PHYSICAL MEASURES FOR INFINITE-MODAL MAPS

VITOR ARAUJO AND MARIA JOSE PACIFICO

ABSTRACT. We analyse certain parametrized families of one-dimensional maps with infin-
itely many critical points from the measure-theoretical point of view. We prove that such
families have absolutely continuous invariant probability measures for a positive Lebesgue
measure subset of parameters. Moreover we show that both the densities of these measures
and their entropy vary continuously with the parameter. In addition we obtain exponential
rate of mixing for these measures and also that they satisfy the Central Limit Theorem.
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1. INTRODUCTION

One of the main goals of Dynamical Systems is to describe the global asymptotic behavior
of the iterates of most points under a transformation of a compact manifold, either from
a topological or from a probabilistic (or ergodic) point of view. The notion of wuniform
hyperbolicity, introduced by Smale in [Sm], and of non-uniform hyperbolicity, introduced by
Pesin [P], have been the main tools to rigorously establish general results in the field.

While uniform hyperbolicity is defined using only a finite number of iterates of a given
transformation, non-uniform hyperbolicity is a asymptotic notion to begin with, demand-
ing the existence of non-zero Lyapunov exponents almost everywhere with respect to some
invariant probability measure.

Date: September 29, 2005.

2000 Mathematics Subject Classification. Primary: 37C40. Secondary: 37D25, 37A25, 37A35.

Key words and phrases. SRB measures, absolutely continuous invariant measures, infinite-modal maps,
statistical stability, exponential decay of correlations, central limit theorem, continuous variation of entropy .

V.A. was partially supported by CMUP-FCT (Portugal), CNPq (Brazil) and grants BPD/16082/2004 and
POCI/MAT/61237/2004 (FCT-Portugal). Part of this work was done while enjoying a post-doctorate leave
from CMUP at PUC-Rio and IMPA. M.J.P. was partially supported by CNPqg-Brazil/Faperj-Brazil/Pronex
Dyn. Systems.

1



2 VITOR ARAUJO AND MARIA JOSE PACIFICO

On the one hand, the study of consequences of both notions in a general setting has a long
history, see [M, S, KH, B, BP, Y, BDV] for details and thorough references.

On the other hand, it is rather hard in general to verify non-uniform hyperbolicity, since we
must take into account the behavior of the iterates of the given map when time goes to infinity.
This was first achieved in the groundbreaking work of Jakobson [J] on the quadratic family,
which was extended for more general one-dimensional families with a unique critical point
by many other mathematicians, see e.g. [BC1, R, MS, T, TTY]. One-dimensional families
with two critical points were first considered in [Ro] and multimodal maps and maps with
critical points and singularities with unbounded derivative were treated in [LT, LV, BLS]. To
the best of our knowledge, maps with infinitely many critical points were first dealt with in
[PRV].

The aim of this paper is prove that the dynamics of the family considered in [PRV], for a
positive Lebesgue measure subset of parameters, is non-uniformly hyperbolic and to deduce
some consequences from the ergodic point of view. These families naturally appear as one-
dimensional models for the dynamical behavior near the unfolding of a double saddle-focus
homoclinic connection of a flow in a three-dimensional manifold, see Figure 1 and [Sh]. The
main novelty is that we prove global stochastic behavior for a family of maps with infinitely
many regions of contraction.

F1GURE 1. Double saddle-focus homoclinic connections

Roughly speaking, the family f, of one-dimensional circle maps which we consider here
is obtained from first-return maps of the three-dimensional flow in Figure 1 to appropriate
cross-sections and disregarding one of the variables. This reduction to a one-dimensional
model greatly simplifies the study of this kind of unfolding and provides important insight
to its behavior. However as we shall see the dynamics of the reduced model is still highly
complex.

This family of maps is obtained translating the left-hand side and right-hand side, vertically
in opposite directions, of the graph of the map f = fy described in Figure 2. This family
approximates the behavior of any generic unfolding of fy. Such unfolding was first studied
in [PRV], where it was shown that for a positive Lebesgue measure subset S of parameters
the map f,, for 4 € S, exhibits a chaotic attractor. This was achieved by proving that the
orbits of the critical values of f,, have positive Lyapunov exponent and that f, has a dense
orbit.
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Here we complement the topological description of the dynamics of f, provided by [PRV]
for p € S with a probabilistic description constructing for the same parameters a physical
probability measure v,,. We say that an invariant probability measure v is physical or Sinai-
Ruelle-Bowen (SRB) if there is a positive Lebesgue measure set of points z € S! such that

i 25 o (ih0) = [ oar
k=0

for any observable (continuous function) ¢ : St — R. The set of points € S! with this
property is called the basin of v. SRB measures provide a statistical description of the
asymptotic behavior of a large subset of orbits. Combining this with the results from [PRV]
we have that f, has non-zero Lyapunov exponent almost everywhere with respect to v, i.e.
fu is non-uniformly hyperbolic for u € S.

The main feature needed for the construction of such measures is to obtain positive Lya-
punov exponent for Lebesgue almost every point under the action of f,, 4 € S. The presence
of critical points is a serious obstruction to achieve an asymptotic expansion rate on the de-
rivative of most points. Therefore the control of derivatives along orbits of the critical values
is a central subject in the ergodic theory of one-dimensional maps.

The crucial role of the orbits of the critical values on the statistical description of the global
dynamics of one-dimensional maps was already present in the pioneer work of Jakobson [J],
who considered quadratic maps and obtained SRB measures for a positive Lebesgue measure
subset of parameters.

This was later followed by the celebrated papers of Benedicks and Carleson [BC1, BC2],
where the parameter exclusion technique was used to show that, for a positive Lebesgue
measure subset of parameters, the derivative along the orbit of the unique critical value has
exponential growth and satisfies what is nowadays called a slow recurrence condition to the
critical point. This is enough to construct SRB measures for those parameters.

Recently, in the unimodal setting it was established that indeed the existence of SRB
measures, and the exponential growth of the derivative along the orbit of the critical value,
are equivalent conditions for Lebesgue almost every parameter for which there are no sinks,
see [ALM, AM1, AM2]. See also [BLS] for multimodal maps.

In [PRV] the technique of exclusion of parameters was extended to deal with infinitely many
critical orbits. Here we refine this technique to obtain exponential growth of the derivatives
and slow recurrence to the whole critical set for Lebesque almost every orbit. By [ABV] this
ensures the existence of SRB measures for every parameter ;o € S, see Subsection 1.2 and
Theorem A.

Moreover we are able to control the measure of the set of points whose orbits are too
close to the critical set during the first n iterates, showing that its Lebesgue measure is
exponential in n, see Theorem B. In addition, the Lebesgue measure of the set of points whose
derivative does not grow exponentially fast in the first n iterates decreases exponentially fast
with n, see Theorem C. By recent general results on the ergodic theory of non-uniformly
hyperbolic systems [ALP, G|, both estimates above taken together imply exponential decay
of correlations for Holder continuous observables for v, and also that v, satisfies the Central
Limit Theorem, for all g € S, see Subsection 1.3 and Corollary D. We remark that these
properties are likewise satisfied by uniformly expanding maps of S*, which are the touchstone
of chaotic dynamics, see e.g. [B, V], in spite of the presence of infinitely many points with
unbounded contraction (critical points).
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Furthermore analyzing our arguments we observe that all the estimates obtained do not
depend on the choice of the parameter p € S. This shows after [A, AOT] that the density
dv, /dX of the SRB measure v, with respect to Lebesgue measure and its entropy h,,, (f,) vary
continuously with p € S, see Subsection 1.4 and Corollary E. This type of result was recently
obtained in [F] for quadratic maps on the set of parameters constructed in [BC1, BC2] using
a similar strategy. Hence statistical properties of the maps f, for u € S are stable under small
variations of the parameter, i.e. this family is statistically stable over S.

We emphasize that although the general strategy for proving our results follows [BC1,
BC2, PRV, F] several new difficulties had to be overcome. Indeed unlike [BC1, BC2, PRV]
where the main purpose was to obtain positive Lyapunov exponent along the orbits of critical
values, here we need to obtain positive Lyapunov exponents and slow recurrence to the critical
set along almost every orbit, which forces us to control the distance to the critical set for
far more iterates than in [PRV]. Moreover with infinitely many critical points the derivative
of the smooth maps we consider here is not globally bounded, unlike any smooth unimodal
family [BC1, BC2, F|, which demanded a proof of an exponential bound for the derivative
along the orbits of critical values. In order to obtain such a bound for a positive Lebesgue
measure set of parameters we changed the construction presented in [PRV] adding a new
constraint in the exclusion of parameters algorithm.

The paper is organized as follows. We first state precisely our results in Subsections 1.2
to 1.4. We sketch the proof in Section 2. In Section 3 we explain how a sequence (Pp)n>0
of partitions of S' whose atoms have bounded distortion under action of f ., 1s constructed.
Basic lemmas are stated and proved in Section 4. These are used to obtain the main estimates
in Section 5. In Sections 6 and 7 we use the main estimates to deduce slow recurrence to the
critical set and fast expansion for most points. In Section 8 we explain how an exponential
upper bound on the growth of the derivatives along critical orbits can be obtained through
an extra condition imposed on the construction performed in [PRV] without loss. Finally in
Section 9 we keep track of the estimates obtained during our constructs and show that they
do not depend on the parameter p € S.

1.1. Statement of the results. Let f be the interval map f : [—1,e1] — [—1,1] given by
sy | az%sin(Blog(1/z))) if z>0
1) = { —a)z|7 sin(Blog(1/]2])))  if = < 0, (1.1)
where a >0,0<a<, B >0 and g7 > 0, see Figure 2.
Maps f as above have infinitely many critical points, of the form

xp = zexp(—kn/B) and z_ = —xy for each large k > 0 (1.2)

where Z > 0 is independent of k. Let kg > 1 be the smallest integer such that zj is defined
for all |k| > ko, and zy, is a local minimum.

We extend this expression to the whole circle S = I/{—1 ~ 1}, where I = [~1,1], in the
following way. Let f be an orientation-preserving expanding map of S' such that f 0)=0
and f' > & for some constant & >> 1. We define ¢ = 2 - x4, /(1 + e~™P), so that xy, is the
middle point of the interval (e=™/P¢, ¢) and fix two points T, <Y <y <e, with

T

N 1—c¢
"(§) >>1 d al 22—
F@|>>1 andalso 2

i U > T, (1.3)

where 7 is a small positive constant to be defined in what follows and we take ko = ko(7)
sufficiently big (and e small enough) in order that (1.3) holds. Then we take f to be any
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FiGURE 2. Graph of the circle map f.

smooth map on S! coinciding with f on [—9, 7], with fon S\ [—7, 7], and monotone on each
interval +[7, g].
Finally let f, be the following one-parameter family of circle maps unfolding the dynamics

of f = fo

fz)+ for z € (0,
Tulz) = { f(2) —Z for z € [—EE,]O) (1.4)

for u € (—¢,€). For z € S\ [—¢,¢] we assume only that !%fu(z)‘ > 2. In what follows we
write 2 (1) = fu(xx) for |k| > ko.

Theorem 1.1. [PRV, Theorem A] For a given o € (1,\/&) there exists an integer N such
that taking ko > N in the construction of f, we can find a small positive constant p such that
for 0 < p < p there exists a positive Lebesque measure subset S C [—e, —e2| U [e2, €] satisfying
for every p € S

(1) for alln >1 and all ko < |k| < o0
(@) |(f2) )] = o
(b) either [fi(fu(z)l > & or |fi(fu(x1)) = Tmm)| = €7
where T,y 18 the critical point nearest f!(fu(z1))-
2) liminf,, oo n " tlog |[(f™)(2)| > logo/3 for Lebesgue almost every point z € S1;
(2) + g |(f) g g Y
(3) there exists z € St whose orbit {fi(2) :n >0} is dense in St

The statement of Theorem 1.1 is slightly different from the main statement of [PRV] but
the proof is contained therein.

1.2. Existence of absolutely continuous invariant probability measures. The pur-
pose of this work is to prove that for parameters ;1 € S the map f, admits a unique absolutely
continuous invariant probability measure v, whose basin covers Lebesgue almost every point
of S', and to study some of the main statistical and ergodic properties of these measures.

In what follows we write A for the normalized Lebesgue measure on S'. Our first result
shows the existence of the SRB measure.

