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Abstract. We prove that a ‘positive probability’ subset of the boundary of ‘{uniformly
expanding circle transformations}’ consists of Kupka—Smale maps. More precisely,
we construct an open class of two-parameter families of circle maps (f4,9)q,0 such that,
for a positive Lebesgue measure subset of values of a, the family (f, ¢)9 crosses the
boundary of the uniformly expanding domain at a map for which all periodic points are
hyperbolic (expanding) and no critical point is pre-periodic. Furthermore, these maps
admit an absolutely continuous invariant measure. We also provide information about
the geometry of the boundary of the set of hyperbolic maps.

1. Introduction
We begin by formulating the fundamental problem motivating this work and stating our
main results.

1.1. Non-periodic bifurcation. A great deal of understanding of those dynamical
systems lying beyond the hyperbolic (Axiom A [26]) domain has been achieved through
the following strategy. One considers parametrized families (Pg)ge[—1,1] of systems
(diffeomorphisms or flows) such that ®g is hyperbolic for initial &6 = —1, but crosses
the boundary of hyperbolic systems at some parameter, say 6 = 0. Then one tries to
understand the typical behavior of ®g, for small 6 > 0.
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This problem is probably not realistic without some further assumptions about the
dynamics at & = 0. In a series of papers that appeared in the 1970s and the early 1980s,
Newhouse, Palis and Takens were able to develop a detailed theory of the case when
the limit set (forward and backward accumulation points of all orbits) of ®g is finite;
see [16-19]. In this case, for a generic (Baire second category) set of arcs of
diffeomorphisms, the first bifurcation corresponds to one of the following two situations.
(NH) There exists a unique periodic orbit that is non-hyperbolic, and it is either a saddle-
node (one eigenvalue equal to 1), a period-doubling (one eigenvalue equal to —1), or
a Hopf orbit (two complex conjugate eigenvalues with norm 1).

(NT) All the periodic orbits are hyperbolic, but there exists a unique non-transverse
intersection between some stable and some unstable manifold of periodic orbits;
this intersection is quasi-transverse (codimension 1).

These two bifurcation mechanisms (NH) and (NT) may be responsible for drastic
changes of the global dynamics, which have been extensively studied by many authors,
for both finite and infinite limit set. See [5, 6, 14, 20-24, 27], among many other works.
See also [9, 10] for related results about certain classes of maps arising from vector
fields. Moreover, Newhouse and Palis [17] conjectured that the first bifurcation of generic
families starting from a Morse—Smale system (i.e. with no assumption on the limit set at
the bifurcation parameter) is either (NH) or (NT). However, to the best of our knowledge
there has been no progress in the direction of this conjecture.

In fact, our results in this work provide a negative answer to a natural probabilistic
reformulation of the conjecture for one-dimensional maps. That is, we prove that there
exist large (in a measure theoretical sense) subsets of the boundary of the hyperbolic
domain constituted by maps whose periodic orbits are all hyperbolic and whose critical
points are not pre-periodic. Let us point out that pre-periodic critical points play the role of
homoclinic tangencies in the context of one-dimensional maps. The reason hyperbolicity
breaks down for our maps is the presence of some non-periodic cubic critical point
(see §1.4).

More precisely, our main result is the following.

THEOREM A. There exists an open set U of two-parameter families (f4.0)a,0 of maps

of the circle such that, for some 0, = 6.(a), fa.0, has a (cubic) critical point (and so

cannot be uniformly expanding). Moreover, for a positive Lebesgue measure set A of

parameters a:

(1) fa.e, belongs to the boundary of the uniformly expanding domain; and

(2)  all periodic points of fa6, are hyperbolic (expanding), and no critical point is pre-
periodic.

In other words, a ‘positive probability’ subset of the boundary of hyperbolic systems
consists of Kupka—Smale maps. In fact, in this setting the Lyapunov exponents at periodic
points are uniformly bounded away from zero (see §7).

An interesting related question is whether f, o, belongs to the boundary of some
connected component of the uniformly hyperbolic domains: while this does not follow
immediately from our arguments, numerical evidence suggests that this is probably the
case. Indeed, it seems that there are continuous curves in parameter space starting at f; o,
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for each a € A, and otherwise consisting of uniformly expanding maps. A stronger
statement would be that f; » is uniformly expanding for every 6 < 6, close to O,
but computer evidence does not seem to support this.

