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Abstract

We study the non-wandering set of contracting Lorenz maps. We show that if such a map f doesn’t have any attracting periodic
orbit, then there is a unique topological attractor. Furthermore, we classify the possible kinds of attractors that may occur.
© 2018 L'Association Publications de 1'Institut Henri Poincaré. Published by Elsevier B.V. All rights reserved.

Keywords: Dynamical systems; Topological attractors; Maps of the interval; Contracting Lorenz maps

1. Introduction

In [10] Lorenz studied the solution of the system of differential equations (1) in R3, originated by truncating the
Navier—Stokes equations for modeling atmospheric conditions

x =—10x 4+ 10y (1)
y=28x—y—xz
. 8 +
=——z+x
Z 3t xy

He observed what was thought to be an attractor with features that led to the present concept of a strange attractor.
V.S. Afraimovich, V.V. Bykov, L.P. Shil’nikov, in [2], and Guckenheimer and Williams, in [7], introduced the idea
of Lorenz-like attractors: dynamically similar models that also displayed the characteristics of the Lorenz strange
attractor.

These models consist of a hyperbolic singularity with one-dimensional unstable manifold such that, in a lineariz-
able neighborhood, these separatrices can be considered as one of the coordinate axes, say x, in such a way that both
components of x \ {0} return to this neighborhood cutting transversally the plane z = constant, with the eigenvalues
A2 < A3 <0< Xp (see Fig. 1), and the expanding condition A3 + A1 > 0. We consider the Poincaré map of the square
0 ={|x| < cte; |y| < cte; z = cte} into itself, having the returns as indicated in Fig. | and we can exhibit in Q a foli-
ation by one dimensional leaves, invariant by the Poincaré map, and such that it exponentially contracts the leaves. In
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Fig. 1. Lorenz-like flow and its associated one-dimensional dynamics.

[7] Guckenheimer and Williams show that given such a system, in a neighborhood U the system is structurally stable
in codim 2, and in any representative family there is only a single attractor attracting the neighborhood constructed.

In [1], Arneodo, Coullet and Tresser studied similar systems, just modifying the relation between the eigenvalues
of the singularity, taking A3 + A1 < 0: the so-called contracting Lorenz attractors. In this case the induced one-
dimensional map is as displayed in Fig. 1.

Critical points and critical values play fundamental roles in the study of dynamics of maps of the interval and from
this point of view Lorenz maps are of hybrid type. Indeed, these maps have a single critical point, as unimodal maps
do, but two critical values, as bimodal ones have. Because of this, it could perhaps happen that two different attractors
would occur, but indeed we prove in Theorem D that there is only one single topological attractor. That is, the behavior
of contracting Lorenz maps looks like the one of unimodal maps, instead of the behavior of bimodal maps, that admits
up to two attractors.

More specifically, we prove that, for contracting Lorenz maps, the possible long-term behavior scenarios for orbits
of generic points are either periodic orbits, that only can be one or two of them, or a single attractor that can be one of
the following types: cycle of intervals that forms a single chaotic attractor, Cherry attractor, Solenoid, or yet a subset
of a chaotic Cantor set coexisting with wandering intervals. This last possibility, however, is expected not to occur, as
conjectured by Martens and de Melo.

The problem addressed in this work is a conjecture of Palis in the context of contracting Lorenz maps, and the
author wants to thank Jacob Palis for purposing this problem as his PhD advisor at IMPA, where this work was done,
and to acknowledge all the mathematical enthusiasm shared there. The author also wants to thank V. Pinheiro, W. de
Melo and C. Tresser for several fruitful conversations during the preparation of this paper.

2. Statement of the main results
We say an open interval [ is of trivial dynamics (up to some iterate) if 3n € N such that f"|; = id.

Definition 2.1 (Lorenz maps). We say that a C%> map f : [0, 1]\ {c¢} = [0, 1], 0 < ¢ < 1, is a Lorenz map if f(0) =0,
F =1, f'(x) >0,¥x €[0, 1]\ {c}. A Lorenz map is called contracting if lim,_,. f'(x) = 0 and there is no interval
of trivial dynamics.

Given n > 1, define f"(c+) = limg—c—q f"(c & €). The critical values of f are f(c—) and f(cy). If x €
{f(co), flep)}set f~H(x)={c}U{y €0, 1]; f(y) =x}. Givenaset X C [0, 1], define f~1(X) = U,y [ ().
Inductively, define f~"(x) = £ f~=D(x)), where n > 2. The pre-orbit of a point x € [0, 1] is the set O;(x) =
UnzO f"(x), where fo(x) := x. Denote the positive orbit of a point x € [0, 1]\ (9; (c) by O}“(x), ie., O; x) =
(fl(x);j > 0}. If 3p > 1 such that fP(c-) = c, we take p € N as being minimal with this property and define
O"f"(c_) ={f/(c_); 1 <j < p}. Otherwise, if Bp > 1 such that f”(c_) = c, we define O}'(c_) ={f'(c>); j=0}.
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Similarly we define O (c4). If x € OF (¢), let OF (1) = {x, f(x), -+, f™ 71 (x),c} U OF (c-) U OF (c4), with m
minimum such that fx(x) = c. Also, O}’-(X ) denotes the positive orbit of X by f, that is, (’)}’-(X )=Uyrex O;r- (x).

A point x is said to be non-wandering if for any neighborhood U > x, 3n > 1 such that f~"(U) N U # . The set
of all non-wandering points is the non-wandering set Q2(f). The set of accumulation points of the positive orbit of
x €[0,c)U{c_,cy}U(c, 1] is denoted by w 7 (x), the w-limit set of x. The «-limit set of x, o r(x), is the set of points
y such that y =lim; . x; for some sequence x; € f~"/ (x) with n; — +o00.

Following Milnor [14], a compact set A is a topological attractor if its basin B(A) = {x; wy(x) C A} is residual in
an open set and if each closed forward invariant subset A’ which is strictly contained in A has a topologically smaller
basin of attraction, i.e., B(A) \ B(A’) is residual in an open set. (Similarly, A is a metrical attractor if Leb B(A) > 0
and Leb (/3 (A)\ ﬂ(A/)) > 0, YA’ closed forward invariant A’ C A.)

Given a periodic point p, say f"(p) = p, we say that its periodic orbit O}' (p) is an attracting periodic orbit if Ie >

Osuchthat (p, p+e€)or(p—e€, p) C ﬂ(O}'(p)). A periodic attractor is a finite set A such that interior({x ; wy(x) =
A}) # @, and it can be either an attracting periodic orbit, or a super-attractor: a finite set A = {py,---, pu, c} such
that f(p;) = pit1 for 1 <i <n, f(p,) =cand limg<¢ o f(c+ &) = p1 or limg<¢ 0 f(c — &) = p1. A weak repeller
is a periodic point p of f such that it is non-hyperbolic and it is not a periodic attractor.

We say [ is a wandering interval of f if f"|; is a homeomorphism for Va > 1, fi(I) N f/(I) =@ fori # j >0
and I doesn’t intersect the basin of an attracting periodic orbit.

We say that an attractor (topological or metrical) A is a chaotic attractor if A is transitive, periodic orbits are dense
init (Per(f) N A = A), its topological entropy Aop(f|a) is positive and A > 0 and a dense subset of points x € A
such that their Lyapunov exponents, exp r (x), are greater than A, where exp ;(x) := liminf % log |Df"(x)].

A cycle of intervals is a transitive finite union of non-trivial disjoint closed intervals.

A gap map is a continuous and injective map g : S' \ {c} — S!, where S! = R/Z is the circle and c is any point
of it. It is a known fact that such a map has a well defined rotation number p(g). Furthermore, if p(g) ¢ Q, then g is
semi-conjugated to an irrational rotation. In this case there exists a minimal set A containing ¢ such that wg(x) = A
for every x € ' (if x € szo g~/ (c) we consider wg(x+) instead of wg(x)).

We say that a Lorenz map f is a Cherry map if there is a neighborhood J of the critical point such that the first
return map to J is conjugated to a gap map with an irrational rotation. It follows from [6] that a Lorenz map f is a
Cherry map if and only if f does not admit super-attractors and there exists a neighborhood J of the critical point ¢
such that c € wy(x+), Yx € J.If f is a Cherry map, A :=wy(c—) = ws(cy) is called a Cherry attractor and it is a
minimal compact set containing the critical point ¢ in the interior of its basin of attraction.

A renormalization interval for f is an open interval J = (a, b) > ¢ such that the first return map to [a, b] is
conjugated to a Lorenz map. Their points of boundary are always periodic points and fPeriod@ ([4, ¢)) C [a, b] D
fPeriod®) (¢ p]). Further properties of intervals of this type will be studied in Section 5.

Given a renormalization interval J = (a, b), define the renormalization cycle associated to J (or generated by J)
as

period(a) period(b)

UJ=( U f"((a,c»)u( U f"((c,b»).
i=0 i=0

Given J C [0, 1] an open set with ¢ € J, define Ay := {x € [0, 1]; O}L(x) NJ =@} We call a gap of A; any
connected component of [0, 1]\ A ;. We also define the set K ;, the nice trapping region associated to J, as being the
set formed by the union of gaps of A ; such that each of these gaps contains one interval of the renormalization cycle.

We say that f is oco-renormalizable if f has infinitely many different renormalization intervals. An attractor A of
a contracting Lorenz map f is a Solenoidal attractor (or Solenoid) if A C ﬂsio K,,, and {J,}, is an infinite nested
chain of renormalization intervals.

A Contracting Lorenz map f : [0, 1]\ {c} — [0, 1] is called non-flat if there exist constants «, 8 > 1, a, b € [0, 1]
and C? orientation preserving diffeomorphisms ¢y : [0, c] — [0, al/®] and ¢1: [c, 11— [0, b1/B] such that

Fl) = a— (po(c —x))* ifx<ec,
B 1—b+(p1(x)P  ifx>c.
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Theorem A (The solenoid attractor). Let f be a C* non-flat contracting Lorenz map without periodic attractors.
If f is oo-renormalizable, then there is a compact minimal set A, with c € A C ()jcqp Ky such that wy(x) = A,
Vx €0, 1] with ¢ € wy(x), where % is the set of renormalization intervals J of f and K their corresponding nice
trapping regions.

Theorem B. If f is a C* non-flat contracting Lorenz map without periodic attractors, then f has a transitive topolog-
ical attractor A. Furthermore, B(A) is a residual set in the whole interval, and A is one and only one of the following

types:

(1) Cherry attractor and in this case wy(x) = A in an open and dense set of points x € [0, 1].
(2) Solenoidal attractor and in this case w y(x) = A in a residual set of points x € [0, 1].
(3) Chaotic attractor that can be of two kinds:

(a) Cycle of intervals, in this case w f(x) = A in a residual set of points x € [0, 1].

(b) Cantor set and in this case there are wandering intervals.

Theorem C. Let f be a C* non-flat contracting Lorenz map without periodic attractors and A its single topological
attractor as obtained in Theorem B. Then, f has no wandering interval if and only if o y(x) = [0, 1], Vx € A.

