + () we can write

7(z)—1
R@) =Rl <Y vl @) = real W)
T(z)—1
< X IF@IE = IF O] + (@) - m(f W)

Now observe that

92



P -1 k] = 1) - ()

/()]
= @) |- <1+ 'fl(?{}{xff(x)')%‘

= —If’( N HB? [ (y) = f(2)]

%0’1_6(1+52 (T(m)—l) F(y) _ F~1(.1') :
2

IN

where C >0 and 0 < ¢ < % Also notice that

I (f(y) —m(f(x)| < | )= fi=@)
< O_e(T(:L’)—i) ”7.2”6 ‘F’(y) . Fz(x>
All these estimates lead us to
T(x)—1

|R(z) - R(y)| < C Z [o* O E(y) — F(2))]

+o T || [F(y) — F'(2)]]
< BIF'(y) - F'(a)[",

where s = 1 —¢(1+ 5%) and some constant B > 0. As in the previous proof,

the sum converges since fy > 2,0 < ¢ < % and hence s < 1. This establishes
what we were aiming to prove. ]
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6.3.2 Temporal distortion function

As mentioned in Section 6.2.3, the geometrical Lorenz model can be modelled
via a suspension flow. We will proceed in the same fashion for the modified
version of the geometrical Lorenz model. The main difference will be the
roof function, for the geometrical Lorenz model the roof function was given
by 7rLor, Whereas for the modified version the roof function will be given
by rnew; that is, we take the suspension flow S; : ¥™eu — 3Neu gyer the
Poincaré section > and with roof function rye,. However, by shrinking > to
X and taking the induced roof function R, we get an alternative model for
the modified geometrical Lorenz flow now as the suspension flow S, : X —
X% over a uniformly hyperbolic map F' : X — X and an integrable but
unbounded return time R : X — R*. Recall Definition 2.0.14 the suspension
flow is given by Si(z,s) = (z,s + t) computed modulo identifications with
S,—invariant probability measure p = py x m/R, where m is the Lebesgue

measure and R = [ Rdpu.

Likewise, we have the quotient suspension semiflow _S’t . X 5 XB with
invariant probability measure ji = g x m/R, where R = [ Rdp.

Let @ € Q be a partition elements for F'. The temporal distortion function
T:Q x @ — Ris defined almost everywhere as before by

o0

T(r,y) = Y IreaPhea(®)) = e Plea([2, 1)) = xea( Plea([y: 21))

i=—00

+ TNeu(Plileu) <y>]

-1

= Z [rNeu(Pleu (%)) = "Neu(Peu ([, 4])) = PNeu(Peu ([ 2]))

1=—00

+ Neu( Pl )], (6.11)

where [z,y] is the local product of x and y (see Figure 6.2). The second
inequality follows from the property of rye, of being constant along stable
leaves. Now, for every x, y € X in the same unstable manifold for F' : X —
X we define
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o0

To(z,y) = Y Irnea( Péa()) = myea(Prda(®)): (6.12)

=1

The continuity and other properties of Tj are stated in Proposition 6.2.7 taken
from [9]. Furthermore, by Observation 6.2.8 we can rewrite the temporal
distortion function T'(z,y) in terms of Tp; that is,

T({L‘, y) = T()({L‘, [ZL’, y]) + To(y, [ywr])

The main result in [9] concerning the temporal distortion function, and stated
in Section 6.2.3, is Theorem 6.2.9, which establishes the joint nonintegrability
of the stable and unstable foliations for the flow by proving that the temporal
distortion function 7' is not identically zero, that is, there is ) € Q and
x, y € Q such that T'(z,y) # 0.

In Section 6.3.1, we adjusted the proof of the uniform bound of the derivative
for the modified model since we want to apply Proposition 6.2.10 in order to
use the same proof in Theorem 6.2.11. Thus, we get the UNI condition for
the modified geometrical Lorenz flow. For completeness we state it in the
following Theorem.

6.3.3 Theorem. The UNI condition holds for the geometrical neutral Lorenz
flow.

For fixed x € X, we define the map h : Wi(z) — R given by

hy) = T(x,y) = To(, [z,y]) + To(y; [y, 2]),

the map h is C'. Furthermore, there exists a nonempty open set U C W(x)
such that h|y is a O diffeomorphism. For the proves of the properties of the
map h see Proposition 3.6 and Corollary 4.7 in [9].

The next result will be of great help in proving the decay of correlations for
the modified geometrical Lorenz flow. Before stating the result we give the
necessary definitions.

6.3.4 Definition. Let X, and F be as in the beginning of Section 6.53. A
subset Zy C X is called a fine subsystem of X if Zy = (),, F'""Z, where
Z s the union of finitely many partition elements of X.
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Let @)1 and Q5 € Q be to partition elements and consider Q) = Q1 U Q2. We
define the finite subsystem @y = ﬂnzo F7@Q, then we have the following:

6.3.5 Proposition. [9, Proposition 3.8/For the finite subsystem Qq, the set
T(Qo x Qo) has positive lower bozx dimension.
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Chapter 7

Decay of correlations

Aratjo and Melbourne proved in [8] that the geometrical Lorenz model, and
hence the typical Lorenz model, has exponential decay of correlations. In this
chapter, we prove that the modified geometrical Lorenz model we constructed
has polynomial decay of correlations.

We will give in the first two Sections all the definitions and results that we
will need to prove the polynomial decay of correlations for the modified model
that we state in Section 3.

7.1 Gibbs-Markov semiflows and flows

All the results and the set-up of this Section are taken from [12]. Let us
first describe the framework where the polynomial decay of correlations is
proven. We first give the definitions of Gibbs-Markov map, semiflow and
flow so we can define the concept of nonuniformly hyperbolic flow. Then we
will see that under suitable conditions, nonuniformly hyperbolic flows can
be modelled by Gibbs-Markov flows. Last but not least, we state the result
concerning the decay of correlations

Assume that ()N( ,l5) is a probability space with measure preserving trans-
formation F : X — X and countable measurable partition O = {Q;}i1.
Recall from Section 6.3.1, that a function v : X — R is dp—Lipschitz if
[v]g < 0o, where |v]g = sup,, [v(z) — v(y)|/de(x,y) and dy(7,y) is the sym-
bolic metric. We will denote the Banach space of Lipschitz functions on X
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by Fo(X) equipped with the norm [|v||, = [v]e+|v]p. We say that v : X — R
is piecewise dy—Lipschitz if
[15,v]p = sup —lvg)(:}y(fﬂ < 00,

7Y

for every 1.

7.1.1 Definition. A measure preserving transformation F : X — X as
above, will be called (full branched) Gibbs-Markov map if

1.- F|Q1 - Q; — X is a measurable bijection for every i.

2.- Let v = d:’f‘iﬁ : X = R. There are constants C > 0 and 0 < 6 < 1
X

such that

|[logv(x) —logv(y)| < Cdy(x,y)
for every z, y € Q, with Q € Q.

As result of the second statement we have that there is a constant C' > 0 such
that

v(z) < Cug(Q), v(z) = v(y)| < Cuz(Q)
for every z, y € Q, and Q € Q.

7.1.2 Definition. Let ¢ : X — Rt be an integrable roof function with
info > 0. The suspension semiflow (see Definition 2.0.14) F, : X¥ —
X¢ with ergodic invariant probability measure [1? 1s called Gibbs-Markov
semiflow if it is built over a Gibbs-Markov map F : X — X and there are
constants C' > 0 and 6 € (0,1) such that,

115, < Cinfep for alli > 1. (7.1)
Qi

Let b € R, we define the the operator M, : L™(X) — L*(X) by

My(v) =e™voF,

where F' and ¢ are as above. Note that L=(X) in this context denotes the
complex-valued essentially bounded measurable functions on X.
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7.1.3 Definition. We will say that M, has approximate eigenfunctions
on a subsystem Zy C X (see Definition 6.3.4) if for any By > 0 there are
constants 3, a > By, C > 0, and sequences by € R with |by| — 0o, v €

(0,27], up € Fo(X) with |ug| = 1 and |uglg < C|bg|, such that if we set
ng = aln|by| we have,

|(MyFue) () — = up()] < Clbe| ™7, (7.2)

for every x € Zy and k > 1.