For dimension two, Sabini, in [25], exhibits dissipative diffeomorphisms with non-
periodic bifurcation: all periodic orbits are hyperbolic, their stable and unstable manifolds
intersect transversally, but there is a large (in a measure theoretical sense) set of
diffeomorphisms with cubic tangencies between stable and unstable manifolds, one of
them associated to a non-periodic orbit. The one-dimensional setting we treat here,
and which was not covered previously, is particularly interesting because it displays
many features in a more transparent way, besides allowing for sharper arguments and
conclusions. In fact, the methods we develop here lead to an improved version of the
results in [25], which will appear in a joint paper by the present three authors.

1.2.  Absolutely continuous invariant measures. Having proved abundance of non-
periodic bifurcations, in Theorem A, one would like to say more about these systems,
namely, one would like to describe their dynamics at (and, at a second stage, beyond) the
bifurcation.

Our next result is a contribution in this direction: we prove that the maps f,; g, have
well-defined asymptotics at the statistical level. More precisely, we have the following
result.

THEOREM B. For every family (fu.0)a0 € U with a € A there exists a unique absolutely
continuous invariant measure for f, .. This measure [ is supported in all S and is, in
fact, a physical (SRB) measure: the time average ™! Zl;;(l) o(f aj ¢ (X)) converges to the

space average [ ¢ du for Lebesgue almost every x € S! and every continuous function .

This statement should be related to the remarkable work of Jakobson [8], where he
showed that the quadratic family has an absolutely continuous invariant measure for a
positive measure set of parameters; see also [2, 4]. More recently, Lyubich [12] and
Avila and Moreira [1] have shown that, for generic families of unimodal maps, for almost
every parameter either there exists an absolutely continuous invariant measure or the map
is hyperbolic (the critical point is in the basin of a periodic attractor). Moreover, the
second alternative corresponds to an open and dense set of parameters, by Lyubich [11]
and Graczyk and Swiatek [7]. Motivated by these results, we propose two problems.

Problem 1. Does (NH) U (NT) contain an open and dense subset of the boundary of
expanding maps of the circle?

Problem 2. Has (NH) U (NT) U {maps with a unique critical (cubic) point} full probability
in the boundary?

1.3.  On the boundary of hyperbolic maps. Given a two-parameter family (fz.0)a0 € U
we can induce a set U’ of one-parameter families (f;.0)g. A large set of families in U’
cross the boundary of hyperbolic maps at § = 6,, namely families (f; 9)¢ with a in A.
On the other hand we can find several families in ¢/" which leave the set of hyperbolic maps
strictly before 9., i.e. before the critical point is created, as stated in the next theorem.
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FIGURE 1. Boundary of hyperbolic maps.

THEOREM C. For every family (f4.0)a.0 € U there exists a sequence {ar} of a-parameters
accumulating in some a such that (fu, ¢)e crosses the boundary of hyperbolic maps for
some 6 = 0(ax) strictly less than 0.. Moreover, (fz,0)e is uniformly expanding for all
0 < 6.

In fact, we prove that each f;, ¢ has a periodic hyperbolic attracting point for some
6(ax) < Oy. Since these points are robust we have an open set of parameters presenting
this phenomenon inside our family. The fact that f,, —; is uniformly expanding permits
us to conclude that f,, ¢ cross the boundary of the set of expanding maps for some
O(ar) < O(ax) < by

Our results suggest a mental picture of the shape of a piece of the border of hyperbolic
maps which is reinforced by computational simulations as in Figure 1. It concerns to
Arnold-like family of circle maps

fao(x) =kx +a+6sin2xx mod 1,

withk = 2, =2 < a <2 and —0.1 < 6 < 1.4. The parameters a and 6 are in vertical
and horizontal directions, respectively. The dark region corresponds to positive Lyapunov
exponent and the light region to negative Lyapunov exponent.