Theorem A. Let p € S be given. Then there exists a f,-invariant probability measure v,
which is absolutely continuous with respect to X\ and such that for A-almost every v € S and
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every continuous ¢ : S' — R,

1 n—1 '
Jim S (@) = [ v, (1.5)
§=0

The proof is based on the technique of parameter exclusion developed in [PRV] to prove
Theorem 1.1 and on recent results on hyperbolic times for non-uniformly expanding maps
with singularities and criticalities, from [ABV].

In our setting non-uniform expansion means the same as item (2) of Theorem 1.1. However
due to the presence of (infinitely many) criticalities and the singularity at 0, an extra condition
is needed to construct the S RB measure: we need to control the average distance to the critical
set along most orbits.

We say that f,, has slow recurrence to the critical set C = {x}, : |k| > ko} U {0} if, for every
0 > 0, there exists b > 0 such that

n—oo N

n—1
1
limsup — Z — log dist, (f[f(a:),C) < § for Lebesgue almost every z € S!, (1.6)
k=0

where b is a small positive value, and dist,(x,y) = |x — y| if |z — y| < b and 1 otherwise.
Let fo : I\ C — I be a C? map. We say that C is a non-flat critical set if there exist
constants B > 1 and (3 > 0 such that

Si: %dist(x,C)ﬁ < |fo(@)| < Bdist(z,C) 7P ;

: N Tow £ (| < B lZ =Yl
S2:  |log|fy(@)| lglfoll = By ey

for every x,y € I\ C with |x — y| < dist(x,C)/2.
The following result ensuring the existence of finitely many physical probability measures
is proved in [ABV].

Theorem 1.2. If fy satisfies (S1), (S2), is non-uniformly expanding and has slow recurrence
to the critical set C, then there are finitely many 1, ..., ergodic absolutely continuous fo-
wvariant probability measures such that Lebesque almost every point in I belongs to the basin
of i for some i€ {1,...,1}.

The maps f,, satisfy conditions (S1)-(S2) above. Indeed we define yj, = 2 - 23 /(1 + e~™/),
for each k > ko, so that z is the middle point of the interval (yxi1,yr). We note that zy is
the closest critical point to any y € (yg+1,yx). We also use a similar notation for & < —k.

We will argue using the following lemmas, which correspond to Lemmas 3.2 and 3.3 proved
in [PRV].
Lemma 1.3. There exists C > 0 depending on f only (not depending on € nor u) such that,
for every x € (yi+1,y1) and 1 > kg, respectively, x € (y;,y1—1) and | < —ko, we have
(1) CHag|* 2 - |z = < [f(2) = fla)] < Clay]*™? - |z — o[
(2) C7Ya|* 2 - |z —a| < [f'(2)] < Claa|*72 - |2 — .
Lemma 1.4. Let s,t € [y;+1,y1] with | > ko, respectively, s,t € [y, y1—1] with | < —ko. Then
Ji(s) = fu(t)
fL(@)

where K1 > 0 is independent of 1, s,t,e and p.
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On the one hand since 0 < a < 1, x € (y;41,y) and |z;| < 1, then from item 2 of Lemma 1.3
Clay|* 2|z — ay| = (C’\xl\o‘_2|x — xl|2)\x —x 7t < (C]xl|°‘_2\xl|2)\x —x| ' <Ol — x|
On the other hand since o — 2 < 0 and |z;| < 1 we get C7|zy|* 2|z — 24| > C7 |z — 7y,

showing that (S1) holds for f, with B = C and g = 1.
To check that (S2) also holds we write
(@)l 1f(@) = Fuy) + F)l - |f(@) = ()]
A |fL ()l B A
and then because log(1 + z) < z for z > —1 we get
/ ot .
HCEAOINEETE
A |z — ]
Thus according to Theorem 1.2 and after Theorem 1.1, we only need to show that f, has

slow recurrence to the critical set for u € S to achieve the result stated in Theorem A. This
is done in Sections 4 to 6, where a stronger result is obtained, as explained in what follows.

|log | fo ()] = log [ fo(y)l | <

1.3. Stretched exponential decay of correlations and Central Limit Theorem. Us-
ing some recent developments on the statistical behavior of non-uniformly expanding maps
[ALP, G| we are able to obtain exponential bounds on the decay of correlations between
Holder continuous observables for v, with y € S. In addition it follows from standard tech-
niques that v, also satisfies the Central Limit Theorem. In order to achieve this we refined
the arguments in [PRV] using strong conditions on the exclusion of parameters extending the
estimates obtained therein for critical orbits to get a exponential upper bound on the growth
of the derivative along orbits of critical values, as explained in Section 8. Moreover we where
able to extend most of the estimates from [PRV] for Lebesgue almost every orbit, yielding an
exponential bound on the Lebesgue measure of the set of points whose average distance to
the critical set during the first n iterates is small, as follows.
We first define the average distance to the critical set
1 n—1
C(x) = EZ—logdisq, (fi(z).C). (1.7)
§=0
for a given b > 0. Then we are able to prove the following.

Theorem B. Let i € S and § > 0 be given. Then there are constants C1,&1,b > 0 dependent
on f, o, ko and & only such that R(x) = min{N >1:C’(z) < 6,¥n > N} satisfies

A({:U eSSt R(z) > n}) <Cp-e

We note that in particular this shows that f, has slow recurrence to the critical set and
ensures the existence of the SRB measure v, for u € S by Theorem 1.2.

We are also able to obtain, using the same techniques, an exponential bound on the set
of points whose expansion rate up to time n is less than the one prescribed by item (2) of
Theorem 1.1. This is detailed in Section 7.

Theorem C. Let p € S be given. Then there exist constants Co,&9 > 0 dependent on f, p
and ko only such that £(z) = min{N >1: ‘(fﬁ)’(a:)‘ > o™3,Y¥n > N} satisfies

)\({a: cS': &(x) > n}) < Cy-e 5m,
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In particular we obtain a new proof of item (2) of Theorem 1.1, which does not follow
directly from Theorem A plus the Ergodic Theorem since it is not obvious whether log |f’] is
v,, integrable.

Theorems B and C together ensure that for 4 € S there are constants C'3 > 0 and &3 € (0,1)
such that T, = {x € S} : £(z) >n or R(z) > n} satisfies

M) < Cy - e (L8)
for all n > 1. This fits nicely into the following statements.

Theorem 1.5. Let g : S' — S be a transitive C? local diffeomorphism outside a non-flat
critical set C such that (1.8) holds. Then

(1) [ALP, Theorem 1] there exists an absolutely continuous invariant probability measure
v and some finite power of g is mixing with respect to v;

(2) [G, Theorem 1.1] there exist constants C,c > 0 such that the correlation function
Corry,(p, 1)) = U(gp og")-dy — fgodufz/}du‘ , for Holder continuous observables
0,1 : St — R, satisfies for alln > 1

Corry,(p, ) < C-e ",

(3) [ALP, Theorem 4] v satisfies the Central Limit Theorem: given a Hélder continuous
function ¢ : St — R which is not a coboundary (¢ # 1 og—p for any ¢ : S' - R)
there exists 0 > 0 such that for every interval J C R

Jijgou({x cs!: \FZ /gbdu € J 9\/_/ e7/20% gy

It is then straightforward to deduce the following conclusion.

Corollary D. For every o € S the map f, has exponential decay of correlations for Hélder
continuous observables and satisfies the Central Limit Theorem with respect to the SRB mea-
sure vy,.

1.4. Continuous variation of densities and of entropy. We note that during the ar-
guments in Sections 2 to 7 the constants used in every estimation depend uniformly on the
values of p,o and € which can be set right from the start of the construction that proves
Theorems B and C. This enables us to use recent results of statistical stability and continuity
of the SRB entropy from [A, AOT], showing that both the densities of the SRB measures v,
and the entropy vary continuously with p € S.

Let F be a family of C? maps of S! outside a fixed non-flat critical set C such that for any
given f € F and §; > 0 there exists d; > 0 satisfying for every measurable subset £ C S!

ME) < 82 = MfUE)) <61,
that is f«(A) < A\. We say that a family F as above is a non-degenerate family of maps.
Theorem 1.6. Let a non-degenerate family F of C? maps of S' outside a fived non-flat
critical set C be given such that for every f € F the corresponding functions £, R : S' — N
define a family (I'y)n>1 satisfying (1.8) with constants C3,&3 not depending on f € F. Then
(1) [A, Theorem A] the map (F,dc2) — (LY, || - 1), f — % € LY(\) is continuous,

where dee is the C? distance and || - |1 the L'-norm;
(2) [AOT, Corollary C] the map (F,dc,) — R, f + hy(f) is continuous.
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We observe that F = {f, : p € S} satisfies all the above conditions since

° f is a C'"°° map whose non-zero singularities, albeit infinitely many, are of quadratic
type, and near zero f is asymptotic to |z|%;
e f, is obtained from f through a local diffeomorphism extension plus two translations
(or rigid rotations when viewed on S!);
e the values of §,¢,0, p can be chosen so that
— S'is given by Theorem 1.1 with positive Lebesgue measure;
— fu for p € S satisfies (1.8) with C3,& > 0 depending only on ¢,0,p — this is
detailed in Section 9.

Thus we deduce the following corollary which shows that statistical properties of f, are stable
under small variations of the parameter p within the set S.

Corollary E. The following maps are both continuous:

s = @O, S - R

[ % noo= h,/# (f) .
Aknowledgements: We are thankful to M. J. Costa and M. Viana for helpful conversations
about this work.

2. IDEA OF THE PROOF

From now on we fix a parameter u € S and write Coo = U ((f™)"1(C) for the set of
pre-orbits of the critical set C. Following [PRV] we consider a convenient partition {I(l,s,j)}
of the phase space into subintervals, with a bounded distortion property: trajectories with
the same itinerary with respect to this partition have derivatives which are comparable, up
to a multiplicative constant. This is done as follows. Let [ > ko and y; € (x;,2;-1) be as
defined in Subsections 1.1 and 1.2: z; is the middle point of (y;41,y;). We partition (z;,y;)
into subintervals

I(l,s) = (= + e~ (T/B)s . (yi — xp), 21 + e~ (/B)(s=1) . (y1 — 1)), s> 1.
We denote by I(l, —s) the subinterval of (y;.1,2;) symmetrical to I(l,s) with respect to x;.
) xl_+] ylj—]

I(l,-s) by

Hlms) o H=s, (481
\/7 v

FIGURE 3. The initial partition Pg.

We subdivide (I, +s) into (I + |s|)? intervals I(l,+s, ), 1 < j < (I + |s])® with equal length
and j increasing as I(l,+s, j) is closer to x;, see Figure 3. We also perform entirely symmetric
constructions for | < —ko. Let I(£ko,1,1) be the intervals having £ in their boundaries.
Clearly we may suppose that I(+kg,1,1) are contained in the region S!'\ [~7,7] where f
coincides with f, and so |f’| > ¢ > 1. Finally, for completeness, we set I(0,0,0) = I(0,0) =
S\ [—¢,€].
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Remark 2.1. By the definition of I1(l, s, j)
e—(m/B)(|Ll+]s])

11(l,s,5)] = a1 IEREL and  ase~ OIS < Qist(1(1, s, 5), 1) < age™*/DU+sI=1)
where |I| denotes the length of the interval I,
(7/B) _ 1)2 (*/B) _ 1
A it 3 1

and a9 =1
e

B 11 @B 11 -

Moreover for any m > 1 we have |Tm — Tmi1| = 2 - (1 — e 7/P). e 5™, In addition we have
according to the sign of s

dist (I(l, $,7), 0) = |zy| £ dist (I(l, s,j),xl)
and thus | — ag| - e~ "/PM < dist(I(1,s,7),0) < (ag + &) - e~ (*/BIU,

We will separate the orbit of a point zp € I \ Co into sequences of consecutive iterates
according to whether the point is near C or is in the expanding region 1(0,0,0). When
Ty = fﬁ(azo) is near C, we say that n is a return time and the expansion may be lost. But
since we know that for u € S the derivatives along the critical orbits grow exponentially fast,
we shadow the orbit of x,, during a binding period by the orbit of the nearest critical point
and borrow its expansion. At the end of this binding period, the expansion is completely
recovered, which will be explained precisely in Section 4.

This picture is complicated by the infinite number of critical points and by the possible
returns near another critical point during a binding period. Iterates outside binding periods
and return times are free iterates, where the derivative is uniformly expanded.

Our main objective is to obtain slow recurrence to C, which means that the returns of
generic orbits are not too close to C on the average. However even at a free iterate the orbits
may be very close to the critical set, by the geometry of the graph of fy, which demands
a deeper analysis to achieve slow recurrence to the critical set. Moreover since |f| is not
bounded from above in our setting, we do not automatically have an exponential bound on
the derivative along orbits of critical values, which is needed to better control the recurrece
to C and must be proved by a separate argument involving a stronger exclusion of parameters
in the algorithm presented in [PRV].

