I’()R'I‘()
FC E tCE ( S

Statistical
Instability In
Chaotic Dynamics

Muhammad Ali Khan

Tese de Doutoramento apresentada a
Faculdade de Ciéncias da Universidade do Porto,
Matematica

2018






Statistical Instability in Chaotic
Dynamics

Muhammad Ali Khan

- [@PORTO

UC|UP Joint PhD Program in Mathematics

Programa Inter-Universitario de Doutoramento em Matematica

PhD Thesis | Tese de Doutoramento

December 2017






To my beloved parents, lovely wife and sweet daughter






Acknowledgements

I am feeling great honor in writing some words on the completion of my PhD thesis. First and
foremost I humbly thanks to almighty God for his everlasting help in all the matters of my life, in
particular during the period of my PhD.

I take immense pleasure to express my sincere and deep sense of gratitude to my PhD supervisor
Prof. José Alves for setting the right direction of my thesis work and providing me his kind assistance,
with his tremendous knowledge, and great support to accomplish this work. His outstanding supervi-
sion and continuos motivation are the key factors in carrying out this research and writing my thesis.
In this regard, I would like to thank to Prof. Maria Carvalho for teaching me a productive course on
Hyperbolic Dynamics and for her precious advice to work with the right person.

My sincere and heartfelt thanks also goes to Prof. Mujahid Abbas for his magnificent guidance
and affection in the initial stage of my research career. I am grateful to the joint PhD program UC|UP
for accepting me as a student and for providing excellent facilities to work for my thesis. My gratitude
also extends to all of my teachers, friends and colleagues who have supported me along the way,
particularly, I would like to mention my teacher Shoaib Ghoman. I also want to thank to all the nice
and friendly staff of the Math department and the academic division.

At last but not the least, I would like to thank my family, specially my parents, for their patience,
prayers and moral support throughout my PhD studies and my life in general. I would take this
opportunity to appreciate my wife and thank her from the bottom of my heart for standing besides
me to overcome every single situation, in particular, her incredible support for my PhD studies and
specially during the final stage of my thesis writing.

This work was partially supported by CMUP (UID/MAT/00144/2013), the project PTDC/MAT-
CAL/3884/2014 and the doctoral grant SFRH/BD/93856/2013, funded by Fundacdo para a Ciéncia e
a Tecnologia (FCT) Portugal with national (MEC) and European structural funds through the program

FEDER, under the partnership agreement PT2020.






Abstract

We consider a one parameter family of one-dimensional maps, introduced by Rovella,
obtained through modifying the eigenvalues A, < A3 < 0 < Ay of the geometric Lorenz attractor,
replacing the expanding condition A3 + A; > 0 by a contracting one A3 + A; < 0. By referring
the techniques of Benedicks-Carleson, Rovella proved that there exists a positive Lebesgue
measure set of parameters, so called set of Rovella parameters, such that the derivatives of
corresponding maps along critical orbits increase exponentially and the critical orbits have
slow recurrence to the critical point.

Metzger proved the existence of unique absolutely continuous (with respect to Lebesgue)
invariant probability measures (SRB) for the Rovella maps. Later on, Alves and Soufi showed
that those maps are strongly statistically stable, i.e., the mapping which maps the parameters
to the densities of the SRB measures is continuos (in the L!-norm) on the set of Rovella
parameters.

In this work, we show that there exist parameters such that the corresponding maps having
super-stable periodic orbits and prove that Rovella maps are not statistically stable on an

extended set of parameters, consists of Rovella parameters and super-stable parameters.






Resumo

Consideramos uma familia a um parametro de transformacdes unidimensionais, introduzida
por Rovella, obtida modificando os valores préprios A, < A3 <0 < Ay do atrator de Lorenz
geométrico, substituindo a condi¢do de expansdo Az + A; > 0 pela de contragdo Az + A <
0. Usando técnicas de Benedicks-Carleson, Rovella provou que existe um conjunto de
parametros com medida de Lebesgue positiva, chamado conjunto de parametros de Rovella,
para os quais as derivadas da respetiva transformacgdo ao logo da 6rbita do valor critico
crescem exponencialmente e as Orbitas criticas tém recorréncia lenta ao ponto critico.

Metzger provou a existéncia de uma tinica medida de probabilidade absolutamente con-
tinua com respeito a medida de Lebesgue (medida de SRB) para essas transformagdes. Mais
tarde, Alves e Soufi mostraram essa familia de transformacdes € fortemente estatisticamente
estavel, i.e. a funcdo que associa a cada pardmetro de Rovella a densidade da respetiva
medida de SRB é continua (na norma L!).

Neste trabalho, mostramos que existem parametros cujas transformacdes correspondentes
tém Orbitas periddicas super-estdveis e provamos que as transformacdes de Rovella ndo sio
estatisticamente estdveis num conjunto de parametros estendido, constituido pelos parametros

de Rovella mais os pardmetros com Orbitas periddicas super-estiveis.
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Chapter 1

Introduction

The theory of Dynamical Systems started in the work of Poincaré on the three-body problem
of celestial mechanics studies processes which evolve in time. The description of these
processes may be given by flows (continuous time) or iterations of maps (discrete time).
An orbit is a collection of points related by the evolution function of the dynamical system.
The main objectives of this theory are to describe the typical behavior of orbits when time
approaches to infinity and to understand the changes in this behavior with the perturbations
of the system or to which extent it is stable.

Ergodic Theory deals with the measure preserving processes in a measure space. In
this approach, one tries in particular to illustrate the average time spent by typical orbits in
different portions of the phase space. Birkhoff’s Ergodic Theorem states that such times
are well defined for almost all points, with respect to an invariant probability measure.
Nevertheless, the notion of typical orbit usually meant with respect to volume (Lebesgue
measure) which might not be an invariant measure in general.

It is a fundamental open problem to understand under which conditions the behavior of
typical (positive Lebesgue measure) orbits is well defined from the statistical point of view.
In chaotic dynamics this problem can be precisely expressed through Sinai-Ruelle-Bowen
(SRB) measures, which were introduced by Sinai for Anosov diffeomorphisms [25] and later
extended by Ruelle [24] for Axiom A diffeomorphisms and Bowen-Ruelle [11] for flows.
Here we consider discrete time system given by a map f defined on a manifold M. An

f-invariant measure U is called physical measure for f if the basin of U, i.e., the set of points

1
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x such that

n

1=
lim - > @(f/(x)) = [(pdu, for any continuous map ¢ : M - R,
j=0

n—>+oo p =

has a positive Lebesgue measure. It is to be noted that from Birkhoftf’s Ergodic Theorem
it follows that any ergodic invariant probability measure which is absolutely continuous
with respect to Lebesgue measure is physical measure. We shall refer to this special type
of measure as an SRB measure. On the other extreme if a map f has an attracting periodic
orbit {xq,xy, -, x¢_1 } of period k, then the measure p = %(SXO + 0y, +--+Oy,_, ) given by the
convex sum of the delta Dirac measures supported on the points in the periodic orbit is a
physical measure for the map f. The basin of an invariant measure for the flow (X’),g on
M is the set of points x € M, such that for any continuous map ¢ : M - R

S B
Jim = [ (X (0)di = [ gdu.

The physical measure for the flow (X*);cg on M is defined in the similar way. Therefore the
statistical behavior of orbits can be nicely characterize by physical measure in the sense that
for a large (positive volume) set of points the time average of a physical observable of the

system can be determined by space average.

While studying the persistence of the statistical properties of a dynamical system, Alves
and Viana [5] proposed the notion of statistical stability which expresses the continuous
variation of the physical measure, in the weak*-topology, as a function of dynamical system.
Let G be a family of maps defined on a manifold M corresponding a unique physical measure,

the map f € G is said to be statistically stable if
§— Ug

is continuous at f in the weak*-topology, where L, is the physical measure corresponding to
the map g. This kind of stability essentially states that the small perturbations of the system
does not cause much effect on the evaluation of continuous maps along the orbits. Strong

statistical stability refers as the continuous variation of the densities (if they exist) of the



physical measures in the L!-norm as a function of the dynamical system. There are certain
situations which assure the existence of the densities of physical measure. For example if a
map f admits physical measure p as an SRB measure then the well-known Radon-Nikodym

Theorem guarantees the existence of density function for the map f.

Lorenz [20] formulated an algebraic simple model of differential equation in R3 as a
finite dimensional approximation of the evolution equation of atmospheric dynamics. He
also showed numerically that it is highly dependent on initial conditions near an attractor.
It was then a question of great interest to rigorously prove this experimental demonstration.
By getting motivated through this problem, Guckenheimer and Williams [18] tried to write
down the abstract properties of that attractor and produced a prototype so called geometric
Lorenz attractor which we introduced in the next paragraph. This was the first example
of a robust attractor with a hyperbolic singularity. It is given as 14th problem of Smale
[26] that if the dynamics of the Lorenz system is same as that of the geometric model.
Morales-Pacifico-Pujals [22] significantly moved in this direction by introducing the notion
of singular hyperbolicity, i.e., a partially hyperbolic set with volume expanding or contracting
central bundle and all of its singularities are hyperbolic. They also accomplished the fact
that a robust attractor of a flow in R3 having a singularity is singular hyperbolic and has the
properties of geometric Lorenz attractor. Then it was just remained to prove that the Lorenz
system in fact corresponds to a sensitive robustly transitive non-hyperbolic attractor having a
singularity. Later on Tucker [29] take on this problem during his PhD thesis and he produced

a proof of it by using computer applications.

The geometric Lorenz attractor is a transitive maximal invariant set for a flow in R3 given
by a vector field having a singularity at the origin 0 and the derivative of that vector field at

singularity has real eigenvalues satisfying

0<—l3 <ll < —12.

The vector field has a cross-section X intersecting the (two-dimensional) stable manifold of
the hyperbolic singularity along a curve I'. The Poincaré return map P: X\ 1" — X admits

a stable smooth foliation F on X into curves, having I" as a leaf, which are invariant and
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uniformly contracted by the forward iterates of the map P. The quotient space of the Poincaré
section with stable leaves is diffeomorphic to the interval 7 = [-1,1] and P induces a map on
I which is uniformly expanding and having a singularity at O with derivative tends to infinity

as one approaching to I'.

Contracting Lorenz attractor, introduce by Rovella [23], is the maximal invariant set of
a geometric flow whose construction is same as the geometric Lorenz attractor. The only
difference is that the eigenvalue relation for the vector field, corresponds the contracting

Lorenz attractor, is given as

0<7L1 <—ﬂ,3 < —/Iz.

This attractor is robust in the measure theoretic sense, i.e., there exists a one parameter family
of positive Lebesgue measure vector fields, C3-close to the original one, having a strange
attractor [23]. Similarly as in the case of geometric Lorenz attractor, the initial vector field
has a global cross-section X and the one dimensional foliation is contracted by the first return
map Fy defined on the space X \I". Therefore Py induces a map fj on the interval I which
has a singularity at the origin and two critical values, unlike the map induced though the
geometric Lorenz attractor. The reason that map fj has critical point is that the eigenvalues
satisfy A; + A3 <0. In fact that one parameter family of vector fields induces a one parameter
family { f,}4s0 of interval maps, which we refer as contracting Lorenz-like family, such that
each map in the contracting Lorenz-like family carries a singularity at 0 and two critical

values.

In 1980’s and early 1990’s Benedicks and Carleson [8, 9] studied the dynamics near the
well known Hénon attractor. In tuned out that first they need to understand some features
of the dynamics of so called one parameter family of the quadratic maps f, = 1 —ax? where
parameter a € [0,2]. They developed a technique to construct inductively a set of parameters,
refer as Benedicks-Carleson set of parameters for quadratic family, with positive Lebesgue
measure and having full density at point 2 such that the derivatives of corresponding maps

along critical orbits increase exponentially and the critical orbits have slow recurrence to the



critical point. Immediately after that, in 1992, Benedicks and Young [10] proved that each of

the Benedicks and Carleson quadratic map admits a unique SRB measure.

By referring to the techniques of Benedicks and Carleson, Rovella in [23] also showed that
for the contracting Lorenz-like family there exists a set of parameters with positive Lebesgue
measure and having full density at O such that the derivatives of corresponding maps along
critical orbits increase exponentially and those orbits have slow recurrence to the critical
point. We denote that set of Rovella parameters by R and refer the maps associated with R as
Rovella maps. Afterwards, Metzger [21], proved that each Rovella map admits an ergodic
absolutely continuous invariant probability measure. However to prove the uniqueness of the
SRB measure, he considered a slightly smaller class of parameters, inside the set of Rovella

parameters, having full density at O and the associated maps admit a strong mixing property.

Based on the work given in [5], Alves [1] provided sufficient conditions for the strong
statistical stability of the non-uniformly expanding maps. Those conditions have to deal
with the volume decay of the set of points that deny either a non-uniformly expanding
requirement or a slow recurrence, up to a given time. It was proved by Freitas [14—16], that
the Benedicks-Carleson quadratic maps are non-uniformly expanding, have slow recurrence
to the critical set, and the volume of their tail sets decays exponentially fast. As a consequence
he obtained the strong statistical stability for those maps by restricting himself on the set
of Benedicks-Carleson parameters. Later on, Alves and Soufi [3, 27] deduce that in fact
all the maps in the Rovella family admit a unique SRB measure. They used the techniques

developed by Freitas to conclude the strong statistical stability of Rovella maps in the set R.

On the other hand, in the beginning of this century, Thunberg [28] showed that in the
neighbourhood of every Benedicks-Carleson parameter there are parameters whose associated
maps have super-attractors: periodic orbits containing critical point. Then he proved that on
a larger class, containing Benedicks-Carleson parameters and parameters associated to maps
having super-attractors, the mapping a — U, is severely discontinuous in the weak*-topology
at every Benedicks-Carleson parameter and hence Benedicks-Carleson maps are statistically

unstable in a larger class.
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Inspired by the work of Thunberg, first in this work we prove a result to discover some
super-stable parameters for the contracting Lorenz-like family. We refer a map in the
contracting Lorenz family as critically-stable if it admits a super-attractor and call the
parameters linked with that map as super-stable parameters (see Definition 5.1.1 for precise
definitions in our setting). Moreover we also obtain some parameters corresponding to maps
whose critical orbits are pre-periodic to the points in the repelling periodic orbits. In the
contracting Lorenz-like family, this type of map refers as post-critically finite map and the
associated parameter as post-critically finite parameter. The above mentioned result is given
as Lemma 5.1.2 and it is, indeed, a key product in our work since it guarantees the existence
of critically-stable maps which admit physical measures supported on the super-attractors.
Therefore those maps are distinct from the Rovella maps and it enables us to study the
statistical stability of the Rovella maps on a larger class of maps consists of Rovella maps
and the critically-stable maps associated to super-stable parameters. In order to present
that lemma, we needed the precise demonstrations of the notions which occur in the basic
construction of the set of Rovella parameters R. Moreover the proof of that lemma is also
supported by some facts related to that basic construction. That is why, first we settled
ourselves to unveil the complete details of the construction of set R to precisely introduce
those notions and to workout the corresponding results. As referred by Rovella in [23], to
construct the set R we followed the approach of Benedicks and Carleson given in [8, 9] for

quadratic family. The precise and detailed construction of the set R is framed in chapter 4.

We denote by £ the extended set of parameters consists of Rovella and super-stable
parameters. Then the map f;, corresponding to each parameter a € £ admits a unique physical
measure which we denote by p,. For a critical value ¢ = +1 of a map f, in the contracting
Lorenz-like family, we denote u/’(c) := %Z% Ok () and if Jim u(c) exists in the weak*-
topology we call the limit as critical measurc; for f, and denote it by u,(c). One of our main
result states that if the critical measure for a Rovella map exists then there exists a sequence of
super-stable parameters such that the corresponding sequence of physical measures converges
to the critical measure in the weak*-topology. The following is the precise statement of that

result which is proved as Theorem 5.2.3.