When we state "assume absence of approximate eigenfunctions" we will as-
sume the existence of at least one finite subsystem Z; such that M, does not
have approximate eigenfunctions on Zj.

Let (X, d) be a metric space with diam(X) <1, F : X — X be a piecewise
continuous map, and px the F'—invariant probability measure. Let F° be a

cover by disjoint measurable subsets of X, which we call stable leaves. We
also need that for every v € X F(W?*(x)) C W*(F(x)).

We quotient out X by F° and denote X the quotient space, and m; : X — X
the natural projection. Suppose that the quotient map F:X 5 Xis
Gibbs-Markov with partition Q = {@}121, and ergodic invariant probability
measure py = (m).i5. By taking Q; = m71(Q;) we can form a partition
of X, where each @); is the union of stable leaves. Furthermore, we assume
there is a measurable subset Y C X such that for any x € X there exists a
unique point y € Y N W?#(z) with associated projection 7y : X — Y given
by mo(z) = y. We also assume there are constants C' > 1 and v € (0, 1) such
that for every n > 0,

d(F"(z), F'(y)) < CH" for any z, y € X with y € W?¥(x) (7.3)
d(F™(x), F"(y)) < Cy*@v=n for any =, y € Y. (7.4)

For every x € X we define

[e.o]

X(@) =) (p(F*(ma(2))) = o(F¥(2))), (7.5)

k=0

such that the series converges absolutely.
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(H) a) The series in Equation (7.5) converges almost surely on X and
x € L>(X),

b) there are constants C' > 1 and 0 < v < 1 such that for any z,
yeX
x(2) = x(v)| < Cld(z,y) + 7).

7.1.4 Definition. Let ¢ : X — R be an integrable roof function with
info > 0. Let F, : X¥ — X% be the suspension flow built over F': X — X
as above with ergodic invariant probability measure u¥. Furthermore, we
assume that o is constant along stable leaves, so it projects to a roof function
@ : X — R*. Thus the suspension flow F, projects to a quotient suspension
semiflow F, : X¢ — X¢ and suppose it is a Gibbs-Markov semiflow. Then we
call the suspension flow F; a skew product Gibbs-Markov flow. We say
that F; has approximate eigenfunctions zfﬁ’t has approximate eigenfunctions

Notice that by increasing ~ if necessary, the inequality in (7.1) holds now as,

p(x) =)l < Oy infp  forallz, y € Qs i > 1. (7.6)

Balint et al. studied in [12| an enlarged class of Gibbs-Markov flows by as-
suming that the roof function ¢ is not constant on stable leaves. This class
can be reduced to the class of skew product Gibbs-Markov flows by assum-
ing the condition (H). Since the flow time rne, we work with is constant on
stable leaves it is sufficient for us to work with the class of skew product
Gibbs-Markov flows. Hence we will not give the details for this general class
of Gibbs-Markov flows. However, we like to remark that every skew product
Gibbs-Markov flow is a Gibbs-Markov flow since it satisfies the criteria estab-
lished in [12]. Therefore in this work we will make no distinction between the
two classes but we make the warning that the class of Gibbs-Markov flows is
more general than we state here.

7.2 Nonuniformly hyperbolic flows

In this subsection we will also follow the framework of [12], and give the
concept of nonuniformly hyperbolic flow. We consider a measurable trans-
formation f : I — I on a metric space (I, d), where diam(/) < 1. We assume
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that f is nonuniformly hyperbolic meaning it can be modelled by a Young
tower, see Definition 2.0.13. We will also assume the following;:

Product structure; that is, let X C I be a measurable subset, 3° and F*
be a collection of disjoint measurable subsets of X called stable leaves and
unstable leaves, respectively such that each of them covers X. For x € X
given, we denote the stable and unstable leaves containing the point x by
We(z) and W*(x), respectively. For each x, y € X we have that z =
We(x) N W*(y) is unique and z € X. We also suppose that there is C' > 1
such that for all z, y € X, z = W*(z) N W*(y) we have,

d(z,z) < Cd(z,y). (7.7)

Induced map Let {X,};>1 be a countable measurable partition of X such
that X = Uzex,W*(z) N X for all j > 1 and 7 : X — Z* constant on
partition elements such that f™®)(z) € X for every x € X. We define the
induced map as the usual way f7™ = F : X — X with ergodic invariant
probability measure py and we will also assume that 7 € L'(X). As in
the previous section F(W*(x)) C W*(F(x)) for very x € X and denote by
X the space obtained form X after quotienting the stable leaves F* with
projection m; : X — X. The quotient map F : X — X will be assumed to
be Gibbs-Markov with ergodic invariant probability measure pg = (7). fix.

Contraction/expansion We suppose that there are constants C' > 1 and
0 < v < 1 such that for any n > 0 and all z, y € X we have,

d(F"(x), F"(y)) < Cy*@d(x,y) for all y € W*(x), (7.8)
d(F"(z), F"(y)) < Cy* =20 for all y € W"(x),

where \,(x) = #{i = 1,...,n | Fi(x) € X} is the number of returns to X
by time n.

Now let (M,d) be a metric space with diam(M) < 1 and define a flow
T, : M — M on M. We fix n € (0,1] and for a given observable v : M — R
we define

|v|en = sup ————
! x#y d((l}, y)n

101



and the norm ||v||o, = |v]eo + |v|cn. We define the Banach space of Holder
functions on M by C"(M); i.e.,

C'"M)={v: M —=R| [jv||o < oo}

Furthermore, let
vl — sup [P~ ()

zeM tn
t>0

and define ||v|| 0., = |V]|oc+|v|com. We denote the space of Hélder observables
in the flow direction by

COM(M) ={v: M =R |[v]co, < o0}

We will say that an observable w : M — R is differentiable in the flow
direction if
. woly —w
dw = lim ——
t—0

exist pointwise. Let [|w||cnm = D pey Hawam. We will denote the space of
observables that are m-times differentiable in the flow direction by

CP (M) = {w: M = R ] gnn < 00},

For X C M Borel subset we define C"(X) as above by using the restriction
of the metric d to X.

7.2.1 Definition. Let (M,d) be a metric space, ¥ C M be a Borel subset,
let T, : M — M be a flow defined on M and fix n € (0,1]. We will call
T, a nonuniformy hyperbolic flow if there is a return time h : ¥ — R*
with h € C"(X) and inf h > 0 such that T (x) € ¥ for every x € X, and
the map f : X — 3 given by f(x) = Th)(z) is nonuniformly hyperbolic as
defined above.

7.2.2 Observation. Typically, the map f : ¥ — ¥ in Definition 7.2.1 will be
the Poincaré map over a cross-section . Notice that since f is nonuniformly
hyperbolic, then it can be modelled by a Young tower over a induced map

102



F=/f:X— X, where X C X with induce time 7 : X — Z* and all the
other properties described before.

We define the new induced roof function ¢ : X — R given by ¢(x) =
Z;(jg h(f*(z)). Observe that h(z) < ¢(x) < 7(2)|h(2)], hence ¢ € L'(X)
and inf o > 0. Thus, we define the suspension flow F; : X¥ — X¥ as in the
Definition 2.0.14.