Using the slow recurrence we show that the derivative along the orbit of Lebesgue almost
every point grows exponentially fast. Using the estimates from Sections 3 to 5 we are able to
obtain more: we deduce the exponential estimates on Theorems B and C in Sections 6 and 7.

Finally the refinement on the parameter exclusion in [PRV] and the dependence of the
constants on the choices made during the entire construction are detailed in Sections 8 and 9
respectively, where we show that the estimates are uniform on p € S.

3. REFINING THE PARTITION

We are going to build inductively a sequence of partitions Pgy,Py,... of I (modulus a
zero Lebesgue measure set) into intervals. We will define inductively the sets R,(w) =
{r1,..., 7y} which is the set of the return times of w € P, up to n and a set Qn(w) =
{(ll, 51,1)5 > (lyn)> sv(n),jﬂ/(n))}, which records the indexes of the intervals such that f}(w) C
I(li, Si,ji), 1= 1, oo 7T'y(n)'

In the process we will show inductively that for all n € Ny

Yw € Py, fﬁ+l|w is a diffeomorphism, (3.1)
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which is essential for the construction itself. For n = 0 we define
Po={1(0,0,0)} U{I(l,s,5) : [I| > ko, s >1,1<j<(I+5)*}.

It is obvious that Py satisfies (3.1) for n = 0. We set Ry (1(0,0,0)) = 0 and Ro(I(l,s,7)) =

{0}, Qo(I(l,s,7)) ={(,s,7)} for all possible (I, s, j) # (0,0,0).

Remark 3.1. This means that every I(l,s,7) with |I| > ko, |s| > 1 and j =1,...,(|I| + |s])?

has a return at time 0, by definition. This will be important in Section 6.

For each (I, s) with |I| > ko and |s| > 1 such that

1= e/ 5 14 /)
—(=/B)ls| =& ; __"F e -
e T o /P <7, ie. |s]>s(r) - log | T o/ | (3.2)

we define the binding period p(x) of x € I(l,s) to be the largest integer p > 0 such that

\fli@) <e and |fi(z) — fr(@)] < [fi (@) — 2poyle” ™"
or (3.3)
[fi (@) > e and |f)(x) — fi(z)| <e'TTe™

for all 1 < h < p, where z,,(;) is the critical point nearest f[}(fu(a:l)) and 7 > 0 is a small
constant to be specified during the construction.
Failing condition (3.2) means that I(l,s) is not close enough to C since
1 — e (7/B)
v >
T et [l = Tl
for all € I(l,s), and in this case there is no expansion loss at the point x. Indeed by
Lemma 1.3 and using the definition of x; from (1.2) we get

|z — 2| > e (T/B)ls| (g — 1) > o (@/B)ls| .

sa—2

_ _ _ _ T —a)*
(@) > C7 2 e — | > Oy 2'T|aw|:T,e(1 A5 (3.4)

Since 1 — a > 0 and [l| > ko, this ensures that [f/ (z)| > 1 if we take ko = ko(7) big enough.

Remark 3.2. As we will explain along the proof, the values of ko and 7—1 will both need to be
taken sufficiently big. We note that ko — oo when 7 — 07 . For more on these dependencies
see Section 9.

We define the binding period p(l,s) of the interval I1(l,s) to be the smallest binding period
of all points of this interval, that is p(l,s) = inf{p(x) : z € I(l,s)}.

For (I,s,j) with |I| > kg, |s| > 1 and 1 < j < (]I| + |s])3, we write
I(l7$7j)+ = (laslvjl) UI(l,S,j) UI(lvs%jQ)v

where I(l,s1,71) and I(l, s2,j2) are the intervals adjacent to I(l,s,j) in Pjy.
Now we assume that P,_; is defined, satisfies (3.1) and R, _1, @Q,—1 are also defined on
each element of P,,_;. Fixing an interval w € P,,_; there are three possible situations.
(1) I Ry 1(w) # 0 and n < 71y + P(ly(n-1), Sy(n—1)) then we say that n is a bound
time for w, put w € Py, and set Ry (w) = Rp—1(w), Qn(w) = Qn-1(w).
(2) If either R,—1(w) = 0, or n > 71y + P(ly(n—1), Sy(n—1)) and f}(w) C 1(0,0,0) U
I(+ko,1,1) and f)/(w) does not contain any I(+ko, 1,1), then we say that n is a free
time for w, put w € P, and set Ry (w) = Ryp—1(w), Qn(w) = Qpn-1(w).
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(3) If the two conditions above fail then we consider two cases:
(a) fli(w) does not cover completely any I(l,s,j), with [[| > ko,[s| > 1 and j =
1L...,(JI| +s])3. Because f} is continuous and w is an interval, f}}(w) is also an
interval and thus it is contained in some I(l,s, 7)™, for a certain |I| > ko, |s| > 1
and [ =1,...,(|l| + |s|)?, which is called the host interval.

If |s| > s(7), then this n is an inessential return time for w and we set R, (w) =
Rn—l(w) U {n}a Qn(w) = Qn—l(w) U {(l7 87j)} and put w € Py,
Otherwise, |s| < s(7) and there is no expansion loss, thus n is again a free time,
put w € P, and set Ry (w) = Ry—1(w), Qn(w) = Qn-1(w).

(b) fli(w) contains at least an interval I(,s,j), with [I] > ko,[s| > 1 and j =
L,...,(JI| + |s])3, in which case we partition w as follows. We consider the sets

S > ko, Jsl = L1 <5< (W +]s)? |
Wisg = " (1:5,7)) N for { and (|1 5..7) # (ko, 1, 1) i

w0 = fn"(1(0,0,0) UI(£ko,1,1)) Nw.
Denoting by Z the set of indexes (I, s, j) such that w’l@j # () we have

w\ "0 = | whey (3.5)

(1,s,4)€T

By the induction hypothesis fﬁ|w is a diffeomorphism and then each w’hs’ ;18
an interval. Moreover f,}(w], ;) covers the whole I(l,s,j) for [I| > ko, [s| >
1,7 = 1,...,(]I| +|s])3, except eventually for one or two end intervals. When
f;’}(w’l’&j) does not cover entirely I(l,s,j) we enlarge w’l’&j gluing it with its
adjacent intervals in (3.5), getting a new decomposition of w\ f,™(C) into intervals
wy,s,j such that

I(l,s,5) € fil(wisg) C I s,5) " for i > ko, |s| > 1,1 <7 < (JU] +[s])°.

We put wy s ; € Py for all (I,s,7) such that w; s ; # 0, with |I| > ko. This results
in a refinement of P,,_1 at w.
We set Qn(wis;) = Qn—1(w)U{(l,s,j)} for every non-empty interval w; s ;. The
interval I(l,s, )" is the host interval of w;s ;. We define Ry, (w; s ;) U {n} and
we say that n is an

(i) escape time for w4 ; if |I| > ko and s < s(7).

(ii) essential return time for w4 ; if [I| > ko and s > s(7).

Remark 3.3. We note that if n is a free time or an escape time for z, then x = fﬁ(z) either
is in the region S'\ [—e,¢] and thus |f} ()| > 1, or satisfies the inequality (3.4). Hence on
free times and escape times we always have expansion of derivatives bounded from below by
some uniform constant oq > 1. We stress that we may and will assume that oo > max{e, 5}
i what follows.

To complete the induction step all we need is to check that (3.1) holds for P,. Since for
any interval J C S!

fy17 is a diffeomorphism

n+1 . . .
cn f;}(J) —0 } = f,, |, is a diffeomorphism,
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all we are left to prove is that C N f}/(w) = 0 for all w € P,,.

Let w € P,,. If n is a free time for w then we are done. If n is either a return time for
w, essential or inessential, or an escape time, then by construction we have that f;}(w) C
I(l,s,7)" for some |I| > ko, |s| > 1,7 =1,...,(JI| +|s])® (or for (I,s,5) = (0,0,0)) and thus
CN fj(w) = 0. For the binding case we use the following estimate.

Proposition 3.4. Let n > 1 and w € P, be such that n is a binding time for w. Then
either |f§(m)| > X, Or dist(f;}(x)jc) > po - o—P(n—7)

Jor all x € w, where v = 1,,_1) is the last return time for w with n <r +p(fﬁ(w)) and
po=1—e"".

This result is enough to conclude that C N f Z}(w) = (), completing the induction step.

Proof. If n is a binding time for w, then because u € S, we know from 1.1(1b) that for every
h > 1 and for all |I| > kg either

i) > e or [fi(ful@) = mm)] = e, (3.6)

where z,,(;,) is the critical point closest to f[j( fu(xr)) as before. In the former case by the the
definition of binding period we get for all x € w that

=T (g N—Tr(—
i@ = w7 @) = @) = S 7 (@)l

€ 1—€7
> e €1+Te—7—(n—n/(n_1)) > _(1 _ 57):171430 -9

E— >
= Thy 1 T e_ﬂ./ﬁ ko ko>

according to condition (1.3) on the choice of kg as a function of 7.
In the latter case in (3.6) we get that [f}/(z) — Tin(n—r.q )| is bounded by

n—1)

- N—Tr(yy—
|fH " 1)(:171’\/(77,71)) - xm(n—rv(n,l))| - |f;}($) - fﬂ " 1)(xl—y(n—1))|

> e—p(n—rw(n_l)) _ |f}5"_rv(nfl))(ml e_T(n_T"/(n—l))

’Y(n—l)) - ‘,I;m(”_r“ﬂ"_l))|
> e—p(n—rw(n—l)) . (1 — 5) > 0, (37)

by definition of binding (3.3) and because we assume that p < 7.

To complete the proof we consider the case when T,y is not the closest critical point to

. N—Tr(p_
[ (). We first argue that no 2’ € C is between f}}(x) and f, " D(:Ezﬂ/

using (3.3) and the definition of z;_,_,, we would have

(n_1))- For otherwise

/ N=Ty(n-1)

1
2 " = wm(”—’“w<n—1>)| < fi(@) = fu ($zv(n,1>)|
N—Tr (n— o
S |f“ ey (ml’Y(n—l)) B xm(”—ﬁy(n_l)” € T(TL TA/(”_l))

e_T(n_r’y(nfl) )

< # ’ |.T - mm(n—rv(n,l))h

a contradiction because e """ "(n-1)) < 1. Hence there exists ' € C such that z’ and

x ) are consecutive critical points in C and both f/}(z) and f;b_w”_l) (1,,_,,) are

M= (n—1)



14 VITOR ARAUJO AND MARIA JOSE PACIFICO

between 2’ and Ton(n—r._1y)- But then

N—Tm (1 N—Tr(—
o' = fp@)] = o = fu " @ ) = ) = T ()]

1 N—Tr(p_ o

= 5‘1’, B xm(n_rv(nfl))‘ = |/ B 1)(ml'y(n—1)) - xm(n—rv(n,l))k (T n-1)
1 1 o

= §|$, T Imn—rymon)l T g [ = T )| - € 7))
1, o

= §|$ N "Em(”—’”v(n71>)| (1-e T wn*l)))'

Setting m = m(n — rv(n_l)) for simplicity, we observe that since z’ and xz,, are consecutive
critical points we have that z’ is either x,,.1 or x,,_1, thus

|2’ — 2| =20 (2
Combining the two last inequalities and taking into account that p < 7 gives
|2/ — fi@)] > e~ P(N=Ty(n-1)) . (1- e_T(n_r'y(nfl))) > e P Tm-1) | (1- e—P(n—m(nfm))_

) — Tm] = 2e7PTn),

Choosing p and ¢ close to 0 such that e™” > ¢ (p < log2 and ¢ < 1/2 is enough) we get
1 —e>1—e” and we may then replace 1 —e by pg = 1 — e ” in (3.7), finishing the proof
since 1 — e P("Tan-1)) > 1 — 7P = pg. O

4. AUXILIARY LEMMAS

Here we collect some intermediate results needed for the proofs of the main estimates. In
all that follows we write C for a constant depending only on the initial map f or fy.

Lemma 4.1. [PRV, Lemma 3.1] Given ai, a9, 51,32 with g—; #+ %, there exists § > 0 such
that, for every x, at least one of the following assertions hold:
g sinx + fycosx| > or |agsinx + [ cosx| > 4.

Using this we obtain the following property of bounded distortion for the second derivative
near critical points.