Theorem A. For every a € R, there exits a sequence of super-stable parameters {a; };2, such

that if the critical measure u,(c) for the map f, exits, then

Ha, " pa(e), k> 0.
The above result is obtained by using Lemma 5.1.2.
Finally as one of the main objective of this work we manage to study the statistical
stability of Rovella maps on the extended set of parameters £ and we conclude that Rovella
maps are not statistically stable in the set £.

Our main result Theorem 5.3.2 states as follows:
Theorem B. The map £ 5> a — L, is not continuous in the weak*-topology at any point in R.

One of the important result, which is used in the proof of the above theorem, simply
states that any Rovella map is accumulated by post-critically finite Rovella maps. This result
also obtained using Lemma 5.1.2 mentioned before. Then the proof of the above result
is accomplished by showing that for every Rovella parameter a there exists a sequence of
super-stable parameters converging to parameter a but the sequence of physical measures of
the corresponding critically-stable maps is not converging to the SRB measure of the Rovella

map f, in the weak*-topology.






Chapter 2

Geometric and Contracting Lorenz

Attractors

In this chapter we shall first present the Lorenz system of equations which is an example of a
system having chaotic behavior near an attractor. Then we describe in detail the geometric
model of flow associated to Lorenz system which illustrates the dynamics of that system.
Afterwards, we explain the dynamics of, so called, the contracting Lorenz attractor which
was introduced by Rovella for a flow in R3. The geometric model of Lorenz flow admits
a robust attractor, which is known as geometric Lorenz attractor, whereas the contracting
Lorenz attractor is not robust but it is persistent in measure.

Let M be a manifold and X be a smooth vector field on M and X’ denotes the flow of

diffeomorphisms generated by X.

Definition 2.0.1. An attractor for the smooth flow X’ is a transitive (contains a dense orbit)
set A c M, invariant under the flow, such that it has an open neighbourhood U with X*(U) c U

for all # >0 and

A=X"(U).

>0

The basin of attraction of A is defined as

B(A) ={x: lim dist(X"(x),A) =0}.
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We say that A is robust if for any smooth vector field Y in a neighbourhood of X, NY*(U) is
t>0

also an attractor.

2.1 Lorenz Flow

In the early 1960’s, Lorenz [20] studied numerically the vector field X given in the form of

differential equations

X= a(y_x)7
)} = bx—y—xz,

Z=Xy-cx,

for the parametric values a = 10, b = 28 and ¢ = 8/3. Through experimental computations, he
observed that the flow has sensitivity to the initial conditions, i.e., even a small initial error
can lead to enormous differences in the outcome. It was then a question of great interest
to rigorously prove this experimental demonstration. Later on Tucker [29], by the help of
computer, showed that the original Lorenz system corresponds to a sensitive, non-hyperbolic
and robustly transitive attractor having a singularity. Since the attractor is transitive so we
may plot its trajectory starting form any point in the basin of attraction and it can be seen
the picture of chaotic attractor which resembles a butterfly. An attractor formed by a chaotic

system 1is also called strange attractor. The following properties are well known for the

vector field X:

1. X has a singularity at the origin with eigenvalues

0<2.6~A3<A; ~»11.83<-4,~22.83;

2. It has a trapping region, i.e., there is an open set U with X’(U) c U, for ¢ > 0, such that
A =Nr=0X"(U), the maximal invariant set, is an attractor and the origin is the unique

singularity contained in U;
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3. The divergence of X is negative

dx dy 9z
diVX:d—i+d—§+d—§:—(1+a+c)<O.

Thus X is strongly dissipative and consequently it contracts volume: for initial volume
Vo, from Liouville’s formula, the volume at time t is given by V (¢) = Voe~(1+a+<)t_ In

particular A has zero volume.

The trajectory of a generic point in U starts spiraling around one of the singularities and
suddenly jumps to other one and starts spiraling around it. This mechanism continues and
the Lorenz attractor appears to be a sketch of butterfly, as shown in Figure 2.1. It rotates

randomly around each singularity.

Fig. 2.1 Lorenz Attractor



12 Geometric and Contracting Lorenz Attractors

2.2 Geometric Lorenz attractor

In the late 1970’s, Guckenheimer and Williams [18] introduced the geometric description of a
flow having similar dynamical behavior as that of Lorenz system, known as geometric Lorenz
flow. This geometric model posses a trapping region containing a transitive attractor which
has a singularity accumulated by the regular orbits preventing the attractor to be hyperbolic.
In fact, if there is a hyperbolic invariant splitting of the tangent space then the continuity of
splitting and the transitivity of attractor affirm that the dimensions of subspaces are equal.
However the central direction of the singularity is zero dimensional since the vector field
vanishes at singularity, consequently the dimension of either stable or unstable direction
at singularity must be different from the dimension of transitive regular orbit inside of the

attractor.

The construction of the geometric model is as follows: The vector field X has a singularity
at (0,0,0) and it is linear in a neighbourhood containing the cube {(x,y,z) :|x[ < 1,|y| < 1,|z] <
1}. The derivative of X at singularity admits three real eigenvalues A;, A, and A3 satisfying
0<-A3 <A < -A,. We denote by X the roof {|x| < 1,|y|< 1,z=1} of the cube, intersecting
the (2-dimensional) stable manifold of singularity along a curve I" which divides X into two

regions £+ = {(x,y,1) €eX:x>0} and £~ = {(x,y,1) e £:x < 0}; see Figure 2.2 below.

Fig. 2.2 Cross Section
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The return map is given by

P:X* — {(x1,y,2):y,ze R}

(x7y7 1) — (sgn(x),y|x|’, |X|S)7

where r = _1—/112 and s = _1—113 The images of X* under P are the triangles §* except ver-

tices (+1,0,0), and the line segments {x = constant} NX are mapped to the segments

{z=constant} n S*. The time 7 needed to go from X* to S* is given by

1
T(x7y7 1) = _k_llog |x|

We assume that the flow smoothly carries the triangles back to ¥ as in Figure 2.3.

Fig. 2.3 The Return Map

The triangles stretched in the direction along x-axis and compressed in the other transver-
sal direction. The dynamics in linearized region will dominate all estimates of contraction

and expansion. To complete the geometric model, it is assumed that the flow from S* reaches

Y in finite time 7. Hence the return time from X to itself is

1
T(x,y,1) = —A—Ilog x|+ 7.
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Then we assume that the line segments {z = constant } N S* are mapped by the return map
to the segments contained in {x = constant} nX. Consequently we obtain the following

expression for Poincaré return map

P(x,y) = (f(x),8(x,y)),

for some maps f:Ip~ {0} = Ip and g: Ip~ {0} xIp > I, with Ip = [-1, 3]. The one dimensional

map f is shown in the Figure 2.4 and has the following properties:
(1) fis discontinuous at x =0, xlirél+ f(x)=-1/2 and xlir(l)l_ flx)=1/2;
(2) f is differentiable on Ip~ {0} and f'(x) > /2 for all x € o\ {0};
3) xlir(gf’(x) lei%l_f'(x) = +oo.

The map g satisfies |g—‘§| <K< %, which implies that the foliation given by the segment
Y. n{x = constant} contracting uniformly, i.e., there exists a constant C > 0 such that for any

leaf y of the foliation and p, g € ¥, and for large enough n € N, we have
dist(P"(p), P"()) < Ck"dist(p,q).

The orbits of points in ¥ will return back to itself by following first the linear vector field
until the triangles S* and then X. The pair (U;cgr X*(X),X") denotes the geometric flow.

In order to obtain some important results, it is quite useful to reduce the study of flow
to the study of 2-dimensional Poincaré map P, which further can be reduce to work on the
one dimensional map f obtained through assigning to each point x € X the leaf containing
it (since the orbits of any two points on a leaf lie in the same leaves and distance of their
images tends to zero under the iterations). The map f is called to be the Lorenz map which
can have continuous extension at 0, it can be assigned two values to f at O such that it is
continuous on the intervals [-3,0] and [0,1]. Accordingly, one can consider P as a 2-valued
map with the domain of definition as ¥. The map P is continuous when we restrict it on the

closure of connected components of ¥ \I" and it maps the curve I' down to a point. We set
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Fig. 2.4 Lorenz One-dimensional Map

Ap =0 P"(X) and the geometric Lorenz attractor A is given by the union of orbits of the

points in Ap by the flow of X.

2.2.1 Robustness

One of the important fact about the geometric Lorenz attractor is robustness, i.e., the vector
fields C!-close to the one constructed above also admit strange attractors. There exists an open
set U c R3, containing the geometric Lorenz attractor, and an open neighbourhood ¢ of X in
C! topology such that for any vector field Y €/ the maximal invariant set Ay = ;50 Y’ (U)

is transitive and Y-invariant. This fact follows from the persistence of invariant contracting
foliation on the cross section X.
Theorem 2.2.1. [7, Theorem 3.10] Suppose X is a geometric Lorenz flow with an invariant

contracting stable foliation Fx on the cross section X. Every vector field Y which is C!

sufficiently close to X has an invariant contracting stable foliation Fy on the cross section X.

Note that X has a hyperbolic singularity and the cross section X is transversal to any flow

C!-close to X. Therefore it persists and the eigenvalues satisfying same relations for every
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Y €. Indeed, through C! change of coordinates the singularity of any Y c I/ stands on the
origin and the derivative of Y at origin has eigenvectors in the direction of coordinate axis
as before, whereas the stable manifold of singularity lies on the plane x = 0. Consequently
Y has a Poincaré return map of the form Py = Jy o P/, where Jy is C!-close to identity and
P’ has same properties as P. Then fy can be define as the one-dimensional quotient map
corresponding to Py over the leaves of foliations Fy. Since r—s > 1 and foliation is continuous
with C! leaves, therefore fy is C'-close to f. Thus there esists cg € [—%, %] which plays the

same role for fy as O for f and hence fy holds the same properties as that of f.

2.3 Contracting Lorenz Attractor

By considering a vector field almost identical to that used by Guckenheimer and Williams
[18], Rovella [23] introduced a bit different kind of attractor A named as contracting Lorenz
attractor which is not persistent. He showed that in a neighbourhood U/ of the initial vector
field there is an open and dense subset for which the attractor breaks up into one or at most
two attracting periodic orbits, a hyperbolic set, the singularity and wandering trajectories

linking these objects. On the other hand the attractor A admits a local basin U.

The corresponding flow of this attractor has similar construction as that of geometric one

with the initial vector field X, in R3 which has the following properties:

1. X has a singularity at the origin and its derivative at singularity has three real eigenval-

ues Aj, A, and A3 satisfying:

(1) 0<A <-A3< -2y,
(i) r>s+3, where r = _/1—7:2 and s = _/1—7:3;
2. There exists an open set U € R3 which is positively invariant by the flow and it contains
the cube {(x,y,z) : x| < 1,]y| < 1,]z| < 1}. The top of cube X has a foliation by the stable
line segments {x = constant } "X which are invariant by the Poincaré return map F.

As in the case of geometric Lorenz flow, the invariance of stable foliation on Poincaré
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section gives rise to a one dimensional map fy: 7~ {0} — I such that

fOOﬂ:n’OPOa

where I denotes the interval [-1, 1] and it is obtained by the mean of canonical projec-

tion 7 which assigns to every point in / the leaf in ¥ containing that point;

3. There is a sufficiently small p > 0 such that the contraction along the invariant foliation

of the lines x = constant in U is stronger than p.

| B
| .
I'._ -
L #
N
..- :l " .
-"'\-\.\. ; x ..
> .“x; i
P
; ; |
e
?:::.Ir..""\'\.l.l.l i
o 1 I .'\::l‘.. II. "\l.\.‘ .-l-.l

Fig. 2.5 Contracting Lorenz Attractor

The main idea adopted by Rovella was to replace the expanding condition A + A3 > 0 of
the geometric flow by the contracting condition A; + A3 < 0.

The map fj holds the following properties:

!/
X
(1) f§(x) >0 for x #0, and the order of the derivative of fy at 0is s—1>0, i.e., lina ﬁ%
x—>0 (X]*
is finite and not equal to zero;

(2) fohas adiscontinuity at 0, fo(0*) =1, fo(07) = I, max,q f§(x) = f(1), max,<o f;(x) =
Jo(=1);
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(3) The points +1 pre-periodic repelling, i.e., there exit integers k*,k~,n*,n~ such that
fi =g M), O )>1

D =D U ED) > L

For the purpose of simplicity Rovella supposed that the points +1 are fixed by f; which

is given as property V.4 in [23].

(4) fo has negative Schwarzian derivative, i.e., there is y <0 such that on 7~ {0}

s = (%) -3 (%) <x

The map fy can be seen in the Figure 2.6.

-1 (2] 1

Fig. 2.6 Graph of the map fy

2.3.1 Robustness

Unlike the geometric Lorenz attractor, the contracting one A = ﬂXé(U ) is not robust.
>0

Whereas Rovella proved its robustness in a measure theoretical sense by proving the existence



2.3 Contracting Lorenz Attractor 19

of a one parameter family of vector fields C3-close to X;, with positive Lebesgue measure,

such that each vector field in that family has transitive non-hyperbolic attractor.

Theorem 2.3.1. [23, Theorem] There exists a C* vector field X, in R3 having an attractor

A containing a singularity, and satisfying the following properties:

(a) There exist a local basin U of A, a neighbourhood U of Xy, and an open and dense
subset Uy of U such that for all X eUy, Ax = NX"(U) consists of the union of one or at

>0
most two attracting periodic orbits, a hyperbolic set of topological dimension one, a

singularity, and wandering orbits linking them.
(b) A is 2-dimensionally almost persistent in the C3 topology.
The term 2-dimensionally almost persistence means that A has a local basin U such that X

is a 2-dimensional full density point of the set of vector fields {¥ : Ay = N Y*(U) is an attractor }.
20






Chapter 3

One-dimensional Maps Associated to the

Contracting Lorenz Attractors

This chapter is devoted to briefly describe the properties and to state some of the interesting
results for the one dimensional maps which comes from the geometric model of contracting

Lorenz attractor.

3.1 Perturbations of the Initial Vector Field

There are some properties of the initial vector field Xy which are valid for the C3 perturbations.
Consider a small neighbourhood U of X such that each X €{ has a singularity near origin with
eigenvalues A;(X),A2(X),A3(X) satisfying —A>(X) > -A3(X) > A;(X) >0 and ry > sx +3,

ry = —%gg and sy = —%. Moreover, the trajectories contained in the stable manifold still

intersect X. The sets ¢/ and U can be taken small enough so that U is positively invariant by
the flow of every X €. The existence of C? stable 1-dimensional foliations in U and their

continuous variation with X was proved by Rovella [23].

For each X € U, we may take a square Xy close to X formed by line segments of the
foliations so that the first return map Py to Xx has an invariant foliation and we can choose

the coordinates (x,y) in Xx so that the segment x = 0 corresponds to the stable manifold of

21
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singularity and

Px(X,y) = (fX(x)7gX(x7y))'

The map fy is of class C3 everywhere but at x = 0 where it has a discontinuity.

In order to prove his main result, Rovella considered a one parameter family {X, e/ :
a >0} of vector fields and the corresponding family {f,: I~ {0} - 1:a >0} of C3 one
dimensional maps which we will refer as contracting Lorenz-like family in the sequel. The

maps in that family have the following properties:
(A0) fo(1)=1and fo(-1)=-1;

(A1) fo(0%)=—1and f,(07) = 1;

(A2) >0, f'l[-1,0) <0 and f/|(0,1] > 0;

(A3) there exist K1,K> >0 and s > 1 (independent of @) such that for all x e I~ {0}

Kolet*™" < fa(x) < Kila ™

(A4) f, has negative Schwarzian derivative: there is )y <0 such that for all xe 7~ {0}

1/

i\’ 2
s = () -3 (%) <1

(A5) f, depend continuously on a in the C3 topology;

(A6) the functions a — f,(+1) have derivative 1 at a = 0.