The next theorem goes deeper in the classification provided by Theorem B, as it distinguishes two possible situ-
ations for item (3)(b) of that theorem. Observe that item (3)(b) didn’t state that the Cantor set A is equal to w 7 (x)
for a residual set of x € [0, 1], but only that the basin S(A) contains a residual set. That is, (3)(b) can split into two
situations. In the first one, A attracts a residual set whose w-limit coincides with A. In the case this doesn’t happen,
under some additional hypothesis we can have that A properly contains another Cantor set A’ such that its basin S(A”)
is residual in [0, 1] and Vx € B(A’) is such that w(x) = A’.

We say that a C> map f has negative Schwarzian derivative, denoted by Sf, if Sf is negative in every point x such
that Df (x) # 0, where

_Dfw) g(szm)Z

ST =550 "2\ Drw @

Theorem D. Let f be a C3 non-flat contracting Lorenz map with negative Schwarzian derivative. If f has a periodic
attractor A, then either B(A) is an open and dense set or there is another periodic attractor A" such that B(A)UB(A")
is open and dense.

If f does not have any periodic attractor, then there is a single topological attractor A with wy(x) = A for a
residual set of points x € [0, 1] and it is one of the following types:

(1) A is a Cherry attractor,
(2) A is a solenoidal attractor,
(3) A is achaotic cycle of intervals;

4 A= (’)}L(ch) U (’); (c—) and it is contained in a chaotic Cantor set whose gaps are wandering intervals.

Theorem D allows us to compare between the metrical and topological attractors. Indeed we can conclude that (1)
the topological attractor contains the metrical one, and (2) if the topological attractor is not a cycle of intervals, then
the topological attractor and the metrical one coincide. The existence and classification of metrical attractors can be
found in [16].

Results on contracting Lorenz maps and flows date from the beginning of the 1980’s. In this decade and the
first half of the 1990’s, we mention C. Tresser, A. Arneodo, L. Alseda, A. Chenciner, P. Coullet, J-M. Gambaudo,
M. Misiurewicz, A. Rovella, R.F. Williams (see [1.,4,6,5,17,15]). Later on, main contributions include M. Martens and
W. de Melo [11], G. Keller and M. St. Pierre [8,16], D. Berry and B. Mestel [3], and R. Labarca and C.G. Moreira [9].
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Fig. 2. Contracting Lorenz map partially coinciding with a c? map that cannot display wandering intervals.

3. Preliminary results

A homterval is an open interval I = (a, b) such that f"|; is a homeomorphism for n > 1 or, equivalently, / N
(9; (c)=90.
"Let us denote by Bo(f) the union of the basins of attraction of all periodic attractors of f.

Lemma 3.1 (Homterval lemma, see [13]). Let f :[0, 1]\ {c} = [0, 1] be a C? non-flat contracting Lorenz map and
I = (a, b) be a homterval of f. If I is not a wandering interval, then I C By(f) U (’); (Per(f)). Furthermore, if f is

C3 with Sf <0, and I is not a wandering interval, then the set I \ Bo has at most one point.

Lemma 3.2. If f :[0,1]\ {c} — [0, 1] is a C* non-flat contracting Lorenz map, then every wandering interval
accumulates on both sides of the critical point. In particular, a wandering interval cannot contain any interval of the
form (—r,c) or (c,r).

Proof. Suppose we have a wandering interval J that doesn’t accumulate on the right side of the critical point, say, it
never enters a neighborhood (c, ¢+ ¢). So, we can modify f to coincide with the original function outside this interval,
but being C? and non-flat in this interval (see Fig. 2). In this way, the modified function is a C> map displaying
a wandering interval, but it is a known fact that this can’t happen with a C> map with non-flat critical points (see
Theorem A, Chapter IV of [13]). O

One can adapt the well known Singer’s Theorem to our context, with f : [0, 1]\ {c} — [0, 1] being a C> non-flat
contracting Lorenz map with negative Schwarzian derivative, and obtain that the immediate basin of any attracting
periodic orbit of this map contains in its border either its critical point or a boundary point of [0, 1]. From this we
obtain that f can have, at most, two attractors of periodic type (one can also obtain that each neutral periodic point is
an attracting periodic orbit and that there exists no interval of periodic points). We can go even further and state:

Proposition 3.3. Ler f :[0,1]\ {c} — [0, 1] be a C> non-flat contracting Lorenz map with negative Schwarzian
derivative. Then f can have at most two periodic attractors and, when it has a periodic attractor, the union of the
basins of the periodic attractors is always an open and dense set.

Proof. Let p be so that O}'(p) is an attracting periodic orbit. Notice that ﬁ(@}t(p)) is an open set. By Singer’s
theorem (c, §) C ﬂ((’)}’-(p)) for some § > 0 (or (=8,¢) C ,B(O}'(p)), which is similar). If ﬂ((’)}’-(p)) # [0, 1], then
there is a connected component 7 of [0, 1]\ ﬂ((’)? (p)).

If 3j such that f/(T) > ¢, 3y € T such that f/(y) € (c, 8), then y € B(OF (p)), leading to an absurd, as y € T and

T 10,11\ B(OF (p)).
In this way, for any given j, f/|r is ahomeomorphism, so T is a homterval and then it is either a wandering interval
or it intersects the basin of attraction of an attracting periodic orbit that can’t be O}'( p)asT C[0,1]\ 5(0}' (p)).
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The first case can’t occur, as 7' cannot be a wandering interval, as its orbit would accumulate in ¢ by both sides (by
Lemma 3.2) and then there would be j such that f/(T") N (c, §) # @, leading again to an absurd. In the second case,

3¢ such that Ojf(q) is an attracting periodic orbit, and O}r(q) £ O}r(p). Finally, if ,B(O}F(p)) U ,6((’);,r (@) #1[0,1],

there would be a connected component of [0, 1] \ (/3((9}' (p)) U ﬁ(@; (g))) and we could show in the same way it is
a homterval, that cannot be wandering. Also, it cannot be in the basin of a third periodic orbit, as this would have to
have the critical point in its border, but both sides of it are already attracted to one or possibly two aforementioned
orbits. 0O

Lemma 3.4. Let f:[0, 1]\ {c} = [0, 1] be a C? contracting Lorenz map. If f does not have any periodic attractor,
then there is a residual set U such that

cewr(x)Vx eU.

Furthermore, given any neighborhood V of the critical point, the set of points that visit V is an open and dense set.

Proof. Let J, = {x € [0, 1]||(9;£(x) N(c—1/n,c+ 1/n) # 0}, n € N, so J, is open and non-empty. If J,, was not
dense, then 3(a, b) C [0, 1] \7,1. By the homterval lemma, as f has no periodic attracting orbit, there wogld be >0
such that f* ((a, b)) > c or (a, b) would be a wandering interval. The first case would imply that (a, b) N J, # @. The
second one also cannot happen, as otherwise iterates of (a, b) would approach c, by Lemma 3.2, and this would lead
to the same contradiction. Then, J = N,>0J, is residual and we have that c e w(x),Vx € J. O

A metrical version of this lemma also can be obtained as a consequence of [12] if we add the hypothesis that the
map has no weak repellers.

Theorem (Koebe’s lemma [13]). For every € > 0, AK > 0 such that the following holds: let M, T be intervals in [0, 1]
with M C T and denote respectively by L and R the left and right components of T \ M and let f :[0, 1] — [0, 1] be
a map with negative Schwarzian derivative. If " |1 is a diffeomorphism for a given n > 1 and

| (L) = el f"(M)] and | f* (R)| = &| f" (M),

then :g?:g;l <K forx,yeM.

Lemma 3.5. Let £ : [0, 1]\ {c} — [0, 1] be a C3 non-flat contracting Lorenz map with negative Schwarzian derivative.

If I is a wandering interval, Vy € I, ws(y) = (’)Jf (cy)U (’)Jf(c,).

Proof. We have shown in Lemma 3.2 that the orbit of any given wandering interval / accumulates in the critical point

by both sides, and then, by continuity we have w ¢ (1) D (’)}' (cp)U O}' (c—). Now, suppose there is p € w ¢ (1) such that

pé O}'(c+) U O;f(c_). We can also suppose without loss of generality that / is maximal, in the sense that there is no

bigger wandering interval that contains I properly. Let T be a connected component of [0, 1]\ ((’)}r(ch) U O}r(c,))

containing p. Given € > 0, let n. be the minimum j such that f/(I) C B.(p). Let T. be the maximal interval
containing I such that f"<(7T.) C T and that f"<|r. is a diffeomorphism.

Notice that f"<(T,) = T for otherwise, there would exist y € T such that y = f"<(a), where a € dT,. And as
f"¢|r. cannot be monotonously extended to a bigger interval, then 30 < j < n, such that f J (a) = ¢, which would
lead to an absurd, as £« (a ) e T C[0,1]\ (’)}'(c+) U O}'(c_) (or this would occur for f®<=/)(a_)).

Let Jo = (f"e |TE)_1(B€ (p)) and U = N¢=gJe. As € — 0 implies n — 00, and as every f"¢ is a diffeomorphism
onto its image, Vi, it follows that f/ is a diffeomorphism in U, V. In this way, U is a homterval and then either
U is a wandering interval or U C O~ (Per(f)) UBo(f). As U D I it cannot be as in the second case for / being
wandering implies there is no periodic attractor, and as / was taken as maximal, we have necessarily that U = I.

We can take €y small enough such that the left and right connected components of 7\ B.(p) are as big as we
want compared to | B¢ (p)|, in such a way that Koebe’s Lemma ensures that given any € > 0 such that € < €p, 3K >0




P. Branddo / Ann. I. H. Poincaré — AN 35 (2018) 1409-1433 1415

such that % <K, Vx,y € Je, Ve € (0,€). Recall that Bc(p) = f"(Je) and | f<(Jo)| > (1/K)m|J.| where

m = |Df"(xp)|, to some xg € M and also | f"<(Je \ I)| < Km|J¢ \ I|. So, we have the following inequality

[Be(p)\ f" (DI _ [f"Ue\ D <K2|]e \ /|
|Be(p)l |fre(dal  — I el

The last inequality follows from the fact that the collection of J. cannot have subsequences whose limit would be

bigger than I, for otherwise the intersection of them would generate a bigger wandering interval, in contradiction to

the maximality of 7. So, we can calculate these estimates on a nested subsequence of J. whose intersection is 7, and
so we can take € small enough such that

|[Je NI 1

<
I el 2K?

<1)2.

then
[fe(D)]
- >
|Be(p)|

and then p € f"<(I), which is a contradiction, as p was chosen as belonging to w(/) where I is a wandering
interval. O

1/2

Lemma 3.6 (Denseness of wandering intervals, when they exist). Let f : [0, 1]\ {c¢} — [0, 1] be a C? non-flat con-
tracting Lorenz map without periodic attractors. If f has a wandering interval I, then W is an open and dense set,
where W is the union of all open wandering intervals of f.

Proof. If W is not dense, then [0, 1] \W contains some open interval /. Clearly, / is not a wandering interval.
As f does not have periodic attractors, we can apply Lemma 3.1 and conclude that there is n € N such that f”|;
is a homeomorphism and that (1) 5 c¢. As W is invariant (f~'(W) = W), [0, 1]\ W is also invariant. Thus,
¢ € interior([0, 1]\ W), that is, there is no wandering interval in a neighborhood of ¢. And this is not possible, by
Lemma3.2. O

Corollary 3.7. Let f : [0, 11\ {c} — [0, 1] be a C? non-flat contracting Lorenz map with negative Schwarzian deriva-
tive displaying no periodic attractors. If f has a wandering interval I, then there is an open and dense set U such

that any given x € U, wy(x) = (9}'(6+) U O;(c_).