Lemma 4.2. There exists a constant C' > 0 depending only on f such that for every k > kg
and t € [Yr+1,Yr] we have

14
10l
C = |f" (k)]
Proof. Indeed we have
f'(x) = alz|*Masin(flog |z| ") — Beos(Blog |z| 7))
f"(x) = alz|*"*[Asin(Blog 2| ') + Bcos(Blog 2| )]
for some A and B depending only on « and 5. Applying the previous lemma we get, since
f'(zx) = 0, that

‘xk_l‘a—z’.min{!\AIiIBH} < MO0 ‘xkﬂ‘a—? Al +[B]

Tk [Al+1Bl 7 " (eR)] 1 0
Thus by (1.2) we obtain
3 "
ey min{[[A[£[BI[} _ [f"(0)] _ 52 |Al+]B|

[Al+1Bl 7 " ()| 0
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with min{||A| + |B|[} > 0. O

The next result guarantees that orbits of points in [-Ce®, —g| U [g, Ce®] remain expanding
during a number my of iterates that can be fixed arbitrarily large by reducing € and p. Recall
that |f’| > o9 > 1 and that f, is C'-close to f outside [—7,g] if p is small.

Lemma 4.3. [PRV, Lemma 6.1] There exist ¢,C > 0 and mo > clog(1/e) such that if
g < |z| < Ce?, then 4 4
fu@) & [=5.9] and [f(f(2))] = o0,

for all 1 <i<mg and all p € [—¢,¢].

Next we establish some results of bounded distortion and uniformly bounded expansion
during binding periods.

Lemma 4.4 (Bounded distortion on binding periods). There exists A = A(C,7) > 1 such
that for all x € I(l,s) we have

1§'wm>FA
AT (f) (ful2))
for every 1 < j < p(l,s) and every & € [fu(zy), fu(z)].

Proof. We let n = f,(x;) and consider 0 <7 < j. There are two cases to treat, corresponding
to the two possibilities in (3.3). If |f)(n)| < e then, by Lemma 1.4,

F' (€)= f'(fi(m) 1£5.(6) = fu(n)]
fr(fim) ) = wmo)]
If ]f;(n)| > ¢, then \f;(f) - f;(n)] < elf7e™T << ¢ and so the interval bounded by fﬁ(f)
and fﬁ(n) is contained in the region S\ [~7, 7], where f = f. Thus,
F' (&) = f'(fi(m)
f(fi)
j—1

Putting together all the above we get Y -/

< Ce ™.

< OIf(8) = fun)| < CeltTe ™ < Ce™ T

P FLE)=F (f1.(n) i i
uf/(f,i(n))u ‘ <C)i ,e 7 <C. Thus

F'©] & ££3(6) S ATHA))
log | ——F—~ 1 1 kit ab e | Ml al e | C,
%Mmmgg% ) S;mmw> :
and the statement of the lemma follows. O

Now we prove an exponential bound on the derivative along the orbit of each critical value
2k, |k| < ko. This is needed to get a lower bound for the binding time p in terms of the
position of the return interval given by (I, s) in the following Lemma 4.6. This demands a
proof since the derivative of f, is unbounded due to the presence of infinitely many critical
points, unlike the quadratic family where we have this property for free.

In our setting we will obtain this by imposing an extra condition, besides item (1b) from
Theorem 1.1, in the construction of the set S of parameters u which we shall consider in the
proof of Theorems B and C. This condition is expressed by the inequality

n—1
Z — log dist (fﬁ(zk),C) <M -n, (4.1)
§=0
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for all n > 1 which are not bound times for the orbit of the critical value zy, for every |k| > kg
and for some big fixed constant M > 0. Since for all z € I we have |z| > dist (z,C) this
implies
n—1
> —log|filz)| < M-n (4.2)
j=0
and we are able to deduce the following.

Lemma 4.5. Assume that (4.2) holds for some p € S. Then there exists a constant M > 0
such that for allmn > 1 and |k| > ko

() ()| < M™

Proof. Note that just by taking the derivative of f, we get that there exists a constant C' > 0
such that |f;L(a:)‘ < C-]z|*7L. On the one hand, for n > 1 such that n is not a bound time
for z; and |k| > ko we use (4.2) to get

n—1
(Gl < TL e il

J=0

|
—

n

< exp( ' (logC+ (—1)-log ‘fﬁ(%)‘))
< exp (n-log0+(1—a)'M'n) =M™,

Il
=)

where M = exp (logC+(1—a)- M) We can assume without loss that M > A where A > 1
is given by Lemma 4.4.

On the other hand, if n is a bound time for zj, let t1 < n be the return time for z; which
originated the binding and z;, be the corresponding bound critical value. Then by Lemma 4.4

() ()| < A (£ ()| - [ (£ (z) |-
If t1 is not a bound time for zj,, then by the bound just proved for all critical values on
free times and return situations we bound the last expression by AM™ “1M* = A . M™.
Otherwise there are t5 < n —t; the return time for z;, which originated the binding and z,
the corresponding bound critical value and, as above, we get

() ()| < A% (£ =Y ()| - [(F2) )| - () )

If ty is not a bound time for z, we bound this expression by A2M™~“1—t2 Nt2 M\t < A2,
Otherwise we repeat the argument. Knowing that [PRV, Section 4] the orbit of every critical
value has an initial number jy > 1 of free iterates, we see that this argument must end in a
free time and we arrive at !( ) (zk)‘ < ARM™ where k < n is the number of nested binding

periods obtained. Since M > A we conclude the proof of the lemma by setting M = M2, O

Now we obtain the estimates for the binding time assuming that (4.2) holds for p € S. In
Section 8 we explain how to obtain (4.2) for a positive measure subset of parameters S.

Lemma 4.6 (Expansion during binding periods). There are constants Ag = Ag(e, p,7) > 1,
t=1(M) >0 and 0 = 0(M,e,p,7) € N such that forn > 1 and w € Py, with R,(w) # 0,
if v is the last return time for w and f)(w) C I(l,s,j), then setting p = p(l,s) > 0 and
¢ = (p+7)/logo we have for T small enough
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(a) o(M) - (1] + Is]) < p < g2 (|1] + |s]);

) (Y (fr(@)] = %-W‘wMG—O%U+M)MdUW+M29JMz
2 ()] = p(u—3o (] +1s1)), for every o € w;

(c) [(f2hY (f ()] > Ag - oPTI/E > 1 for every x € w.

Proof. To prove item (a), we use the definition of the partition and the construction of the
refinement. As p > 0, (I,s,7) # (£ko,1,1) and so |fi(z) — x| > a3 -e —(@/B)(|U+s]) | by
Remark 2.1. Using second-order Taylor approximation and Lemma 4.2 we get

1 —(r s 1 —Zl|(a— —2(m s
@) = fulan)] = F1f )l (age” C/DUITNY2 > 2 TR 2B,

where |f"(z))] > C7|zy|*2 = C~L. 3272 e 3= bo Temma 1.3(2). Then for each
0 < j < p, there is some & between f,(z;) and f“rl(a:) such that
@) = f @l = 1) @1 1 (@) = fula)
> o7t BN I (Y (). (43)

Now since aw — 2 < 0 and we can take |[| > ko very big, as a consequence of Lemma 4.4 and
of the exponential growth of the derivative at the critical orbits, we get the following bound

2. e~ 2@/B)(UH+IsD) 57 < |fﬁ+r+1(m) _ fﬁ+1(ﬂfl)| <9
Hence e 2(/Bl+lsDgi < 1 for all 1 < 7 < p. In particular,

2(m/B) (It + 1sl)
log o

=2(m/B)(|I| + |s]) + plog(c) <0, implying p <

)

thus proving the upper bound in (a).
For the lower bound in (a), we note that by the definition of binding period, we have that

[P @) = 2 @) > [ (@) = 2| - e 7Y R () < e
and (4.4)
|f£+r+1(x) _ fﬁ—i—l(xl)‘ > gt e—T(p—l-l) if ’f5+1(«73l)| > e
So in either case using Lemmas 4.4 and 4.5 we get
T @) = £ ) = [ @) ulw) = fu)]

<A @) - ful@) = ful@)]
< A MP . /B

On the one hand, if |f5+1(:171)| > ¢ then we arrive at
et < AL pgp . o /BUHISD,
On the other hand, if |fp+1(xl)\ < ¢ then by condition (1b) from Theorem 1.1 we arrive at
e PP T < AL ppp . o=/ BUFIs])
In both cases if we take M big enough, then we get a bound of the form

p=uM)- (I +]s)
concluding the proof of (a).
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Now we prove (b). Since p 4+ 1 is not a binding time we must have (4.4) as before.
Using Theorem 1.1(1b), setting A,yq = min{e!*7 . 7P+ =(+7)P+D} we get for some
€€ [fulz), f;“(az)], by Lemma 4.4, and using second-order Taylor expansion of f,, near x;
together with Lemma 4.2

< ) = ST @) = 1RO 1) — £ (@)
< O S @) 1 )l - £ (@) — ol (4.5)

On the other hand, using Lemma 1.3 and again Lemma 4.4 we get

D @) = £ @) 1R @) = C7 a2 - [ fi() = aal - [(FR) (£ (@)

Hence by the previous expression together with (4.5) we deduce

I+7 | — T 1
(Y (fr )] > E; i;((p; )(,,+|) > % LT o)) | D
m Tr)—x;

Ap+1

Now we have two possibilities, either ¢ > e~ (Pt @+1) or not. In the former case we obtain
by the upper bound in item (a)

p+T
logo

(Y (Fo(@))] > e @@ FUHD > o ((1 N

T
)50+ 1sD)).
In the latter case we get
1 p+T\T
p+1\/( g7 > . 147 0
(EY ()] 2 - exp (1= o) S0 +1sD)).
Observe that by the lower bound in item (a) and since kg = C'log(1/c) we have in this case

(p+7)-o(M)-(ll[ +[s| +1) < (p+7)- (p+1) <C ko

So if |I| +|s| > 6 with (p+7) - (M) - (0 + 1) > C - ko then only the first alternative can
happen. This concludes the proof of item (b).

In order to prove (c) we use Lemma 4.4 once again, the inequality (4.5), Lemma 1.3(2) and
Lemma 4.2 to get

(Y (@ = AU T @) - ()
> CTNURY (Fula)] - 1R (£ @] - O @) - | f() — 2l
= O (FulaD] - 1 @0l - (IR R @) - @)l - | (@) — 2f?)
> CTNURY (fula))] - 1 @l - (1R O] [ fulan) = £ (2)])
= CTUUD (Ful@)] - 1@l - 1 (@) = £ 70 (@)
> Ol O a2 f T (@) — £ ()] (4.6)

= O 7?02 AT ) — T ).

Now we must consider two cases. On the one hand, if |f} 1(2;)| > e then, by the definition
of p in (3.3), we must have |27 (z;) — fitPT (2)] > e'*7e 7P+, Because a — 2 < 0 and
7| < e, equation (4.6) implies |(fZ1)(f T(z)]P > C 2P 22| f erl( 1) — £ P (2)] and
we may write |(f2T1)(f fh@)? > C’_lap+1 al47e=T(r+l) > A2 o2(PH1)/3 a5 long as we fix
7 < min{l — o, log 0/3} and suppose ¢ small enough. On the other hand, if |fp+1(ml)| <e
then, by (3.3)

P ) = ST @) > T @) = w70,
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We note that now there is only one possibility according to item (1b) of Theorem 1.1:
|2 ) — Tn(py| > € PP and thus | f T @) — P ()] > 0 le e (PHD 4D Hence

I( ﬁ“)’(fﬁ(a:)]Q > . gl ol ()4 > A2 2(p+1)/3
as long as we take ¢, p and 7 small enough. This concludes the proof of the lemma. ([l
Remark 4.7. Note that (M) — 0 when M — oo.
Now we will obtain estimates of the length of |f}(w)].

Lemma 4.8 (Lower bounds on the length at return times). Let r be an essential or an
inessential return time for w € Pp_1, with host interval I(1,s,7)". Let p = p(l,s) denote the

length of its binding period and set Q = Q(l, s, T,p) = ﬁ SBUHSD - Then the following
holds:
(1) Assuming that r* < n—1 is the next return situation for w (either essential, inessential
or an escape) we have |fﬁ* (w)| > Q-ag-e(l_@’%(u‘ﬂsn | fu(w)], where ¢ = r* —(r+p).
Moreover we also have | f1; (w)| > af - Ag - o@D/ | fr(w)| > Ag - | fr(w)] > [ fh(w)].