Under suitable conditions, namely condition (H) it can be shown that the
suspension flow F; described in Observation 7.2.2 is a Gibbs-Markov flow,
see |12] for more details. Therefore, the rates of mixing for nonuniformly hy-
perbolic flows are deduced from the corresponding results for Gibbs-Markov
flows. Thus we have the following Theorem, the detailed proof can be found
as Corollary 8.1 in [12].

7.2.3 Theorem. [12, Corollary 8.1] Let (M,d) be a metric space with
diam(M) < 1 and Ty : M — M be a nonuniformly hyperbolic flow as in
Definition 7.2.1. Assume that condition (H) holds. Then

a) Fy: X¥ — X% is a Gibbs-Markov flow.

b) Assume absence of approzimate eigenfunctions for F; and suppose that
px(p > t) = O(t=P) for some 8 > 1. Then there exist m > 1 and
C > 0 such that,

[pe(v,w)] < C([[vllgn + 19llcon) 1wl nm t~FY,

for every v € C(M)NC*"(M), w e CT"™(M), t > 1.

7.3 Modified geometrical Lorenz model

In this Section we will state the main result concerning the decay of correla-
tions for the modified geometrical Lorenz model we constructed throughout
this work. Let us begin by summarizing what we have so far.

We started by considering the construction of the geometrical Lorenz model
and the geometric Lorenz flow. Roughly speaking, a geometric Lorenz flow
is the natural extension of a suspension flow built over a certain type of
one-dimensional expanding map f. To obtain the one-dimensional map f
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we first considered the cross-section Y which is transversal to the flow and
the Poincaré map P : ¥ — X given by Pro(2) = Ly, (2)(2), where L; :
A — A and 7o () are the flow of the linear system given by the Equation
(3.9) and the flow (return) time to the cross-section ¥ given by Equation
5.3, respectively. The modified version was obtained by considering in a
neighbourhood of the origin the vector field give by Equation (4.1) instead of
the linearised vector field given by Equation (3.9), in this way we obtained
the modified Poincaré map Pxeu(z) = Ny, () (), where N, : Ay — Ay and
rNeu(Z) are the neutral flow given by Equation (4.7) and the new flow time
to the cross-section given by Equation (5.11). This modification yields to a
slower flow time that will ultimately allow us to deduce the polynomial decay
of correlations.

In Section 5.2 we saw that the modified Poincaré return map Pye, and
modified geometrical Lorenz flow N;, have an invariant stable foliation F*
with C11® leaves with o € (0,1). By quotienting out the stable direc-
tion we wrote the modified Poincaré map as a skew-product Pyeu(z,y) =
(fNeu(), gNeu (T, y)), thus we obtained the one-dimensional nonuniformly hy-
perbolic map fyeuw : [ — I, where I = [—1,1]. In Section 6.2, we saw that
there exists an inducing scheme for fxey; that is, there are X C I a neigh-
bourhood of the singularity 0 , a countable Lebesgue modulo zero partition
Q= {Ql}l>0 into subintervals, a function 7 : X — Z7T constant on partition
elements and the induced map F = ff., : Q; — X which is Gibbs-Markov
as in Definition 7.1.1.

Then we constructed a subset X C 3 with nice hyperbolic structure (see
Section 6.2.1) by taking the union of stable leaves along X that is, X =
UIWE, (2) | = € X} with projection map along stable leaves my : ¥ — 1.
By taking J{Wg (z) | = € Q} with Q € Q we got a measurable partition
Q of X, and we extended the induce time 7 form above to 7 : X — Z* given
by 7(z) = 7(m(x)) for x € X. Then a Gibbs-Markov map F': X — X with
infinitely many branches, which covers F' was obtained by taking F(z) =
PLT) (1) for z € X

We also obtained unique invariant probability measures py;, and p; for Pyey
and fneu, respectively, satisfying (m1).(us) = pr.  Additionally, we got
ftsx and py the unique a.c.i.p measures for F and F with g < pr and
px <K fiy, respectively, fulfilling (m).(x) = pg. Moreover, we have uy =

D n>1 2 ico ' (Pieo)+(x|{T o m = n}) and also
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B =D s S (flrow)« (g {Tom = n}). We make the following important
observation.

7.3.1 Observation. The tails of the return time T and the extended version
also denoted by T are exponential; i.e., there exists a constant ¢ > 0 such that
py(m>n)=0(e"") and pux(t >n) = 0(e"").

The neutral geometrical Lorenz flow can be modelled as a suspension flow
over the Poincaré map Py, with base the cross-section ¥ and roof function
rNeu- However, we will use an alternative model so that we can use the results
of Sections 7.1 and 7.2 to deduce the decay of correlation. The alternative
model is given by taking X instead of ¥ as the cross-section to the flow with
induced roof function R : X — R* given by R(z) = 22271 Neu( P& (T)).
Then the suspension flow over F; that is, F} : X® — X is identical to the
suspension flow S; : X™New — ¥"New thus F; is an extension of the underlying
flow, namely the neutral geometrical Lorenz flow. For observables v and w
let p;(v, w) denote the decay of correlations of the geometrical Lorenz neutral
flow; that is,

pi(v,w) —/v ~w o Nydp — /Ud,u/wd,u, (7.10)

where p is the SRB measure of V;. The above summary leads us to our
conclusive result,

7.3.2 Theorem. Let Ay, N; : Ay — Ax and p be the geometrical Lorenz
neutral attractor, the geometrical Lorenz neutral flow constructed in Chap-
ter 4 and its SRB measure, respectively. Then Ny has polynomial decay of
correlations; that is, there exist m > 1 and constant C' > 0 such that for
observables v € C"(M) N C®" (M), w € C"™ (M), and time t > 1 we have

pe(v,w) SC(l[vllgn + [Vl con) Wl g 77

Proof. By the brief summary given at the beginning of this Section, we know
that N, : AN — Ay can be written as the suspension flow F; : X — X%
with roof function R(x) = Zzg_l Neu(PE.. (7)), where X has the properties
described in Section 7.2. Furthermore, since R is constant along stable leaves
it projects to a quotient roof function also denoted by R. Hence the suspen-
sion flow F, also projects to a quotient suspension semiflow F, : X% — XE,
where X is the quotient space obtained from X after quotienting out the

105



stable leaves. Recall that F : X — X is a Gibbs-Markov map. Proposi-
tion 6.3.2 ensures that Inequality (7.1) holds. Therefore, we have that F}
is a Gibbs-Markov semiflow and it follows that F}; is a Gibbs-Markov flow.
We have ultimately shown that N; is a nonuniformly hyperbolic flow as in
Definition 7.2.1. Then the conclusion follows from Theorem 7.2.3.

There are still four details concerning the hypothesis in Theorem 7.2.3 that we
have not mentioned yet. The first one is regarding condition (H), for us this
condition holds automatically since R is constant along stable leaves. The
second, concerns the absence of approximate eigenfunctions for F;. Balint et
al. gave in [12] sufficient conditions for the absence of approximate eigen-
functions, namely the existence of a finite subsystem with positive lower box
dimension. Hence, it follows from Proposition 6.3.5 and Lemma 8.9 in [12]
that F; has absence of approximate eigenfunctions.

The third concerns the tails of R; that is, we want to estimate pux (R > t).
From Observation 7.3.1 we know that px (7 > n) has exponential tails; i.e.,
there exists a constant co > 0 such that ux(7 > n) = O(e="). Moreover, by
Theorem 4.2.3 we have that px(ryew > t) has polynomial tails; that is, there
is a constant ¢; > 0 such that px(ryeq > t) = O(cit™?), where (3, = %
Then by Proposition 5.1 in [19] we have that ux(R > t) = O((Int)2t=F2).