Proof. Taking U as the set W of Lemma 3.6, U satisfies the required condition by applying Lemma 3.5. O
4. Periodic points

Given an interval J = (a, b) and a map f defined in J, denote the first return map to J by Fy : J* — J. That is,
Fyx) = fRO(x), where J* = {x € J ; OF(f(x) N J #@) and R(x) =min{j > 1; f/(x) € J}, that is called the
first return time. Let P be the collection of connected components of J*.

An open interval I = (a, b) containing the critical point c is called a nice interval of f if O‘f"(a NI =0 and
a and b ¢ B(OF(p)) \ OF(p), p a periodic attractor. We will denote the set of nice intervals of f by N = N(f)
and the set of nice intervals whose borders belong to the set of periodic points of f by Nper = Nper(f), that is,

Nper ={I e N' || 91 C Per(f)}.

Lemma4.1. Let f : [0, 1]\ {c} — [0, 1] be a C? non-flat contracting Lorenz map and let J = (a, b) be a nice interval,
with first return map Fj: J* — J. The following statements are true.

(1) ((p,q) € Pyand p #c) = Fi;((p,q)) = (a, fRlro(g));

) ((p.q) € Pyand q #c) = F;((p.q) = (fRlea(p), b);
() (IePyandc¢dl)= F;(I)=J.
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Proof. Assume that I = (p,q) € Py and p #c.Letn = R|;.
If p =a, then:

@) If f"(p) <a,then f*(p+¢) < a for e > 0 sufficiently small. This is an absurd, as n is areturn time of p+¢ € I.
(ii) If f"(p) = b, as f preserves orientation, f"(p + ¢) > b, that will also be in contradiction with the fact that 7 is
areturn time of (p +¢) € I.
@iii) f"(p) € (a, b) also leads to a contradiction, because J is nice. So, f"(p) = a whenever p = a.

Consider now a < p and p # c. Cases (i) and (ii) can be proved as before, and the remaining case, if f*(p) €
(a, b), e sufficiently small such that, (p, p + €) doesn’t return until n, as n is the first return time of I to (a, b),
fI(I)N(a,b) =0 forevery 0 < j <n. Thus, f/(p)#c,V0< j <n.Thus, " is continuous in (p — 8, p + ) for a
sufficiently small § > 0. As a consequence, if a < f(p) < b, then, taking § > 0 small, n will be the first return time
for (p — 6, q) to (a, b), contradicting I € P;. So, we necessarily have f"(p) = a, proving (1).

Similarly, (2) follows from the same kind of reasoning, and (3) is a consequence of (1) and (2). O

Corollary 4.2. Let f: [0, 1]\ {c¢} — [0, 1] be a C? non-flat contracting Lorenz map and let J = (a,b) be a nice
interval, with first return map Fj : J* — J. If J = (a, b) is a nice interval and f is a contracting Lorenz map defined
in J, then the following statements are true:

(1) a€dl forsomel € Py & ae€ Per(f).
(2) bedl forsomel e P; < be Per(f).

Proof. If I = (a,q) € Py (the case I = (¢, b) is analogous) and n = R|;, it follows from Lemma 4.1 that f"(a) =
Fj(a) =a. Thatis, a is a periodic point.

Now suppose that a € Per(f) or a is a super-attractor (the proof for b is analogous). Thus, there is n > 0 such
that lims o f"(a + 8) = a and fi(a) ¢[a,b)>c, V0 < j <n.As f" is well defined, continuous and monotone on
(a,a+¢) for some ¢ > 0 and as f preserves orientation, we get f"(x) € (a, b) for every x > a sufficiently close to a
and that fj(x) ¢ (a,b), V0 < j <n. Thus, there is some I = (a,q) € P;. O

Lemma4.3. Let f: [0, 1]\ {c_} — [0, 1] be a C? non-flat contracting Lorenz map. If J = (a, b) is a nice interval, then
there are sequences an, b, € J N Per(f) such that

(1) lim, a, = a and lim,, b,, = b;
2 O}L(an) N (an, b) =¥ and O}_(bn) N(a,by) =0.

Proof. We will show the existence of a sequence a, € J N Per(f) with lim,, a,, = a such that O}’ (ay) N (a,,b) =0.
Assume that a ¢ Per(f), otherwise take a, = a. Let Ip = (po, qo) € Py such that Iy C (a,c). By Lemma 4.1, as
a is not periodic we get pg # a. Thus, there is some /1 € Py with I} C (a, po). In particular, ¢ # /1. Again by
Lemma 4.1 we get Fy(I1) = f™(I;) = J. Thus, there is a fixed point a; € I; of f™ IF' As n; = Ry (1)) it follows
that f/(ay) ¢ (a, b) for every 0 < j < n and so, {a;} = Ot (a1) N (a, b). From this we get O (a;) N (a1, b) = V.
Again, writing I1 = (p1, q1), it follows as before that a # p; and so there is some I» € Py such that I, C (a, p1).
Proceeding as before, we get a periodic point a; € I, satisfying the statement. Inductively, we get a sequence a, \, a
of periodic points with O (a,,) N (ay,, b) = @. Similarly, one can get the sequence b, /' b. O

Lemma 4.4. Let 1 : [0, 11\ {¢} — [0, 1] be a C? non-flat contracting Lorenz map. If Per(f) N (0, 1) = @, then either
[ has an attracting periodic orbit (indeed, at least one of the fixed points is an attractor) or wy(x) 3¢, Vx € (0, 1).

Proof. Under these hypotheses, if f has a periodic attractor, it has to be the point 0, or 1 or both. If none of these
occur, f does not have a periodic attractor. Suppose we can choose a point x € (0, 1) such that wy(x) % c. Let (a, b)

be the connected component of [0, 1]\ O}'(x) containing c. If 3n such that f"(a) € (a, b), then, as a € O}L x),
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f"(a) e C’)]f (x), in contradiction with the fact that (a, b) C [0, 1]\ (’)j? (x). The same reasoning applies to point b, and
then (a, b) C (0, 1) is a nice interval and so Per(f) N (a, b) # ¥ (Lemma 4.3), which is a contradiction. O

Lemma 4.5. Let f : [0, 1]\ {c} — [0, 1] be a non-flat C? contracting Lorenz map. If f(x) > x, Vx € (0, ¢), f(x) <x,
Vx € (¢, 1) and limyy¢ f(x) > ¢ > limy ¢ f(x), then

O;f(x) N0, c)#P# Ojt(x) N(e D, Vxe©,1)\ 05 (.

Proof. Suppose, for instance, that there is y € (0, ¢) \ O; (c) such that f"(y) € (0,¢),Vn > 0. Thatis,0 < f*(y) <c

for all n > 0. As f|o,¢) is an increasing map, we get f(0) =0 <y < f(y) < fz(y) << f"(y)--- <c. This
implies that lim,_, o, f"(y) is a fixed point for f, contradicting our hypothesis. Thus, there is some n > 0 such that
"y e . O

Lemma 4.6.If f : [0, 1]\ {c} — [0, 1] is a non-flat C* contracting Lorenz map without periodic attractors, then either
36 > O such that c € wy(x), Vx € (¢ —8,¢c+ ) or

Per(f)N(0,c)>ce(c, )N Per(f).

Proof. Suppose that f does not have periodic attractors and suppose also that 78 > 0 such that ¢ € wr(x), Vx €
(c —8,c+ §). In this case, by Lemma 4.4, Per(f) N (0, 1) # @. As f does not have periodic attractors, f(x) > x,
Vx € (0,¢), f(x) <x,Vx € (c, 1) and limyqe £(x) > ¢ > limy ¢ £(x), and then (’)}'(x) N@O,c)#B+#(c, 1) mo}(x),
Vxe (@, 1)\ OJ?(C), by Lemma 4.5. Thus, Per(f) N (0,c) # B # (c, 1) N Per(f).

Let a =sup Per(f) N (0,c) and b = inf Per(f) N (c, 1). We know that 0 <a <c¢ <b < 1. If a = b the proof is
done. So suppose that a ## b. We may assume that 0 < a < ¢ <b < 1 (the other case is analogous).

We claim that (’)?(a_) N(a,b)=0 = (a,b)N OJ;. (by). Indeed, if there is a minimum £ > 1 such that f¢(a_) €
(a,b), then ¥ # f*((a — &,a) N Per(f)) C (a, b), contradicting the definition of @ and b. With the same reasoning
we can show that OJfr(b+) N(a,b) =0.

Notice that 3n > 0 such that f"((a, ¢)) N (a, ¢) # @. Indeed, (a, ¢) can not be a wandering interval (Lemma 3.2)
and as f does not have periodic attractors, it follows from the homterval lemma (Lemma 3.1) that f"((a,c)) 3 ¢
for some n > 1. Let £ be the smallest integer bigger than O such that ¢ € fe((a, c)). As O}r (a)N(a,c) =0, we get
f((a, ¢)) D (a, c). Thus, there is a periodic point p € [a, ¢) with period £. By the definition of a, it follows that
p=a.

We claim that f“((a, ¢)) C (a, b). If not, let go € f*((a, )) N Per(f) N[b, 1). Let ¢ = min O} (g0) N (¢, 1) and
q' = (@) (q). Clearly, a < ¢’ < ¢ < q and (¢/, q) is a nice interval. Thus, by Lemma 4.3, Per(f) N (q’,c) # ¥
and this contradicts the definition of a.

Notice that f¢((a, ¢)) > c, otherwise f would have periodic attractors. As a consequence of this and of the claim
above, b > c.

As b > ¢, (a,b) is a nice interval. We already know that f t(a) = a. Moreover, by the definition of b and
Lemma 4.3, b also must be a periodic point. So, let r = period(b). From the same reasoning of the claim above,
we get f7((c, b)) C ((a. b)).

Thus, the first return map to [a, b] is conjugated to a contracting Lorenz map g : [0, 1]\ {c,} — [0, 1]. As #5>0
suchthatc € wys(x),Vx € (c—3, c+4),itfollows that 3x € [0, 1] such that ¢, ¢ w,(x). So, it follows from Lemma 4.4
that Per(g) N (0, 1) # @. As a consequence, Per(f) N (a, b) # A. This contradicts the definition of a and b, proving
the lemma. O

Lemma 4.7. Let f : [0, 1]\ {c} = [0, 1] be a non-flat C? contracting Lorenz map without periodic attractors and
such that Per(f)N (0, 1) =@. If x € (0, 1), then 07 (x) N (0,¢) 3 ¢ € (¢, ) NOF (x).