1.4.  Cubic critical bifurcation. Let us describe an example of an open set where our
theorems hold. We say a C"-map ¢ : S! — S! has a cubic critical point at x = a if
¢'(a) =0, ¢"(a) = 0and ¢""(a) # 0. Let g9 : S' — S! be a one-parameter family of
C"-maps, r > 1. We say that @y unfolds generically a cubic criticality at (x,0) =

(a, 6y) if:
° @y (x) # 0 forevery 6 < 0, and x € S!;
) @p, has a cubic critical point at x = a which is its unique critical point;

o  Jgpp(a) #0.
The parameter 6 can be thought of as the angle between the graph of ¢y and the horizontal
direction.
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Roughly, to construct an open set U/ satisfying our theorems, we construct a (central)
family ( fa,g)@ unfolding a generic cubic criticality. The set U/ will be a C"-open
neighborhood of ( f‘aﬁ)a,@. Observe that the existence of a cubic critical point is a robust
phenomenon in this context: any family (4 9)s in ¢/ unfolds generically a cubic criticality.
Let us give precise statements.

Let f : S! — S! be an orientation preserving expanding C"-map, r > 3, that has a
fixed point p with a distinct pre-image a.

We consider a two-parameter C” -family fa,g :S! - S! 9 € [6p,61] and @ in some
small open interval containing a as follows.

(H;) For every a, the map faﬁO is C"-close to f (and so is uniformly expanding).

(H,) There is an open interval [y C S! containing a such that, for each a and 6, the maps
fa.0 and f are C"-close outside Io.

(H3) For every a, we deform fa,go inside an open interval I, C Iy centered in a in such
a way that the one-parameter family ( fa,g)g unfolds a generic cubic criticality at
(a,6y). . . _

(Hs) For all @ and 6 we have 3, fa,0(a) > 0. Moreover, f;", (@) > Oand f, 5(x) > 1 for
every x outside I,. Furthermore we assume f'(p) > 7/4.

See examples in the next section for this construction.

According to (Hj) all families ( fa,g)g start inside the set of uniformly expanding
maps. When 6 increases the family unfolds generically a cubic criticality. Observe that
for each parameter a the point x = a is the critical point for f’;ﬁ*, and during all this
process f’;ﬁ is expanding outside the neighborhood I of a; see (H») and (H3). Finally,
(Hy) essentially deals with a technical hypothesis and localizes the problem of loss of
expansiveness inside /,. The hypothesis on the magnitude of the derivative of f in its
fixed point p is included just to permit explicit (numerical) bounds in some results.

The reason to make the deformation in a neighborhood of a pre-image of a fixed point of
f is that the lack of expansion of the derivative when 6 increases to 6, can be compensated
with the uniform expansiveness close to the fixed point of fa,@ where the map is uniformly
expanding: the more the orbit gets close to the critical point the more it remains close to
the fixed point in the next iterates. Clearly, the deformation could be done close to any
higher order pre-image of the fixed point of f.

Our results apply to every family (f4.0)4.0 in a small C"-neighborhood U of ( f‘aﬁ)a,@.
As said before, each family (f,,0)¢ unfolds generically a cubic criticality, at say (x, 8) =
(a, 6,). By reparametrization we can assume that a = a and take [0y, 6;] = [—1, 1] and
0+«(a) = 0 for every a. Thus, a cubic tangency between the graph of f, ¢ and the horizontal
direction is created on (a, fy¢(a)) atd = 0.

1.5.  Examples.
Example 1. (Figure 2) Let f : S! — S! be defined by
f(x) =2x mod 1.

Leta = 1/2 and p = 0. Then & is a pre-image of the fixed point p. Let Iy = (x°, x?r)
be a small interval centered on 1/2. Given a close to 1/2, let I, = (x%, xi) be a proper
subinterval of I centered in a.
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1/2

-1/2

FIGURE 2. Cubic critical point.

We can define a two-parameter family fa,g, 0 € [—1,1] and a € [—1, 1], satisfying
(H1)—(Hy) as follows.
(1) Forevery a, we take

fa.60(x) = 2x +h.o.t.(a, x) mod I.

Thus, fa,go can be taken C”-close to f.
(2) Foreacha and @, we put forall x € S\ Iy

fao(x) =2x +h.o.t.(a,0,x) mod 1.

Then, faﬁ can be taken C”-close to f outside Ip.
(3) Forevery x € I,, we define

fa,g(x) =2a—-60(x—a)+ Alx — a)3 + h.o.t.(a,0,x), mod 1.