The fourth and last detail concerns how to improve the estimates for px (R >
t) and remove the logarithmic term. For this, we make use of Lemma 4.1
in [13]. There the settings is made for infinite horizon planar periodic Lorentz
gases, for that setting the tails of the flow time (in this work denoted by ryey)
is of order O(¢72). By replacing in Lemma 4.1 the order of the tails from
O(t2) to O(cit7?2) we can use the same proof to remove the logarithmic
term. Hence, we have that pux(R > t) = O(t~2). With this we conclude our
proof. O]
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Chapter 8

Alternative neutral forms

The goal of this chapter is to generalize the neutral form we used to construct
the neutral Lorenz flow. So far, the local form near the periodic orbit I' = {0}
was a product where the y component was independent from the x and
z component. Now, we will generalize this local form by allowing the y
component to depend on the z and z component, and investigate the effects
of this dependence on the construction of the neutral Lorenz flow.

8.1 First modified neutral form

In this section, instead of considering Equation (4.1) we will take the following
neutral form, which we refer as Neutral model 2 to avoid confusion:

@ T z(apz? 4 agz?)
gy | =G| v | = —ly(l+cor®+c22?) | +0(4). (8.1)
z z —2(bpx? + bez?)

Since we want to exploit the results of [17] and [20]; i.e., we want to make
use of the asymptotics given in Section 4.2, we let ag, as, by and by satisfy
the same properties stated in Section 4.1 and let ¢y and ¢y > 0. Recall that
I' = {(0,0,0)} is the only neutral periodic orbit and in a neighbourhood U
of I" the flow has the form of Equation (8.1). Note as before that the vector
field is cubic in the transversal direction to I', but this is the only source of
non-hyperbolicity.
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If x =0 and z = 0, then we see that £ = 0, y = —fy and 2 = 0. Hence,
the y—axis is invariant and all solutions tend to the origin as in the previous
model. Moreover, since & and Z are decoupled from y then we have Equation
(4.4) and all the asymptotic of Section 4.2 will follow. We also have that
Div(F) = (3ag—lcy — bo)x? + (ag — lcg — 3bg) 22 — €. Since we want a flow that
shrinks volumes exponentially fast as before, we need that Div(F) = —c < 0,
where ¢ is some positive constant. Thus, we let ¢ to be big enough such that

3ap—bo)x? —3by)z2
o 11)%5&;2 22 < ¢ for all z and z.

As in Section 4.1, we have that

0
—/
0

DGly =

oS O O
o O O

where 0 = (0,0,0). DG|[s has eigenvalues A\; 3 = 0, Ay = —¢ with associated
eigenvectors (1,0,0), (0,1,0) and (0,0, 1).

As in Section 4.3, we will consider the same cross-section ¥ and we will
proceed to construct the Poincaré map in the same way. First, let us state
an auxiliary result, known as Gronwall’s Lemma, that will help us to find
an explicit expression for the Poincaré map. Its proof can be found in [46,
Theorem 1.12]

8.1.1 Theorem. Let u : [a,b] — RT be non-negative and differentiable.
Moreover, assume the following differential inequality holds for wu:

w < p(t)u(t)

for almost every t € [a,b], where 1 : [a,b] — RT is continuous and non-
negative. Then we have that

ult) < uto)exp( [ () ds)
for every t € [a, b).

Let us denote by N* the flow obtained from Equation (8.1); that is, N*(z, y, 2)
= (z(t),y(t), 2(t)). By Equation (4.6) we get the following form for the flow,
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N (g, 2) = (x0, y(t(z, 2)), w(z, t(z, 2)). (8.2)

Note that § = y(—f(1 + cox? + c22?)). By taking u(t) = y(t) and (t) =
—0(1 + cpx?® + c92°) and applying Theorem 8.1.1 we get,

t
y(t) = yo exp(—é/ (1+ cox® + czz2)ds)
0

¢
= yoe exp(—é/ (cox® + c227)ds). (8.3)
0

By the estimates of the Dulac map given in Theorem 4.2.2 and since z € ¥,
we obtain that the time ¢(z, z) becomes a function of the variable = and the
integral f(f (cow? + c92%)ds can be expressed as a function of the variable x
which we denote by ¢(z). Observe that g(z) > 0 for every x. Therefore we
get that,

y(t) = yoe e @ (8.4)

Hence y(t) decreases exponentially fast as before but with a faster rate. All
together, we get that the map N : X — S is given by

N(z,y,1) = Nt(x)(x, y, 1)

_ (Lye—e(a:rfﬁlmq(w)), 2], (8.5)

where = %, compare this with Equation (4.8). Its derivative is given by

1 _1 _1
Dy N = P @) . (8:6)
Pl 0
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Note that the y component of N can be written as a function of the z
component; that is, if we denote the z and y component of N by Z and
y, respectively. Then,

§(2) = g 0 (57
We have the same observations stated in Section 4.3; that is:

1.- N(X%#) has a cusp-like shape, since by Equation (8.7), N maps lines
y = ¢ to curves of the form ¢(Z). Each of these image curves meets the
ry—plane perpendicularly at (1,0,0). The cusp-like shapes vary as we
vary £+ < fy < 2 and 3 € (0,1). The shapes we obtain in this case are
similar to the ones depicted in Figure 4.4. We will denote N(X%) by
S*and S =StuUS-.

2.- The map N takes again the vertical line segments in ¥ to the horizontal
line segments in S, where the vertical lines in X are given by making
the x coordinate constant and the horizontal lines in S by making z
constant; i.e., N(€,(co)) = ln(c1) as illustrated in Figure 3.6.

To complete the return to ¥ we proceed as before and use the map P, to
send the cusp-like shapes back to the cross-section. Therefore, the modified
return map Pyey : X — 2 i given by Pyew = P> o N; that is,

1
3 1
azx? — 1, ye = % +a@) —3 if z € (0, 1];
PNeu(xay) = e 1 (88)
1 —alz|?, ye el 72 +a) +3 ifx € [-1,0),

where = g—g € (0,1). Its derivative is DPxey = DP, - DN and is given by

afx’1 0

(8.9)

_1 _ 1
gy(éx—(l-f—%) o q/<$)) e—é(z B2 1q(x)) e—f(z B2 +q(x))

_ 1
The matrix DPye, has eigenvalues \; = afz°7! and \y = e (= ®+a@),

Since 5 € (0,1) we have that A\ — oo as x — 0. For the other eigenvalue
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we have that Ao < 1 and Ay — 0 as x goes to 0 since (|x|7% +q(z)) = o0
as x goes to 0. Thus the modified Poincaré map Pyey is hyperbolic when x
approaches the origin.

The properties stated in Chapter 4 remain true for this new modified return
map Pyey like the invariance of the stable foliation given by the vertical lines
l,(c) under the map Pyey (See Figure 3.8). Hence, we can express again Pyey
as Pxeu(Z,Y) = (fNeu(T), gNeu(, y)) for some functions fyeu : I\ {0} — I and
gNew : (I \ {0}) x I — I, where I = [—1,1].

The properties of gnew(z,y) are the same as the ones we stated in Section
4.3. We just make the warning that the constants used in Section 4.3 will
be different for the new version of gneu(,y), since in this new case we have
the extra term ¢(x), which makes the rate of contraction on the y direction
stronger than the case studied in Chapter 4.

As before, v(p) denotes the invariant stable leaf which contains the point
p € ¥ and we make an equivalence class of points in X that lie on the
same 7y(p). If we collapse equivalence classes to points, we obtain a map
m X — [—1,1] given by 7m(p) = x, where p = (z,y). Since Pye, takes
equivalence classes into equivalence classes, Pyeon and 7 induces the map
f I\ {0} — I, whose graph is depicted in Figure 4.5. The new map f is
a slight modification of the Lorenz map fio, obtained in Chapter 3 and all
the properties mentioned there also hold for the new version f. We will fix

notation and denote this modification of the Lorenz map by fye, and is given
by:

ar® —1, ifz € (0,1];
fNeu(x) = (810)
1 —alz|’, ifxe[-1,0),

where 3 = bo € (0,1).