It follows from (A0)-(A3) that fj(+1) > 2.

3.2 Rovella Maps

Rovella [23] also introduced a set of parameters R, known as set of Rovella parameters,
extracted from the contracting Lorenz-like family. The choice of those parameters was made

according to some exclusion procedure. He mentioned there that the construction of set R
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-1 %] 1

Fig. 3.1 Rovella Map

is based on the method of Benedicks and Carleson [8, 9] to obtain a set of parameters for
quadratic family.

Rovella worked out that the maps associated with the set R admit stronger properties like
Benedicks and Carleson quadratic maps and one of those properties forces the critical orbits

to stay away from the critical point, which is given as:
(R1) There is a sufficiently small ¢ > 0 such that for every a € R

/(x| 2e7 ", foralln>0.

Following is one of the main results, given in [23], which describes the exponential growth
of derivatives along the critical orbits for the Rovella family of maps and it also states that
the critical orbits are dense in I for almost every Rovella parameter. Moreover this result

provides a full density point of the set of Rovella parameters R.
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Theorem 3.2.1. [23, Theorem 2] The Rovella maps have the following properties:

(R2) For every a € R, the points +1 have positive Lyapunov exponent, i.e., there is A > 1 such

that

(fM'(x1)> A", foralln>0.

(R3) The orbits of the points I and -1 under f, are dense in I, for almost every a € R.
(R4) The parameter 0 is a full density point for R, i.e.,

i (0@ k)
a—0 ml([O,a))

Y

where my denotes the Lebesgue measure on the real line R.

We will see the detailed arguments to construct the set R in the next chapter.

3.3 SRB Measures for Rovella Maps

Here we consider discrete time system given by a map f defined on the interval /. Recall that

a measure U on / is called:
e An invariant measure for f if for every measurable set A c I, u(f~1(A)) = u(A);

* An ergodic measure for f if for every measurable set A c I with f~1(A) = A, either

1(A)=0or u(A)=1.

And if v is another measure on / such that (A) = 0 for any measurable set A c I with
v(A) =0, then u is called absolutely continuous with respect to V.

The physical measure associated to the map f is defined as follows.

Definition 3.3.1. An f-invariant measure U is called a physical measure for f if the basin of

U, i.e., the set of points x € I such that

n

1=
lim —Z(p(ff(x)):/(pdu, for any continuous map ¢ : I - R,
j=0

n—>+oo pn =
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has a positive Lebesgue measure.
The following are two important examples of physical measures:

1. From Birkhoff’s Ergodic Theorem it follows that any ergodic invariant probability
measure which is absolutely continuous with respect to Lebesgue measure is a physical

measure. We shall refer to this special type of measure as an SRB measure.

2. If amap f has an attracting periodic orbit {xg,x;,--,x¢_1 } of period k, then the measure
1
U= %(5,50 + 68, +--+08,_,) given by the convex sum of the delta Dirac measures

supported on the points in the periodic orbit is a physical measure for f.

As in the case of Benedicks and Carleson [8] maps in the quadratic family, Rovella maps also
grow exponentially along the critical orbits. It was therefore a natural question to address
the existence of ergodic absolutely continuous invariant probability (SRB) measures for the
Rovella maps, as Benedicks and Young [10] studied in the case of Benedicks and Carleson
quadratic maps.

In the beginning of this century Metzger [21] positively answered that question by proving
the existence of SRB measures associated with Rovella maps. For that purpose he used the
properties (A3), (RI) and (R2). However to prove the uniqueness of the SRB measure he
considered a smaller class of maps for which properties (R/) and (R2) imply the following

strong mixing condition:

(M) For any interval J c [ there exists a number n =n(J) >0 such that [ f,(0"), f,(07)] c
fa(J).

The following lemma states that the set R can be chosen such that the corresponding maps

also satisfy condition (M).

Lemma 3.3.2. /2], Lemma A] Let the parameter a be in a small enough neighbourhood
of the full density point 0 of the set of Rovella parameters R. If the corresponding map f,
satisfies (R1) and (R2) then it satisfies (M).

Metzger mainly followed the techniques given by Viana in [30]. His fundamental strategy

was to reduce the non-uniform hyperbolicity of the dynamics of Rovella maps to that of



26 One-dimensional Maps Associated to the Contracting Lorenz Attractors

piecewise uniformly expanding maps. For that purpose he used the definition of tower
extension given in [30] to transform the Rovella family to a family of uniformly expanding
maps. Note that the Rovella maps are not continuous having two critical values which makes
this case quite different than the one considered in [30]. In order to sort out this complication
Metzger tried to define the tower to keep track of both the critical orbits which end up with a

tower extension with two blocks (cf. [21]).

Following is one of the main results by Metzger given in that article.

Theorem 3.3.3. /21, Theorem A] Under the conditions (A3), (R1), (R2), and (M) f, admits

an absolutely continuous invariant measure. This measure is unique and ergodic.

3.4 Statistical Stability for Rovella Maps

During the early period of this century, Alves and Viana [5] were studying the statistical
properties of some dynamical systems and they purposed the notion of statistical stability.
This particular type of stability studies the continuous variation of physical measures as a

function of dynamical system. The precise definitions are as follows:

Definition 3.4.1. Let G| be a family of maps defined on / corresponding unique physical

measures. We say that f € Gy is statistically stable if the function

g»—)l,Lg

is continuous at f in the weak* topology, where [l, is the physical measure corresponding to

map g.

Definition 3.4.2. Let G, be a family of maps defined on / corresponding unique physical mea-
sures and those measures admit density functions. We say that f € G, is strongly statistically

stable if the function

gn—)hg,
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is continuous at f in L'-norm, where h, is density function for the physical measure p,

corresponding to map g.

There are certain situations which assure the existence of densities of physical measures,
e.g.,if amap f admits physical measure pt as an SRB measure, i.e., l is absolutely continuous
with respect to Lebesgue measure, then the well known Radon-Nikodym Theorem guarantees
the existence of density function for .

Keller [19] obtained the strong stability results for the piecewise expanding maps by
proving the convergence of the densities of SRB measures in L!-norm. Alves [1] presented
sufficient conditions for the strong statistical stability for non-uniformly expanding maps.

These conditions involve the volume decay of the tail set.

Definition 3.4.3. The map f is said to be non-uniformly expanding if there exists a constant

¢ such that for Lebesgue almost every x € /
liminf - nill (f'(f'(x))) >
minr — (0] X C.
n—-+oo n 20 g

Definition 3.4.4. The map f has slow recurrence to the critical set if for every € >0 there

exists a 0 > 0 such that for Lebesgue almost every x € [

n—1

limsupl Y —logds((f(x),0) <&,

n—+oo N ;7

where dj is the delta truncated distance given as

e=yl, |x-y <9,
d5(x7y) =
1, lx—y|>38.

The expansion time function is given by

n—1

H(x) = min{N >1: % Z(:)log(f'(fi(x))) >e,Vn zN},

which is defined and finite almost everywhere in I provided f is non-uniformly expanding.

By fixing € > 0 and choosing a convenient 8 > 0, the recurrence time function is given by the



28 One-dimensional Maps Associated to the Contracting Lorenz Attractors

expression

n-1
R(x) :min{Nz 1: % Y —logds((f(x),0) SS,VnzN},
i=0

which is defined and finite almost everywhere in I provided f has slow recurrence to the
critical set. Then the ail set at time n is the set of points that resist satisfying either a

non-uniformly expanding condition or uniform slow recurrence at time n:
T"={xel:H(x)>nor R(x)>n}.

Freitas [14] proved that the Benedicks-Carleson quadratic maps are non-uniformly expanding.
Moreover, he showed that those maps have slow recurrence to the critical set and the
tail set loses volume exponentially fast. Therefore, applying the conditions given in [1],
Freitas concluded that Benedicks-Carleson quadratic maps are strongly statistically stable by
restricting himself on Benedicks-Carleson maps.

Recently, Alves and Soufi [3] studied the statistical stability for the Rovella maps. By
following the techniques developed by Freitas [14], they established that the Rovella maps
are non-uniformly expanding, have slow recurrence to the critical point and their tail set

decay exponentially fast. Following is the main result given in [3].

Theorem 3.4.5. [3, Theorem A] Each f,, with a € R, is non-uniformly expanding and has
slow recurrence to the critical set. Moreover, there are C >0 and T > 0 such that for all a € R

andneN,
[T < Ce™ ™.

By making use of [2, Lemma 5.6], Alves and Soufi established the uniqueness of SRB
measure for Rovella maps which is presented in their article as a corollary of the above

theorem.

Corollary 3.4.6. [3, Corollary B] For all a<R, f, has a unique ergodic absolutely continuous

invariant probability measure L.
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In the same article they also concluded the strong statistical stability of Rovella maps as a

corollary of their main theorem.

d
Corollary 3.4.7. [3, Corollary C] Let % denotes the density of the measure |,. Then the
m
function

du,

R>a~
dm

is continuos, if the L'-norm is considered in the space of densities, and the entropy of I,
P Py

varies continuously with a € R.






Chapter 4

Construction of the Set of Rovella

Parameters

In this chapter we consider the one parameter family {f,: 7/~ {0} - I:a >0} of maps, which
was introduced by Rovella [23], arises through contracting Lorenz attractor and we refer this
as contracting Lorenz-like family. For this family, Rovella briefly formed a set of parameters
R, so called set of Rovella parameters, such that the derivatives of corresponding maps along
the critical orbits increase exponentially and critical orbits have slow recurrence to the critical
point. He indicated there that the idea of construction of the set R goes back to the work of
Benedicks and Carleson in [8, 9]. In this chapter our aim is to construct that set in a more

detailed and precise way.

Following the techniques of Benedicks and Carleson, we will construct through induction
a nested sequence of sets of parameters {R,},n such that the derivative of each map
associated with the set R, has exponential growth along the critical orbits up to time n, 1.e.,

there exists some A > 1 such that for every a € R,

D*(a):=(f)'(F1)2AJ  for j=1,...,n. (EG,)

31
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In addition, those parameters will satisfy so called basic assumption: for some a > 0 suffi-

ciently small
&5 (a)|2e™* forj=1,...,n, (BAn)

where for any subset P of the set of parameters corresponding to the contracting Lorenz-like

family the mappings & : P — I are defined as
Ef(a) = f1(+1) forallk>1.

Note that it is useful to impose (BA,) to keep &3 (a) away from the critical point which

guarantees that D (a) do not vanish for a parameter a satisfying (EG,,_1). By setting

R= ﬂRn,

n=1

we obtain the set of Rovella parameters.

We will first try to find a parameter ag > 0 such that for a sufficiently large integer Ny,
the conditions (BAy,-1) and (EGy,-1) are satisfied by f, for every a € [0,a0]. Afterwards
by setting R; = [0,a¢] fori=1,...,N; — 1, we assume that R, satisfies (BA,_;) for n > Nj.
Then we exclude some parameters from R,,_; in order to obtain R, such that every a € R,

satisfies (BA,,) and (EG,) and we inductively construct the sequence {R, }N.

The parameter exclusion will be made in the following way: the sequences {¥;})., and
{p}Yy v =v(n), can be associated to each a € R,_; with yp=1, pp=-l and I <y +p;+1<

Yiv1 <nfori=0,...,v-1. By setting

gi=Ys1—-(Yi+pi+1) fori=0,...,v-1,
and

0 if 1<+ py
qv = ]
n—(w+py+1) ifn>y+py.
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For some By >0, ¢ >0 and A > 1, we will have

() G (@) 2 AT @0
(fd) (&5 pr (@) 2 2] fori=0,...,v—1 (4.0.2)
(7Y (Ep(a)) 21 fori=0,...,v-1 (4.0.3)
(fé‘)’(g;Jrl(a))zBi])Lk fork=1,...,p;, and fori=0,...,v. (4.0.4)

Using chain rule, for 1> 1 + py
Di(a) = [T (&g ) ('Y ().
and for 1< ¥, + py
D (a) :f;(&v*(a))(f:ﬂ'(é;m<a>>jjS(f;y(e:;pﬁl(a»-(faf”y(a;(a)).

Then, defining H,,(a) = qo+...+qy, using inequalities (4.0.1)-(4.0.4) and property (A3), we

get
DE(a)>eA™ ™ ifn> g+ py, (4.0.5)
and
DE(a) > g—?yg;—; (@) AP i<y, (4.0.6)
We exclude parameters a € R,,_; such that | (a)| < e=*" or they do not satisfy
Hy(a) > (1-a)n, (Hp)
to obtain the set R,,. Since each a € R, also satisfies (BA,), from (4.0.5) and (4.0.6), we have

DE(a) > A A2 i ns p+py, (4.0.7)
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and

K —on .
D;;(a) > B—?e_(s_l)“”/’t(”_yv_pv)ckél O ifp< Y + Dy

5 &C)uo—ﬁ(s—l)omlél_a)n

B,
[l—(2a+ﬁ(s—l)oc)]n

_ g—f%‘x"' K , 4.0.8)
We may choose N sufficiently large so that the first factors in both the inequalities (4.0.7) and
(4.0.8) are greater than 1. Also o can be chosen small enough so that 2o + IH]W(S -Do<l,
then by setting ¢’ =1 - (2a + ﬁ(s -1)o) and A = /lgl(> 1), we conclude that D (a) > A",
i.e., every a € R, also satisfies (EG,,). Let us fix a sufficiently small a > 0 such that as <InA.
This will be useful in order to establish some important results in the sequel.

The key idea is to split the orbit of a parameter a, {{*(a), k> 1}, into pieces cor-
responding to the times: returns y;, bound periods {y+1,...,% + pi}, and free periods
{7i+pi+1,...,%+1 — 1} before the next returns 7, . The returns corresponding to a parameter
are the times when the orbit of that parameter visits a small neighbourhood of 0, the bound
periods consist of times when orbit, after visiting that small neighbourhood, shadows an
initial segment of one of the critical orbits closely, and the period of times when orbit stays
outside that small neighbourhood as well as it is not in some bound period refer as the free

periods. We shall precisely define all these notions later in this chapter.

4.1 The Initial Interval

In this section our goal is to acquire the initial interval of parameters in order to make the
induction. First we remark that from now onwards by @ we refer an interval contained in the
set of parameters corresponding to contracting Lorenz-like family. The following lemma by

Alves and Soufi provides very useful properties for the dynamics of the maps fj.

Lemma 4.1.1. /3, Lemma 2.1] There is A. > 1 and a sufficiently large integer A, such that:

for any A> A, there are aj; >0 and c >0, depending on A, such that given any x € I and

ac0,a(],
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(1) 15 falx), o S () € (7,78, then (f2)/(x) 2 A2
(2) 175, fa()s o f371(6) £ (e,072) and f(x) € (~e,e72), then (f2)/(x) 2 22
(3) 15 ), S () € (7,78 and f3(x) € (71,71, then (/2 (x) 2 2 A2

The following result is based on the fact that the maps §* are differentiable as long as
they stay away from 0, and states that under strong growth of the derivatives of f, at the

critical values +1 the parameter and the space derivatives are comparable.