Then, fa,g unfolds a generic cubic criticality at (0, a).
4) If f,6is C"-close to f outside Ip, we have f;gg(xi) > 31/16. On the other hand,
if ;” b, (@) ~ Ais taken large enough,
fio(xD) = =0 +3A(x% — a)? > 7/4.
Thus, it is possible to define fa,@ in Iy \ I; such that f; g(x) = o > 1 for all
x € Iy \ 1. The condition 9, fa,g(a) > 0 forevery x € S! can easily be satisfied by
these maps by taking the h.o.t.(a) conveniently. Moreover, f/(0) =2 > 7/4.

Next we present two examples of maps which can be used as starting points for similar
constructions.

Example 2. (Arnold-like family, Figure 3) Let k > 2 be a positive integer. For a small and
6 close to k/(2m), we define

fa,g(x) =kx+a+6sin27rx mod 1.
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0.4 /
/

021 /
/

FIGURE 3. Arnold-like family, k =2,a = 0,0 = 1/m.

Let k = 2 and a = 0. Then, O is a fixed point and 1/2 is a distinct pre-image of 0 for
all 6. Moreover, fa,@ is uniformly expanding for 6 = 0 and ( fo,@)g unfolds a cubic critical
point at (x, 8,) = (1/2, 1/7). By the reparametrization a’ = a + 1/2 the critical point is
x = a’, for 0 = 1/m, satisfying (H3). Therefore, for every a sufficiently small (or after
reparametrization, close to 1/2) ( fa,g)g unfolds a critical cubic point at some (x, 6(a)).
Up to a reparametrization of the domain of the family, we get uniform expansiveness
outside a small interval centered on 1/2.

Example 3. (Polynomial family, Figure 4) For a positive integer k we define
Fao(x) =142k(x>+a—6x +6x7) mod 2,

where a and 6 belong to a neighborhood of 0. For every k > 1, x = 0 is a pre-image of
the fixed point 1 and ( ﬁlﬁ)g unfolds a critical cubic point at (0, 0). Indeed, this example is
a C°-map defined on the circle, except on a single point, and clearly does not satisfy our
hypothesis. However, this family can be made smooth and satisfying the hypothesis just
by a small modification near that point, and by reparametrization of the domain this family
may satisfy (Hy)—(Hg).

1.6. Ideas of the proof of Theorem A. Next, we give an idea why the proof works.
We follow classical methods based on the ideas of Benedicks and Carleson [2, 3, 13].

Note that, for & < 0, the map f,; ¢(x) has non-zero derivative for every x in st
furthermore the unique critical point of f, o occurs for x = a. This motivates calling
x = a the critical point of f, . We want to prove hyperbolicity (i.e. expansion) along the
critical orbit, that is, the orbit of a.

For every a and every 6 < 0 we consider the depth and frequency of returns of the
critical orbit. The arguments yield a positive measure set Qg of a-parameters for which
fa.0 1s uniformly expanding (hyperbolic) if & < 0 and non-uniformly expanding if & = 0.
The measure of €2 is uniform on 6 and so we get a positive Lebesgue measure subset .4
constituted by limit points of the sets £2¢ as 6 goes to zero. Therefore, in this sense, the set
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11—

FIGURE 4. Polynomial family, k = 1,a = 0,6 = 0.

of maps f, ¢ such that a belongs to A is a large subset of the boundary of the hyperbolic

maps.
Now we recall the basic concepts and issues in [2] that we need to deal with.

See also [15] for a careful detailed presentation of these ideas.
First of all, let £,(a) = f),(a) stand for the critical orbit. We need to estimate the

expansion along this orbit—later we shall see that, in this context, expansion for it implies

uniform hyperbolicity of f, 4.

For fixed § > 0 small, we say that a positive integer n is a return time for f, ¢ if
|€,(a) — &p(a)| < §. In this case, as we make precise later, during a certain amount of time
called a bound period the iterates &,+1(a), &,42(a), ... follow closely the critical orbit
(see §3). An induction argument can be applied to transport the expansion of f,; ¢ from
&j(a) to &,4 j(a) in order to recover the possible loss of expansion due to the approximation

to the critical point at time 7.
After a bound period and before the next return situation there is a period of time called

a free period. The total amount of free periods before n is denoted by F,(a).