B2
As we saw in Chapter 4 the one-dimensional map fyeu also admits a unique
exact a.c.l.p measure fiNew = ¥NeuM With @new € BV(I). Furthermore, piney
has exponential decay of correlations for observables in BV(/) and satisfies

the CLT by Theorem 3.4.3 and Theorem 3.4.4, respectively.

In Section 5.2 we saw that the modified geometrical Lorenz attractor Ay is a
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partially hyperbolic attractor, the existence of a C'*% strong-stable foliation
F*¢ for the flow, where 0 < o < 1, and the existence of a strong-stable foli-
ation F§7 for the modified return map whose transversal smoothness is also
C1*e, Following the same arguments, we can arrive to the same conclusions
for the case considered in this section since we have the same properties,
namely \;s = —0, A\; = 0, A\, = 0, strong dissipativity and partially hyper-
bolicity of the attractor Ay.

The return time for the modified Poincaré map Pyeu, considered in this sec-
tion, is the same we obtained before, see Equation (5.11); that is, we still have
a polynomial return time. Moreover, the UNI condition for this new modifi-
cation of the geometrical Lorenz flow can be deduced in the same way we did
for the case studied in Section 6.3, since we have the same one-dimensional

map fnew and we can obtain the same inducing schemes we needed to prove
the UNI condition.

Finally, the polynomial decay of correlations for the case study of this section
follows in the same manner as that shown in Section 7.3. For completeness,
we state it as Theorem 8.1.2 and its proof is the same as that of Theorem
7.3.2

8.1.2 Theorem. Let Ay, N; : Ay — An be the geometrical Lorenz neutral
attractor, the geometrical Lorenz neutral flow obtained from the neutral form
given by Equation (8.1), respectively, and p its SRB measure. Then Ny has
polynomial decay of correlations; that is, there exist m > 1 and constant
C > 0 such that for observables v € C"(M) N C®"(M), w € CT™ (M), and
time t > 1 we have

pe(v, w) SC(HUHCn + ”U”COW) ||w||cn,m t.

8.2 Second modified neutral Form

In this section, we will go a step further form Section 8.1 and let the x and z
component also depend on the y component; that is, instead of considering
Equation (8.1) we will take the following neutral form, which will be referred
as the Neutral model 3 to avoid confusion.
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@ T z(agz? + ary? + azz?)
y | =G| vy | = —ly(1 + coz® + c92?) + 0(4). (8.11)
z z —2(box® + byy? + be2?)

We want to use the results of [17] and [20]. Specifically, we want to make
use of the asymptotic given in Section 4.2. For that, we let ag, as, by and by
satisfy the same properties stated in Section 4.1 and let a?1, ¢ and ¢, > 0
as before. Recall that I' = {(0,0,0)} is the only neutral periodic orbit and
in a neighbourhood U of I' the flow has the form of Equation (8.11). Note
as before that the vector field is cubic in the transversal direction to I', but
this is the only source of non-hyperbolicity.

If x =0 and z = 0, then we see that £ = 0, y = —fy and 2 = 0. Hence,
the y—axis is invariant and all solutions tend to the origin as in the previous
model. Now, we have that Div(F) = (3ag — ey — by)x® + (a1 — by)y? + (ag —
lcy—3by) 22 — (. Since we want a flow that shrinks volumes exponentially fast,

we need that Div(F) = —c¢ < 0, where ¢ is some positive constant. Thus, we
let ¢ to be big enough such that (3‘10_b(’)x2fii;;fi)g;g(az_%mz < { for all z, y
and z.

As in the previous models, we have that

0 0 0
DGlg=[0 —¢ 0 |,
0 0 0

where 0 = (0,0,0). DG|5 has eigenvalues \; 3 = 0, Ay = —¢ with associated
eigenvectors (1,0,0), (0,1,0) and (0,0, 1).

The next step is to construct the Poincaré map Pye, : X — X, where X
is the cross-section previously considered. First, we note that for values
of y small enough, the dependence of the x and z components on the y
component in Equation (8.11) will be small enough that it can be considered
negligible. Hence, we will be in the situation considered in the previous
section. Therefore, following the analysis given in Section 8.1 we can give an
explicit formula for the Poincaré map and the results therein will hold.

Unfortunately, for bigger values of y finding an explicit solution for the dif-
ferential equation on the y component, and hence an explicit formula for the
Poincaré map, is not straightforward as in the previous cases. Now, the way
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we will proceed for this case is the following: We will analyse and compare,
with numerical methods, the limit behaviour of the Dulac maps obtained
in [17] and [20] and adapted to our framework. More precisely, we will anal-
yse the limit behaviour of the map N : ¥ — S (see Equation (8.5) and
Equation (4.7)). This is sufficient since the Poincaré maps considered in this
work are given by Pyey = P> o N, where P2 is a diffeomorphism (see Section
3.3) and the map N is the flow map from the cross-section 3 to the cusps
S, which depends on the differential equation being considered. Therefore,
the behavioural changes exhibited by the map Pye, are represented by the
changes of the map N.

8.2.1 Numerics of the 2—dimensional case

We will start the numerical analysis in the 2—dimensional case; that is, we
consider the framework of [17] and [20]. There, the following neutral form
was considered:

T\ r\ [ z(apz" + az®)
(5)or(2)=( oo Y o, sz
where ag, as, by and by > 0 and A := asby — agby # 0. For simplicity we let
k = 2. For the analysis of the Dulac map close to the neutral equilibrium of
Equation (8.12), recall Section 4.2, we take an unstable leaf W*"(0,y,) and
a stable leaf W¥(z,0), then the Dulac map D : W"(0,yo) — W?*(xo,0),
shown in Figure 8.1, assigns the firs intersection ¢T(x,7,) of the integral
curve through (z,yo) with the stable leaf W*(x¢,0), where x € W*(0,yo)
and 7T is the flow time; that is, the exit time (see Equation (4.6)). Recall

that the estimates for the map D given in [20] and stated in Theorem 4.2.2
are:

w = D(z) = clyo)z’(1 + O(z73)), (8.13)

_ B — ao+b _ as+b
Whereﬁ—ﬁ—g,ﬁo—%Tooandﬁg—éTf.
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q = (ZU(y(), t)a yO)
Wu(oay())

Yo

Q W# (ZE(), 0)

N—

)

Lp = (20, w (Yo,
Lo

X

Y

Figure 8.1: The Dulac map D : W*(0,yo) — W?(xy,0).

For the setting considered in this work, we will perform the numerical exper-
iments with o = 1. In order to corroborate the estimates of the Dulac map
given by Equation (8.13), we expect the numerical experiments to show us
that

 In(y)
b~ In(z) (8.14)
We actually will see that
_In(y)  In(c(yo)) 1
b= In(z) In(x) +0 <ln(w)) (8.15)
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From [17] and [20] we know that the constants c¢(yy) are given by a specific
formula which is not easy to compute. For this reason, I decided to use the
least-squares method to calculate the constants.