Proof. As f has no periodic attractor, Lemma 4.4 implies that ¢ € s (x). Notice that no other fixed point can exist
besides 0 and 1, and these are not attractors, so f'(0) > 1, f'(1) > 1 and as there is no interval of trivial dynamics, then
f(x)>x,Vx € (0,c), f(x) <x,Vx € (c, 1). Moreover, as there are no periodic attractors, there is no super-attractor,
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P £ (p)

Fig. 3. Variational Principle: minimal period orbit in a lateral neighborhood of the critical point must be unique.

then limy4e f(x) > ¢ > limy . f(x) and f is under the hypotheses of Lemma 4.5. So if x € (0,1) \ (’)]T (c), then
OF(X) N (0,¢) # P # (¢, 1) N O (x). This also holds if x € O (¢). (Recall that O (¢) = O (c-) U O (c4), see

Section 2.) Also, ¢ € wy(x) implies that ¢ € (’);f x)N@O,c)orce(c, )N O}r(x). Suppose one of these do not occur.

For instance, suppose ¢ ¢ (¢, 1) N O; (x). Then, defining v = inf(c, 1) N (9}' (x), we have that J = (c, v) is such that
3 such that ¢ € f7(J), for otherwise, either J C f7(J), that would imply the existence of a periodic repeller, what
is in contradiction to the hypothesis, or f J(vyeJ,andas v € w r(x) and wr(x) is a positively invariant set, this is in
contradiction with the definition of J. So, as 7j € N such that ¢ € f/(J) and we are supposing there are no periodic
attractors, Lemma 3.1 implies that J is a wandering interval. But we know from Lemma 3.2 that (¢, v) cannot be a
wandering interval, leading to an absurd. O

Lemma 4.8 (Variational Principle). Let f : [0, 1]\ {c} = [0, 1] be a non-flat C* contracting Lorenz map without
periodic attractors. Suppose that A8 > 0 such that ¢ € wf(x), Vx € (c—8,c+38). Given ¢ > 0, there exists a unique
periodic orbit minimizing the period of all periodic orbits intersecting (c — €, c). Similarly, there exists a unique
periodic orbit minimizing the period of all periodic orbits intersecting (c, ¢ + €).

Proof. As Per(f) N (c—e¢,c)#@ (Lemma 4.6), let

n = min{period(x); x € Per(f)N(c—¢&,c)}

and suppose that there are pg, g9 € Per,(f) N (¢ — ¢, ¢) such that O}'(po) #+ O}'(qo). Let p = max{O}L (po) N (c —
e,c)}and g = max{O}'(qo) N (c — ¢, c)}. Thus, O;(p) N(p,c)=0= O}'(q) N (g, c). We may assume that g < p.

Notice that f” can not be monotone on (g, p). Indeed, otherwise, if f” is monotone on (g, p), then f"([g, p]) =
[g, pl. As f" can not be the identity on [g, p], f"([¢, p]) = [¢, p] would imply the existence of an attracting fixed
point for f" on [g, p]. But this is impossible, as we are assuming that f does not have a finite attractor.

As f™ is not monotone on (g, p), there is 0 < j < n such that £/ is monotone on (¢, p) and ¢ € f/((g, p)). Thus,
fi(q) < c < fl(p). Moreover, f/(q) < g (because O}’(q) N(g,c)=Wand j <n). Thus, f/((q, p)) D (g, p) (see
Fig. 3) and this implies in the existence of a periodic point a € [g, p] C (c — &, ¢) with period j < n, contradicting the
minimality of .

The proof for the case (c, ¢ + ¢€) is analogous. O

5. Renormalization and Cherry maps

Definition 5.1 (Left and right renormalizations). Let f be a contracting Lorenz map, J = (a,b) € N and let F :
J* — J be the map of first return to J. We say that f is renormalizable by the left side with respect to J (or, for short,
J-left-renormalizable) if (a, ¢) C J* (this means that F|¢ ) = f"|(a,¢) for some n > 1). Analogously, we define f to
be renormalizable by the right side with respect to J (or, for short, J-right-renormalizable) if (c, b) C J*.

If the first return map of f to an interval [a, b] ; [0, 1], F, is conjugated by an affine map to a Lorenz map, f is
called renormalizable with respect to J = (a, b). The fact that the conjugation is affine preserves the regularity of the
original Lorenz map (even in the case of negative Schwarzian derivative) in such a way that the results obtained for
the whole interval are also valid in the restriction to the renormalization interval J. The renormalization of f (with
respect to J) is the map g : [0, 1]\ {7=¢} — [0, 1] given by
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glx) = A oFo A(x)

where A(x) = (b —a)x +a.
Notice that f is renormalizable with respect to J if and only if J € N, and f is renormalizable by both sides
(left and right) with respect to J. Moreover, using Corollary 4.2, it is easy to check the following result:

Lemma 5.2. Let J = (a, b) € N. The following statements are equivalent:

(1) f is renormalizable with respect to J.
2) (J)*=la,c)U(c,bl.

(3) cedl,VIe ()"

(4) a and b are periodic points,

fperiod(a) ([a,¢)) C [a,b] D fperiod(b)((c’ b)).

The interval involved in a (left/right) renormalization is called an interval of (left/right) renormalization. A map f
is non-renormalizable if it does not admit any interval of renormalization.

In what follows, given a renormalization interval J, we will refer to some concepts that were previously introduced.
Namely, of its renormalization cycle Uy, the nice trapping region K ; associated to J, and gaps of sets Ay (A also
already defined, being the set of points whose orbits never reach an open set J > c). These definitions were given
before the statement of Theorem A in Section 2.

Lemma 5.3. Let f: [0, 1]\ {¢} — [0, 1] be a C? contracting Lorenz map without periodic attractors. For any given
J = (a, b) renormalization interval of f, we have that

O;f(x) N(a,c)# 0+ (’)}’-(x) N(eb) VxeJ\O7 ().

Therefore, the positive orbit (9; (x) ofanyx € J \ O]T (c) intersects each connected component of the renormalization
cycle Uy (and also each connected component of the nice trapping region K j).

Proof. Let £ = period(a) and r = period(b). As f has no periodic attractors, it doesn’t have any super-attractor, then
limy 4 f‘3 (x) > ¢ > limy ¢ f"(x). If there is x € (a, c¢) such that fe (x) < x, then fe|[a,x] will have an attracting fixed
point, as f*|(4. is not the identity, but this contradicts the hypothesis. The same reasoning can be done for f” l(c,b)>
and therefore applying Lemma 4.5 to the renormalization of f with respect to J, we conclude the proof. O

We say that two open intervals Iy and I are linked if 0lg NIy @ # Ip N 1.

Lemma 5.4. Let f: [0, 1]\ {c} — [0, 1] be a C? non-flat contracting Lorenz map without periodic attractors. Then,
two renormalization ﬂtervals of_f can never be linked. Moreover, if Jo and J| are two renormalization intervals and
Jo # J1, then either Jo C J1 or J1 C Jy. In particular, dJo N dJ; = @.

Proof. Write Jo = (ag, bp) and J; = (ai, by). First note that Jo and J; can not be linked. Indeed, if they were linked,
we would either have ag < a; < c < bg < by ora; < ag < c < by < by. We may suppose that ap < a; <c < by < by.
In this case, a; € Jo and by Lemma 5.3. @ # (’)jf(al) N (¢, bg) C O}“(al) N(ay, b)) = C’)?(al) N Ji contradicting the
fact that J; is a nice interval.

As Jo N J; # @ (because both contain the critical point) and as Jo and J; are not linked, it follows that either
Jo D Jy or Jy C J1. We may suppose that Jy D Jp. In this case, as Jo # J; we have three possibilities: either apy <
ai<c<by=bgoray=a; <c<by <bgor JODJ_l.Ifao < aj <c < by =by, we can use again Lemma 5.3 to get
O}'(al) N J1 # . On the other hand, if ag = a1 < ¢ < b1 < by, the same Lemma 5.3 implies that O}L(bl) NJi#@. In
both cases we get a contradiction to the fact that Jj is a nice interval. Thus, the remaining possibility is the only valid
one. 0O

A periodic attractor A is called essential if its local basin contains ¢~ or ¢T. Precisely, if 3 p € A such that (p, ¢)
or (c, p) is contained in B(A) = {x; wy(x) C A} (the basin of A). If a periodic attractor in not essential, it is called
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inessential. Notice that if f is C3 and has negative Schwarzian derivative, then, by Singer’s Theorem, f does not
admit inessential periodic attractors.

Proposition 5.5. Suppose that f : [0, 1]\ {c} — [0, 1] is a C? non-flat contracting Lorenz map that does not ad-
mit inessential periodic attractors. If J,, is an infinite sequence of renormalization intervals with J, 2 Jn+1, then

M, Jn = {c}.

Proof. Let J = (), J,. Write (a, b) = interior J. Suppose for example that a # c (the case b # c is analogous). Given
x € (a,b), let R(x) =min{j > 0; f/(x) € (a,b)}. As J, = (an, b,) are renormalization intervals, then (a,, c) only
returns to J, at period(a,) (and (c, b,) at the period of b,), that is, the first return is at the time period(a,). So,
as R(x) > min{period(ay,), period(b,)} — oo. Thus, R(x) = 0o, Vx € (a, b). As ff((a, c)Na,b)y=0,vVj>0
(because R = 00), then f J l(a,c) 1s @ homeomorphism V j. By Lemma 3.2, (a, c) is not a wandering interval. As
O;(Per( f)) does not contain intervals, it follows from Lemma 3.1 that there is a periodic attractor A with (a, c) N
B(A) #@. As f does not have inessential periodic attractors, there is some g € A such that (g, ¢) or (c,q) C B(A).
As g is periodic, g ¢ [a, b]. Thus, g < a, < ¢ for some n or ¢ < b, < q.In any case, we get a contradiction for nor a,
neither b, can be in the basin of a periodic attractor. O

Corollary 5.6. Suppose that f : [0, 1]\ {c} — [0, 1] is a C? non-flat contracting Lorenz map that does not admit

inessential periodic attractors. If there exists p € (0, 1) such that ay(p) > c ¢ O}' (p), then f is not an infinitely
renormalizable map.

Proof. Suppose that 7, is a sequence of two by two distinct renormalizable intervals. By Proposition 5.5, (), T, = {c}.
For each n € N, let 0 < r,,, £, € N be such that £ (T, N (0, ¢)) C T, and £ (T, N (c, 1)) C T}, and let

£,—1

rp—1
Uy =T, U ( U Fumno, c))) v ( U rianmn, 1))).

j=1 j=1

If pe U,,¥n €N, then c € ws(p), contradicting our hypothesis. Thus, one can find some n > 0 such that p ¢ U,.
But this is not possible, because ¢ € a ¢ (p) and so, (9]7 (pnNT,#0. O

Now we have enough information on maps that are infinitely many times renormalizable in order to prove Theo-
rem A.

Proof of Theorem A. Write # = {J}en, with J; 2 J 2 J3 2 ---. Notice that J, D J,41, Vn € N and also

Z=
K, =interior(K,;,) D Ky, ,, VneN. 3)
Thus,
A=K, =K.
neN neN

As each K, is a trapping region (f(K,) C Kj), it is easy to see that ws(x) C A, whenever ¢ € wy(x). Indeed,
if c € wy(x), then (’)}r(x) N J, # ¢ for every n € N, because {c} =(), Ju (see Proposition 5.5). Thus, w(x) C K,
VneN.