(2) If r is the last return time for w up to iterate n — 1 and also an essential return, and

r* is a return time for w, then setting ¢ = r* — (r + p) we have

‘ @)] >a1-Q- ol o265 (ll+s])
Suppose that r is an escape time for w € Pp_q.
(3) If r* <n —1 is the next return situation for w, then |f’“*( )| > op " !fﬁ(w)‘
Remark 4.9. Note that Q = Q(l, s, T, p) — oo when || + |s| — oo.

Proof. We start by assuming r* < n — 1 as in item (1). By the mean value theorem we have
1f0 @) = 1) (Fa@)] - | (w)] for some & € w. Using Remark 3.3 and Lemma 4.6 we
get by settlng q=1*—(r+p)

r* I ( pr

@)| 2 | E©)] | ) Fe)|- 15w (47)

> 0-8 . % LeltT e(l_C)% [Z]+]s]) |fr( )|

T CEUHsD) | (12005 ()
> US'T P s | faw)l. (4.8)
If r is an essential return time for w, then I(l,s,j) C f,(w) and |f}(w)| > al%’

hence
147, G l+]s])
r S48 € care X5 FIsD)
| 2 o oo

By the definition of @) this proves item (2) by taking r* = n. Taking into account the definition
of @ in (4.8) we obtain the first part of item (1). For the second part of item (1) just use the
inequality from Lemma 4.6(c) in (4.7).

To get item (3) observe that between the iterate r and r* — 1 there are only free iterates
for w, thus the estimate follows by the uniform expanding rate on free times. Altogether this
concludes the proof of the lemma. O
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Lemma 4.10 (Bounded Distortion). There is a constant Do = Do(p,7,0) > 0 such that for
w € Pn_1, n € N, and for every x,y € w we have
‘(f,’f)’(ﬂ?)
(f) ()
Proof. Let Ry_1(w) = {r1,...,7y} and Qn_1(w) = {(l1,51,1),---, (L4, 5y,Jy)}, be the sets
of return situations (essential returns, inessential returns and escapes) and indexes of host
intervals of w, respectively, as defined during the construction of the partition. Let w; =
Li(w), pi = p(liysi) for i = 1,...,y and, for y,z € w, let yp = f[f(y) and z, = f[f(z) for
k=0,...,n— 1. Observe that w; C I(l;,s;, ;)" for all i and

< Dy.

(f) (2) /' (2x) < ‘f’ f'(ur) > 19
hmwm lgfm>gw) P ) (49)
On free iterates, if yi € [—¢,¢], then by Lemma 1.4
"(z1) — f'(yr) | 26— Yk W)l
) =k Yk — Tp = & Ap(w)’ (4.10)

where we define Ag(w) = dist(f,’j(w),C) = infe, dist(fff(a:),C) and Ty, is the critical point
closest to y;. We observe that in this case the interval fﬁ(w) is between two consecutive
critical points, x;, and x;, 41, and is contained in some I(lj, sy, ji,) with s, < s(7). Note that
by the exponential character of the initial partition, we have

|f[f(w)] <C Il s, 1) and  Ag(w) > C71 | I(Ig, s1)| (4.11)

for some constant C' > 0 depending only on f (see Remark 2.1).
Otherwise for free iterates y, € St \ [—¢,¢] we get

f'(z) = f'(yw) | _ L L
D e ] I S E A A =D DR A ()]
o5 f'(yk) A o e
i+ Tl ritp;<k<rjyi1 ri+pi<k<riii
lyg|>e lyg|>e lyg|>e
L o |wit]
<Z L e ()| < Ky - 0L 410
DS ) £ Ky g @)

ri+pi<k<riyi

by definition of f, on S*\ [—e,¢], since |f}, | S*\ [~&,¢]| > & and |}/ | ST\ [¢,¢]] < L for
some constant L. We recall also that A,,,, (w) < 1 by definition.

Tit1
For an escape time k = r; with ¢ € {1,...,v} we have either |y| < ¢ and then we have the
inequality (4.10), or |yk\ > ¢ and we get as in (4.12)
f'a) = )| _ L Lok jwi
—<—-z— < = w)| < Kg - . 4.13
Lo R Loy g < 2k < Ko 521 (4.13
Hence up to now all cases are bounded by the same type of expression.
Next we find a bound for iterates during binding times. Let us fix ¢ = 1,...,~ such that r;

is not an escape time for w, i.e. it is either an essential or inessential return time. Then for
k = r; we have the same bound (4.10). For r; < k < r; + p; we get for some £ € w

2k =l = 1Y SR ED] - Tz =y S TG (S ED] - L @)
< O SN - 1 @) - 1£5(€) — @l - el
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where we have used the Taylor expansion of f’ near the critical point z;, together with
Lemma 4.2. By definition of p; we have two possibilities. On the one hand, for the first case
in (3.3) there exists w € [fu(zy,), ﬁiﬂ(ﬁ)] such that, using second order Taylor expansion
and Lemma 4.2 again

LT @) = @ leTTET =€) = £ ()] (4.14)
(PN @) - 1) = fulan,)]
> O ()l " ()] - 1 (©) — a2

> (AC) Y R ] " i) I1f (€) — @],

where we have used Lemma 4.4 in the last inequality. The last two expression together show
that

|2k — Yl - [ £ (6) — @y, | < (AC?) - [fhTi () — Ton(hori—1leTTET .
This and Lemma 1.4 provide

|Wz'| : |f,lj_ri (:L'll) - xm(k’—ri—l)|

J'(zr) = f'(yx) 2k — Yk 9 —r(k—rs)
J o) = J Yk Ky |22 < pc? e B -
‘ I () Yk — ! |fii (&) — ;| - |lyr — T

< D - e—T(k—m) . |wl| . — |fﬁ_”(mli) B xm(k—ﬁ'—l)‘ —

Aiw) | fa 7" (@) = Toe—r—)| — e — Fi 7 (a1,
—r(k-mi) |wi |wi
e w w
< D. L TR b
< 1—e0—r)  Ajw) = 1€ A (@)

On the other hand, for the second case in (3.3) we get a similar inequality in (4.14) providing
21—yl - 1f30(6) — | < (ACP) - M HTeTETTD |
and thus by definition of f we get

f'(zk) — ' (yw) L-|ze =yl _ ACL gy lwil - €7

= e T N
f'(yk) G G | £t (&) — ]
< Dy Thri) ﬂ
- e A, w)
This shows that for every ¢ = 1,...,~ which is not an escape time, we have
Tz+€ ! / 2\
- Q 1 I iy 91y J1
= f'(yr) Ap(w) = C I, )]
for all £ = 1,...,p;, where we have used the definition of w; and of host interval, together

with the same estimate as in (4.11).

Taking into account (4.10), (4.12), (4.13) and (4.15) and summing over all iterates we arrive
at

n—1 k
F'&) = F'd) | - £ (@) (L ) k
— | < Dy + (= + Ko f(w)]. 4.16
kZ:O o) kezl;l Avw) TG k%% ()] (4.16)
Here the left hand side sum is over the set F of free iterates together with return situations
(essential and inessential returns and escapes) from k = 0 to k = n — 1. The right hand side
sum is over the set I of free iterates which are not followed by any return, from . + p, to n.
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Moreover Dy is a constant depending only on €, 7 and &. So if we can bound (4.16) uniformly
we then find a uniform bound to (4.9) also and complete the proof of the lemma.
The right hand side sum in (4.16) is easily bounded as follows

1
> Ifiw FFr frw)| < €
0

keFy k=

since |f}}(w)] is always less than 1.
Now we bound the left hand side sum

k
X ‘f” > |f” diyy oy W
kEF KeF; k(W) 1=k [s[=1 | kEF: Ak(w)
(Lss1)=(0,0) 0 (Ussi)=(1:5)
k> Sk

15 (w)
S Y Y S e

1 >ko |s|>1

by (4.11), where q(I,s) = max{0 < k < n —1 : (I}, 8) = (l s)} and we convention that
~ »8)

whenever {0 < k <n—1:(lg,5,) = (I,5)} = 0 we have w = 0. We have used the

following estimate for any given fixed value of (I, s)

s k—q(l,s ,S .
X @I @ 3 Y < I @) < O 15, )
{k:8p=s} {k:(ly,5%)=(1,5)}

because writing {k : 8, = s} = {k1 < ky < --- < kp} we have |fFi(w)| < ot |f5i+1(w)|

for i =1,...,h, where 1 < o1 = min{ao,e(l_%)'%(kﬁl)} < min{ao,6(1_20'%(‘”“8')}, after
Lemma 4.6(b) together with Remark 3.3.

We observe that by construction we must have |[I(1,s,5)"|/|I(1,s)| < 9(]I| + |s|)~® and so

we arrive at |f
w)
SRS C Y e

(233 1| >ko |s|>1
finishing the proof of the lemma.

5. PROBABILITY OF DEEP ESSENTIAL RETURNS

Here we use the results from Section 4 to estimate the probability of having an orbit with
a given sequence of host intervals at essential return situations.

For each x € I\ Coo, let uy(z) denote the number of essential returns or escapes of the
orbit of x between 1 and n, let 0 <¢; < ... <t,, < n be the instants of occurrence of the
essential returns or escapes and let (I1,5s1,71),- .., (lu,, Su, s Ju, ) be the corresponding critical
points and depths. Note that by construction ¢;(x) = 0 for all z € I\ (C U I1(0,0,0)) and
t1(z) =1 for any x € 1(0,0,0), see Remark 3.1.

Lemma 5.1 (No return probability). For every n > 0 there exists no non-degenerate interval
w € Py such that w € Py for all k > 1. Moreover there exist constants 0 < £g < 1 and
Ky > 0 (depending only on 0,00 and on ¢ from Lemma 4.6), and ng > 1 such that for every
n > ng

)\(U{w €EPniuy|w=1}) <Ko+ e~tom,
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Proof. If w € Ppyy for all k > 0, then w is not refined in all future iterates. This means that

;}Jrk(w) has no essential returns nor escapes for £k > 1. Hence every iterate is either free
or a binding time associated to a inessential return. Let pg,p1,p2,... be the length of the
binding period associated to every (if any) inessential return time ¢t = ro < r; < ry < ... for
w after t, where 0 <t < n is the last essential return time or escape before n. Let £k > 0 and
ri+p; <n+k < r;4q for some i > 0, where we set r;;1 = 400 if r; is the last inessential return
time after ¢ (it may happen that 1 = +o00 in which case ¢ = 0 and there are no inessential
returns after t). Lemma 4.8 ensures that

n 7 n+k—t— i: i
2> | (w)] > 2t o TRk P L)) (5.1)

for arbitrarily big values of £ > 0. Note that if there are no inessential returns, then ¢ = 0
and so

fh(w)] < 2-afPomr, (5.2)

Otherwise there is at least a minimum expansion rate of 2 at the end of each binding period
by Lemma 4.8 , hence

Faw)] < 217 og R,

We conclude that | f},(w)| = 0 which is not possible for a non-degenerate interval. This proves
the first part of of the Lemma.

Now let w € P, be such that the restriction u, | w of u, to w is constant and equal
to 1. Then either w = I(0,0,0) with ¢; = 1 the unique essential return up to iterate n
and f,(w) = I(l,s,j) with (I,s,7) # (0,0,0); or w = I(l,s,j) with [I| > ko,|s| > 1 and
j=1,....(Ji| +|s])®, having a single essential return ¢; = 0 up to iterate n. We concentrate
on the latter case and write pg, p1,p2,... and 0 =¢; = rg < r; < rg < ... the binding periods
associated to their respective inessential return times of the orbit of w as before. Then by (5.1)
and (5.2) either n < pg or

lw] <2087 if po(w) <n <r(w) < 400, or
. A 1—1
lw| <28 g, (n=2i=oPr() it there is i > 1 such that r;(w) < n < rip1(w).

We note that in the case of f,(w) = I(l,s,j), that is, when t;(w) = 1, we can repeat the
arguments for w; = f,(w), arriving at the same bounds for |w| except for an extra factor of
& since | f,(w)| > &|w|. Hence we may write according to three cases above

D W > jw| + S

n<po(w) \u\gzoé’O(“’)_” 5 (@)
po(w)<n<ry(w)<+o0

MU{wePyup |w=1})

IA

‘w|§21—iﬂ-
ri(w)<n<r;q(w)

= S+ 51+ 5+ 53,

where, by the above comment, we may assume that every sum ranges over w € Py \ 1(0,0,0)
and S3 corresponds to the sum over the partition elements in 7(0,0,0) NPy, which is bounded
by (So + 51+ S2)/6.