Proposition 4.1.2. Given A > 1 and 1 > 2, there is an integer N* > 2 and A* > 0 such that if

a parameter a > 0 and n > N* satisfy both
(1) Dj*(a) >nJ for 1< j<N*, and
(2) D%(a) >Ad, for1<j<n-1,

then

|(§n) (a)
<) <

Proof. We consider the case of the critical value —1, the case of +1 is similar. Setting

f(a,x) = fo(x) and using the chain rule for k > 1, we have

Dy (a )- 6 (@))-Di_y(a)

(
k af
L 13 a, & (a)). 4.1.1)
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On the other hand

(&) @ = (0.5 (@) (& @)+ 2 0. ()
—ﬂ( &(a ))["—f< & (@) (&) (@)
(0.8 (a s 9 a &
——( @) (a ék (@2 <ac§k SN
U (0. @]+ a0 @) D w @)+ Pay @)

k k
laf<a5 (@))- (&) (a) + Qﬂwé @)% (@ & @)
o et @0 @)+ Lo g, 4.12)

From (4.1.1) and (4.1.2), we have

af )
(6. (@) (&)@ 545 (@) —(a & (@)
b oL T T @ D@

llax

(4.1.3)

After summing the both sides of (4.1.3) over k=1,...,n—1, we get

of .
(E(@) (&) (@) 1 5@ @)
Dy ((a) Di(a) & Dia)

We may assume that there exist Aj,A; >0 such that for every parameter a,

Ap<sup | (a )| <1(&]) (a)| < Az
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Since D{(a) = 1, from the above equation, we get
(&) (a)
HD+ ()\ (&) (@) < \D+ () - (&) (@)
ERAAPRO)
D; (a) |

k=1

<sup |5 <ax>|zD+()

<|(&)'(a >|2D+(a)

And from the above inequality, we get

(S (&N (@)l _
Al(l—k;D;(a))_ 1(a)_ (1+§ (a)) (4.1.4)

On the other hand since 1) >2 and A > 1, therefore ¥ 1k <land 37 -x > 0as k> +o0.

Thus we can choose an integer N;; and a number &’ >0 such that ppilet nl ZZ_";@ +1 ﬂ <l-¢'.
-0

Then if D} (a) > n* forevery k=1,... N7, and D} (a) > A* forevery k=Nj +1,...,n-1, we

obtain

1
The result follows from (4.1.4) with A* > max { oA A (2-¢ )}

From here on we take

N=max{N",N"} and A=max{A" A"},
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where N* and A* are provided by Proposition 4.1.2.

Remark 4.1.3. Observe that if the conditions (1), (3) of Proposition 4.1.2 are satisfied for

some n > N and for every a in some parameter interval @ then we have in particular J,‘ki (a)#0
1

forallae w and k=N, ---,n, since [(§)'(a)| 2 ZD;_I (a). Then for any N <k <n, *|p are

diffeomorphisms with the inverses defined as: for any x* € * (@) with £*(a) = x* for some

a € o, then

(E5) 71 (x*) = E5(x*) =a.

In fact &g are diffeomorphisms and this assertion plays an important part to inductively
construct the set of Rovella parameters. Consequently for every N <i< j <n, we can define

the following functions
y=: & (0) — 6 ()
x = &ro(gF) (%),
with the derivative given for a € @ by

(&) (a)

(llf)(i())—(é)()

The functions y* will be useful in the proof of the next lemma which is useful in finding

an estimate for the lengths of £*(®) at particular time n, where @ is a parameter interval.

Lemma 4.1.4. Given A > 1 and 1 > 2, consider a parameter interval @ such that every a € @

and some n > N hold both
(1) Djif(a) >n/ for 1< j<N, and
(2) D;—T(a) >Ad, for1<j<n-1.

Then, for any N <i< j<n, there is a* € ® such that

67 (@)]
67" (@)]

Sy ) < <A (& @)
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Proof. We are going to present the proof corresponding to critical value —1, the other case
can be seen along similar lines. Since (1) and (2) hold for every a € w, it follows from

Proposition 4.1.2 that

1 D@ )@, D)
A2 D (@ S 1E) @] <Y D (@)

(4.1.5)

On the other hand, by the Mean Value Theorem, for some a* € @ we have

5/ (@)]
6" (@)]

=[(&/-) (& (@)= (5 2 &%) (& (@) =I(w") (& ("))l (4.1.6)

Also

Diy(@) = (FD) (1) = (1 o £ (1)
= (F) R COEEND (1)
= (f1)(& (@)D} (%),

which gives
Pile) (F7)(& (a)). 4.1.7)
D;r—l (Cl+) a 14

Now using (4.1.6) and (4.1.7) in (4.1.5), we get

S E @) < % <A2|(f17Y (& (@).

Hence the result follows. ]

Since the points 1 and —1 are fixed by the map fy, fo(0*)=-1, fo(0~) =1 and fy is smooth
in the intervals [-1,0) and (0, 1], so we can find numbers 1 > 2 and & > 0 with 1o — gy > 2
such that fj(~1) = 1n9. We set ) = 1o — & > 2, and denote O~ (a) € [-1,0) and O*(a) € (0,1]
the zeros of the map f, on the left and right side of the origin, respectively, i.e., f,(O*(a)) =0.
Also since the point 1 is a critical value for fy with f5(07)=1,07(0) € (-1,0), fo(0~) =1 and
f5(x) < fo(y) forx,y € [0~(0),0) with x > y, then we may choose & >0 such that f{(0~(0)) >
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1+&. Therefore we can take & >0 such that O~ (0) + 8 <0 and fJ(0~(0)+8y) > 1+%. Note

that fo(x) > g(x) for every x € [0~(0),0), where g(x) = —x_O?Eé())) is the linear map passing

through the points (0O~(0),0) and (0,1) with g(O~(0)+ &) = —0_&@). Thus we may choose a

positive integer Ag > —log(oi—?%)) and set xo = 0~(0) + & and AJ = 1+ 3 such that f}(xo) > A
and fy(xo) > e with xg € (07(0),0). Let us fix a 49 > 1 and A with A9 < min{A., A} and
A >max{A.,Ay}, where A, and A, are provided by Lemma 4.1.1. Note that this A will work
for Lemma 4.1.1. These notations will be useful in the next proposition which provides the

initial interval of our later construction of the set of parameters.

Proposition 4.1.5. Given any integer Ny > N, there exist an integer N1 > Ny and a parameter

0 <ag < a;y such that
(i) D;T(a) > nlj foreveryace[0,ag] and 1< j<Ny-1,
(ii) D;f(a) > l({ foreveryace[0,ap] and 1< j<N; -1,
(iii) &7 ([0,ap])n(-e 4,e72) = ¢ forevery 1< j<Ni -1,
(iv) &y, ([0,a0]) > (—e™8,e72).

Proof. For 1 <n<Ny, set

®,: [0,ap] — [-1,1]x[0,+00)

a — (gr:;l(a)’D;(a))-

Since -1 is fixed by fj, using the chain rule we get
n—1 ) n—1
/ !
D, (0)=(f)' (-1) = [ [ fo(fo(-1)) = [T fo(-1)
i=0 i=0

Recalling that f(~1) = 19, we have ®,(0) = (=1,1(}). Since ®; is continuous as long as &

No

mapped onto the origin, so, for 1 <n <Ny we have sequence of parameters {a, :a, €[0,a;]},%,

with a; < ay, for i > k, and

®,([0,a,]) c[-1,07(0)] x [n{l,—koo).
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That is for every 1 <n <Np and every a€[0,ap,], ', (a) <O~(0) and
D;;(a)>ny'.

Thus any a € [0, ay, ] satisfies (i). Since f(xo) > Ao, then it is to be noted that if for some

parameter a, & (a) € [-1,xo] for every j=1,...,k, then
Di(a) 2 AL.

Now as long as & ([0,ay,]), i > 1, is contained in [-1,xp), any a € [0,ay,] satisfies the
hypothesis of Proposition (4.1.2), thus by using mean value theorem, for some a € (0,ay;, ),

we have

&0 ([0.an D)= 1(&20) (@)]-ang
> =D} (a)
A

a ,
> oji
A

The above inequality reveals that while £ ([0,an, ]), i> 1, remains inside the interval [-1,xo),
we have exponential growth of £* ([0,ay,]), and then there exists an integer k such that

& ([0,an,]) ¢ [-1,x0). Let Nj be the first integer to have the above situation, i.e.,
& ([0,an,]) c[-1,x9) forevery 1<i<Ny,
and

& ([0,ax]) ¢ [-1,30).

Therefore we may chose ag € [0,ay, ] such that &Y, (ap) = xo, since fy,(x0) > e, then
1

;{H([O,ao]) 5 [-1,e). Hence the result follows by taking Ny = N +1. O

Remark 4.1.6. From the property (A0), we know that the points 1 and —1 are fixed by the map

fo, therefore by the definition of fj, it can be seen that the connected components of the graph
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of fy in the intervals [-1,0) and (0, 1] are symmetric about origin, i.e., fo(x) = —fo(-x) for
all xe I~ {0}. Therefore for the sake of simplicity we may assume that for any parameter a
corresponding to contracting Lorenz-like family, f,(x) = —f,(—x) for all x e I~ {0}. Thus the
similar result as Proposition 4.1.5 can be obtain for £~ and D~ with the same integer N; and
the parameter interval [0, ag]. We also remark that the results can be proved in more general

setting without the assumption of symmetry.

4.2 The Bound Periods

The periods of time occurring after the returns of critical orbits ﬁki (a) to a small neighbour-
hood of 0 have a significant role and we call those periods as bound periods. In this section
first we will precisely define those periods of time and then obtain some results which are
used to get the exponential growth property (EG,,) under the assumptions (BA,) and (H,). In
order to explicitly describe the closeness to 0, we set § := e~4, where A is the one which is

used in Proposition 4.1.5, and consider the following neighbourhoods of 0 for m > A-1
Up=(-e"e™).
We also set form>A-1
Ln=[e"™1) ) and I =1, UL, Ul..
We extend the above definition, setting for m < —(A-1)

Ly=~I, and I,= —I|Jr

Since we will study the iterations of small parameter intervals, therefore the notions like,

returns, bound periods and free periods must be constant in small parameter intervals. Here
s+5

—F< 1.
B +logA <

we fix some 8 > 0 such that s < B and 8
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Definition 4.2.1. Let x € I}, we denote p(a,m) to be the largest integer such that

) =& (@) <ePT ifm>0,

and

() =& (a)|<ePTif m<o,

for j=1,...,p(a,m). Then the time interval 1,..., p(a,m) is called the bound period for x.

Note that by the above definition

(1, fu(eE ] < e7PY,

forall 1 < j < p(a,m). The above definition allows us to state our next result which essentially
assures that the bound period p(a,m) for & Jfr(a) e I}, satisfies the properties (4.0.3) and
(4.0.4). First we mention that R, c [0,a¢] denotes a set satisfying (BA,,) and (EG,). In fact
we will encounter these sets later in the construction of set of Rovella parameters. It is also
to be noted that if a € R,_; and & (a) € I, for some m with |m| > A, then &, (a) € I*,, and
p(a,m) = p(a,-m).

Lemma 4.2.2. Assume that a € R,_ and either £, (a) or E; (a) belongs to an interval I},

for some A<|m|<[on]-1. Then

(1) there exists By = Bi(Q,B) such that for every k=1,...,p(a,m)

(a) Bils%gm ifye[-1, fa(e )],
(b) és%s& ifye[fa(=e7m+1),1];
(2) pla,m) < ﬁlmt
(3) letting p=p(a,m) and K; = [3%, we have for all x € I

(1) () 2 o700
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Proof. For obtaining (1) it is sufficient to prove the first item, since the second one can be
obtained by following similar lines. We may assume that &, (a) € I);. First using chain rule,

fork=1,...,min{p,n}, we have

(f)' ) _ (/D)) ’i—[] [aA))
Di(a)  (f)'(-1)  jofa(Ef (@)

e RO - 1 @)

-0
1 TGO (851 (@)

<er( L FEm @y )

Therefore we conclude the proof of this item by showing that

kil TACAE AR
=0 fa(éyrl(a))

is uniformly bounded. Since 0 is not in [/ (a) —eBJ & (a) + e BJ] and f, has negative

Schwarzian derivative inside this interval, as long as f2(y) € [J,‘;(a) L 5}? (a)+e B,

L)~ F2(E 1 (@)
F(E5 (@)

) -E (@)
fa(Er (@)

) -E (@)
& @)

<|fd (2)]

<Clz2

Now k < n, p and a satisfies (BA,,_1 ), therefore from the above inequality, using the binding

condition and property (A3), we get

A - FEL @) ekl b
e V=T

The right side of the above inequality is uniformly bounded since 8 > sa with s > 1. Conse-

quently to conclude the proof of (1) we just need to make sure that p < n. See part (2).



4.2 The Bound Periods 45

For proving (2), let x = e~I"*1 e I* and j = min{p,n} — 1. Then using the first part of (1)

and property (A3), we have

A @) =8 (@) = 12 (fa(x)) - f2 (- 1)
= () O)fulx) + 1], ye (=1, fu(e 1))
K

s
>—=D% ﬁ
B] ](a) S

Now by using binding condition and taking into account that a satisfies (EG,_1), from the

last inequality it follows that

K3 2ig-(mb2)s ¢ -BGi+D)
Bs B ’

and from the above inequality it can be work out that

< lm|s +2S_10g(3£123)_ﬁ
7= B +logh B +logh

Therefore if |m| is large enough, we may conclude that

L ml(s+1)
1< B ogh (4.2.1)

Since |m| < [on] -1, from (4.2.1) we have

< ([an]-1)(s+1) < (an-1)(s+1)
- B +logA = B+logh

< (an)(s+1)
= B+logA

-1

-l<n-1,

where the last inequality holds since 8 > s and @ <logA. Hence j = p—1 and from (4.2.1)

the result follows. Let us now prove (3). Clearly, by the binding condition

|f5([_1,fa(6—\ml+1)])| > e B(p+1). 4.2.2)
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Thus by the mean value theorem, for some z € (=1, f,(e"*1)) and for some y € (0,e~lmI*+1),

we have

(-1, fale ™) = (f2)' (2) fo(y)e i+ (4.2.3)

From (4.2.2) and (4.2.3), we obtain

e~ B(p+1)+|m|-1

(fa)'(z) 2 0

Now using the above inequality, property (A3) and part (1), for any x € I}, we get

EY ) = D) (fa(0)) £a(x)

> iDZ(Cl)fé(X), since f,(x) € [~1, fu(e Im+1)]
B
1

v
- &)

(f2)'(2) fa(x), since z€ [~1, fa(e7I"+1)]

o L Bpetyelmi1 falx)
B} £1()

5 L Byt Kol

R Ky~

Since |x| > e7I"=2 |y| < eI+ and from part (2) we have p < ﬁj;;lgl |m|. Hence the result

concluded from the above inequality, providing A is sufficiently large so that %e‘@” B-2) >
1

B
e B+logl \m| ]

Now we are intended to find similar bounds, as in the above lemma, when p(a,m) is
constant in small parameter intervals. In this regard, for a parameter interval @ such that

either & (w) or &, () is contained in some I}, with |m| > A. Then we define

p(®,m) =min p(a,m).

Note that by the above definition p(®,m) < p(a,m) and

7 (1, fu(e )] < e7PY,
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for all 1< j < p(w,m) and for every a € @. Furthermore, p(®,m) = p(®,-m) and p(®,m) <
p(a,m), therefore for every a € @ items (1) and (2) of Lemma 4.2.2 follow directly. But it
requires some more work in order to prove part (3) and this is what we are going to establish
in the remaining section. We take a parameter interval @ c R,,_; with n sufficiently large

and under this hypothesis the next two results are consequence of exponential growth of the

lengths of £* (), k> 1.

Proposition 4.2.3. Let  c R, be a parameter interval, then for every a,b € @

la—b| <4ALT".