Let IC, be the collection of connected components of K and K, (y) be the element of K, containing y (see
Fig. 4), for any given y € A. Let A be the (closed) set of points y € A such that there is a sequence A >y, — y
and N 5 k, — oo with lim,, diameter(Kx, (y,)) = 0. Given any x € [0, 1] with ¢ € ws(x), we have O}r(x) NJ, #0
Vn € N and, by Proposition 5.5 and Lemma 5.3, (9}' (x) intersects every element of K, Vn € N. As a consequence,
any point y € A is accumulated by points of (9}' (x) for any x € [0, 1] with ¢ € w¢(x). That is,

ADwyr(x) D A forevery x such that ¢ € wy(x). 4)
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Fig. 5. In the proof of Theorem A, with ¢ € w s (x), y € A\ A such that y € w ¢ (x) would create a contradiction to the homterval lemma.

Claim. Define A(y) as the connected component of A containing y. If interior(A(y)) # @, y € A, then interior(A(y))
is a wandering interval.

Proof of the Claim. Suppose that interior(A(y)) # @ and that Is such that ¢ € f*(A(y)). Then, Vn, fS(A(y)) N
Jy # 8. Butif fS(A(y)) N J, #@, then f*5(K,(y)) NJ, # @ and so, f*(A(y)) C f*(K,(y)) C Ju, ¥n. Thus, if c €
FE(A(y)), then we have f*(A(y)) C (), Jn = {c} (Proposition 5.5), a contradiction. This implies that ¢ ¢ f*(A(y)),
Vs € N. From Lemma 3.1, we get that interior(A(y)) is a wandering interval. O

Now consider y € A\ A. We will show that if c € w(x), then y ¢ wr(x).

Under the assumption of y € A \ A, there is some ¢ > 0 such that B.(y) N A = B.(y) N A(y). Notice that A(y) #
{y}, otherwise lim, diameter(/C,,(y)) = 0and y € A. So, interior(A(y)) # @ and so, by the claim above, interior(A(y))
is a wandering interval. This implies that w s (x) N interior(A(y)) = @, Vx. So, if y € interior(A(y)) we have that
yEwr(x).

Let’s then consider y ¢ interior(A(y)). Reducing € if necessary, B.(y) NANQ(f) = B:(Y)NA()NQ(f) C{y}.
Suppose that y € wy(x) for some x such that ¢ € wy(x). In this case, as A D wy(x), we conclude that y is an
isolated point of w(x): indeed, as wy(x) C AN Q(f), wehave y e wr(x) N Be(y) =wr(x) N B (y) NANQ(f) =
wyr(x) N B (y) N A(y) N Q(f) C {y}, then this set is {y}.

Since y ¢ interior(A(y)), we may suppose that A(y) = [y, b] (the case A(y) = [a, y] is analogous). Tak-
ing ¢ > 0 small enough, we can assume that y + ¢ < b. Let n > 1 be such that y — ¢ < k, 0(y) < y, where
(kn,0, kn,1) = K, (y).Letm; € Nbe such thatk, o < ™ (x) < f™(x) <--- < f™i(x) /' yand (’)Jf(x)ﬁ(knyo, y) =
{1 x), f"2(x), fM3(x), -} (see Fig. 5).

Choose jo big enough so that m; > m, ¥V j > jo. Given j > jo, let I; = (¢;, f™'(x)) be an interval contained
in (kn,0, f™'(x)), maximal such that f™/="™ 7; is @ homeomorphism. If k,,0 < 7;, there is some 1 <5 <m; —
my st f5((t, M (x) = (c, f™*S(x)). As f is infinitely renormalizable, Lemma 5.3 says that the orbit of x
accumulates on ¢ by both sides, then #O?(x) N(c, f™15(x)) = 00. As K, is positively invariant and f™i~"1(I;) N

Kn(y) #9, we getthat f™i7"1(1;) C K, (y). So, i7" (1) C (kn,0, f™ (x)) C (y — &, f™ (x)). Thus, #(’)"f"(x) N
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(y — e, f™i(x)) = 0o, and this is an absurd, as y was taken as the only non-wandering point in this neighborhood.
Thus, ¢t; =k, 0 and 5o, I; = (k,0, [ (X)) YV j = jo.

As a consequence, f/ | (ky.0. 71 (x)) is @ homeomorphism V j € N because ™/~ |, , pm1y = f"I ™|, is a home-
omorphism, V j > jo. But this contradicts the homterval lemma (Lemma 3.1), as (k, 0, f™!(x)) cannot be a wandering
interval (ko is pre-periodic, as 0K j, C O;(a J)) and as f does not have periodic attractors.

For short, if c € wr(x), then y ¢ wy(x) for all y € A\ A. So, by (4), ws(x) = A when ¢ € ws(x). Finally, as
A C(Vjep Ky and c € wy(x) for every x € (). K7, then ws(x) = A, Vx € A. That is, A is minimal and so we
conclude the proof. O

Remark 5.7. Let x, y € [0, 1]\ {c}, § >0 and j € N. If fj|(y_3,y+5) is a homeomorphism, then y € af(x) <=
() €ay(x).

Lemma 5.8. Ler f :[0,1]\ {c} = [0, 1] be a C* non-flat contracting Lorenz map without periodic attractor. If
c € ay(p) for some p # c, then (’);(p) N[0,c)sce(c, 11N O;(p).

Proof. Suppose that c € a7 (p), p € [0, ¢) U (c, 1]. We may suppose that (9; (p)N(=8,c)#0,V¥5 >0and O;(p) N
(c, 80) =¥ for some §p > 0, the symmetrical case being analogous. As a r(p) is compact, there is some g > 0 such
that (c, ¢) is a connected component of [0, 1]\ a(p).

Claim. f/ ((c, q)) N(,q)=08,Vj=>0.

Proof of the Claim. Suppose there is a smallest £ > 0 such that fe((c, q)) N (c,q) # . In this case fl|(c,q) is
a homeomorphism. If f ¢ ((c, q)) C (c,q), then f admits a periodic attractor or a super-attractor, contradicting our
hypothesis. Thus, there is some x € {c,q} N f e((c, q)). As both ¢ and g are accumulated by pre-images of p, it
follows that x is also accumulated by pre-images of p. So, ar(p) N (¢, g) # ¥ (Remark 5.7), contradicting that (c, )
is contained in the complement of a s (p). O

It follows from the Claim that f/ (c,q) 18 @ homeomorphism for every j > 0. Moreover, (c, g) is a wandering inter-
val. Indeed, if f/((c,q)) N f*((c,q)) # B, with j <k, then f/((c,q)) 2 f*((c.q)), since f/((c.q)) D f*((c.q))
implies the existence of a periodic attractor or a super-attractor, contradicting again our hypothesis. Thus, there is
x e {f/(c), f/(q)} belonging to f*((c,q)). As fI(c) and f(q) € a(p) we get (fj|(c,q))7l(x) ceap(p)Nic.q)
(Remark 5.7), contradicting again that (c, g) is contained in the complement of « ¢ (p).

As (c, q) being a wandering interval is a contradiction to Lemma 3.2, we have to conclude that O; (p)N(c,d) #0,
Vé>0. O

Lemma 5.9. Ler f : [0, 1]\ {c} — [0, 1] be a contracting Lorenz map without periodic attractors. Let p € (0, 1) be

such that c ¢ (9;? (p) and let (p1, p2) be the connected component of (0, 1) \ OJfr(p) containing the critical point c.
Given 'y € (9]7 (p) and & > 0, we have

U o.y+e2010) and | fI(y—ey 2 p.

Jj=0 j>0

Proof.. For any given § > 0, Lemma 3.4 says that, Ve > 0, 31, jo» > 0 such that fJ'l ((g —&,p))Ni(c - §,c+96) #
B# f2((p.p+e)N(c—36,c+3). Take ji, j>» minima with such property such that f/!|(p—,p) and f%2|(p, pe) are
homeomorphisms. Notice that f/2|, ,4¢) D (p1,¢—38) and f/'((p — &, p)) D (c + 6, p2), as O?(p) N(p1,p2) =0
and f/1|(p—e p) and f72|(, p+e) preserve orientation.

As a consequence,

U (. p+e)oJwpic—8 =10

j=0 ]
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and

U A (=2 p) > Je+8, p2) = pa.

j=0 §>0

Suppose that y € f~*(p) for some s > 1. There is r > 0 such that f*|(, y4,) and f*| ) are homeomorphisms.
As f*|(y,y+r) is a homeomorphism, f*((y,y +7r)) = (p, p+¢) withe = f*(y +r) — p. Thus,

U (y+m) oA y+m) = ((p.p+e)d(pro. O

Jj=0 j=0 j=0

Lemma 5.10. Ler f : [0, 1]\ {c} — [0, 1] be a contracting Lorenz map. Write vi = f(c_) and vy = f(cy). Given
any x, vo < x < vy, let Jy = (x1, x2) be the connected component of [0, 1]\ « ¢ (x) that contains the critical point c.
If Jx # 0, then J, is a renormalization interval and 0 J, C oy (x).

Proof. Firstly observe that ar(x) D {0,1} because, as x € (vg,v1), 0 = lim,oo(fl0,¢c)) "(x) and 1 =
limy, s 50 (f1(c,11) " (x). Thus, J, is an open interval. Moreover, dJ, C a f(x).

We claim that J, is a nice interval. Otherwise, consider n the smallest integer n > 0 such that f"(dJ,) N J, # @.
Leti € {1,2} be so that " (x;) € Jy. As f/(x;) ¢ J¢, YO < j < n, there is & > 0 such that f*(x;i—e.x;+¢) 1S @ homeo-
morphism. From Remark 5.7 it follows that " (x;) € a s (x), contradicting o s (x) N J, = @. Thus, J, € N.

Now let us check that J, is a renormalization interval. Suppose it is not the case, it follows from Lemma 5.2
that one can find a connected component / = (1, 1) of the domain of the first return map to J, such that ¢ ¢ 91.
By Lemma 4.1, ki = Fj. (1) = Jx, where k = R (I). Notice that t1 or t, € (x1, x2). Suppose that #; € (x1, x2)
(the case t; € (x1,x2) is similar). As ¢ ¢ 9 (and ff (t1) ¢ Jy, YO < j < k), there is some small § > O such that
fk|(,l _5,1+8) 15 a homeomorphism. As fk(tl) =Xx1 € ay(x), it follows from Remark 5.7 that #; € a ¢ (x). But this is
impossible as a s (x) N J, =0. O

Corollary 5.11. Ler f : [0, 1]\ {c} — [0, 1] be a C? non-flat contracting Lorenz map without periodic attractors. If

p € Per(f), then either O;(p) N@O,c)ace(, N OJT(p) or the connected component of [0, 11\ as(p), Jp, is
non-empty and it is a renormalization interval.

Notation 5.12 (Lp.r, Lso and Lcpe). Let Lp., denote the collection of contracting Lorenz maps having periodic
attractors. The set of all co-renormalizable contracting Lorenz maps will be denoted by Lg,;. Let Lcpe be the set of
all contracting Lorenz maps that are Cherry maps.

Recall that f is a Cherry map if it does not have a periodic or super-attractor and there is § > O such that c € w r (x+)
for every x € (¢ — 8, c 4 §).

Lemma 5.13. If f : [0, 1]\ {c} = [0, 1] is a C? non-flat contracting Lorenz map and f ¢ Lper U Lo U Lche, then
c €ay(p) for some p € Per(f).