For Sy we use Lemma 4.6(a) to deduce that the summands in Sy are the elements of Py
such that
27 Blogo

n < po(w) < ﬁloga(m +1s]), ie. |l +]s| > 5T
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thus by Remark 2.1, setting Cy = m;%
e— (/B I1l+1s)) e~ (m/A)k

So < ¢ < .
D N FTE i 3
[1|+|s|>Co-n k>Con

—(m/B)Con
a1 ¢ I —n/2
(Co- n)2 = e—CO'TL) <Kj-o . (5.3)

We write S1 = S11 + S12 where
S = Z |w| and Sy = Z lw| < K(')-J_"/4

po(w)<n/2 n/2<po(w)

—n/2
‘W‘S2UO

and we have used the bound (5.3). We also split Sy = So; 4+ Sap according to whether
n — S pr(w) > n/2 or not, obtaining

Sy = > |w| and Sy = > |w].

i —n/2 _ i—1
|w|<2' "0 jwl<2l=ioy =0 PE()

n=1"4 pp(w)<n/2

Since 217% < 2 we get S11 + S21 < 2+ S11 and the summands w € Py satisfy |w| < 2 - cro_n/2,
thus by Remark 2.1 we get

n logoyg 3 —log(2/a1) >0

n
l >0, n
IH_’S’_Z 3+7/06 3+w/8 4’

where C1 = logog/(3 + m/3) for every big enough n. Then Si; + So; < 2K( - UO_"/S by the
same calculations as in (5.3) with slightly different constants.

For S22 we note that n — Zz;lopk(w) < n/2 implies ZZ_:%pk(w) > n/2 and so, by
Lemma 4.6(b) we get

2> | fi(w)| > 120 Ticors(©) || 5 (nr(1-20/(20) |

and hence again by Remark 2.1, for every big enough n, we must have |I| + |s| > Cs - n/4
where Cy = 7(1 — 2¢) /(38 + 7). We deduce that Soy < K- e~ ("/B)C27/4 following the same
calculations in (5.3).

Putting all together we see that there are constants 0 < &y < 1, Ky > 0 and ng > 1 such
that So+ 51+ So 4+ S5 < Ko - e~%0™ for all n > ng, with & and Ky dependent on o, oo and ,

as stated. O
Let v < u < n and v pairs of positive integers (n1,v1), ..., (v, vy) be given, n; > ko, v; > 1
and 7; + v; > ©, where
a
©=00)= b log TQ (5.4)
T

This value of © is chosen in such a way that dist(/(n,v),C) < b if, and only if, n+v > ©. We
assume that b is so small that © > 6 (recall that # was defined in Lemma 4.6) and, following
Remark 4.9, that © is big enough in order that Q(l,s,7,p) > 1 for all |I| + |s| > ©. For
x € I\ Coo with up(xz) = u, let 1 =t < --- < t, < n be the return situations (essential
returns or escapes) of x, (I;, s;) the corresponding indexes of the host intervals and d,(x) = v
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the number of pairs (I;,s;) such that |I;| + |s;| > ©. Denote by 1 < r; < --- < r, < u the
indexes corresponding to the deep return situations. We then define the event

u,v r; .
A(m,vl),...,(m,vu)(n) = {a; €l: uy(x) =u,dy(zr) =v and ‘f“ (x)! e l(ni,v),i=1,... ,v}.

Proposition 5.2 (Probability of essential returns with specified depths). If © is large enough
(depending on Dy from Lemma 4.10), then for every bign > u > v > 1 and ¥ = max{«, 3¢}

v

A (A'(u;;?yvl)v'“v(nvyvv)(n)) < <Z> exp [(219 - 1)% > i+ Ui)}'

i=1

Proof. We start by fixing n € N, u € {1,...,n}, v € {1,...,u} and taking wy € Py. Let
w € P, be such that w C wp and uy, | w =wand 1 =t < --- < t, < n be the return
situations (essential returns or escapes) of w.

For m = 1,...,u we write wy,, = w((l1,81,71),---, (b, SmsJm)) € Py, the subset of wy
satisfying

fiilwm) C Il si,50) " i€ {1 ym =1} and Il $msjm) C f7 (@m) € L, Smo jim) ™
by the definition of the sequence of partitions P,,. Note that we get a nested sequence of sets
Wo 2 W1 2 D Wy = W.

We set 7T = {w € P, : w C wy, Up | w = u} and consider the sequence of deep return
situations (essential or escapes) of each w € 7: 1 <r; < --- <1, < u, that is, the indexes of
the return situations such that for ¢ =1,...,v

tr, satisfies ‘fffi (a:)‘ € I(n;,v;) for all z € w and n; +v; > O.

Now we define by induction a sequence of partitions of 7 which will enable us to determine
the estimates we need. o
Start by putting Vo = U{w € T}. Assume that V/'[77" is already defined with 1 <

jo < (ne + v¢)? corresponding to the host intervals of the return situations, £ = 1,...,4. If
ri +h+1<ri1, we set

Vil = U {wnnn 0 £ (10BEY) [0 e THO VI,

where B(C,b) = UgzecB(x,b) is the b-neighborhood of the critical set C. If r; +h +1 = r;y1,
then we set

1502 Ji —tr; 1 (W) . 150w 2Ji
Vgi1+1 T = U {wm+1 N fu i (1(772‘+17Uz‘+17]z‘+1)) | S T} ﬂV7]«i1+h] :

Now we will compare A(V7;7"") with )\(Vﬂjh) For this we proceed as follows.
Given w € T and wy,_1 € Vijj'l"]i’l we write wi! = w,._1 N VL7 for the set of points in

wr,—1 Which remain in the next level of the partition. There are several cases to be considered.

(1) tr,—1 is an essential return with depth (I, s).
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In this case since w P Cwpo1 € Ptr _1 we can use Lemma 4.10 to write

‘w% ‘ wn |I(7727U17.72)+| < 9&16_%(ni+vi)
>~ 0~ —or T >~ Do - — 7
|wr,—1| ‘ (1 ‘ 0y Qe 2B IHIsD 010 - (1 + vy)3e X ENHED
e~ B lmitue) C o~ Bmitvi)

. < .
(s + Uz’) o265 UIHSD = (g + 1) o2 E M1t

where C' = C(p,7,e,0) and in the second and third inequalities we used Remark 2.1 and
Lemma 4.8(2). In the last inequality we argue as follows.
If r; =r;—1+1, then |I|+ |s| = n;—1 +v;—1 by definition. If r; > r;,_1 + 1, then by definition
of deep returns ||+ [s| < © < n;—1 +v;—_1.
(2) t,,—1 is an escape time having host interval I(l, s, )" with (I, s, j) # (xko,1,1).

fffi (w”_l) ‘ By the Mean Value Theorem

We only need to get a lower bound for

£ bty plritria 1
00 )| = [T O sl = [T T ()| [t e
T, —lr; - 1 1
2 (O,éz t i—1 1) . 6 /{[(ml)‘ . |w7“i_1| 2 6 . ‘xl|06—2 . |wri_1‘
=5 ([U+Is])
1 ez e °
2 — . e CAML aj]  ———————=
C (12 + Is1)?
=5 (ll+sl)
_ 4 Cme)g (Ut € 7 . ele=2)5lsl
C (1] + IsD)?
(1=a) G (|Ul+]s])
e 8 —aZ(|U]+]s])
> C(r) S > O(7) - e *BUITD,
(It + [s])?
where we have used that |s| < s(7) in the last inequalities and in the first inequality that
7u&)] = |5ute) - futw| = |51&)| = 5| frtw0| = 5l
by Lemma 4.2. Thus we arrive at a similar bound
Ji =75 nitv;)
i C g
Ll S L (5.5)
wri—1| T (i vi)? meBmatuioy

(3) tr,—1 is an escape time having as host interval I(ko,1,1) or I(—ko,1,1).

. . tr,— . . . ..
From Lemma 4.3 we have that points in f,’ ' (w) remain outside [—¢, £] during a minimum
number mgy > log(1/¢) of iterates with derivative bigger than oy which can be taken larger
than e. Hence
e—%(ko+1)

& try —tr;_ m 0,
‘ t . Wrz—l ‘ ‘(fu 1)/(5)‘ . ‘Wri—l| > oy ‘Wri—l| > el g(1/e) | 7(]{0 " 1)3

elos(1/2)

>C———3
(log(1/e))
where we have used that kg < C -log(1/¢) and assumed that ¢ is small enough so that
elos(1/2) > (log(l/s))g. Thus we arrive again at a bound of the form (5.5).

—Z(ko+1) >C. o5 (ko+1)

9
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Now we are ready to compare the measures of the sets Vﬂj“ as follows for 1 <4 <w
. . Wi
A(Vitdi) = E : | i
( " ) , Wy _

C =5 (mitvi)
. |wTi_1‘ S 3 . Z" . )\( i.h_l’]z 1)’
(Tﬁ + Ui) - 5(¢7¢—1+vi—1) i

where ¥ = max{2(, a} € (0,1). Using the above we get

C o5 etve)

)\(VQJLL...,JU) S e S )\(Vgly---7]v) S (nv +UU)3 . e—ﬁ%(nv_l-l,-vv_l)

s C . v - v
- (1_[1 m> P <_B Z(Th +vi) + ”QE ;(m—l + vi—1)> “A(Vo)-

i=1

)\(V]lv_ Ju— 1)

Finally we need to consider all possible combinations of the events VZI""’j Y which are included

in A(uﬁ?,vl),...,(nv,vu)(n)‘ Note that for any given v < u there are (Z) ways of having v deep

returns among u return situations, and by symmetry for any sequence of deep returns with
given depth (;,v;) there are 4 - (n; + v;)? different possibilities of falling in an element of the
partition Py. Thus since A(Vy) < A(wp) we arrive at

o v v o
)\(A(nhvl)v---,(nmvv)(n)) = (zf) ' 1;[14(771' s (1;[1 m) |
+ €Xp ((19 - 1)% ; N + v; ) Z e % 770+UO 0)

wo€Po
< (:j) - exp ((219 - 1)% iz:;(m + Ui)) )

where we have used that 3 € (770+U°))\(w0) < oo and also that Y7, (n; +v;) > vO and
that © can be taken as large as needed. The proof is complete. O

Now we set using the same notations as before with n > kg, v>1and n+v >0

At (n) = {zelug@)=udy(e)=v and |f," () € I(n,v)},

A 0) = fr € L) = wda(e) = v, and 31 S st [0 (@) € L 0)),
Apvuy(n) = {rx€l:3t<nst. tisan essential return and |fﬁ(a:)] € I(n,v)},

and derive the following corollary which will be used during the final arguments.

Corollary 5.3. We have for 1 < j<wv <u<n that
v, 29— v
(1) MGy, () < (5)el® 750,

(2) MAg ) < v(Z)e(”‘”ﬁ("m;

(3) )\(A(n,v)( )) < n3eo(®)ne(4ﬂ—1)%(ﬂ+u) :
if © is sufficiently big and ¢ > 9/3 is small enough, where o(©) — 0 when © — oo.
Proof. We note that since

A(777 )7 ( ) g U A(;?l7U1)7“'7(ni*17vi*1)7(nvv)7(ni+17Ui+1)7"'7(77uvvu)(n)

Ni+vi>0,n;>ko,vi >1,i£]
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T v—1 s T
then A(A?n“m () < (Z)(ZH-SZ@ 6(219_1)5(1+s)) C2DEOY) o J2IDF0HY) g jong

L2015 (+)

as O is big enough in order that < 1. From this we get item (2) since

+s>6

v
(17 v U
For item (3) we note that

A(nv UUAvu

v=1u=v
but since there is a deep essential return at iterate ¢ (which is not an escape situation) before
n, we know that the binding period p is larger than «(M)(n + v) > (M) - O©.

Let m =t +p > n. By definition A, .)(n) € A, (m) and the maximum number u of
essential return situations in the first m iterates of x is bounded by m/(v(M) - © - ©), where
¥ is the number of deep essential returns among the u essential return situations. Since we
know that © > 1 we get u < (¢(M)©)~! - m and this implies that

m (o
< S <Z> S2I-DEGHY) _ (20-1)5 (+v)

where we used the bound ((L( M)g)—l-m) < €°®)™ which can be obtained by a straightforward
application of Stirling’s Formula, as long as © is big enough. Finally since m —n < p <
(n+v) by Lemma 4.6(a) we have for ¥ small enough

2
Blogo

Ay (n)) < n3e©@ne@I=D50H0)  po(@)m—n) . (E)?’
’ n

o(®)n

<ne -e

)

(g 20-DF0r+0) (1 4 2m(n + )\’ < nPe(@n =5 mHY)
nBlogo

which completes the proof of the lemma. O

6. SLOW RECURRENCE TO THE CRITICAL SET

Now we make use of the lemmas from Section 5 to prove Theorem B and consequently also
Theorem A. We start by recalling the definition of C°(z) from (1.7) and that u,(z) is the
number of essential return situations of the f,-orbit of x between 0 and n.
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We let 0 <t < ... < ty,, <n be the essential return times or escape times of the orbit
of x and write (I1,51,51),-- -, (lu,, Su,s Ju, ) for the corresponding critical points and depths
at each essential return situation, as in Section 5. We recall also that d,,(x) is the number of
pairs (1;, s;) such that [; + s; > O, where © = O(b) is defined in (5.4).