Proof. By using Proposition 4.1.2 and mean value theorem, for some d € @, we have

22 |65 (@)= (&Y (@]@] > (&) ()la-b
> D} (d)la-bl2 2" a-b],

where the last inequality holds since d € R,,_;. And from the above inequality, we get

la—b| <2AA~(""1) <4427

Lemma 4.2.4. Let © c R, be a parameter interval and either () or &, (®) is contained

in I with A<|m| < [on] -1, then for every a,b e ® and every 1 < j < p(®w,m),
-1 1| . ~BJ
1§ ()" =& (D) < e P

Proof. We need to prove the result just in the case of & Jfr, the other one can be prove in the

same way. If a = b then it is trivial. So let us assume a # b. From the inequality (4.1.4) in the
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proof of Proposition 4.1.2, we have

(5@ L
i@ <AL pm )

and since @ c R,_; and j < p(®w,m) <n-1, we get

I(§+)()| /1 1

for some Az > 0. Now if 1 < s <2, since the modulus function |-| is differentiable everywhere

except 0. Therefore, using above inequality and mean value theorem, we get

1€ (@) = 1&7 ()| <[IE] ()] - 1€} ()]

— 5Jfr(d) +\/ _ c
_‘|§j+(d)|(§] ) (d)“a b|, d (Cl,b)
EY @)
SWDJ_l(dNa—b’
SA3D;_1(d)|a—b‘. (424)

And if 5 > 2, again using the mean value theorem, we get

& @I 1€ B! < (5= DIEF @F2ED @la=bl, d< (ab)
(S/)'(d )|

<(s- 1) 1(d)

<AsDj (d)la-bl, (4.2.5)

Dj_i(d)|a-b|

where A = (s— 1)A3. By Lemma 4.2.2 and the mean value theorem, for y € (—1, f;(e-lm*1)),

we have

£ (1 fa (e ™ D) =10 G-, fale )|
> —D+ (@)I[-1, fa(e ™)), (4.2.6)



4.2 The Bound Periods 49

From the inequalities (4.2.4), (4.2.5) and (4.2.6), we obtain

£ (=1 faCe )]

+ s—1 + s—1
‘ —|EF (b <AgBila-b , 4.2.7
Using property (A3), we have
=1 fa(e ™ )] = 1+ fy(e )
Kye(lml+1)(s=1)
2>
s
> Kye ' > Kpe %, (4.2.8)
And from the binding condition, we have
|f6{—1([_1,fd(eflml+1)])| <ePi, 4.2.9)
Using (4.2.8), (4.2.9) and Proposition 4.2.3 in (4.2.7), we get
AsB ,
& (@) =& (b < ,}—2‘4Al* ePigm, (4.2.10)

By the choice of , ¢*S < A and for sufficiently large n, 4AA;<21 (eTw)” < 1. Hence the result

directly follows from (4.2.10). ]

Lemma 4.2.5. Let © c R,,_ be a parameter interval and either &, (@) or &; (®) is contained
in I}, with A< |m| < [on] - 1, then there exists a positive constant By = By (o, B) such that for

everya,be w and x,y eI},

UaV(h0) g, i1 pem),
Gy S5 = ptom)

Proof. We may assume that & (@) c I, Since x,y e I, f,(x), fa(y) €[~1, fa(e~m+1)]. Thus

by using Lemma 4.2.2, we have

() () Dj(@) Dj4) , Dj(@
() (fo)) Dj®) Di(a) =V Dib)
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Now if a = b then there is nothing to prove. So let us assume that a # . Using chain rule, we

have

Dj(a) T/, /fa(& (@)
Di(b) TIL, fl(EF (b))

which implies

Di(a) L. fi(&(a)-fr(& (b))
Di(b) q(l ' 1367 (D)) )

J
I FUE (@) - FE D))
<ep( Y=y )

4.2.11)

Therefore to conclude the result we need to prove that

é fa(§ (@) - £3(5 (D))
i1 fp (& (D))

is uniformly bounded. By using mean value theorem, property (A3) and Lemma 4.2.4, we

get

fa(& (@) = f (& (0)) < Kil(&] (a)) ! - K2I(& (0))1!
<K'|[(&" ()P~ = 1(& (8))P7"],  fore some large K’

<K'e Bl (4.2.12)
Thus by using basic assumption and Lemma 4.2.4, we obtain

F(&F(0)) 2 fa(&] (@) ~K'e P!
> K& (@) - Ke P!
> Kje @6-Di _ g/ o-Pi

; K’ .
> Kle—(x(s—l)l(l _ _e(a(s—l)—ﬁ)z)
K

> K*e @(s-Di (4.2.13)
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KI
where K* = K1 (1 - ?ea@—l)-ﬁ). Finally using iequalities (4.2.12) and (4.2.13), it follows
1

that
L f2(E @) - O] K& (o) o
R O i D%
<oo, since f>sa .
Hence the result follows. O

Finally we have the following lemma.

Lemma 4.2.6. Let @ c R,_| be a parameter interval and let either £ (®) or &, (®) is

contained in I}, with A< |m|<[an]-1. Set p = p(®,m), then we have the following:

(1) There exists a constant By(a,B) such that for everyk=1,...,p:

k\/
@ g BB i yeln L)
1 (f!l(),(y) . _‘m|+1 .
b) —< <By ifyel|fi(-e A1
) g GRS B ifvelh(-e )

(2) p < glisgriml:

(3) Let K = [313”3/1 and x € I'. Then for every a € @ and x € I, we have

(21 (x) > e(I-R)lml,

Proof. We just need to prove (3). We may choose a, € ® such that p(@,m) = p(a.,m), then

from Lemma 4.2.5, we have

(fa)'(fa. (x))

DY (ful)) =
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Now from the above inequality, using property (A3), we get

Y@ () (D) ()
(Y )| fax) () (fa(x))
Kl () (o () K
SRl (D) () K

Using part (3) of Lemma 4.2.2 in the above inequality, we obtain

Y @) e I UET ()

K> S+2
> 1-
> K]BSexp(( B

s+logl)|m|)

s+3
s+logl>|m|)’

Zexp((l—ﬁ

where the last inequality holds provided A is sufficiently large. [

4.3 Basic Construction

Now we define precisely the sets (R, ),y and for a € R, the sequences (% );ey and (p);en
as referred before. First we subdivide each I,,, m > A into m? intervals of equal length by

introducing, for 1 < k <m?2, the following subintervals

1 1
Im,k = [eim_k@7eim_(k_ l)@)v
m m

and

oA A, a1
IA—I.,k_[e € +k(A—1)2)7k21'

We extend the above definitions for m < —(A—-1) by setting 7, s = —1},, - Therefore for lm| > A
we have a partition of ,, into intervals of equal length, i.e., [, = I, ,2 U---Uly 1, and each
I, i has two adjacent intervals: I, 41 and I, ;.1 for I, ; with 1 <k < m2, Lyt (m-1) and
Ly for Iy 1, Iys11 and I, 0y for I, ,». We set I:;hk =Ly, iy Yk U, k,» Where I, and

I, k, are the adjacent intervals to I, ;. Note that I,y ¢ Iy, I, c I, and i k| < % if k+1
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and |InJ; kl < % if k=1, provided A is large enough. It is useful also to consider the sets
I =(0,1]and I}, | =[-1,0).

Related to the above splitting of Uy, we will define inductively partitioning P, of the
parameter intervals in order to have bounded distortion of £* and Dfl_l on ® € P,_1. Then

we define

Ry=|{o:0¢eP,}.

Now we start our induction by taking the parameter interval [0,ap] and the integer N,
provided by Proposition 4.1.5. Fori=1,---,N; — 1, we set R; = [0,a0] and P; = {[0,a9]}. Now

assume by induction on n > N; that the following assertions are true for every @ € P,_1:

1. There is a sequence of parameter intervals [0,ag] = @; -+ > @,_1 = @ such that @y € Py

fork=1,---,n—1.

2. Thereisaset R,_1(®)={y, -, W}, with % = 1, which is the set of the return times of ®
upton—1andfork<n-1, Ri(wy) =Re(@)n {1, k}. Note that when R,,_; (@) = {1},

o has no return.

3. For any return %; € R,,_1 (), i=0,..., Vv, it is associated the intervals L andI”
m;| > A, such that & (wy,) I and &y (oy) c I - Wecall Il and I, as host
intervals for @. We put p = p(wy,,m;), the pound periods associated to the returns ¥;
and, for sake of notation, we set pg = —1. The periods {y;+p+1,..., %1 —-1}(i< V)
and {yy +py+1,...,n—1} (if n> Y% + py) are called the free periods after the returns ;.

During the free times j=1,...,q;,

Eope(@)NUn =2

and then by Lemma 4.1.1, the assertions (4.0.1) and (4.0.2) are satisfied for every a € @.

4. Fork=1,---,n—1, oy satisfies (BAy) and (EGy). Therefore for each return % € R, (@),

oy, satisfies (BAy,) and (EGy,_1) and then Lemma 4.2.6 guarantees that p; < %W@

)

i.e., the bound period is finite. On the other hand, since @ c @y, again using Lemma
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4.2.6, for every a € ® we have

s+3
s+logA

(FY (€2 (a)) > exp((1-B mil) > 1,

which is assertion (4.0.3). Again by Lemma 4.2.6, forevery k=1,...,p;

(F(E2,, (@) 2 Bil-Dﬂa).

. . . S+l |+ s+1 | . .
Since a satisfies (EGy,_1) and k< p; < Bilogh Im}| < Friogn ' OYi < ¥i» We have

(FY (&g (@) 2 Bilzk.

Therefore assertion (4.0.4) is also satisfied.

Notice that all the above properties are trivially verified for n < Ny by taking R,,_1 (®) = {p},

1.e., there is no return till Ny — 1. Now we move towards the induction step. First we consider

a supplementary partitioning Q,, containing portion of @ € P, which satisfy (BA,,). Taking

o € P,_1, there can be following possible situations:

(a) f R,_1(w)#{1} and n< ¥,_1 + py_1, i.e., n belongs to the bound period associated to

previous return then we put @ € Q,, and set R,,(®) = R,,_; (®).

(b) If either R,—1(@) = {1} or n < py_1+ py_1 and EF (@) NUx c In 1 UI_a 1, We again put

we Q, and set R, (@) =R,_1(®). We call n a free time for .

(c) If we are not in the above situations, then ® must have a returning situation at time n.

In this case we can have two possibilities:

(i) &7 (w) do not cover completely some interval I, . Clearly same holds for &, (o).
Since n > N| we have that @ satisfies conditions (i) and (ii) of Proposition 4.1.2,
so as mentioned before, |, is an isomorphism. Also as @ is an interval by the
assumption of induction, therefore £*( ) are intervals and must contain in some
I, and I” .. Weput ® € Q, and set Rp(®) =R,-1(w)u{n}. We call n as an

inessential return time for @ and refer I7 , and I, as host intervals of the return.
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(i) &; () contains at least one interval [, ; with [m| > A. Then &, () covers I_,, ;.
In this case we say that @ has an essential return situation at time »n and consider

the following sets

@i = (&) ) N0 = (&) Lnp) N,
o' =(EN7([0,1]NUs) N = (&) ([-1,01 Ua) N,
o’ = (&) ([-1,01~Ua) N = (&) ([0,1] Ua) No.

Let A be the set of indices (m,k) such that ®,, x is non-empty, we have

o~ (&) (0 =0 E)T0)= U o velue’
(mk)eA
Again since, |y is an isomorphism, so @ 4 is an interval. Moreover & (@) ,k)
and &, (o’ . . Jeovers the whole 7, x and I_,, , respectively, except for two extreme
end intervals. We join @’ & to its adjacent interval when & (@) ,k) do not cover
Ly completely and get a new decomposition of @\ (&;+)~'(0) into intervals
Oy such that I, ; c & (@ k) © I and I, c & (Om) © Ijm7k. Now we put
O i € Qy if and only if m < [an] -1 and set I;;?k and I*, , as its host intervals.
Note that the portion of @ excluded is an interval whose image under &* contained
in Upgn)-1- If m2 A we set Ry (0p k) = Ry-1 (@) U {n} and call n as an essential
return for @, ;. If m = A—1 then we set R, (@, x) = Ry—1(®), then @, 4 is called

an escape component and n an escaping situation for a € @, 4.

Now we can easily check that any descendant of an w € P,,_; that belongs to Q,, satisfies

(BAp):

(a) If nis abound time, i.e.,n=7Y+j, 1 < j<p<n-1, where y and p are returns and bound

periods for @. Then by using binding condition, for all a € @, we obtain

£ (@) 2 EF (@) - P
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Since every a € o satisfies (BA ;) by the induction hypothesis, therefore from Lemma

4.2.6 and above inequality, we have

&k (a)| = |E5 j(a)| 2 e — P

= (1 — e(a_ﬁ)j)e_aj

>e * for large Nj.

(b) If n is a free time then | (a)| > e~ (*1) for every a € ® and therefore |E£(a)| > e,

providing N sufficiently large.
(c) If nis a returning situation for ®.

(i) nis an inessential return for o, i.e., & (@) and &, (®) do not cover some interval

Ly k. If @ does not satisfy (BA,) then there exists a y # 0 which contained one of

& (w) with [y| < e%". Let us assume that y € £ (®), then the host interval L, of
5\

 at time n must having |m| > [an] - 1. Thus |§; (@)| < |I* | < (m_)Z‘ <e %" which

is not possible since we will prove later in this section (Lemma 4.3.3) that
& (@)] 27"

(ii) n is an essential returning situation. Since &} (@, ) c I, and & (@Wmp) ©

I* . for every descendant @, of @ with |m| <[an] -1, which means that

i (O ) NUpgny = D5 1€, |G (O )] > €7,

Now we set
Pp={weQ,:Hy(a)>(1-a)n) foreveryac o }
and

R,=| J{ow:0eP,}.
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Then R, satisfies (BA,), (EG,-1) and (H,,) and thus satisfies (EG,) as explained earlier in

this chapter before section 4.1.

Each a € R,, belongs to only one wy € Py, for every k=1,...,n. We construct these
intervals as follows. We set [0,a0] = @; =... = wy,—; and by Proposition 4.1.5, éﬁl (@) 2 Uy,
so 71 (a) = Ny is an essential returning situation for wy,_;. Therefore we subdivide [0,ao]
into intervals J(,, xy With J(,,, ) € Py, for A=1<|m|<[aN;] - 1. Since a € Py, there is some
(my,ky) such that @y, (4) = T, k) Put @ = T, 1)) for k=vi(a)+1,...,%(a) - 1, where
%2(a) is the next essential returning situation for J(,,, x,)- Now we split J(,,,, 1,y and get a
new component J,, i,).(ms k) ©f Py (a) and we set @y, (o) = T, k)),(ma k2)- BY continuing
in the same way we obtain sequences Y1, ..., % and (my,k;),...,(my,ky) (v =v(a,n)) such

that

@y, = j(ml,kl )yees (ki)
w’}’,‘ c w%*la

Wy = Wy, fork="%,....%+1 -1,
with

Ly, Je; © 57;;((0%) c Ir:rz,',k'

1

and

I—mi,ki c éﬁ(w%) C Ijmi,ki'

Moreover since €ﬁ|wy<,1 are homeomorphisms, every @ € P, is equal to some J,,, ,)....,(m; k)
1 ) PARRS ] >

for some unique sequence (my,ky),...,(m;,k;) with |m;| > A-1.

The next lemmas of this sections are proved for the critical value —1 and one can prove in
the case of critical value 1 in the same way. The following lemma reveals that the escape

components return very big as compared with Uj.
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Lemma 4.3.1. If @ € Py is an escape component, then in the next returning situation 7y for @

we have

&7 (@)] >4,

s+5

where K3 = ﬁm

Proof. 1f ﬁ}f (@) is not completely contained in Uy, then the result follows immediately. Thus
we may assume that 5; (w) cU,. Since o is an escape component with escaping time 6,
50 In,1 € &5 (@) with [m| = A—1. Without loss of generality assume that m > 0. Let p be the
bound period after the return 6 and g = y— 0 — p—1 be the free period before the return 7.
Since 7 is the return after 0, therefore it is not in the binding period of the return 0, i.e.,

Y- 6 > p. Now we may have two possible situations:

Firstif ;5 (@) € 1,. Since @ is an interval so let us assume @ = (a,b). Therefore by using

Lemma 4.1.1, Lemma 4.2.6 and tne mean value theorem, we obtain

&5 (@)= (7 0, 7 O =1 00, 70 (27 (- 1))
> (A7) A )
Gl C VN C
= (A0 (O I (=1) = £ (= 1), for some c € @,
= (S U EON U Y ST 1) IE ()]
> PR E (o), since £ (+1) € & (@) e

2B
> L}LqeﬁﬂoglAe(l_ﬁ B+log )Ae_A
eA?

s+5

>e P o1 for A large enough,

where second last inequality holds since 6 is an escape time time for @, thus |&; (®)| >
o~ (A=1)_ A S b
(A-1)? AT
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Secondly if &g (@) 2 1,,, we have

&5 (@) =1 O A =1 U GO AP (<))
> (T, (L (1))
=10 (-1, £ (1))

> |f270 ()| = (S4°) (x) |l for some x € I,,.