For the numerical experiments we will take different values of 5 and 250
points in different unstable leaves W*"(0, yo); that is, we will take 250 points
z € [1.0 x 107°,1.0 x 107 and yo € {0.5,1.0}. The integration method
we will use for the numerical experiments concerning this work is the so
called Radau quadrature method. Since integration methods are out of the
scope of this work, we encourage the reader to consult any book in numerical
analysis for a detailed exposition of the Radau method, for example see
[30]. Figure 8.2 a) and b) show us the approximation of # (the red graph),
the adjusted approximation of § (green graph), and the theoretical value
of B (blue graph). The approximation of beta is done by taking the last y
value of each integral curve and divide it by the x value ranging in [1.0 x
107°,1.0 x 1074, the adjusted beta is calculated by using Equation (8.15).
The points-axis corresponds to the 250 x values we considered starting from
1.0 x 107 and ending in 1.0 x 107%; that is, point 0 corresponds to the
value 7 = 1.0 x 10~* and point 250 corresponds to the value z = 1.0 x 1072,
The z points are taken from the unstable leaf at yy = 1.0 and the constant
c(yo) = 1.2In(1.1) for the adjusted approximation correspond to Figure 8.2
a), while the values taken from the unstable leaf at yo = 0.5 and the constant
c(yo) = In(0.7) correspond to Figure 8.2 b). The approximations show an
error that tends to decrease as we get closer to x = 0 as depicted in the
both graphs. The value § = 0.40 is obtained by taking ay = 15.0, as = 5.0,
bo = 1.0 and by = 3.0 in the vector field from Equation (8.12).
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12D approx for 3 = 0.400000, yo = 1.0, 2 € (0.00001,0.0001) 2D approx for 3 = 0.400000, yo = 0.5, xg € (0.00001,0.0001)
N 0.52

0.

—— Approx . —— Approx
0.46 — Beta 0 — Beta
— Beta approx adjusted 048 — Beta approx adjusted

0
0.46

0.42
0

—. 0.0
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0.3
0.3

0.32

0.30 +— T T T T T 0.30 +— T T T
0 50 100 150 200 250 0 50 100 150 200 250

points points

a) b)

Figure 8.2: Numerical experimentation for g = 0.40

Figure 8.3 shows the same numerics performed for the value g = 0.266666,
which is obtained by taking ay = 15.0, ay = 6.0, by = 1.0 and by = 2.0 in the
vector field from Equation (8.12). For this beta value the constants for the
adjusted approximations are ¢(yy) = In(0.8) and ¢(yo) = In(0.61) for Figure
8.3 a) and Figure 8.3 b), respectively. From the approximations we see, as
before, that the error decreases as we approach to x = 0.
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0.3467

0.3267

0.3067

0.2867

— 0.2667

= 02467

0.2067
0.1867

0.1667

Figure 8.4 shows the same numerics performed for the value g = 0.741743,
which is obtained by taking the parameter values ay = V3, as = 6.0, by = 3.0
and b, = /5. For this case the constants for the adjusted approximations
are ¢(yo) = In(1.32) and c(yy) = In(0.33) for Figure 8.4 a) and Figure 8.4
b), respectively. From the approximations we see, as before, that the error

2D approx for 3 = 0.266667, yo = 1.0, 2 € (0.00001,0.0001) . 2D approx for 3 = 0.266667, yo = 0.5, xq € (0.00001,0.0001)
0.4067
—— Approx 0,367 — Approx
— Beta : — Beta

—— Beta approx adjusted

0.3667

0.3467

0.3267

0.3067
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0.2467

0.2267

0.2067

0.1867

—— Beta approx adjusted

_—

T T T T
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a)

T T
0 50 100 150 200 25¢

points

b)

Figure 8.3: Numerical experimentation for § = 0.266666

decreases as we approach to x = 0.
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, 2D approx for 3 = 0.741744, yg = 1.0, x € (0.00001,0.0001) " 2D approx for 3 = 0.741744, yg = 0.5, x € (0.00001,0.0001)
" 0.9617

0.8
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points points

a) b)

Figure 8.4: Numerical experimentation for g = 0.741743

Figure 8.5 shows the same numerics performed for the value g = 0.741743,
which is obtained by taking ag = 1.0, ay = 5.5, by = 2.5 and by = 2.0 in the
vector field from Equation (8.12). For this beta value the constants for the
adjusted approximations are ¢(y) = In(1.83) and ¢(yo) = In(0.31) for Figure
8.5 a) and Figure 8.5 b), respectively. From the approximations we see, as
before, that the error decreases as we approach to x = 0.
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H2D approx for 3 = 0.933333, yo = 1.0, 2 € (0.00001,0.0001) . LK2D approx for 3 = 0.933333, yo = 0.5, 2 € (0.00001,0.0001)
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Figure 8.5: Numerical experimentation for § = 0.933333

8.2.2 Numerics of the 3—dimensional case

In this subsection we will perform the numeric experiments for the
3—dimensional models. We will start with the first Neutral model; that is,
the one studied in Chapter 4, which we will refer as Neutral model. Recall
that the Neutral model was given by

T x r(apr?® + a1y* + a»2?)
y | =Ny |= —Lly +0(4), (8.16)
2 2 —2(boz? + b1y* + bez?)

where ag, ai, as, by, by, by and £ > 0 and A := asby — agbs # 0. For the
analysis of the Dulac map close to the neutral equilibrium of Equation (8.16),
we will perform the numerical analysis on N : ¥ — S. For the purpose of
this work, we want to show with the numeric experimentation that the z
and z components behaves like the 2—dimensional model from the previous
subsection regardless of the y value. To perform the numerical analysis we
will take different unstable leaves W (z, yo, z0) and a stable leaf W*5(1,0,0),
where yo € {1.0,0.5} and z; = 1.0. We will just consider one value of
zo; that is, we consider just one cross-section since we want to show that
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the approximation of beta does not have radical changes when considering
different values of y. Hence, like in the 2—dimensional analysis we expect
the numerical experiments to show us that

(8.17)

where z is the last value of the integral curve with initial condition (z, yo, 20)
for z € [1.0 x 107°,1.0 x 107%]. Again, we will actually show that

_In(2)  In(c(20)) 1
b= In(x) In(x) * o<ln(m)>' (8.18)

As before, we will use the Radau quadrature method and take 250 points
for the values of  starting from 1.0 x 10~* and ending with 1.0 x 107%; that
is, point 0 and point 250 correspond to z = 1.0 x 10™* and z = 1.0 x 107?,
respectively. We will consider the same values of § we considered in the
previous subsection. The approximation of beta, corresponding to the red
line in all figures, is done by taking the last z value of each integral curve
with initial condition (z, 3o, z9) and divide it by the x value ranging in [1.0 x
1075,1.0x 1071], the adjusted beta, ploted in green in all figures, is calculated
by using Equation (8.18), and the theoretical value of 3, corresponding to
the blue graph in all figures, is obtained from the parameters ag, as, by and

bs.
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3D Neutral approx 3 = 0.400000, yo = 1.0, % = 1.0, 29 € (0.00001,0.0001) 3D Neutral approx 3 = 0.400000, yo = 0.5, 2 = 1.0, 29 € (0.00001,0.0001)
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Figure 8.6: Numerical experimentation for the Neutral model with 5 = 0.40

Figure 8.6 a) and b) show us the the numerical approximations of the Neutral
model with § = 0.40 for yo = 1.0 and yg = 0.5, respectively. We can
observe in both plots, as before, that the beta approximation (red plot)
approaches to the theoretical values of beta as we let x approach to 0; that
is, the error made by the numerical methods tend to decrease as we get
closer to the origin. Furthermore, we notice once again that the adjusted
approximation of beta with constants c¢(zp) = In(1.1) and ¢(zp) = In(1.12)
shown in Figure 8.6 a) and b), respectively, agrees with Equation (8.18).
Moreover, the constant c¢(zp) is not affected drastically by the changes of
the y values, which we expected to see since the y component decreases
exponentially fast. In addition, we observe that the constants ¢(zp) and ¢(yo)
from Equation (8.18) and Equation (8.15), respectively, are almost equal;
that is, the x and z components of the 3—dimensional model behaves like
the x and y component of the 2—dimensional model.
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3D Neutral approx 3 = 0.266667, yo = 1.0, 2 = 1.0, 29 € (0.00001,0.0001) 3D Neutral approx 3 = 0.266667, yo = 0.5, % = 1.0, zy € (0.00001,0.0001)
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Figure 8.7: Numerical experimentation for the Neutral model with g =
0.2666