Proof. If f is not renormalizable let I = (0, 1), otherwise let I = (a, b) be the smallest renormalization interval of f
(we are assuming that f ¢ Lp., U Lso U Lcne). By Lemma 4.4 we can pick a point p € (a, b) that is periodic. So,

we have that p € a s (p). As a consequence, it follows from Corollary 5.11 that (’); (p)N@O,c)sce(, N (9; (p).
Indeed, if the pre-orbit of p is not accumulating on ¢ by both sides, then J, # J is a renormalization interval. In this
case,as p €ar(p), we get J, g (a, b). This is an absurd, as (a, b) is the smallest renormalization interval. O

Proposition 5.14 (Long branches lemma). Let f :[0,1]\ {c} — [0,1] be a C 2 non-flat contracting Lorenz map.
Suppose that [ does not admit a periodic attractor. If a y(p) > ¢ ¢ wy(p) for some p # c, then there exists € > 0 such

that (’); x)N@O,c)>ce (’); x)N(c, 1) for every 0 < |x — ¢| < €. Furthermore, f is not oo-renormalizable, f is
not a Cherry map and Per(f) N (c —8,¢) # W # Per(f) N (c,c+8), V6 > 0.
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Proof. Suppose by contradiction that the main statement is not true. That is, c € W, where

W={x; c¢(9]7(x) N(,c)orc¢ O;(x)ﬂ(c, D}.

By Lemma 5.8, if (’)}(x) accumulates on one side of ¢, then (’)JZ (x) will accumulate on ¢ by both sides. Then,
W={x;c¢ar)}

Let (p1, p2) be the connected component of [0, 1] \O}' (p) that contains c. Choose a sequence O]T (p) 2y, — c.
As f does not have a periodic attractor, taking a subsequence if necessary, we get by Lemma 5.9 that

Ufj((yn’yn‘i‘g))D(p1,C)V8>O,Vl1>O (5)
Jj=0

and that
U FHn =&, y0)) D (c, p2) Y& > 0,Vn > 0. 6)
Jj=0

As c is accumulated by W, say by the left side (the other case is similar), choose some g € (p1, c) N W. It follows
from (5) that UIZO fj((y,,, c)) D (p1,¢) g, Vn > 0 (we are taking ¢ = |y, — c| in (5)). Thus, there is a sequence
Yn < qn < c and i,, — oo such that fi»(g,) =g, Vn € N. This implies that ¢ € ay(g). But this is an absurd because
qeWw.

Therefore, we can not have ¢ € W and this proves the main part of the Proposition. By Corollary 5.6, f cannot be
oo-renormalizable. As w s (y) = wy(p) $ cforall y € OJT (p), it follows that f cannot be a Cherry map. Finally, let us
show that Per(f)N(c—38,¢)#WB# Per(f)N(c,c+6), Vs > 0. For this, let n > period(p) and J,, be the connected
component of (0, 1) \ U?;(l) £~/ (p) containing the critical point 0. It is easy to see that J,, is a nice interval, Vn € N.

Also, as ar(p) 3 ¢, V6 > 0, In such that 9J,, C Bs(c). As it follows from Lemma 4.3 that Per(f) N J, N (=00, ¢) #*
@+ (c,+00) N J, N Per(f), Yn € N, we conclude the proof. O

Observe that it is also true that f being a Cherry map implies that Per(f) N (u, v) =@, (4, v) being the last interval
of renormalization.

6. The structure of the topological attractors

We now study the topological attractors for the contracting Lorenz maps. The main result is Theorem 1, from which
we obtain (Section 7) the main theorems: Theorem B, C and D.
In this Section, f will be a C? non-flat contracting Lorenz map f : [0, 1]\ {c¢} — [0, 1].

Lemma 6.1. If f does not have periodic attractors, then
ar(x)sc=ar(x) D QS).

Proof. Let x such that oy (x) > ¢ and given y € 2(f) consider any neighborhood T of y. As y is non-wandering,
there is z € T, (we may assume z ¢ (’)F(c) U O;(Per(f))) and j € N such that f/(z) € T. It follows from the

homterval lemma that there exists a smallest # € N such that f "((z, f I(@)) >ec. .
As x is such that o r (x) > ¢, we have that Oj_c x)N fi(z, f/(2)) # @ and, then, O; x)NT D (9]7 x)N(z, f/(2) #
#. As the chosen neighborhood T can be taken as small as wanted, we conclude that y e a¢(x). O

For a Lorenz map f ¢ Lper U Lso1 U Lepe as in 5.12, let us define

E={xe€(©,1);arx)>c}

By Lemma 5.13 and Proposition 5.14, [E contains a neighborhood of c. In the next lemma, consider (a, b) C E to be
the maximal interval containing c.
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Lemma 6.2. 3¢ and r > 0 such that fe((a, ¢)) C(a,b) D f"((c, b)).

Proof. As f((a, ¢)) has non-empty interior, it follows from Lemma 3.4 that some iterates of its points will intersect
the neighborhood (a, b) of the critical point. Take the minimum k such that f k((a, c))N(a,b) #£0.

Suppose fk((a, ¢)) ¢ (a, b). For example, b € fk((a, ¢)). Asb € [0,1]\ E and [0, 1] \ E is invariant, we get that
f*((a, e) N ([0, 11\ E) # @ and so, (a, ¢) N ([0, 1]\ E) # @, which is an absurd. O

For a Lorenz map f ¢ Lper U Lsor U Lcpe and £ and r as given by the former lemma, we define

—1 r—1
U= (a,b)U (Uff«a,c))) u(Uff«c,b))) s¢ (7)
j=1 j=1

and we have that U is a trapping region, that is, (U \ {c}) C U.
It’s worth observing that given a non-renormalizable Lorenz map f having a trapping region U/, any point in (0, 1)
eventually reaches this region when iterated by f. Also, the non-wandering set within (0, 1) is necessarily inside /.

Lemma 6.3. Let f be a non-renormalizable Lorenz map defined in [0, 1]\ {c} and an open set U C [0, 1], c € U, so
that f(U\ {c}) C U, then Vx € [0, 11\ {c} 3k > O such that f*(x) e U.

Proof. Suppose 3x € [0, 1]\ {c} such that f/(x) ¢ U, Vj > 0. We may suppose x < c. If (’)Jfr-(x) C (0, ¢), it converges
to a fixed point y € (0,¢), y ¢ Uand y € af(y) and so Jy, as introduced in Lemma 5.10, is such that J, # (0, 1). On
the other hand, as f(U\ {c}) CU, ay(y) NU =0, so Jy, #¥. In this way Jy is a non-trivial renormalization interval
smaller than (0, 1), what contradicts the hypothesis.

Suppose now O}“(x) N(c,1)#@. Let uy < c < up besuch that (u1,us) C U and let w; = f(uz) and wr = f(u1).
The first time a point in O}' (x) reaches the interval (c, 1) is within the interval [u;, w>], and from this moment on,
its orbit is trapped in the region [wy, u1] U [u2, w]. Consider the set W = w ¢ (x), we have that [w1, u1]U [uz, wz] D
wyr(x).Consider g := f|w.As f(wr(x)) =wr(x), givenany y € wy(x) wehave § # oo (y) C W and ag (y) Cap(y).
Then, again it follows from Lemma 5.10 that J, #@ (as ay(y) NU=@) and as o s (y) " W # 0, Jy, # (0, 1), then J,,
is a renormalization interval and it is strictly contained in (0, 1), which is an absurd. O

Corollary 6.4. For f ¢ Lper U Lsor U Lche, we have that ap(x) D Q(f) Vx e U.

Proof. As Lemma 6.1 states that a s (x) D Q(f) for any x such that ¢ € o ¢ (x), this holds for any x in U, as this is
containedin E. O

Lemma 6.5. For f ¢ Lper ULsor ULche, ifO[f()C) 3¢, then O‘f(x) NUC Q(f) NnU.

Proof. Consider x such that o s (x) > c. Given y € a r(x), consider any neighborhood V of y. We may assume V C U.

Claim (A). y e (V\ {yPhnN 0]7()6).

Proof. If not, 3¢ > 0 such that B.(y) N 0]7 (x) = {y}. In this case, we have that In| < ny < ... <nj — oo such that
f" (y) = x. Then,

x=fRy) =) = 2.
Observe that if f*(B(y)) % ¢ Vs, then writing (o, 8) = f"!(B<(y)) we have
x € (a, B) and fK271) ((a, B)) % cVk.

Taking (x,y) = Uy>; frr=nD ((x, B)) = U1, fkm2=n1)(B)) we have that f"2~" l(x,) is @ homeomorphism
and f"27"((x,y)) C (x,¥).
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But this would imply the existence of attracting periodic orbits, that are considered not to exist. Then, we neces-
sarily have that 3s such that f*(B.(y)) 2 c.
As ¢ € ay(x), we would have that #(’); (x) N Be(y) = oo. Again a contradiction, proving Claim (A). O

Because of the Claim we may assume that y € (y, 1) NV N (9]7 (x) (the proof for the case y € (0, y) NV N O; (x)
is analogous).
We may take xo <x; € (y, )NV N O?(x) such that f"2(xp) =x = f™(x1) withn; < ns.

Claim (B). 3s € N such that f*([x1,x2)) 2 c.

Proof. If c ¢ f*([x1x2)), Vs > 0, then

fROamm ([ 2 (), x)) = RO ([ xo)) e, VheN.

As f preserves orientation, fk("2_”1) |[fi127n1 (x).x) is a homeomorphism, Vx, Vk > 0, so we have f(k+1)(”2_"1) x) <
fRO2=nm) () Yk > 0.
Then, UkzO froa=nD) ([ fr2=11(x) x)) is an interval (y, x). Besides that, 727" l(y,x) is @ homeomorphism and

Sy, %) C(y, x).
But this is an absurd, because it would imply the existence of attracting periodic orbits, what proves Claim (B). O

Let s € N such that f*([x1,x2)) 2 ¢. As x; € U, we have that (9]7 (x1) accumulates in ¢ by both sides. Then,

O (x0) N f([x1, x2)) # 0.
This implies that 3x| € O;(xl) N[x1,x2) C V,say x; € f~'(x1) NV. Then,

ffVyNv#9
As V is a neighborhood of y € U that was arbitrarily taken, we may conclude that y € Q(f), proving
Lemma 6.5. O
Corollary 6.6. For f ¢ Lper U Lso1 U Lche, ap(x)n U=Q(f)NT, vx e U.

Corollary 6.7. For f ¢ Lper U Lsor U Lcpe, then any connected component of U \ Q(f) is a wandering interval.

Proof. Let J = (a, b) connected component of U \ Q(f). Suppose it is not a wandering interval. Then, Lemma 3.1
says there will be n for which f"(J) > c¢. Lemma 5.13 and Proposition 5.14 assure us that there are several points
with ¢ in their o-limits inside this set f(J). We know f o F(x)) Cay(x) and, then, Corollary 6.6 assures us these
points are in Q(f), but they are inside J, that should not contain any point of Q2(f). O

Definition 6.8 (Strong transitivity). Let X be a compact metrical space. Given a continuous map g : A C X — X, we
say it is strongly (topologically) transitive if for any open set V C X with V N A # @, we have J =08’ (V) =A.