Hence the result follows from the above inequality in similar way as of the previous case. [

In the following lemma we obtain the estimates on the length of §k+ at a return k.

Lemma 4.3.2. Let y; be a return for ® € P,_1 with host interval I, . Let p = p(®,m) be the

bound period for the return 7y, then for sufficiently large A, we have the following
(a) If » <n is the next return after i, then by setting q="7—Y —p—1, we have
(i) 16 (@)| > A2e0==)IM|ES ()] 2 2/E (o)),
(ii) &5, ()] > Ade=Ss"], if yy is an essential return;
(b) If nis a free time and " is the last return up to n, then putting q =n— p, we have
(i) [, (@)] > cAte(=)m|ES ()] > 2/E7 (o),
(ii) &5, ()] > cAe sV, if i is an essential return.

Proof. By writing

Ea@)]  1Ex@) 16 (@)
& (@) T E (@] & @]

it follows from Lemma 4.1.4 that for some a,b € o,

E?E—Z;: ) /% A G pit @G (&5 )

Now using Lemma 4.2.6, from the above inequality, we get

Sp(@)] 1

& (@)~ A%

(Y (& o (@))€ Proet)l, 43.1)
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(a) Since f (5;1 ipe1(a)) = &5, (@) € Uy, therefore from the inequality (4.3.1), using Lemma

4.1.1, we obtain

+
|§Yj(w)l > L pa. BT 4.3.2)
Sy (@) A
Hence (i) simply follows from the inequality (4.3.2) for A sufficiently large. In fact

(i1) also follows from (4.3.2) by taking into account that 7; is an essential return, i.e.,

&y (@) 2 Iy, thus & (@) > 4

m? "

=|m|

(b) The proof is analogous to part (a) and the constant ¢ appears since in this situation we

can just use part (1) of Lemma 4.1.1, which assures that |(fsq)’(§}j:+p+1 (s))| > cAq.

Next lemma guarantees that if 7 is a returning situation for @ then the length of £,/ (®) is

large as compared with [Uy |-

Lemma 4.3.3. If n is a returning situation for @ € P,_1, then
Gn (@) 2 e "

Proof. Since n is a returning situation for m, so it is not in bound period of the previous
return. Let ¥ <n -1 be the smallest integer such that @y, = @, i.e., ) is either and escape
situation or an essential return for .

Now if Y is an escape time, then the result immediately follows by Lemma 4.3.1, provided

_B s+5 A

N is sufficiently large so that e " B+logd™ > g~ 07,

And if y is a an essential return for @. Let I, x ¢ & (@) c IT | with A<|m|<[on] 1.

We set n =% and {};}}, as the returns after . Then there can be two cases:

(1) If v =1, 1.e., n 1s the return next to Jp, then using Lemma 4.3.2, we have

1€ (o)) s o PRzl
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(i1) If v > 1, then we may write

& (0)]- |&;<w>|-1jéf(—(“;))'|. 433

155 (@)]
1S (@)

_ s+5
From Lemma 4.3.2 we know that >2,fori=2,...,v,and |£% (0)|>e B i lml

Then from (4.3.3), we obtain

s+5 \4
&5 ()] > e PR TT 1.
i=1

Therefore form both the above cases, we get

s+5
&5 (@)] 2 PP

5+5
> ¢ P *" since |m| < [an] -1

>eon,

5
where the last inequality holds since 3 LA 1. Hence the result follows. [

B +logA






Chapter 5

Main Results

In this chapter we are going to present our main results about the statistical instability of a
class of maps in the contracting Lorenz-like family { f, } ;0. In this regard, we will prove that
the Rovella maps are not statistically stable if we consider a set consists of Rovella parameters
and some other parameters which we will call as super-stable parameters. We remind that the
Rovella maps lie in the family { f, },>0 and admit unique SRB measures (physical measure),

as explained in chapter 3. It was proved by Alves and Soufi [3] that the map
Rsaw—g,

is continuous in the L!-norm at every point in the set of Rovella parameters R, where g, is the
density of physical measure i, for the map f,. Thus Rovella maps are strongly statistically

stable if we confine ourself on the set R. This chapter is organized as follows.

In section 5.1 we will present a result, given as Lemma 5.1.2, which guarantees the
existence of critically-stable maps in the family { f, },>0 and consequently those maps admit
a physical measure which is supported on the super-attractor. Then it is a question of great
interest to study the statistical stability of Rovella maps on a larger class of maps, in the

contracting Lorenz-like family, consists of Rovella maps and critically-stable maps.

In section 5.2 we will introduce the notion of critical measure and prove that if a critical
measure for a Rovella map exists then it is accumulated by physical measures of the critically-

stable maps (see Theorem ). Finally in section 5.3 we will focus ourselves in answering

63
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weather the Rovella maps are statistically stable on an extended class of maps mentioned
in the previous paragraph. And at the end we will conclude that the Rovella maps are not
statistically stable on that extended class of maps in the contracting Lorenz-like family which

is given by Theorem 5.3.2.

5.1 The Extended Set of Parameters

Recall from chapter 4, we constructed inductively the set of Rovella parameters R for the
family {f,}4>0 such that the critical orbits of each map corresponding to set R have slow
recurrence to the critical point and the derivatives grow exponentially along critical orbits. We
started the inductive step with the interval [0,aq ] provided by Proposition 4.1.5. There exist
Ao > 1 and a natural number N; such that for every 1 < j<Nj -1, éji ([0,a0]) nUx = ¢ and
&x. ([0,a0]) 2 Un, and () (£1) > l({, where Up = (—e™2,e72) for a sufficiently large integer
A. By setting Py =P2 =... =Py,-1 = {[0,a0]}, we made the inductive step by assuming that
P.—1 consists of parameter intervals such that each parameter a lies in some interval in P,_;

satisfies basic assumption (BA,_1):
=(a)|> e * for j=1,...,n-1,
|§, J

where o > 0 is sufficiently small and & ji(a) = fc-,i -l (¥1), and the exponential growth property

(EGn—l):
(FH(z1)>A) forj=1,...,n-1,

where 1 <A < Ap.

For every parameter interval @ we associated free periods, returns and bound periods
following the returns. The returns correspond to times when ® visits a small neighbourhood
of 0 which we denote as (-8,8), where & = ¢74, i.e., ¥ is said to be a return for @ if

& (w)n(-6,8) # @. The bound period after the return 7 is the set of consecutive integers
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{j:y+1<j<p} such that for every a € @ and for some 8 >0

&5 (@) =& (@) <Pl if & (@)n(=6,8) c [-1,0),

and

&5 (@) =& (@) <ePT, it £ (@) n(=8,8) < (0,1],

for j=1,...,p. The bound period after any return is finite, by Lemma (4.2.6). And a free
period represented by the time starting after the bound period, i.e., from v+ p+1, and ends

till the next return.

Then the partitioning P, is obtained as follows: for a parameter interval w,,_; € P,,_, if
n is in a free period or in a bound period after a return then we do not make any change in
,_1 and keep as it is in P,. But if n is a return for @,_; then we decide weather @,_; should
break up further into smaller intervals and needs some parameter exclusions. There are two

type of returns.

(i) If &#(w,-1) do not cover some interval of the form 1,, , with |m| > A then again we pass

w,_1 to P,, and call n as inessential return time for w,_;.

(i) If Lk c ¥ (®,-1) for some |m| > A—1, then if necessary, first we exclude the parameters
from ®,_; which do not satisfy (BA;) and the excluded part is also an interval. Then
we make the partitioning of remaining parts of @,_; into subintervals @/ and w¢* such
that [, c Ex (@) c I for|m| > A, and I, ) Ex(we) c I, 1, for |m| = A—1. In this
case we call n as an essential return for @/ and an escape situation for every parameter
a € w¢S, where @¢° is said to be an escape component for a. Then we keep the intervals

@™ such that each a € @/" satisfies (H,), i.e.,
Hy(a)>(1-0o)n,

where Hy,(a) denotes the sum of free periods up to time n for the parameter a.
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Hence we obtain a partitioning P, of parameter intervals such that each parameter a, inside

P,, satisfies (BA,) and (EG,). We set
R, = U{a) :0ePy},

and finally we get

R=(R.

n=1

Note that the implication of (H,) assures that any parameter interval in P,, spends most of
the time in the free periods, up to time n. Then as a consequence of (H,,) and Lemma 4.1.1,
for every parameter a € R we obtain an infinite sequence {6y };>; of escape times and the

corresponding sequence { @y (a) }x>; of escape components.

5.1.1 Hyperbolic Periodic Repellers

We recall from the properties of the family of maps { f, } 40 given in section 3.1, that each map
fa is differentiable at every point in 7\ {0} with f(x) <0 for xe [-1,0) and f'(x) > 0 for
x€(0,1], +1 are critical values for f,with f,(-1) close to —1 and f,(1) close to 1, therefore
the graph of f, holds two connected components [ fa(-1),1) and (-1, f,(1 )] This further
suggests that the graph of the map f2 consists of four connected components [ f2(-1), 1),
(-1, (1)), (fa(-1),1) and (- l,fg(l)], which are respectively the images of the points
lie in the intervals [— 1,07(a)), (07 (a),0), (0,0*(a)) and (O*(a), 1] under the map f2.
Also f?2 has three discontinuities at O~ (a), 0 and O*(a), where the points O~ (a) and O*(a),
introduced in section 4.1, are zeros of the map f, located on the left and the right side of 0,
respectively.

Thus the graph of fZ intersects the identity map in two disjoint intervals ((0‘ (a),O) and
(0,0*(a)) such that the bottom of the graph of 2 in the intervals (O~ (a),0) and (0,0 (a))
is near —1 with its ceiling close to 1 which assures that the derivative of f2 at that points of
intersection with identity map is greater than 1. Thus the map f, has a repelling periodic

orbit of period 2. Moreover, since the map f, has negative Schwarzian derivative, therefore
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that repelling periodic orbit is hyperbolic from Guckenheimer’s theorem [17] which states
that every compact invariant set for f, which does not contain critical point and all of its
periodic points are hyperbolic repelling is a hyperbolic set.

The arguments given above also advocate that the map f, has more hyperbolic repelling

periodic orbits of period p for p > 2.

-1 %] 1

Fig. 5.1 Graph of f2 in black and graph of identity map in blue

5.1.2 Ciritically-stable and Post-critically Finite Maps near Rovella Maps

In this section we present a result ensures the existence of parameters, outside the set R,

admitting physical measures. First we precisely define some relevant terms.
Definition 5.1.1. A map f; in the contracting Lorenz-like family is called

1. critically-stable if there is some k > 1 such that £ (a) =0 or §_(a) =0, and in such case
we define f,(0) = -1 or f,(0) = 1, respectively; if both situations occur, we consider

for definiteness f,(0) = —1;

2. post-critically finite if there is some k > 1 such that fX(1) or fX(~1) has a repelling

periodic orbit.
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In case (1) we say that the orbit of 0 is a super-attractor. By extension, we call the parameters
associated to critically-stable and post-critically finite maps as super-stable and post-critically

finite parameters, respectively.

We also remind that there are constants K, K> >0 and s > 1 such that for any parameter a

associated with the contracting Lorenz-like family and for every x € I\ {0}, we have
Ko|x~! < f(x) < Ky (5.1.1)

The above property is given as (A3) in section 3.1. Furthermore, observe that from the
properties (A0)-(A3) it follows that, for ag sufficiently close to 0, f7(x) > 1 for each a € [0,a]
and for every x € [-1,07(a)].

For the sake of notations we will denote by [(a,b)] the open interval between a and b,
not necessarily in order, and by ¢(a,b) the length of interval (a,b). We also denote by A, c 1
the hyperbolic set consists of a repelling periodic orbit of period p for the map f,, and we fix
some point y~(a) € A, contained in the interval (O~ (a),0). Notice that as any map f, in the
contracting Lorenz-like family is smooth in the intervals [-1,0) and (0, 1], thus we may find
a neighbourhood A of the set A, such that f, is smooth in A/. Therefore the arguments of
De Melo and Van Strien [13] can be adopted to show that the set A, varies continuously with
the parameter a.

The proof of next lemma is based on the idea that whenever a parameter faces the escape
situation, the escape component containing that parameter returns big enough to a small

neighbourhood of origin so that with a finite number of further iterations it crosses O.

Lemma 5.1.2. Consider a Rovella parameter a € R and let A, be the hyperbolic set for f,
and y(a) € A,. Let 0y be a large escape time for the parameter a with escaping component
wg, (a) and let Ty be the next returning situation for wg,(a). Then there are two parameters
as,ap € Wg, (a) and two non-negative integers ps and Op, with p;, 0, <M for some large

number M, such that

(a) fa, has a super-attractor of period Ty + Ps;

(b) & (ap) y(ayp) fori< oy and &5 (ay) = y(ap) for Oy < T+ Op.
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Proof. Since Ty is a returning time for wg, (), thus & (wg, (a))n(-8,8) # @, where § =e™2

Also from Lemma 4.3.1, we have

|€Tk(w9k (a))| >e ﬁ+log/lA (s+5) ‘

Now the idea of the proof works as follows:

(a) If 0 € & (g, (a)), then we conclude part (a) by taking p; = 0. But if 0 ¢ &7 (wg, (a)),
then we may take an interval (b,d) c @, (a) such that |7 (d) - &7 (b)] = 8(+3) — §2(s+3).
Without loss of generality we can assume that the interval &7 (g, (a)) takes place on
the right side of the origin and &7 (d) = §(+3) and &7 (b) = §2(°*3). Let x* > 0 be such
that x* ~ 0, by mean value theorem, for some x; € (x*,520+5)) and x; € (x*,8(6+)),

we have
Fo(82) = £,(0%) = f (1) 520+5) (5.1.2)

and

Fa(85) = fa(07) = £(x2) 8, (5.1.3)

where f;(x1) and f}(x2) are the slopes of chords joining the points (x*, f;(x*)) and
(82(s+3) | £,,(82(s+3)), and the points (x*, fz(x*)) and (865, £;(8G+5)), respectively.
Since b ~ d and the derivative of each map f,, a € [0,aq], is increasing in the interval
(0,1], therefore f7(x2) > f;(x1). Also the inequality (5.1.1) assures that f}(x2) is
bounded away from 0. Then by taking into account that f,(0*) = f;(0*) = -1, one
may assume, by using (5.1.2) and (5.1.3), that the distance of (ZT +14;(b) from —1
will increase with a rate slower than (f]( fb(—l))) -82(s%5) as for as the distance
of & 11
8G+5) | for i > 1 such that S

fi(fi(8679))) and z; = f(f(82(5+9))), then for i> 1 with & | .(d) € (-1,07(d)),

d) from —1 will be increasing with a rate faster than ( f’(f;(O~(d ‘.
g d
(d) remains in the interval (-1,07(d)). Set y; =



(b)
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we have

(&g 14:(0), 61 114i())) >y;-80+3) —7;. §205+5) (5.1.4)
=zi-5(”‘+5)(&—3(”5)). (5.15)
Zi

We may assume 6 large enough so that b ~ d and then f;(x) ~ f7(x), for every x ¢
I\ 0. Since for every x € [-1,07(a)], f1(x) > 1 for any a € [0,a0] with a < b, and
0 is sufficiently small, therefore the inequality (5.1.4) indicate that the length of the
interval (égk 11(b), é;k .1(d)) start increasing continuously by the further iterations and

eventually for some iy,

6(6’[};+]+i1 (b)7€’;‘;+1+i1 (d)) = g(—l,O_ (d))

On the other hand, since f{(-1) > f;j(~1) and f; (O~ (ao)) < f4(O(a)) for every

a € [0,ap], thus by keeping an eye on (5.1.5), one may notice that

(s+5)

<————
" Tlog(e1/e)

0go,

where ¢ = fj(=1) and ¢2 = f; (O~ (ap)), and log(¢1/c,) > 0 since ¢3 < c1. Therefore the
interval (&7, (D), &4 +p,(d)) will cross the origin for py = i1 +2 or ps = i1 +3, with its
left end still in a small neighbourhood of -1, and hence there exists a; € wg, (a) such

that Jjgﬁps(as) =0.