We remark that if &, (a) becomes too close to £y(a) then a large bound period may be
required and the induction can fail to work. Furthermore, the bound period is intended
merely to recover the loss of expansion at time n and so the final expansion is primarily
obtained by the total amount Fj,(a) of free time. This gives us an idea why the two

assumptions below are required for our purpose of induction.
(BA), A recurrence control: the returns are not too close to the critical point.

(FA),, A statistical restriction: a bound of the total amount of time required to

recover the loss of derivative at this time and all past times.
At each time n we force the (BA), and (FA), assumptions above to be satisfied by,

if necessary, excluding parameters a. The remaining set is denoted by 2y, and the

intersection of all such sets is Q.
Exponential growth of derivatives along the critical orbit for those parameters in $2g

will be a consequence of the controls inductively imposed.
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2. Preliminary results

In what follows we will be working with a fixed & < 0 and so we will write f,(x) and
&n(a, x) instead of f, ¢(x) and fa”, ¢ (x) whenever possible. Since f; is C I"and from the
compactness of S! we have |04 fa] < B for some constant By > 0.

LEMMA 2.1. Let
aaén(as x)

O =t @)

Assume that:
(i)  for each x € S' and each positive integer n there exists a positive number M, (x)
such that
[0x&n(a, x)| = My(x) > 0;

(ii)  for some positive integer N,
o0
2B Y M, <05l
n=N

Let Q = max{2|Q 17", 31051} Then,
07 ' <|0n41l < Q foreveryn > N.
Proof. By the chain rule we have

0x&n(a, x) = dx[&1(a, &n-1(a, )] = x&1(a, §n—1(a, x))0x8n—1(a, x)

and
0aén(a, x) = 04(&1(a, §n—1(a, x))]
= 0x&1(a, §n—1(a, x))3:6n—1(a, x) + d.&1(a, §n—1(a, x)).
Thus,
0, = 0an(a, x) _ 0abn—1(a,x)  d.51(a,&n-1(a,x))
" 0@, x) T OiEn—i(a.x) Obula,x)
Therefore, P )
_ 9a61(a, 8p—1(a, x))
Qn - anl = 3x§n(a,x) .
Using (i) and &1 (a, x) = f,(x), we can write
00— Quitl < 2 < B M ().
 |0x8n(a, x)| T "
By recurrence and assumption (ii), for every n > N, we have
00— 0l = B1 Y My oo = 2L
k=N
Therefore,
_ 1 Q! [Oxl 3
o' < EIQNI =10zl — TN < |Qu+1l = 1071+ TN = EIQNI <=@. 0O
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Remark 2.2. 1f the interval I, in (H3) is taken sufficiently small, then for every a close
to a, there exist positive constants A; < Ay < A3 < A4, with Ay < 2A; and A4 < 2A3,
such that for every x € I, we have

—A10lx —al + Aslx —al’ < [ fao () = fao (@] < —A20lx —al + Aglx —al’, (1)
where the sum is in the circle S', and
—A10 +3A3(x —a)® < f; 5(x) < —A20 +3A4(x — a)”. ©)
Moreover, from (Hy), there exists og > 1 such that, for every f; ¢ close to fa,@,
flo(x) =09 forallx e S"\ L. 3)

PROPOSITION 2.3. Given § > 0 sufficiently small there exist n > 0, a neighborhoodU of
(fa,g)a)(-),. and a constant ¢ = c¢(8) > 1/15 such that, for every fq.¢ inU, if
(a) |faj(x)—a| > for0<j < kand
b) 1fF(x) —al <3,
then
(£ 0] = e,

whenever |a — a| < nand —8* < 6 < 0.