We consider the sequence of deep return situations of z: 1 <r; < --- < rg, < u, among
the sequence of return situations and then define

dn ()

D) =Y (] +Isn,)

k=1
which is constant on the elements of P,, and get the following bound.

Proposition 6.1. There exists By = By(o,p,7) > 0 such that for every w € P, such that
dp | w > 2 we have C°(z) < % -Dp(z) for all x € w.

We start by proving the following.

Lemma 6.2. Let 1 < t; < n be a essential return, inessential return or escape situation
for w € Py, with binding time p; = p(l;,s;) (which we set to zero in the case of an escape
situation). Then there exists a constant By > 0 such that for all x € w

ti+ps
Cltisti +pi) = Y —logdist, (f5(x),C) < By - (L + si]).
k=t;
Moreover if p; > 0, then dist (fﬁiJrk(:r),C) > dist (f/il (:E),C) fork=1,....,p as long as p > 0
is small enough. In particular C(t;,t;+p;) = 0 for escape situations or return situations which
are not deep, i.e. the host interval I(l,s,7) is such that |l| + |s| < ©.

Proof. Let us fix € w in what follows. We consider first the case of ¢; being an essential
return or escape situation with [l;| + [s;| < ©. Thus

log dist, (ff; (z),C) = 0.
If ¢; is an escape situation there is nothing else to prove because p; = 0. Otherwise p; > 0
and we have two possibilities during the binding times ¢; + k with & = 1,...,p;: either
| fitF(z)| > ¢, in which case we have again logdist, (f*"(z),C) = 0; or |fiTF(z)| <e. In
this case by Proposition 3.4 and the definition of binding time, if

dist (ffit*(x),C) < dist (f1(x),C),

then
po - < dist (H(2),€) < dist (£f:(2),€) < az - e FHH)
and thus o
! i) > Z>k:>—1 = (|l ;
ol 4l = 1> k> Zlog B+ T +1si)

which is impossible as long as 7/(8p) > 27 /(5 log a). Therefore choosing ko big enough and
p sufficiently small we get dist (fﬁiJrk(a:),C) > dist (fﬁi(a:),C) for all £k = 1,...,p; and so
C(t;,t; +p;) = 0 for escapes and returns which are not deep. This proves the last part of the
statement of the lemma.

On the other hand, if ¢; = ¢,, we get

dist, (f7(2),C) > ag - e~ 5t ¥l (6.1)
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and so if ¢,, is an escape or a return we have the contribution
—log dist, (f,,(2),C) < —logag + = (Ilrk + |+ [srl)

for the sum C?(z). For escape situations the proof ends here. For return times we must
consider the next binding period. Recall that we are assuming (4.1) holds.

Now we write for h =1,...,p,., [ =1, and i =1},
i ti+h
ti+h S ) €7 T if |fy ()| > e
dist(fy ™ (@),€) 2 { dist (1(z1),C) — dist (f1(a), fith(z)) i | fith(z)| < (02
and in the second alternative above — log dist( fﬁﬁh(:n),C) is bounded by
—Th
—log ((1— e ™) - dist (f[j(a:l),C)) < = log dist (f[j(ml),C).
Summing over all h =1,...,p; we get in the worst case
Pi pi
> —logdist(fit"(x),C) < C(r)+ > —logdist (f/!(x:),C). (6.3)
h=1 h=1

To bound the last sum we use the assumption (4.1) on free times of the orbit of x;. We need
to sum up to the first free time of the orbit of x; after p;. But if p; is a bound time for the
orbit of x;, then by [PRV, Lemma 5.3(a)] its binding period must be smaller than

Thus there exists a free time n for the orbit of x; with p; < n < (1 + loga)pZ Hence

20 .
10ga’p7"

Pi

Z—logdist (f[j(xl),C) < M - (1+ 2 ) - pi

Pyt log o

and so (6.3) is bounded by C(7) + M - (1+ logo) Di-
For & small enough we have that kg and p; are very big and in both cases (6.2) we get
C(tr, tr, +pr.) < M -p,, for a constant M. By Lemma 4.6(a) we obtain

C(trk,trk +prk) < Bl : (|l7“k| + |$7“k|)

for a constant B; > 0, concluding the proof of the lemma. O

Next we show that the depth of an inessential return or free time is not greater than the
depth of the essential return situation that precedes it.

Lemma 6.3. Let t; be an essential return or an escape for w € P, with I1(l;,s;,7j;) C fﬁi (w) C
I(li, 84, 4i)T. Then for each consecutive inessential return t; < t;(1) < --- < t;(v) < n before
the next essential return or escape and for each free time, i.e. for all iterates t;(k) + pi(k) <
j<ti(k+1) for k =0,...,0v—1 with p;(k) the binding period of the kth return, the host
interval I(l,s,7) D fi(w) is such that |I] + |s| < |l;| + |si.

Proof. By items (1) and (3) of Lemma 4.8 we have |f}(w)| > |fli(w)| > [I(ls, si, 7:)]. Thus
because each j is an inessential return or a free time we get
—(m/B)(IU+Is]) —(m/B)(Iil+]sq])
e e
N ‘fti(k’)(w” S P —
(Il + Is])? g (] + Isil)?

As 273 . e~ (7/B)% is decreasing for z > 0, we conclude that |I| + |s| < |I;| + |si]. O

al
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If we have deep returns we can use sharper bounds to obtain a relation between the loga-
rithmic distance to the critical set along the orbit between consecutive essential returns and
the depth of the first return. Note that by (3.4) on “deep” free iterates between critical points
we may write

sa—2 T T AN\ T
@) 2 (7':1: ,e—<1—a>g|s(r>|> =B lHs) o (=85 (l+s]) (6.4)

C

for some o < & < 1, since on these times we have |s| < s(7) and we assume that || +|s| > ©
is so big that the expression in parenthesis in (6.4) is larger than e~ (¢—®)®

Lemma 6.4. Let t; be a deep essential return or an escape for w € Py, with I(l;,s;,75;) C
fli(w) € I(liy s6,4i) T Let ty = t;(0) < (1) < --- < ti(v) < t;(v+1) =tiy1 be the consecutive
inessential returns before the next essential return or escape and let p;(k) be the corresponding
binding times for k =0,...,v+1. Define J = U}_{ti(k) +pi(k)+1,...,t;(k+1)} the set of
free iterates and of inessential return times. Assume that every such iterate h € J is contained
in a “deep” interval I(lp, sy, jp), i-e. I+ s, > ©. Then there exists a constant Bg > 0 such
that
> —logdist, (f/;(x),C) < Ba(|li| + [s:)-

hed
Proof. By the choice of © we have () > 1 in Lemma 4.8 and (6.4) also holds. Then we deduce
ti(k+1)—1
Z (1-30)Z (|1, . 1-&)Z(|! i+
1 > H Q) 5 (L, (| H 152, () ) H ( &) 5 (Itnl+lsnl) | ‘fﬁz"l‘pz(w”
h=ti(k)+pi(k)

and then since we may assume that 3¢ < &, by the definition of essential returns and using
Lemma 4.6(b) we get

=% (ligal+]sit+1l) =3¢ (1L:|+1s:])
e s s e B

>exp | = ((L=a&)) (ll+sa)) | - ———g
(Lisa] + [si41])? <5( vy ) (Il + [sa])?

or equivalently

L] + |4 > ™ s .
3log | ——— Li|+|si —([lig1|Fsix1]) + 51— In|+|snl) ). (6.5
g(lli+1|+|si+1\ (| [+ lsil) = F (il +lsisal) 5(( )hEEJ(\h\ | h\)) (6.5)
Since |liy1| + |si+1| > 1 we also have that the left hand side of (6.5) is smaller than

3Blog(|li] + [si)\ 7\, , 331log ©
(30+ 220D ) 2 ) < (36 + 2222 ) 2+ s < 55 0l + I

for © sufficiently big, because |l;| 4 |s;| > © and log(z)/z is decreasing for z > e. Thus we get

5C(L| + Isil) > [ial + [sipa] + (1 — &)Y (|17l + |snl). (6.6)
her

Now since every iterate is “deep” for all x € w we have the bound
. T
Z — log dist;, (f[}(a:),C) < —#J -logas + — Z(|lh| + |sn|) < By - (Jli]| + |si])
heJ B heJ

for a constant By > 0 depending on ¢ and & from (6.6), as long as |Ij,|+ |sp| > © is sufficiently
big. This completes the proof of the lemma. O
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Proof of Proposition 6.1: Let us fix x € w € P,, with d,, |w > 2 and i € {1,...,u,(z) — 1}.
According to Remark 2.1 and the definition of deep essential return situation we have

distb(f;i (2),C) > ay - e alliltlsil) (6.7)

Note that the above truncated distance is 1 on the return situations ¢; which are not deep,
by the choice of ©. Moreover this distance is also 1 for all iterates between such ¢; (not deep)
and the next return situation ¢;;; by Lemma 6.3 for the inessential return and free iterates,
and by Lemma 6.2 for the bound iterates.

Hence we only have to take care of the deep essential return or escape times plus the next
iterates before the following essential return situation. The sum of the logarithms of the
truncated distance on binding periods, given by Lemma 6.2, is bounded by a constant times
the depth of the return which originated the binding. In addition, the same sum over the free
and the inessential return iterates is likewise bounded by the depth of the essential return or
escape t;, by Lemma 6.4. If we keep the notations introduced in the statements of Lemmas 6.3
and 6.4, then we may write

v
Cltitiy1) < [C(ti(k)>ti(k) +pi(k)) +C(ti(k) + pi(k) + 1, ti(k + 1))]
k=0
v

B Y (|| + [suw]) + Balltil + Isi)
k=0

IN

< Biy  C(ti(k) +pi(k) + Lts(k +1)) + Ba(lls| + |sil)
k=0

< By-(1+ By)- (|li] + |si])
Setting By = By(1 + Bj) this finishes the proof of Proposition 6.1. O

6.1. The expected value of the distance at return times. The statement of Proposi-
tion 6.1 together with Lemma 5.1 and Proposition 5.2 ensure that, to obtain slow recurrence
to the critical set, we need to bound D’ (z)/n for Lebesgue almost every 2 € I. Indeed we
have for every big enough n

{xEI:CZ(a:)>6}QU{wEPn:un|w51}U{m€I:un(x)22andDZ(a:)>B£O.6}

and Lemma 5.1 shows that the left hand side subset of the above union has exponentially
small measure. We now show that Proposition 5.2 implies a similar bound for the right hand
subset.

Lemma 6.5. For every z € (0, (1_2%79)”) there ezists ©1 = ©1(z, T, p,0) such that for © > ©

/GZ'D%(I) d)\(a;) < eo(®)~n’

where 0(©) — 0 when © — oo.
Proof. The integral in the statement equals the following series

Z P (ZZ(% " Uk)) A (A?’;T,Ul),m,(nmvv)(n)> ’

1<v<u<n k=1
(m1,v1)5--5(nv,v0)
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where N + v > O, v > 1 and 1 > kg for Kk =1,...,v. Proposition 5.2 provides the bound

3 <U>ezzz_1<m+vk>+<w—1>gzz_lmwvw:Z <U>6(z+(2ﬂ—1>g>~zz_1(nk+vk>'
v
1<v<u<n

1<v<u<n
(11,v1)5-++5(Nv,v0) (M15v1)5-5(Nv,v0)

Now setting A =37/ (m + vi) and

<

K(u,A) = #{((ll,sl),...,(lv,sv)) ST (bse) = A, Ly > ko, s > 1, ks, >0, 1<k < u}
k=1

we may rewrite the last series as ;o <<, D A0 (MK (v,A) - FHEI=DEIA Ty estimate
K(v,A) we observe that

2u

K(U7A) S#{(nl,---an%):znk:Aand nkZOyk:l,...,2U} = <A+2U—1>’
k=1

20—1

where (Z) = ﬁ'_k), is a binomial coefficient. By a standard application of Stirling’s Formula

we get '

— A
K(v,A) < (Cl/A (1 sz 1) (1+ 2'UA— 1)(%_1)/A> < e,

since A > vO ensures that the expression in parenthesis can be made arbitrarily close to 1 if
O is taken bigger than some constant Oy = ©¢(z), where 0 < C' < 1 is a constant independent
of © and we assume that z > 0 is small. Hence we arrive at

\/eZ'DEz(I) d)\(.fU) S § : 2 : <U> e(2z+(219—1)%)A S n <n> ] C ] e(2z+(2,§_1)%)@v
v Z v
v=0

1<v<u<n A>v0O

)

< (1 +C'e(2z+(2ﬁ—1)%)®)n — (o(®)n

as long as 0 < z < (1 —2¢9)7/(26) and © > O > max{f, Oy} is big enough so that @ > 1 in
Lemma 4.8 and (6.4) holds, as stated. O

As a consequence of this bound we can use Tchebychev’s inequality with z and © as in the
statement of Lemma 6.5 to obtain

A <{D7b’L > %0 . 5}) _ )\({ezDgL > ez~5~n/B0}) < e—z-&-n/Bo /ez-DZ d)\ < e—z-&-n/Bo . 60(6)%.