Let us make precise the notation used in this definition: given V C X, let g7'(V) = {x € 4; g(x) € V}. We
define inductively g~ (V), for n > 2, by g (V) = g~ D (g~ 1(V)). We define for n > 1, g"(V) = {g"(v); v €
Vg (A}

Proposition 6.9. If f ¢ Lp.r U Lso1 U Lche, then flonu is strongly transitive. In particular,

flanu is transitive.

Proof. We know that f_l(af(x)) C o f(x). We will show that szo flVvNnQ@)=Q(f)NU,VV cU, V open
and V N Q(f) #@. It follows from the Corollary 6.6 that

FQAHNUNUCQf)NU. (8)
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Let V C U, V any open set with V N Q(f) #@. Given x € Q(f) NU, we have that ay(x) NV # @ and, then,
O;(x) NV #£@.Pick x, € f~'(x) N V. Define x; = f'*(x;) for0 <k <t.

f A
Xp > X > > xp = £ (%)

As U is a trapping region, we have that x; in U, V0 <k <t.

We claim that x; € Q(f) N U. Indeed, we have that xg € Q(f) N U. Suppose it also works for k — 1, that is,
xp—1 € 2(f) NTU. We have that x; € U. Then x; € f_1 (xx—1) N U and by (8) we have that x; € Q2(f) N U. It follows
by induction that x; € Q(f)NU. 0O

Theorem 1. Ler f : [0, 1]\ {c} — [0, 1] be a C? non-flat contracting Lorenz map. If f doesn’t have a periodic
attracting orbit, isn’t a Cherry map nor co-renormalizable, then there is an open trapping region U > ¢ given by a
finite union of open intervals such that A := U N Q(f) satisfies the following statements.

(1) wyr(x) = A for a residual set of points of A (in particular, A is transitive).

(2) The basin of attraction of A, B(A) :={x; wy(x) C A}, is an open and dense set.
(3) 3IA > 0 such that lim,,_, %log |IDf"(x)| = A for a dense set of points x in A.
(4) Either A is a finite union of intervals or it is a Cantor set.

(5) If A is a finite union of intervals, then wy(x) = A for a residual set of x in [0, 1].
(6) A is a Cantor set if and only if there is a wandering interval.

Proof. Set A := Q(f) N U with U as defined in (7).

(1) Lemma A.1 of Appendix A insures us it is true, as we have transitivity provided by Proposition 6.9.

(2) By Lemma 3.4, the set & = {x € [0, 1]\ {c}; 3 such that f/(x) € U} is an open and dense set. We claim that
any point y in this set ¢/ is also in S(A). For some k, f*(y) = x € U, and we have two possible situations for a
point ¢ € wy(x) = ws(y). As U is a trapping region, ¢ can be an interior point of U, and then it automatically
belongs to A = 2 U U. If not an interior point, ¢ € 0U. In this case, as g € wy(x), there are infinitely many "/ (x)
accumulating in g. Then, there can be no wandering interval with border g (as images of x keep coming close
to g). By Corollary 6.7, as g can’t be in the border of a wandering interval, it is not in the border of a connected
component of U \ ©2(f), then it is accumulated by points of this set, thatis, g € A = Q(f) N U.

(3) Proposition 5.14 says that repeller points p € Per(f) accumulate in c. As they are in Q(f), the ones that are in
U are also in A, and it follows from Corollary 6.6 that C’)JZ (p) is dense in A. Given any point x € (’)J? (p),asitis

eventually periodic, say f/(x) = p (and as there are infinitely many ones, we can pick one such that c is not in
its pre-orbit, in order to proceed with the following computation), we have

| . . | . | .
lim —log|D(f" ™/ o f/)(x)| = lim —log(IDf"~/(p)l) + lim —log|Df’(x)|=
n—oon n—oon n—-oon
1
n—j
(4) As A is transitive, 3x € A = wy(x), then, by Lemma A.2 of Appendix A, it is a perfect set. We have two
possibilities: interior(A) = @ or not. As A is a subset of R, if it has empty interior, it is totally disconnected.
Consequently, it will be a Cantor set (as we already proved it is compact and perfect). Suppose, then, interior(A) #
@. Let I be an open interval, / C A and it can’t be a wandering interval, as it is a subset of A C Q(f). Then,
by Lemma 3.1, 3j such that f/(I) 3 ¢, and so, c € interior A. This forbids the existence of wandering intervals.
Indeed, if there is a wandering interval J, it has to accumulate in the critical point (by Lemma 3.2), but this
would imply that /" (J) N Q(f) # ¥ for n sufficiently big. An absurd. So, as we cannot have wandering intervals,
Corollary 6.7, U\ Q(f) has to be an empty set. As U is an orbit of intervals, it proves the claim of the Theorem.
(5) Let A" ={x € U; ws(x) = A}. Observe that x € szo £~ (A’) implies that wr(x)=A.As A’ is residual in U,
there exist A,,, n € N, open and dense sets in U such that A’ = ﬂn eN An. On the other hand, for every n € N we
have that U,/zo f77(Ay) is an open dense set in [0, 1]. Then, (), oy (szo f/ (An)) is residual in [0, 1]. So we

have that ;> (N = Ujso I (Mpen An) = MNhen (szo 7 (Ap)) is residual.

= Jim T 'j) log (IDf"~(p)l) = lim ——log (IDf"~/(p)I) =exp(p) =t 4.
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(6) It follows straightforwardly from the former construction: A being a Cantor set implies that U \ €2(f) has non-
trivial connected components, that Lemma 3.1 says it is a wandering interval. The converse, for as A is compact
and perfect, if we suppose interior(A) # @, following the same reasoning of (4), there would be an interval I such
that /(1) > c for some j, contradicting the existence of wandering interval. O

Lemma 6.10. Lez f : [0, 1]\ {c} — [0, 1] be a Cc? non-flat contracting Lorenz map. Suppose that f & Lper U Lo U
Lche. Then Per(f) N A = A, with A as obtained in Theorem 1.

Proof. Notice that Per(f) NU = Per(f) N A, thus A\ Per(f)=A\ Per(f) N A. Suppose that A \ Per(f) # @.
Let I be connected component of U \ Per(f) such that I N A # @. As A is perfect and compact we have that
I'N A is uncountable. Moreover, as {x € A; ws(x) = A} is residual in A, we have that {x € A;ws(x) = A} N[ is
uncountable. Then, the set of points that return infinitely many times to / (that is, [ >0 f~7(I)) is uncountable. Let
I*={xel; O}'( f(x)) NI # 7} be the set of points that return to 7 and F : I* — [ the first return map. Observe that
the set of points that return infinitely many times to [ is given by

s #OF (x)N 1) = o0} = ﬂ F=I(I)
j=0

This way

ﬂ F~J(I) is uncountable. )
j=0

Claim (a). If J is connected component of I*, then F(J)=1.

Proof of the Claim. Let I = (ig, ). If F(J) # I, then let (zp, ;) = F(J) and in this case #o # ip or #; # i1. Suppose
to # io (the other case is analogous). Let n = R(J). As ty # i, there is 0 < s < n such that f*(fy) = c¢. Then we have
that

#(Per(f)N () =#(Per(f)N(c, f* (1)) = o0,

as the periodic points accumulate in both sides of the critical point (Proposition 5.14). Then #(Per( HnNnli ) >
#(Per(f) N f™(J)) = oo, contradicting the fact that / is connected component of U\ Per(f). O

Claim (b). I* has more than one connected component.
Proof of the Claim. Suppose it isn’t so, then I* is an interval and we will write it as (u#, v) and F = f"|(u, v) for
some n € N. This implies, then, that mjzo F=J(I)= Fix(f"|(u, v)). But this is an absurd, as by equation (9) this set

would be uncountable and so the set of periodic points of f would also be uncountable. O

As F has at least two branches covering the full image 7, we have it has infinitely many periodic points and, then,
f also has infinitely many periodic points in 7, absurd. O

7. Proof of Theorems B, C and D
Now, we will prove the main theorems: Theorem B, C and D.

Proof of Theorem B. We are supposing f has no attracting periodic orbit. Besides that, let’s consider different
situations:

(1) Firstly, let us suppose that 3¢ > 0 such that B,(c) N Per(f) =@. Then [0, 1]\ Per(f) has a connected component
J =(a,b) such thatc e J.
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I

Fig. 6. Interval with non-periodic borders with returns being full branches: it contains a shift with positive entropy.

If 3n such that f"(a) € J, 3¢ > 0 such that f*(B.(a)) C J. As Per(f) N B.(a) # @, then Per(f)NJ #0, in
contradiction with the definition of J. Similarly we show that f/(b) ¢ J, Vj € N, and so J is a nice interval.
Lemma 4.3 states that a € Per(f) or it is accumulated by periodic points p; € J, and the same for b. Then,
{a, b} C Per(f).

We can also state that J is a renormalization interval, for if £7¢"1°4@ (g, ¢)) ¢ (a, b), by Lemma4.1,3d € (a, b)
such that fP¢0d@ ((q, d)) = (a, b), that is, fP¢"1°4(@ (d) = (b) and then (d, b) is nice, but again by Lemma 4.3,
d € Per(f)ordpj € Per(f), pj /'d, which is a contradiction. In the same way, f((c, b)) C (a, b) and, so, J
is a renormalization interval.

As there are no attracting periodic orbits and J is a renormalization interval, it follows from Lemma 4.4 that
wyf(x) 3¢, Vx € J. By arenormalization and Lemma A.5 in Appendix A, there is a compact minimal set A such
that wy(x) = A, Vx € J. Then this is a Cherry map, according to the equivalency provided by [6], as observed
when we defined Cherry maps. Also, as Lemma 3.4 assures us that {x ; O*(x) N J # @} is an open and dense set,

it is not difficult to conclude that A is a Cherry attractor, and that it attracts a residual set of the interval.

One can observe that all these features of the Cherry attractor could also be obtained using the semi-conjugation
with an irrational rotation.

It may occur that the semi-conjugacy is not surjective, meaning the Cherry map has a gap, that is, there is a
wandering interval for the considered map.

For the remaining cases we have, then, that Ve > 0 Ap; p € B.(c) N Per(f). Among these, the first situation to
consider is the one of A being a solenoidal attractor:

As we have defined, there is a set A C ﬂ —o Ku, where K, = Upemd(p") Fi((pp, ) U Upemd(q” fi(c,qn),
Jo=(pPn,qn),n €N, and J; D Jp D --- is the chain of renormahzatlon intervals.

It follows from the construction that ¢ € A. Moreover, it follows from Lemma 3.4 that given a renormalization
interval J,, the set of points that eventually visit it is an open and dense set, V,, = {x; 3j such that f;(x) € J,}.

There is a residual set ()~ V;, of points that eventually fall into any renormalization interval, that is, ¢ € w (x),

Vx € mn=o V,, and by Theorem A, wy(x) = A, that is, this residual set belongs to the basin of A, as stated.

Now we come to the situation that f has no periodic attractor, neither Cherry attractor nor Solenoidal attractor.
It follows from Theorem 1 that 3A compact, f(A) = A, transitive set such that w¢(x) = A for a residual set of
points of A, whose basin of attraction B(A) := {x; wy(x) C A}, is an open and dense set. Also, 31 > 0 such that
lim,, - 00 % log | Df"(x)| = X for a dense set of points x in A.