Figure 8.7 a) and b) show us the numerical results obtained for the case
B = 0.2666 with yo = 1.0 and yy = 0.5, respectively. The results for this case
are similar to the ones of the previous case. The constants for the adjusted
beta approximation are ¢(zp) = In(1.06) and ¢(zp) = In(1.08) for Figure 8.7
a and b, respectively. Once again, the constants ¢(zp) of the 3—dimensional
model and ¢(yo) of the 2—dimensional model are almost equal and ¢(zp) is
not drastically affected when y changes.
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3D Nelutval approx 3 = 0.741744, yy = 1.0, % = 1.0, x¢ € (0.00001,0.0001) 3D Nelutral approx 3 = 0.741744, yy = 0.5, % = 1.0, xy € (0.00001,0.0001)
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Figure 8.8: Numerical experimentation for the Neutral model with § =
0.741743

Figure 8.8 a) and b) show us the numerical results obtained for the case
B = 0.741743 with yo = 1.0 and yo = 0.5, respectively. The results for
this case and the ones of the previous cases are alike. The constants for the
adjusted beta approximation are ¢(z9) = In(1.26) and ¢(zy) = In(1.3) for
Figure 8.7 a and b, respectively. As before, the constants ¢(zy) and ¢(yo) of
the 3—dimensional and the 2—dimensional model, respectively, are almost
equal. Moreover, ¢(zg) is not drastically affected by the changes of y value.
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3D Neutral approx 3 = 0.933333, yo = 1.0, 2 = 1.0, 2 € (0.00001,0.0001) 3D Neutral approx 3 = 0.933333, yo = 0.5, 29 = 1.0, xq € (0.00001,0.0001)
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Figure 8.9: Numerical experimentation for the Neutral model with g =
0.741743

Figure 8.9 a) and b) display the numerical results obtained for the case 8 =
0.933 with yo = 1.0 and yy, = 0.5, respectively. Once more, the results for
this case and the ones of the previous cases are similar. The constants for
the adjusted beta approximation are ¢(zp) = In(1.7) and ¢(zp) = In(1.78)
for Figure 8.7 a and b, respectively. The constants c¢(zp) and c(yo) of the
3—dimensional and the 2—dimensional model, respectively, are again almost
equal. Furthermore, c(2y) is not drastically affected by the changes of y value.

We will consider now the Neutral model 2 given by Equation (8.1) and present
the numerical results obtained by performing the same experiments we did
for the Neutral model 1. We start considering the case for f = 0.40. Figure
8.10 a) and b) show us the the numerical approximations of the Neutral
model 2 for yo = 1.0 and yo = 0.5, respectively. We notice that the adjusted
approximation of beta with constant ¢(z9) = In(1.12) for both Figure 8.10
a) and b) agrees with Equation (8.18). Moreover, observe that the constant
c(zp) is the same for both cases yo = 1.0 and y, = 0.5, this was expected
since the z and z component are independent of the y component. Once
more, we observe that the constants ¢(zp) and c¢(y) from Equation (8.18)
and Equation (8.15), respectively, are almost equal; that is, the x and z
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components of the 3—dimensional model behaves like the x and y component
of the 2—dimensional model.

3D Net]xtra|2 approx 3 = 0.400000, yg = 1.0, 2 = 1.0, 29 € (0.00001,0.000BD Ne&ltraIZ approx 3 = 0.400000, yg = 0.5, 2 = 1.0, 29 € (0.00001,0.0001)
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Figure 8.10: Numerical experimentation for the Neutral model 2 with § =
0.40

Figure 8.11 a) and b) show us the numerical results obtained for the case
B = 0.2666 with yo = 1.0 and yo = 0.5, respectively. The results for this case
are similar to the case = 0.40. The constants for the adjusted beta approx-
imation are ¢(z9) = In(1.08) for both Figure 8.11 a and b. Once again, the
constants ¢(zy) of the 3—dimensional model and ¢(yo) of the 2—dimensional
model are almost equal.
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3D Nle’u}ra|2 approx 3 = 0.266667, yo = 1.0, % = 1.0, zy € (0.00001,0.0001)3D Nﬁu}ral2 approx 3 = 0.266667, yo = 0.5, % = 1.0, 2 € (0.00001,0.0001)
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Figure 8.11: Numerical experimentation for the Neutral model 2 with g =
0.2666

Figure 8.12 a) and b) show us the numerical results obtained for the case
B = 0.741743 with yo = 1.0 and yo = 0.5, respectively. The results for this
case are similar to the ones of the previous cases. The constants for the
adjusted beta approximation are ¢(zp) = In(1.31) for both Figure 8.12 a and
b. Once again, the constants ¢(zp) of the 3—dimensional model and ¢(yy) of
the 2—dimensional model are almost equal.
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3D Neutral2 approx = 0.741744, yo = 1.0, z0 = 1.0, xu € (0.00001.0.0001) 3D Neutral2 approx 3 = 0.741744, yo = 05, 20 = 10, a0 € (0.00001,0.0001)
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Figure 8.12: Numerical experimentation for the Neutral model 2 with § =
0.741743

Figure 8.13 a) and b) show us the numerical results obtained for the case
B = 0.933 with yg = 1.0 and yo = 0.5, respectively. The results for this case
and the ones of the previous cases are alike. As before, the constants for the
adjusted beta approximation are ¢(zy) = In(1.8) for both Figure 8.13 a and b.
The constants ¢(zg) and ¢(yo) of the 3—dimensional and the 2—dimensional
model, respectively, are again almost equal.
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3D Nﬁ‘f,"au approx 3 = 0.933333, yo = 1.0, 2 = 1.0, 2 € (0.00001,0.0001)3D I\!glfltraI? approx /3 = 0.933333, yg = 0.5, 2 = 1.0, 2 € (0.00001,0.0001)
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Figure 8.13: Numerical experimentation for the Neutral model 2 with § =
0.933

Until now we have performed the numerical experiments for the Neutral
model 1 and 2 corresponding to the normal forms given by Equation (8.16)
and (8.1), respectively. We saw there that for both models, the asymptotic
behaviour of the x and z components are the same as the x and y component
of the 2—dimensional model studied in the previous subsection. Recall that
for this two models we had explicit formulas for the map N : ¥ — S and
hence for the modified Poincaré map Pyey : 2 — 2. Our goal is to see that
the asymptotic behaviour of the Neutral model 3 given by Equation (8.11)
is similar to the other two models. Therefore, the numerical results obtained
for the Neutral models 1 and 2 will be our reference and we will compare
them to the numerical results obtained for the third model.

We start considering the case for § = 0.40. Figure 8.14 a) and b) display
the the numerical approximations of the Neutral model 3 for yo = 1.0 and
Yo = 0.5, respectively. We notice that the adjusted approximation of beta
with constant ¢(zg) = In(1.12) for both Figure 8.14 a) and b) agrees again
with Equation (8.18). Moreover, observe that the constant ¢(zp) is the same
for both cases yp = 1.0 and yy = 0.5, it is worth to recall that for this model
the = and z component are not independent from the y component. Like
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in the previous models, we observe that the constants c(z) and ¢(yo) from
Equation (8.18) and Equation (8.15), respectively, are almost equal; that is,
the x and z components of the 3—dimensional model behaves like the x and
y component of the 2—dimensional model.