Now observe that we may take b = b(d) > 0 so small that ©(b) becomes big enough to satisfy
all constraints and moreover 0(©) <4 - Z.

As already explained, this together with Lemma 5.1 implies that there are C, £ > 0, where
¢ =£(9), such that for all n > 1

M{zel:Ch(z)>6}) < Ce 5,

Then since
{zel:R@x)>n}C J{zel:Clx)> 6}
k>n
we conclude that there are constants C,&; > 0 such that Theorem B holds.
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7. FAST EXPANSION FOR MOST POINTS
Here we use the results from the previous sections to prove Theorem C and as a consequence
obtain Corollary D. We start by setting
E, — {ac el:31<k<nst dist(fi(z),C) <e ™, fE(x) € I(l,s) and || > ko, |s| > s(T)}
and proving the following bound.

Lemma 7.1. There are constants C,& > 0 dependent on f, ko, ¢, p, and T only such that
foralln >1

ANE,) <C et

Proof. Let us take = € F,, and let k € {1,...,n} be the iterate which is very close to the
critical set. Observe that by Remark 2.1 the constraint on the distance implies

—pn > logdist(f[f(a:),C) > logag — %(|l| +1s]) andso ||+ |s| > 260/) -n.
Since this iterate is in the binding region, there must be an essential return ¢ < k whose depth
is at least as larger as |I| + |s|, by the results of Lemmas 6.2 and 6.3.
Hence according to the definition of A, ,y(n) from Section 5 if n > ©

b, C U {A(nv n) : (n,v) is such that n +v > ﬁp n} thus by Corollary 5.3

)\(En)gngeo }:ew lﬁn-i-v < E:Aezw 1
n+v>Bpn/(20m) A> 20
Fuam) 20 >Bpn/(20m)

< O nBel©m (WD fin o o @91 ifyn

for some constant C' > 0 with £ = (49 — 1)W”0 for a big enough ©. This finishes the proof of
the lemma. g

Lemma 7.2. Ifn is big enough, p small enough (depending only on o and A from Lemma 4.4)
and x € I\ E,,, then |(fﬁ)’(a:)| > o"/3,

Proof. Let us take z € I\ E,, and let 0 < 71 < --- < rp < n be the consecutive returns (either

essential or inessential) of the first n iterates of the orbit of x, and p1,pa, ..., pr the respective
binding periods. We also set ¢; = r;;1 — (13 4+ p;) the free periods and possibly escape times
between consecutive returns, fori = 1,...,k—1, qo =71 and ¢t = n— (rp +pg) if n > ri + p

or qx+1 = 0 otherwise.
We split the argument in the following two cases. If n > r, + pg then

k

@] =TTGEy @] Ry Ee)]) = o0 Af - oTr > o,

1=0

since o9 > & > o and Ay > 1 by Lemma 4.6(c), and also by (3.4) we may assume that at
escape times the expansion rate is at least o.
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On the other hand, if n < ry + p then using Lemma 4.4 and that z € T\ E,
(£ @) = | @] - () )| - |G et )

1
> |(frk) ( )‘ e Pk . Z . ‘(f;b—rk—l)/(:pl)‘
> A_ .ok . e Pk . O-TL—Tk—l

> exp ((n —1)(logo — pT—Tf — loiA)> > "/3,

for p > 0 small enough and n big enough since 7, < n, where z; is the critical point associated
to f,*(z) and we have used also the calculation for the previous case to estimate |(f}*)'(z)|. O

Finally since

{zel:&@)>n}c | {x eq:|(f5 @) < Uk/?’}
k>n
we conclude by Lemmas 7.1 and 7.2 that there are C9, & > 0 satisfying

({mEI E(x >n}> Z)\ ) < Co-e2m,
k>n
concluding the proof of Theorem C.

8. EXPONENTIAL BOUND ON DERIVATIVES ALONG CRITICAL ORBITS

Here we explain how to obtain the bound (4.1) for the parameters in the set S. First we
claim that it is enough to obtain the following bound for a sufficiently small value of b > 0
n—1
C(z) = Z — log dist;, (fﬁ(zk),C) < M -n, (8.1)
j=0

where M > 0 is a big constant and this bound holds for all n > 1 which is not a bound time
for zy, for every critical value zy, |k| > ko. Indeed, fixing n, k and b > 0, if (8.1) holds then
we can write

n—1
Z — log dist (fﬁ(zk),C) < Z — log dist, (fﬁ(zk),C) + Z —logb
Jj=0 dist(£} (2),€) <b dist(f} (2),€)>b

0<j<n 0<j<n
<M-n—logh-#{0<j<mn: dist(fﬁ(zk),C) > b}
< (M —logh) - n

proving the claim.

For any given pu € S and |k| > ko, let nsatisfy 1 =rg <1 < -+ <1y <n, where ry,...,r,
are the essential return situations of the orbit of z;, in the sense of the construction performed
in [PRV]. We denote by (I;, s;) the depth corresponding to r; for i = 1,...,u, and set (lg, sg)
to be such that z; (1) = fu(zx) € I(lo,s0). To prove (8.1) it suffices to obtain the following
pair of relations

> () < B . N<B-2 2
Ch(z) < ;(llzlﬂszl)_ 5 (8.2)

where u, (k) denotes the number of return situations of the orbit of z; up to the nth iterate,
for every time n > 1 which is not a bound time for the orbit of zj, for all critical values
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2k, |k| > ko, and B is a positive constant. Obviously both inequalities in (8.2) together
imply (8.1) with M = B/2.

To obtain (8.2) we first assume that the right hand side inequality has been proved for all
n > 1, |kl > ko and p € S and deduce the left hand side inequality in the same setting by
induction on the number n of iterates, as follows.

First observe that since pu € S satisfies |u| > €%, then z(u) = f(z)) £ p is outside
(—€2/2,€2/2) if |k| is big enough, which implies that the depth lg + sg of 23 (i) is bounded
from above by some constant K = K(¢) for all |k| > ko. Moreover by [PRV, Section 4] we
know that for a fixed a < v < 1

e > £ ()| > |an)|” and fi(zk(p) € Iy s:) with |s;| < s(r)

for every 0 < i < jg = jo(k, u) where jg is uniformly bounded from above for all |k| > k¢ and
u € S. Hence by Remark 2.1

i

Y

™

dist (fﬁ(zk(u))ac) > age” BUIHED > gy 5B > agCTi‘f“(zk(Mm

L > K(0)]a()

and thus
Jo ' Jo ' .
> —logdist, (fﬁ(zk(u)),c) < —jo - log K(7) —log |z(1)] - > 47 < B (Jlo + Is0)
=0 j=0

for a constant B > 0 which depends on 7. Since these initial iterates are all free, we have
shown that the left hand side of (8.2) holds for the jo > 1 initial iterates of the orbit of every
critical value for any B > B.

Now assume that the left hand side of (8.2) is true for a free time n — 1 of the orbit of a
critical value z;, for a fixed p € S.

If n is a free time for z; and the last essential return situation was not deep, i.e. the depth
was smaller than ©, then the depth of f[j(zk) is also smaller than © by arguments akin to

Lemma 6.3. Hence this situation does not contribute to the sum C?(z).

If n is a free time for z; and the last essential return situation was deep, then let r <n —1
be the last essential return time with depth (,,s,) and ¢ > n be the next return situation
(either essential, inessential or escape). We claim that

t—1

>~ —logdist, (fA(=4(1)),C) < B (ltr] + |s.1), (8.3)

J=r

which shows that the induction can be carried out up to the iterate t — 1 > n.

To prove the claim, note that similar arguments to those proving Lemma 6.4 show that
the part of the sum (8.3) corresponding to free times after the binding period is bounded by
By - (|ly| + |sr|). Hence we get (8.3) as long as B > Bs.

Finally, if n is a return situation for zj, either essential, inessential or an escape, we let p
be the binding period corresponding to the return and consider the next free iterate n + p of
the orbit of z.

If n is an escape, then p = 0 and we are done by Remark 2.1. Otherwise 0 < p < 102ng ‘n<n
by [PRV, Lemma 5.3] and so we can use the induction hypothesis to get (6.2) with ¢; = n,
h=1,...,p, x = 2z and x; = xy,,, the critical point which will shadow the orbit of zj during
the binding period. Hence we obtain as before the bound (6.3).
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Note that if || 4+ |sn| < ©, then the truncated distance is always 1 and we are done, by
the same arguments in the proof of Lemma 6.2. If we have a deep return then, analogously,
we need to consider the next free time ¢ > p of the orbit of the bound critical value z;, in
order to properly use the induction hypothesis. We have t < (1+2p/log o) -p again by [PRV,
Lemma 5.3] from which we get

n—+p
. ; 2
> —togdist, (£ (24(1).C) < C(r) + (1+ é) p < B (|ln] + |sn))
j=n+1

by induction and assuming that the right hand side of (8.2) holds. We also used the upper
bound in Lemma 4.6(a) and assumed that

C(7) 27 2p

B> S + Blogo (1+ loga)'

Thus if B is sufficiently big, then the inductive step can be performed in every situation. This

shows that the left hand side inequality in (8.2) is true if the right hand side inequality holds.
Now we explain why we can assume that parameters p € S satisfy the right hand side of

(8.2) for all critical values. The condition (30) used in [PRV, p. 463]

n—1
n
B k) = L k) < 2 4
(n,w, k) ;p(mw ) <5 (8.4)

to test whether a given interval w of parameters should be excluded or not, can be replaced

by the following
un (k)

> (Ll +lsi) < 5 (8.5)

i=0
without loss since B(n,w, k) < C Zzﬁék)(\m +|s;]) by Claim (3) in [PRV, p. 478]. Indeed it
is this last inequality which is used in the arguments proving [PRV, Lemma 5.7] establishing
the exponential bound on the set of excluded parameters. Therefore repeating the algorithm
presented there step by step with the new condition (8.5) instead of (8.4) leads to the con-
struction of a positive Lebesgue measure set S satisfying Theorem 1.1 and (8.2) for all n > 1,
every |k| > ko and for every p € S. This concludes the proof of (8.1).

9. CONSTANTS DEPEND UNIFORMLY ON INITIAL PARAMETERS

We finally complete the proof of Corollary E by explicitly showing the dependence of the
constants used in the estimates on Sections 2 to 7.

In the statements of the lemmas and propositions in the aforementioned sections we stated
explicitly the direct dependence of the constants appearing in each claim from earlier state-
ments. For constants which depend only on f we used the plain letter C.

It is straightforward to see that every constant depends on values that ultimately rest on
the choice of initial values for o,0(¢ and ky and on the the choice of p and 7, which are taken
to be small enough and where 0 < p < 7 is the unique restriction, used solely in the proof
of Proposition 3.4. Note that by definition ¢ = e(k¢) and that ko = ko(7) according to (1.3).
Thus 7 can be made as small as needed.

Hence by choosing 1 < 0 < v/& < 0g and a small §, we may then take 0 < p < 7 as small
as we need to obtain a small £ > 0 (and kg big enough, as a consequence, see Remark 3.2),
and then find b > 0 in order that ©® = ©(b) be big enough so that the constants C1, Co, &1, &,
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and consequently Cs, €3 on the statements of Section 1, are defined depending only on «, 3,
which depend only on f So C4,C4,C5,&1,&9, &3 depend on o, 09, p and 7, but do not depend
on p€ES.

This concludes the proof of Corollary E.
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