Theorem 1 also gives two possibilities for this setting:

(a) either A is a finite union of intervals and w ¢ (x) = A for a residual set of x in [0, 1]

(b) oritis a Cantor set and there is a wandering interval.

In both cases, all we have to do to complete the proof of the theorem is to show that any of these two is a chaotic
attractor, and for this, it only remains to prove that periodic orbits are dense in it (Per(f) N A = A) and that
its topological entropy /0, (f|a) is positive. The condition on the periodic points follows from Lemma 6.10.
The fact that the topological entropy is positive can be obtained by taking arbitrarily small nice intervals whose
borders are non-periodic (e.g., pre-periodic points), and by observing that the returns to this interval provide at
least two full branches, that will create shifts that have positive entropy (see Fig. 6). O
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Proof of Theorem C. The existence of a single topological attractor is given by Theorem 1. If A is a Cherry attractor
and it does not have a wandering interval, then there is an interval [a, b], such that (identifying a and b) the first return
map to F : [a, b] — [a, b] is conjugated to an irrational rotation. In particular o r(x) D ap(x) = [a, b] = wr(x) C
wyf(x),Vx € [a, b]. Furthermore, the attractor for the map f, A, is given by the itinerary of the interval [a, b], that is,
A =l[a,b]U Uf;%) FIf(a), flco)DU U;;g) FI([f(cy), f(B)]), where £ and r are the smallest integers such that

ft(a, ¢)) C(a,b) D f7((c, b)). So,
ar(x) DA Cwr(x)Vx €A.

In particular,
ap(x)D(a,b) Cwr(x) Vx eA.

Considering V(4 5 = {x € [0, 1]; 3j such that fI(x) € (a,b)}, Lemma 3.4 assures us that this set is open and
dense, and then we get ap(x) =[0, 1], Vx € A.
If A is a Solenoid, then A C (2 K, where

period(ay,) - period(by,) ‘
Kn=( U ff([an,c))>m( U ff((c,bnp)
j=0 j=0

and {J, = (an, bn)}n 1s an infinite nested chain of renormalization intervals. Given any x € K, and y € A, there
are w € J, and £ € N such that f‘z(w) =x. By Lemma 5.9, for any given ¢ > 0, 3z € B.(y) such that fk (z) = x for
some k > 0. Then, ay(x) D Ay,, Yn € N. If f does not have any wandering interval, it is easy to show that Un>0 Ayg,
is dense in [0, 1]: suppose it isn’t, then U open interval U € [0, 11\ | ,~¢ A, If 3j such that fIU) > c, take j
minimum with this property. As f/(U) is an open neighborhood of c, then it contains J,, for m big enough, where
Jn 1s a renormalization interval. Then, 3s and ¢ € U such that f J (s) =apy and f i (t) = by, which is in contradiction
with the definition of U, as {s,t} C Ay,,. As ay(x) D Ay, and Un>0 Ay, is dense in [0, 1], we have proved that
ap(x)=[0,1,Vx e A.

Finally, if A is not a Cherry or a Solenoid attractor, the proof follows from Corollary 6.4 and items (4) and (6) of
Theorem B. Indeed, as we are assuming that f does not have wandering intervals, it follows from items (4) and (6)
of Theorem B that A is a cycle of intervals. By Corollary 6.4 and the fact that A =U N Q(f), we get ay(x) D A.
As A contains an open neighborhood of c¢, it follows that the set of x € [0, 1] such that (’)j{(x) N A # () contains
an open and dense set. Thus, szo £~/ (A) is dense and so ay(x) is dense YVx € U. As the a-limit is a closed set,

ap(x)=[0,1]forall x e U. If A =UNQ(f)=UnNSQ(f) CU, the proof is done. On the other hand, if A ¢ U,
then A\ U C ((9;“- (c-)N (’);{ (c4)). But, as it was defined in the beginning of Section 2, ¢ € f~'(f(c_)) and also

ce f~Y(f(cy)). Thus, af(A\U) Days(c)=[0,1] (because c € U). O

Proof of Theorem D. The first statement of the theorem follows straightforwardly from Proposition 3.3. Items (1),
(2) and (3) repeat what is said in Theorem B. In the case (4), we have the existence of wandering intervals, so let’s
consider V the union of all wandering intervals. Lemma 3.6 says this set is open and dense in [0, 1], and Corollary 3.7
gives the structure of the set A. O
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Appendix A

Lemma A.1. If f : U — X is a continuous map defined in an open and dense subset U of compact metric space X,
then either Fx € U such that wr(x) =Xorw(x) =X for a residual set of x € X.
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Proof. Suppose that (’)]T(p) is dense in X for some p € ﬂij f=I(U). Write pg = f*(p). For each £ € N there is
some k‘,,,g such that {py, - - -, fk"f(pg)} is (1/2n)-dense. As f is continuous and U open, there is some r,, ¢ > 0 such
that £/ (By, ,(pe)) C Bijan(f7(pe)), YO < j <ky¢. Thus, {y, -, ffnt(y)}is (1/n)-dense ¥y € By, ,(pe). Let

X, ={x eX; (’);E(x) is (1/n) — dense}.

Therefore | J,c Br, ,(pe) C X, is an open and dense set. Furthermore,

(U Br..(po)

neNeN
is a residual set contained in (), y X, ={x € X; ws(x) =X}. O

Lemma A.2. Let X be a compact metric space and f : U — X be a continuous map defined in a subset U. If
X € ﬂnzo f7MU) and x € wy(x), then either (’)?(x) is a periodic orbit (in this case wy(x) = (’)?(x)) orwys(x)isa
perfect set. ‘ ‘

Proof. Suppose dp € wy(x) an isolated point, say B:(p) N wys(x) = {p}, with £ > 0. As x € wy(x) and f is
continuous on O;(x), we have O}'(x) C wyf(x). Thus, (’)}F(x) N (Be(p) \ {p}) =9. As p € wr(x) = 3 sequence
n;j /' oo such that "/ (x) — p. Taking j big enough we have f"/(x) € B¢(p), then f"i(x) = p, Vj big and, then,
SR (f(x)) = p = f(x), that is, f"/(x) is periodic. As x € wy(x) = w(f" (x)) = O™ (f"i(x)), we have
that x is periodic. O

Corollary A.3. Let f : [0, 1]\ {c} — [0, 1] be a contracting Lorenz map. If c_ € w¢(c_), then either f has a super-
attractor containing ¢ or wy(c-) is a perfect set. Analogously, if cy € wy(cy), then either f has a super-attractor
containing ¢4 or wy(cy) is a perfect set.

Proof. Suppose that f does not have a super-attractor containing c—. Thus, v; 1= f(c-) ¢ (9]7 (c). In this case,
o}r(c,) ={c}uU o}f(vl) (recall the definition of O}L(c,) in the beginning of Section 2). Note that v; € w(vy),
because c_ € wy(c_). As vy can not be a periodic orbitand as vy € Unzo 70, 171\ {c}), it follows from Lemma A.2
that w ¢ (vy) is a perfect set. As wy(c—) = wy(vy) (because c € wy(v1) N (0, ¢)), we finish the proof. O

Corollary A4. Let f :[0,1]\ {c} — [0, 1] be a contracting Lorenz map without periodic attractors. Suppose
wrlc=)scewr(cq). If (’)}'(p) N@O,c)s>ce(cl) ﬂO}'(p), p € (0,1)\ {c}, then wy(p) is a perfect set and
wr(p)NO0,c)>ce(c,)Nws(p).

Proof. It follows from Corollary A.3 that wr(c—) and wy(cy) are perfect sets. Furthermore, wr(c-) N (0,c) 3¢ €
(e, DNwslcq). If (’)}'(p) N@O,c)sce(c, )N O'}'(p) then w7 (p) D ws(c—) Uwy(cy) and so, ws(p) N (0, ¢) >
ce(c,DNws(p).

Now suppose that w ¢(p) is not perfect. Thus, there is g € wy(p) and § > 0 such that Bs(g) Nw(p) = {q}. Let
J = (a, b) be the connect component of [0, 1]\ (a)f(p) \ {q}) containing ¢g. Note that a, b C (a)f x)u{o,1hH. O

A.0.1. The attractor for Cherry maps

Lemma A.5. Let f:[0,1]\ {c} — [0, 1] be a contracting Lorenz map without super-attractors. If ¢ € wy(x), Vx €
(0, 1), then there exists a compact set A C (0, 1) such that wy(x) = A, Vx € (0, 1). In particular, A is a minimal set.

Proof. As f does not have super-attractor and c € wy(x), Vx € (0, 1), we get
Per(f)={0,1}.

Note also that ([0, ¢)) 3 c € f((c, 1]), because c € wy(x), Vx € (0, 1). By Lemma 4.5, we conclude that O?(x) N
©O,c) D #(c,HN O}'(x), Vx € (0,1). So, by Lemma 4.7 we get
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07 ()N 0,¢)3ce(c, HNOF(x), Yx € (0,1). (10)
As a consequence,

wr(x) Dwrlco)Uwyr(cy), Yx€(0,1). (11)
In particular,

c-€wyr(c-)and cy € wy(cy).

Thus, it follows from Corollary A.4 that

wrx)NO,c0)3ce(c, DNwr(x) Yx € (0,1). (12)

Now we will prove that w ¢ (p) = wys(q), ¥ p,q € (0, 1). If this is not true, then there exist p, g € (0, 1) such that
wr(p)\ws(q) #¥.Lety € ws(p)\wys(q). Set [a, B = [minwy (p), max wy(p)] (indeed, [ar, B = [ f(c1), f(c)]).
It is easy to see that f([a, B]) = [a, B]. As c € («, B) (by (10)) and as ¢ € wyr(x), Yx, we get wr(x) C [a, B,
Vx € (0,1). As a consequence, y € («, ).

Let J = (a, b) be the connected component of [0, 1]\ w¢(p) containing g. As y € (a, B), we geta, b € wys(p). As
yewyr(q)NJ,onecan find 0 < ny < ny such that f"(q), f">(q) € (a, b). We may suppose that f"'(g) < f"*(q)
(the case f™(g) > f"2(q) is analogous).

Let T := (¢, f™ (g)] be the maximal interval contained in (a, f"!(g)] such that f"27"1|r is a homeomorphism and
that f"27"(T) C (a, f"*(q)].

Claim 1. f27"(T) = (a, f™(q)].

Proof of the Claim. If not, there are two possible cases: (1) f*(¢) = c for some 0 <s <ny —nj or (2) t =a and
a< f7"(a) < f"(q). As a < 7" (a) < f"(g) will imply that w(p) N J # @, and this contradicts the fact
that J C [0, 1]\ wy(p), we have only to analyze the first case.

Thus, f*(T) Nws(p) = (c, S (g) N wy(p) # ¥ (because of (12)). But this implies that J Nw(x) D
ST Nwp(x) D fR7M=S(f(T)Nwy(x)) #0. Anabsurd, as J C [0, 1]\ wr(x). O

It follows from the claim above that f"2~"1(T) = (a, f">(¢)] D T. This implies that f has a periodic point in 7
(because f"27"1|r is a homeomorphism). But this is a contradiction with the fact that Per(f)N(0,1)=@. O
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