If £*,(ap) = y(ap) for some a, € wg, and 6] < 7. Then we choose oy to be the least
k
integer such that £5 (a,) € A, concluded par (b) by taking some 6, < p. Let us consider

that £ (wg, ) N Ap = @ for all b € wg, . So we may may take an interval (b',d") € wg, such
(s+5)

that | () - & (b')] = $(8(+5) - §2(s+5)). Again we can assume that & (d') = &5—

62(s+5)

and & (b') = ©——. Then by the similar arguments as in part (a), ol (d") will cross

. . . .. (s+5) (\i .
the origin, for some 6’ < ps+1i,, where i; is such that (fc’l(%))l2 >2. Clearly i <M,

for some M, >0, since 6 is small and fé(@) > 1. But & (b") will be still in a

+
T +0’

small neighbourhood of —1.
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Now as A, moves continuously with a, so [(y~(b"),y~(d"))] will be a small interval

contained in the interval (O~(d’),0), therefore

[O7(@),y~ (@] (816 (B), €510 (d)). (5.1.6)

Since 0 ¢ ﬁf vl ((b’ ,d")), therefore & 740+ 18 a diffeomorphism on the interval (b',d")
and then ér .o(@) =y (a) is continuous on the (b',d"). From (5.1.6), ér Lo(@)-y(a)
changes sign on the interval (&',d"), thus by the intermediate value theorem there
exists a, € (b',d") such that 51 +or(ap) =y~ (ap) and then &7 5 (a,) = y(a,) for some

0, < o'+ p— 1. Hence this part concluded by taking oy = 74 + 0),.

Remark 5.1.3. We may choose 0 sufficiently small such that the 2-periodic repelling points of
the map fj lie outside the interval (-8,8). Since the absolute values of 2-periodic points for
any map f,, a € [0,a], is bigger than the absolute values of 2-periodic points of f, therefore
2-periodic points of f, remain outside (-8, 8). Let us denote by A¢ the hyperbolic set of
fa consists of a repelling periodic orbit of period p > 2 such that A,‘? n(-0,0) = @ for every

b€ [0,a0]. Then it is to be noted that if we consider A in Lemma 5.1.2 then a,, € R: we can

e—2(.§+3)
2

take 6y large enough so that e~ %% < , then the parameter a,, satisfies (BAy,). On the
other hand, as the parameter a,, satisfies the condition (Hy,) so does every a € ®g,, and since
Agp N(-0,08) = & therefore after the time 7, the orbit of a,, always stays outside the interval
(-98,6), i.e., the parameter a,, satisfies (BA,) and (H,) for all n> 1. Consequently, a, never

excluded in the construction of the set of Rovella parameters.

5.1.3 The Extended Set

Lemma 5.1.2 provides us some elements of the set [0, ag ] which correspond to either critically-
stable or post-critically finite maps. Let us denote by S the set of super-stable parameters

in [0,ap]. It is to be noted that if a map has a super-attractor then it can not have an SRB
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measure, so the set S is disjoint from the set of Rovella parameters R. Therefore by setting
E=RUS,

we possess a larger set of parameters for the contracting Lorenz-like family such that the

corresponding maps admit unique SRB measures.

5.2 Accumulation of Critical Sum by Physical Measures

This section is devoted to prove a result which states that if the critical measure for a Rovella
map exists then there is a sequence of super-stable parameters such that the corresponding
sequence of physical measures converges to the critical measure in the weak*-topology. First

we give the following definition.

Definition 5.2.1. Let f, be a map in the contracting Lorenz-like family and let ¢ be one of
n-1

its critical values. Let us denote p/(c) := % > 5fk( o) the convex combination of delta Dirac
k=0 ¢

measures on the first n terms of the critical orbit. If the limit

lim pg(c)

n— oo
exits in the weak*-topology then we call this limit as critical measure and denote by p,(c).

The following Proposition is analogous to [28, Lemma 4] and can be transformed straight-
forward into our context. Let us denote by dyy (A, B) the Hausdorff distance between the sets

A and B, which is defined as:
dn(A,B) = max { sup{dist(a,B) },sup{dist(b,A)} },
acA beB

where dist(a,B) = liyng{dist(a,b)}.
€

Proposition 5.2.2. Let ® = (b,d) c [0,a9] be a parameter interval such that every a € ®
satisfies (BA,) and (EG). Let & (@) cI’ and & (@) clI* . for some |m|>A and p

denotes the bound period corresponding to the return n. If d is sufficiently close to 0, then
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there exists a constant C >0 such that for any a € ®
d (11 (@), fa (61 (0))) < Clfa (61 (@)

forevery 1< j<p.
Now we are in a position to state the main theorem of this section. We present this

theorem for the critical value ¢ = —1, similar result can be prove for the critical value ¢ = 1.

Theorem 5.2.3. For every a € R, there exits a sequence of super-stable parameters {ay } 2,

such that if the critical measure W, (c) for the map f, exits, then

weak *

;uak - [Ja(c), k — oo.

Proof. Since each a € R encounters infinitely many escape situations so we can consider
the sequence {6y };»1 of escape times for a and {wg, (a) }x>1 be the corresponding escape
components. Then by using Lemma 5.1.2 we obtain a sequence {ay € ®g, (a) }>1 of super-
stable parameters such that f,, has a super-attractor of period p;. Since @y, is the partitioning

element contained in Py, , therefore each b € wy, (a) satisfies (EGyg,), i.e.,
D (b) >A) forj=1,...,6,

where A > 1. On the other hand, since 0 ¢ .ﬁé’k (wg, (a)) for any k > 1, thus by mean value

theorem for any k£ > 1, we have

186,+1(@0, (@) = [(Eg,.+1)" (bi) lwg, (a)l,

for some by € wg, (a). Then using Proposition 4.1.2 in the above equation, we obtain

1 . .
|wek(a)|—mf‘§ek+1(wek( )|

Dy, (br)

(&) (o)
<2AL O,

|€5k+1(wek(a))|l%
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Therefore the length of wg, decreasing and consequently py 1 oo, k - co. We need to show
that for any real valued continuous function ¢ on the interval /

tim [ ¢ dua = [ ¢ dua(o)

n—oo

Since the Lipschitz continuos functions are dense in the space of continuous functions on 7,
therefore it is enough to prove the above assertion for Lipschitz continuous test functions.

Let /. be the Lipschitz constant for the function ¢, then for any a;, we have

| [ odua- [ 9duao)<| [ <pduak—é:z"lcp(&ﬂak»%]pik:)z';(<p(éf(ak>>—<p<é,~+(a>>)]

2 S0 @) - [ o duo) 521

Since U, is the physical measure supported on the super-attractor of f, , thus the first term
of the inequality (5.2.1) is 0. And since py 1 o0, k - oo, by the definition of u,(c) for every

€ > 0 there exists ng = np(€) such that

1 Pk

o 2O @)= [ pduae)]<e

Pk
Y (@(&H () -

i=1

for all k > ng. Therefore to conclude this theorem we just need to show that

o(&* (a)))| is bounded by some constant independent of ay.

Now by using the Lipschitz continuity of ¢, we get

1 & + + K_Cpk a)-EF(a
[5; 2 (P& @)= 0(& (@))€ =316 (@) =& (a)

Pk

therefore we are going to show that the sum Y, | (ax) - & (a)| =: S is bounded by some
i=1

constant independent of a;. Let us denote

D; =6 (ax) =& (a)l,
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and let 7; be the last return before py for the interval wg, as in Lemma 5.1.2. We set ¥y = T
and consider the sequences {'y]} _, and {p ]} _,» Tespectively, as returns and the bound
periods for the interval g, up to the time 7;. Just for the notations we set % = pg = 0. Then

we can split the sum S as

x—1
S=Y(8j+8})+S?,
j=0

such that
| Yitpj Yjr1—1
Sj= > D, Si= ) D,
l=y; I=yj+p;j
and
Pk
S'=>"D
1=y

Then observe that Sé 1s empty sum so it is equal to 0 and Sg is the sum until the first return.
Again from Lemma 5.1.2, p, <M for some M > 0, thus &3 is finite sum and therefore it
is bounded. Now since 7 is the next return to 6; for the interval wg,, so every b € wy,
satisfies (EGy,—1) and therefore, by using Proposition 4.1.2 and mean value theorem, for

some b € [(ax,a)], forany 1< j< x -1 and for every 1 <n<Yj.1 -yj—pj, we have

1857 (@) =&y, (@) =18 (D)IEy, - (k) = &y, -n(a)]

=Dy NG @) -8 o)

1 n|g+ +
ZZ)‘ |§}/j+1—n(ak)_§yj+l—n(a)|'
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Again since every b € wg, satisfies (EGy,—1) and (BA_1), thus by using above inequality

and Lemma 4.3.2, we obtain

2-1 ) x2-1 Yjr1-1 x-1 Yj+1-1 ( )
ZSJ:Z Z DISZ Z AA/_ YjJrl_ D/}/j+1
j=0 J=01=y;+p; J=01=y;+p;
X X
<A ZDYj <A 22] XDY)( < 00,
j=1 j=1
x—1
To conclude the result it remains to show that ), S !'is bounded. Since g, € Py and
j=0

. _ + . . 2
¥j < Yx = T are returns, thus &/ [(ax,a)] A for some |m;| > A and k; <m?. Then using
binding condition, mean value theorem, Lemma 4.2.6 and Proposition 5.2.2, for every

1 <i<pjand forany b e [(a,a)], we obtain

A7 (& (Haa)]))] e
Dyj+iSC1| (5;/]“([(611(,61)]))‘ | ( 71 (eI )|‘ b 1([—1,fb(e Imj| 1)])‘
Snlaal)l g o e (@al
2 - e S
(-1, fp(e7Imil+1)]] ‘[fb(e Imil=2), fy (e ‘m’|+1)]|
£ & (@al)l g 15 L@ g,
f};(y) |mj - |Im | '

<G

where x € 5%([(ak,a)]), €1, and the last inequality holds since &y ([(ax,a)]) <1 , and
I

the derivative increases when we move away from zero, thus f;(x) < f/(y). On the other

hand since |l < 1, thus

&y ([(ax,a)]
py < illesa)

and therefore, we have

si<o sl . & Leal)

S |
TASPN 1)

<G K <G5 |mj| ! =C3i.
|Imj| 2 |Imj| m?
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Hence by using Lemma 4.3.2, we obtain

28135C322m2<sc32 > omy

m ; returns m; last return
J J
to I, 1 to Iy, i

<5C3 Z m_2§5C3 Zm_2<oo.

m>A m=1

5.3 Statistical Instability of the Rovella Maps

This is worth to start this section by recalling the notion of physical measure for a map f
defined on /. A measure u on / is called a physical measure for the mapping f if for any
observable, i.e., continuous real valued function ¢ on /, the time average converges to the
space average for a positive Lebesgue measure subset of /. More formally, An f-invariant
measure U is called a physical measure for f if the basin of u, i.e., the set of points

{xel: lim — Z o(f/(x)) = f @du, for any continuous map ¢ : I - R}

n—>+oo n

has positive Lebesgue measure. One of the vital example of a physical measure is the ergodic
absolutely continuous (with respect to Lebesgue) invariant probability measure which we
called as an SRB measure. On the other extreme if a map owns an attracting periodic orbit
then it admits a physical measure supported on that periodic orbit.

It is an important and interesting problem to study the statistical stability for a family of
maps admitting unique physical measures. Recall that a map f in a family of maps G, defined

on / admitting unique physical measures, is statistically stable if the mapping
g 28— .ug

is continuous at f in the weak™ topology, where [l, is the physical measure corresponding
to the map g. The strong statistical stability refer as continuous variation of the densities of

physical measures, if they exist, in the L!-norm
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It was Metzger [21] who proved that each Rovella map admits an SRB measure. Although,
to establish the uniqueness of the SRB measures he considered a smaller class of maps.
Recently, Alves and Soufi [3] showed that each Rovella map admits a unique SRB measure
and then they proved that Rovella maps are strongly statistically stable if we restrict ourselves
on the set of Rovella parameters R.

In section 5.1.3 we discovered an extended set of parameter £ for the contracting Lorenz-
like family { f,} >0 consists of Rovella parameters and super-stable parameters. Therefore
the map f, associated with any parameter a € £ admits a unique physical measures f, which
is either an SRB measure or a measure supported on the super-attractor. Then it opens up the
quest of statistical stability of the Rovella map on this extended class of maps which we are

going to tackle in this chapter.

5.3.1 Accumulation of Rovella Maps by Post-critically Finite Rovella Maps

In this section we present a result which is essentially a corollary of Lemma 5.1.2 and it
states that each Rovella parameter is accumulated by post-critically finite Rovella parameters.

Recall that A denotes the closure of a set A.

Proposition 5.3.1. Let A = AS be a hyperbolic set for f,, a€R, y=y(a) be any point in A9
and let Ay, and y(b) be the continuation of A and y. Then

ac{beR | fg\/(—l) =y(b) for some integer N' = N (b)}.

Proof. Since each a € R encounters infinitely many escape situations so we can consider
the sequence {6y };>1 of escape times for a and {wg, (a) }x>1 be the corresponding escape
components. Then by using Lemma 5.1.2 and the Remark 5.1.3 we obtain a sequence
{ai € wg, (a) }i>1 of parameters, contained in the set R, such that {& 7 (ax) }rz1 is pre-periodic
to y(ax). Since wy, is the partitioning element contained in Pg,, therefore each b € wy, (a)

satisfies (EGy, ), i.e.,

Di(b)2A/ forj=1,...,6,



5.3 Statistical Instability of the Rovella Maps 79

where A > 1. On the other hand, since 0* ¢ égk (g, (a)) for any k > 1, thus by mean value

theorem for any k > 1, we have

186,+1(@0,41(a))] = |(Gg,.1) (bi)l| g, (a)],

for some by € wg, (a). Then using Proposition 4.1.2 in the above equation, we obtain

1 +
|wg, (a)] = W|§ek+1(wek(a))|

Dg (b)) . 1
= —|(€é:+l),(bk)| |€9k+1(w9k(a))|ng(bk)
<2AL O, (5.3.1)

Now for every € > 0 there is a positive integer k; such that 2% <& and since a ¢ wg, (a) c

g, (a) tor every k > k1, theretore by using the mequality (5.3.1), we get
Ky f k > ky, therefore by using the i lity (5.3.1)
lax—al <|wg, (a)| <|wg, (a)| <€ forevery k>k;.

From the above inequality we conclude that a; — a, k - oo and hence a is accumulated by a

sequence lie in the set

{beR | fév(—l) = y(b) for some integer N' = N (b)}.

5.3.2 Statistical Instability

Here we conclude this chapter by presenting our main result about the statistical instability
of Rovella maps in the set £. Proposition 5.3.1 is the crucial step towards the proof of that
result and then the proof is accomplished by following the approach of Thunberg [28] for the
Benedicks-Carleson quadratic maps.