3D Net’mal3 approx 3 = 0.400000, yo = 1.0, 2 = 1.0, 29 € (0.00001,0.000BD NeLlltraI3 approx 3 = 0.400000, yo = 0.5, 2 = 1.0, 29 € (0.00001,0.0001)
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Figure 8.14: Numerical experimentation for the Neutral model 3 with g =
0.40

Figure 8.15 a) and b) show us the numerical results obtained for the case
B = 0.2666 with yo = 1.0 and yo = 0.5, respectively. The results for this case
are similar to the case = 0.40. The constants for the adjusted beta approx-
imation are ¢(z9) = In(1.07) for both Figure 8.15 a and b. Once again, the
constants ¢(zy) of the 3—dimensional model and ¢(yo) of the 2—dimensional
model are almost equal.
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3D Neutral3 approx 3 = 0.266667, yo = 1.0, % = 1.0, zy € (0.00001,0.0001)3D Neutral3 approx 3 = 0.266667, yo = 0.5, 2 = 1.0, z¢ € (0.00001,0.0001)
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Figure 8.15: Numerical experimentation for the Neutral model 3 with g =
0.2666

Figure 8.16 a) and b) show us the numerical results obtained for the case
B = 0.741743 with yo = 1.0 and yo = 0.5, respectively. The results for this
case are similar to the ones of the previous cases. The constants for the
adjusted beta approximation are ¢(zp) = In(1.3) for both Figure 8.16 a and
b. Once again, the constants c(zj) of the 3—dimensional model and ¢(y) of
the 2—dimensional model are almost equal.
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Figure 8.16: Numerical experimentation for the Neutral model 3 with g =
0.741743

Figure 8.17 a) and b) show us the numerical results obtained for the case
B = 0.933 with yo = 1.0 and yo = 0.5, respectively. The results for this case
and the ones of the previous cases are alike. As before, the constants for the
adjusted beta approximation are ¢(zp) = In(1.8) for both Figure 8.17 a and b.
The constants ¢(z) and ¢(yo) of the 3—dimensional and the 2—dimensional
model, respectively, are again almost equal.
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Figure 8.17: Numerical experimentation for the Neutral model 3 with § =
0.933

8.2.3 Numerics of the tails of the return map in the
3—dimensional case

In this subsection, we will perform the numeric experiments for the
3—dimensional models and see the approximations for the exponent of the
decay of correlations; that is, for the exponent 35. The general Neutral model
or Neutral model 3 is given by

y T r(apr? + a1y® + az2?)
v | =Ny | =1 —ly(l+cor®+cxz?) |+ 0(4), (8.19)
2 z —2(boz? + b1y* + bez?)

where ag, ay, as, by, by, by, co, co and £ > 0 and A := asby — agby # 0.
Note that the Neutral model 1 and the Neutral model 2 are obtained from
the general Neutral model if we let ¢y, ¢ = 0 and if we let a;, by = 0,
respectively.

In the previous subsection we saw the numerical analysis on N : ¥ — S and
showed, with the numeric experimentation, that the x and z components
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behaves like the 2—dimensional model regardless of the y value. For the
numerical analysis we are about to perform, we will take an unstable leaf
W (x,y0,20) and a stable leaf W*(1,0,0), where yo = 1.0 and z, = 1.0.
From the estimates obtained in Theorem 4.2.2 we can see that

(8.20)

where t is the flow time that it takes a point from the unstable leaf to hit
the stable leaf and = € [1.0 x 107°,1.0 x 10~*]. We will actually show that

In(c(z9)) In(x) 1
2500 W +O<1n(t)>' (8:21)

As before, we will use the Radau quadrature method and take 50 points for
the values of z starting from 1.0 x 10™* and ending with 1.0 x 107?; that
is, point 0 and point 50 correspond to z = 1.0 x 107 and = = 1.0 x 107?,
respectively. We will consider the same values of 5 we considered in the
previous subsection except for the value f = 9333. The approximation of
(2, corresponding to the red line in all figures, is done by taking the x value,
ranging in [1.0 x 107°, 1.0 x 107], of each integral curve with initial condition
(x, Y0, 20) and divide it by the flow time ¢, the adjusted approximation of /3,
shown in green in all figures, is calculated by using Equation (8.21), and
the theoretical value of s, corresponding to the blue graph in all figures, is

obtained from the parameters a, and by; that is 5y = %

We start considering the Neutral model 1. Figure 8.18 a) shows the ap-
proximation for B, = 1.333 which corresponds to the case g = 0.40, for
the adjusted approximation the constant is In(c(zp)) = 0.06, b) displays the
approximation for fy = 2.0 corresponding to the case § = 0.266 with ad-
justment constant In(c(zp)) = 0.05 and in ¢) we can see the approximation
for fy = 1.84 with corresponding § = 0.741743 and adjustment constant
In(e(z)) = 0.2
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Figure 8.18: Numerical experimentation for 5 approximation for the Neutral
model 1

Next, we consider the Neutral model 2. Figure 8.19 a) shows the approxima-
tion for By = 1.333 which corresponds to the case 5 = 0.40, for the adjusted
approximation the constant is In(¢(zo)) = 0.06, b) displays the approximation
for By = 2.0 corresponding to the case § = 0.266 with adjustment constant
In(c(zp)) = 0.04 and in ¢) we can see the approximation for fy = 1.84 with
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corresponding 5 = 0.741743 and adjustment constant In(c(zp)) = 0.18

Neu2 approx for 33 = 1.333333, 2 = 1.0, yo = 1.0, 2 € (0.000010,0.00010) Neu2 approx for 33 = 2.000000, z = 1.0, yo = 1.0, 2 € (0.000010,0.00010
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Figure 8.19: Numerical experimentation for 5 approximation for the Neutral
model 2

Last but not least, we consider the Neutral model 3. Figure 8.20 a) shows
the approximation for Sy = 1.333 which corresponds to the case § = 0.40,
for the adjusted approximation the constant is In(c(zp)) = 0.06, b) displays
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the approximation for f5 = 2.0 corresponding to the case f = 0.266 with
adjustment constant In(c(zp)) = 0.04 and in ¢) we can see the approximation
for fy = 1.84 with corresponding § = 0.741743 and adjustment constant
In(e(z)) = 0.19

Neu3 approx for 32 = 1.333333, % = 1.0, yo = 1.0, ¢ € (0.000010,0.00010) Neu3 approx for 3 = 2.000000, 2 = 1.0, yo = 1.0, x¢ € (0.000010,0.00010
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—— Beta approx adjusted
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— Beta

—— Beta approx adjusted

2.00

0 10 20 30 10 50
points

)

Figure 8.20: Numerical experimentation for 3, approximation for the Neutral
model 3
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From these numerical results we can see that the asymptotic behaviour of all
three Neutral models are similar. Thus, we can conclude that for the Neutral
model 3 the image of the cross-section ¥ under the map N : ¥ — S will still
have the cusp-shape as we saw in Chapter 4. Therefore, the Poincaré map of
the modified Lorenz neutral model obtained by considering the Neutral model
3 will have the same properties we saw for the cases when we considered
the Neutral model 1 and 2. Furthermore, the numerics showed us a good
approximation of the exponent of the decay of correlations for the 3 Neutral
models. From this we can deduce the same results concerning the decay of
correlations. For completeness, we compress the results of this work in the
following theorem.

8.2.1 Theorem. Let Ay, N; : Ax — Ax be the geometrical Lorenz neu-
tral attractor, the geometrical Lorenz neutral flow obtained from the neutral
form given by Equation (8.16), (8.1) and (8.11), respectively, and u its SRB
measure. Then Ny has polynomial decay of correlations; that s, there exist
m > 1 and a constant C' > 0 such that for observables v € C"(M)NC*1(M),
w e CP" (M), and time t > 1 we have

pe(v,w) <C([[vllco + [0l o) lIwllnm 7.
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