The idea of proof is based on the following strategy: for any Rovella parameter a, first

we make use of Proposition 5.3.1 to obtain a sequence of post-critically finite parameters lie
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in the set of Rovella parameters and converging to a. In the next step, using Lemma 5.1.2,
for each post-critically finite Rovella parameter b in that sequence we find a sequence of
super-stable parameters converging to b and the sequence of physical measures associated
to critically-stable maps converges to the measure supported on a repelling periodic orbit
of fp in the weak*-topology. Finally hyperbolicity of the repelling periodic orbit enables
us to extract a sequence of super-stable parameters converging to a and the corresponding
sequence of physical measures converges, in the weak*-topology, to the measure supported
on repelling periodic orbit for f,, which is obviously not an SRB measure for f,. Hence the
Rovella maps are statistically unstable in the set &.

Now all is set to present the main theorem of our work.

Theorem 5.3.2. The map £ > a — U, is not continuous in the weak*-topology at any point in

the set of Rovella parameters R.

Proof. Leta€R and A8 = {x|(a),...,x,(a)} be the hyperbolic repeller for f,. Then from
Proposition 5.3.1 we obtain a sequence {a, }°, c R such that a, - a, n — co, and the critical
orbit of f,, is pre-periodic to some point in Agn, for every n > 1. For arbitrary fixed n let
L =L(n) be the smallest natural number such that f (-1) € A, and let f£ (1) = x; (a,).
Now for sufficiently small r > 0, using Lemma 5.1.2 we can obtain a sequence of parameter
intervals {Qy,j: Qp,j © @, j(an) } 321, where @, j(ap) is the escape component of the parameter

ay, and a strictly increasing sequence of positive integers {m J'};il’ my = L, such that
(i) aneQ, jforall j>1,Q, ;41 cQyj, and [Q, ;| >0 as j— oo;
(ii) & (Qnj) c UL (xx(an) —rxe(an) +r) fori=1,..., j;
(iii) &, (Qn,j) = (xi;(an) - rx;;(an) +r) for some ij e {1,..., p};

(iv) There exists a natural number p = p(r) such that for every j there is a positive integer

pj < p such that —1 € ﬁ,j,jerj(Qn’j);
(v) mj—L+1=/{;p for some integer ¢;.

As a consequence of (i) and (iv), we obtain a sequence {dn,;: an,j € Qy ;}32; such that

ap,j — ap as j — oo and fq, . has a supper-attractor of length m; + p; for every j > 1. From
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(if) and (iii), we have

#{igmj+p,- S, (51 ¢Q(Xk(an)—r,Xk(an)+r)} =(mj+pj)-(m;j—-(L-1))

=pj—1+L£p+L.

Now we will show that p,, ;

k
wear %Zf’:l 8. (an) == U™, j - co. For that let us take a

continuous map ¢ : [/ - R and fix a sufficiently small € > 0. Since ¢ is continuous on the

closed interval I, thus it is bounded, i.e., there is a constant C>0, such that

sup (x) <C,

xel

and therefore for the physical measure g, ; of f,, ;, we have

[ ¢ dilg, , = miqu’(fan, 1)

mj+p;j zl
pj—1+L
Q fan +—————sup@(x
mﬂfP/% ( J ) mj+pPj xel ()
p+L
532
m]+P]lZ£(P(fa”’ ) m]+1C ( )

Now we are going to work out the first term of the above inequality. Again the continuity of
¢ on the closed interval / implies that it is uniformly continuous on / and therefore we can

choose a small r > 0 such that
0(x) - 9(y)| < g whenever [x—y| < 7. (5.3.3)
On the other hand, since fI (-1) =x;(ay), thus by using (ii) and (iii), we have
fc’;n'j(—l) € (xi(an) —rxi(a,)+r) forall L<i<m;,
that is

o, 1) = S (x1(an))| < r - forall L<i<m . (5.3.4)
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Then by taking into account the inequalities (5.3.3) and (5.3.4), we obtain

—s ,ZL(P(f“”’

1 %

Z(p(fé;n,,.(—l))

mj+pPjizg

(o k(@) + (£, (-1) = (i, (x1(an))))
m/*P i=L

m,+p ZL(<P<f5nL<x1 an)) +|o(fi, ,(=1) = @(f5, (x1(an)))])
> (00 @)+ ) (53.5)

mj+pPjizg

From (v) we can write mj—L+ 1 ={;p for some positive integer ¢, thus from the above
inequality, we get

mj € m_]'—L+1 ) €

Z(fp(f L)) +5)= Y (o, (aan))+3)

i=L i=1

1 &
- (6075 2 (0 (@) + 5))

)
=L DS D (0 @)+ 5))

s I

(9(Ci(an)))+3))

= (mj-L+1) f(pdusmg+ ) (5.3.6)

"S-

Il
—_

(;
L+1(
(

Using the inequalities (5.3.5) and (5.3.6) in the inequality (5.3.2), we have

+L
d o < [ d Slng p C
/(p Han; = J+pj Han mJ+l

Clearly the second term of the above inequality goes to zero as m; — oo, therefore for

sufficiently large m;, we get

/ ¢ d:uan J = / QD du;fIHg
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Following the similar arguments as above, we can get

f ¢ dig, ;> f ¢ dug," - €.
Therefore i, ; weaks Iljzf_ |

* 8y (ay), j— oo. From the fact that AS moves continuously with a,

we obtain a sequence {a j, }»>1 such that f, . has a super-attractor with a, j, - a as n — oo,
and

weakx 1 P
Ha, ; - xi(a)
i=1

P
Since x;(a) € A%, 1 <i< p, where A2, is a hyperbolic repeller, thus [l) Y. Oy,(a) is not an SRB
i=1

measure for the map f,. Hence the mapping

Esram U,
is not continuous at any a € R. [

Finally from the above theorem we conclude the statistical instability of Rovella maps in

the class of mappings associated with the set of parameters &.






Chapter 6

Final Comments

Recall from chapter 2, Rovella [23] considered a vector field X on R3 which is linear in
a neighbourhood U of the origin (0,0,0) containing the cube {(x,y,z) : |x| < 1,]y| < 1,]z] <
1}. The derivative of X at (0,0,0), which is the only singularity of X, admits three real

eigenvalues A1, A, and A3 which satisfy
0< 7L] < —13 < —12.

We denote by X, the roof {(x,y,z) :|x| < 1,]y|<1,z=1} of the cube, which is a cross-section
for the flow of X and it is foliated by the stable leaves parallel to the x-axis. We have P as
the Poincaré first return map from X\ T to X, where I' = {(x,y,z) : x=0,|y| < 1,z =1}, with
the return time function 7: X - R. By making the quotient space of X \ I" with the stable
leaves, projecting the stable leaves {x = constant } N X to the line {(x,y,z):|x|<1,y=-1,z=1}

through the map 7, we get a one-dimensional map f: 7\ {0} — I, such that
fom=moP

and f has two critical values —1 and 1.

Rovella considered a one-parameter family of vector fields near X and the corresponding
one-parameter family of one-dimensional maps which we named as contracting Lorenz-like

family. He also discovered that there is a positive Lebesgue measure set of parameters R

85
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such that the derivatives of the corresponding maps have exponential growths along the
critical orbits and those orbits have slow recurrence to the critical points. Later on, Metzger
[21] proved that each Rovella map admits a unique absolutely continuous (w.r.t. Lebesgue)
invariant probability measure (SRB). We shall refer these measures as ACIP measures in
the sequel. In the previous chapter we explore a set of parameters &, for the contracting
Lorenz-like family, consists of Rovella parameters and the super-stable parameters such that
each map corresponding to set £ has a physical measure which either an ACIP measure or
measure supported on the attracting periodic orbit.

The physical measure Ly for the contracting Lorenz-like map f on the interval / may
be lifted to a physical measure py for the flow X’ of the vector field X on the contracting
Lorenz attractor A. To define the physical measures for the flows we may distinguish two
cases: one corresponding to ACIP measures and the other one for the measures supported on

the attracting periodic orbits.

6.1 Lifting of ACIP Measures

In this section we will define a lift tx for the ACIP measure iy of the one-dimensional map f
on the interval / to the contracting Lorenz attractor A which is ultimately a physical measure
for the flow X'. Like Alves and Soufi [4], we may use the approach given in [6]. We shall

first pass through a physical measure for the the Poincaré map P on the cross-section X.

6.1.1 Physical Measure for the Poincaré Map

Let uy be the ACIP measure for the interval map f in the contracting Lorenz-like family.
We may lift the measure (i to a measure (p on X. For any bounded function ¢ : X — R, let

@, : I - R be defined as

¢.(x)= sup @(x') and ¢_(x)= inf @(x').

xem1(x) x'en=1(x)

The following Lemma may be obtained in the similar way as [6, Lemma 6.1].
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Lemma 6.1.1. Given any continuous function ¢ : ¥ — R, both the limits

lim f(¢OP")+duf and  lim f(q)oP")_duf

n—+00 n—+00

exist and they coincide.
Then we have the following corollary of the above Lemma similar as [6, corollary 6.2].

Corollary 6.1.2. There exists a unique P-invariant probability measure Up on X such that

[(pd[.lp: lim [((poP")+ d,l,tf:nl_ijrnoo[((popn)_ dpy. ©.1.1)

n—>+o0o

In fact pp is a physical measure for the Poncaré map P (c.f. [6]).

6.1.2 Physical Measure for the Flow

We may define an equivalence relation ~ on £ x R generated by (x, 7(x)) ~ (P(x),0), that is

(x,u) ~ (x',u") if and only if there exits
(X,S) = (X(),u()), (X],I/ll), ceey (xkauk) = (xlau/)
in X x R such that, forevery 1 <i<k

Either x;=P(x;—1) and wu;j=u;1—7(xi_1);

or Xx;—1 =P(x,-) and U1 =u,~—f(x,-),

where 7 is the return time function on X defined in Section 2.2. We denote by V =X xR/ ~
the corresponding quotient space and by I1: X — V the canonical projection which induces

on V a topology and Borel c-algebra of measurable subsets of V.

The flow of X on the space V is given as

X'(T(x,u)) =T(x,u+1t),
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for every (x,u) e XxR and ¢ € R. We consider the set
D={(x,u) eXxR:0<u<7t(x),if t(x) is finite},

which is a fundamental domain for the equivalence relation ~ (c.f. [31]).
We need to make sure that the return time function 7 is integrable with respect to the

measure Up. In this regard we may use the following result by H. Cui and Y. Ding [12].

d
Theorem 6.1.3. For every Rovella map f the density % of the SRB measure Ly with
m
respect to the Lebesgue measure m belongs to some LP(m) with p > 1, where p depends only

on the (side) orders of the critical point.

d
It gives rise to an interesting problem to show that the density % is uniformly bounded
m

in LP(m) for some 1 < p < oo as long as we have 7 € L4(m) for all g > 1, then by using the

Holder inequality we may conclude that

de‘uP<+OO,

since T is measurable, bounded away from zero, T = +oco on I and 7(z) ~ log(d(z,T")) with z

close to I' (c.f [30]). Therefore we may define a probability measure px on V as

T(x)
1
[ wux- Tram / Of y(I1(x,)) dt dyp(x) (6.1.2)

for every bounded measurable y : V — R. This measure is indeed a physical measure for the

flow of the vector field X (c.f. [6]).

6.2 Lifting for the Measures supported on the Attracting Periodic Or-
bits
In this section we will consider a map f in the contracting Lorenz-like family which corre-

sponds a super-stable periodic attractor and consequently a physical measure (i supported on

the super-attractor. As in the case of ACIP, we can lift the measure iy to a physical measure
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ux for the flow X’ on the contracting Lorenz attractor A. Again we shall first pass through

the physical measure for Poncaré map P.

6.2.1 Physical Measure for the Poincaré Map

Let {z,...,f*1(z)} be the attracting periodic orbit for the map f. It follows that f* has
an attracting fixed point z € I. This implies that the corresponding iterate of the Poincaré
map P¥ has an invariant stable leaf y,. As P restricted to the invariant stable leaf ¥, is a
contraction on a disk, it necessarily has some fixed point p € ¥, c X. It is not difficult to see

that {p,...,P*1(p)} is an attracting periodic orbit for P. Hence

fip = (8 + -+ 8picr ) 6.2.1)

| =

is a physical measure for P. Then it can be seen easily that the lift up of the measure

by = %(6z+"'+6f’<‘1(z))

defined in the similar way as in (6.1.1) coincides with the measure fip.

6.2.2 Physical Measure for the Flow

Assume now that {p,...,P*"1(p)} is an attracting periodic orbit for the Poincaré map P on
Y. It is straightforward to check that the orbit of p is an attracting periodic orbit for the flow
of the vector field X : U — R. For each j=0,...,k—1, let 7; be the time the flow of X takes

to get from P/(p) € X to P/*1(p) € X. Given any continuous ¢ : U — R, define

1 k-1 Tj )
[ odi=————3 [ o(X(P/(p),1))dr. (62.2)

To+- -+ Tp-1 =0

It is not difficult to see that fiy coincide with the measure iy, on the contracting Lorenz
attractor A, which is defined in the similar way as in (6.1.2) through the measure fip. Hence

[Lx is a physical measure for the flow of the vector field X.
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6.3 Inverse Procedure

In the previous sections we have seen a procedure of defining a physical measure py for
the flow of the vector field X corresponding to a physical measure Ly for the map f. In this
section our aim is to describe an inverse procedure, i.e., we try to define a physical measure
fi; for the map f corresponding to the physical measure iy for the flow of the vector field X

such that fly coincide with the measure L.

6.3.1 Physical measure for the Poincaré map

Viana and Oliveira, in [31], introduced a technic to define a physical measure f[lp for the
Poincaré map P provided the physical measure ty for the flow of vector field X. We may
define [ip as follows:

For every p >0, we denote £, = {xeX:7(x) >p}. Givenany Ac X, and 6 € (0,p], define
Ag ={X"(x):xeAand 0<t < c}. Then observe that the map (x,7) — X’(x) is a bijection

from A x (0,0] to Ag. We have the following Lemma.

Lemma 6.3.1. [6] Let A be a measurable subset of X, for some p > 0. Then the function

px (As)

o —"

(0

is constant in the interval (0,p].

Given any measurable subset A of X, we define

. x (Ap)
fp(A) = ——F=,
and given any measurable subset A of X

fir(A) = Sgp.aP(AﬁZp)-

Then [1p is a physical measure for the Poincaré map P [31]. It can be deduce through easy

calculations that [1p = up on the cross-section X.
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6.3.2 Physical measure for the One-dimensional Map

We want to define an inverse procedure for the lift defined by (6.1.1), i.e., assign to a P-
invariant measure (p on X an f-invariant measure {1y on I whose lift coincides with pp. The
natural candidate is the push-forward by 7, the projection from the Poincaré section onto the

interval,

= tp. (6.3.1)

Let us now see that the lift {lp of fi; actually coincides with up. Observe that for all

continuous ¢ : ¥ - R and all n € N we have
(poP") o< PpoP < (poP") om.
It follows that
f(¢oP”)_o7rduPsf¢oP”duPSf(¢°P")+o7rdup-

Using the fact that up is P-invariant and basic properties of the push-forward, we deduce

from the above inequality that

[ @ory d(mpp) < [ gaurs< [ (9P d(mpp).

Using (6.3.1) in the above inequality, we get
[ oryanss [ gaups [ (9oP) any.

Taking limits in 7 in the above inequality and using (6.1.1), we conclude

[ oair= [ oan,

which finally gives fip = up.
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6.4 Final Remark: work in progress

It is an interesting problem to prove that the inverse procedure of defining a physical measure
for the map f given a physical measure for the flow of X is continuous, which is our work in
progress. Then as a corollary of Theorem B, we may conclude the statistical stability of the

contracting Lorenz flow.
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