Proof. Since outside I, the derivatives are uniformly expanding we can assume x € /.
Let p, = pa.o the continuation of the fixed point p. For some interval J centered in pg,
we denote o, = infyey | f,(x)| and opr = sup,; | f,(x)]. We fix J such that [J| < 1/4

and
log oy, 8
lo = >

0= logoy = 9
By choosing 1 small we get f,(/;) C J foralla in (@ —n,a + 7).
Since f,(x) is close to p,, during a certain amount of time the orbit of x remains in J.
We can suppose f,(x) # pq4, otherwise the result is trivial. If kg is the first iterate of x that
escapes from J we must have

o0 fu ) = pal = |J| and o0 fu(x) — pal < 1J]. (4)

At this moment we have

[T @ = 140 fa G ] = 0p2] ()] )
In order to estimate the term cr,]f,o we observe from (4) that

ko > log(1/1/1fa(x) — pal)
logoy

and so

ook > 108UJ/1fa(x) = pal)

log 1 log oy = log(1J1/| fa(x) = pa. (©6)
ogom

The derivative on the right-hand side of (5) can be estimated, using (2), as

|f2(x)] = —A16 + 343]x —al* > 3As)x —al”. (7
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Therefore, replacing (6) and (7) in (5), we have

3A3]x —al?
ko+1y/ J ly . 8
Y @z ®)
First, we estimate
[ fa(x) = pal < | fa(X) = fa(@)| + | fa(a) — pal. 9)

Since f, is close to f, and taking n sufficiently small, then (recall that fa(@) = p) we have
| fa(@) = pal < 1 fa(@) = fa(@)|+1fal@ = fa@]|+1fa@ — fa@]|+]p—pal < 5°. (10)
From (1), (9) and (10) and assuming |x — a| > § and 82 > —0, we get

| fa(X) = pal < —A20|x —a| + Aslx — a® + &°

< (A2 + A4+ Dx —al® <3A4lx —al® < 6A3)x —al’.
From this latter estimate, (8) and (4), we get

| /103 A3|x — al? |13 A3

>
| fa(¥) = pal*| fa(x) — pal®=21 = (6A43)*3| fa(x) — pallo=2/3
%|J|8/9(6A3)1/3 O,](V];O*l)(lofz/:s).

\

[(fRot1y ()] >

v

Since we can suppose Az 3> 1 (independent of |J|[), then we get

ko—1)(lo—2/3 -
|(fak0+1)/(x)| > 0_/5/]0 Ylo—2/ )= ec(k0+1)’

where

k=1, 2\, . 1
= —_ = (0] > — 10 > —.,
T o1\ 3)loromM = LI0EOM = T3

The last two inequalities use ko > 7 and oy > 3/2; recall by (H4) we are assuming
f'(p)=17/4

Note that we can choose the neighborhood J of p in such a way that f kotl(x) & I,.
To finish the proof we observe that for all 0 < j < k such that f; (x) belongs to I, we can
use the same arguments as before since due to hypothesis (b) we know that j 4+ kg < k.
This completes the proof of Proposition 2.3. o

Remark 2.4. Without assuming (b) in the preceding lemma we can easily obtain an
estimate for the expanding behavior of f, like

I(F5Y ()] = 8%eck.

Remark 2.5. The inductive method we use to prove Theorem A uses repeatedly an idea
present in the preceding lemma: orbits { f (a)}, spend an arbitrarily large amount N of
time near the fixed point of f, provided we consider parameters a very close to a.
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3. The bound period
Let (a, 6) be fixed and consider the orbits of f, 9. Whenever an iterate of x gets close to
a, we have some loss on the expansion of the derivative. On the other hand, by continuity,
during some few iterates the orbits of x and @ will remain close. Taking into account this
basic fact and assuming as an inductive hypothesis that the orbit of a is expanding (at least
during these iterates) we may end up with the trajectory of x recovering its eventual loss
on the expansion of its derivative.

In order to present more details about this approach, we are going to introduce some
terminology.

Fix § = e~®+D_ for some A € N, in such a way that all the results in the previous
sections concerning § are satisfied.

Given a trajectory f a" ¢ (x), we can split it using the following rough approach.

) Return times. Those iterates when f' ,(x) gets close to a. More precisely, we state
that n is a return time for the orbit of x if we have | f' ,(x) — a| < 8.
o Bound period. The piece of orbit of x that remains close to the orbit of a. This is

accomplished by fixing 8 small and defining

p(x.a) = maxik: |f1 5 (0) = fl @) < e .0 < j <k

The bound period associated to the return n of x is the set of timesn+1,...,n+ p,
p = px,a).
) Free period. Those iterates after a return and its corresponding bound period and

before the next return time.

We point out that it is possible to have If‘?ﬁ(x) — a| < ¢ for iterates n classified above
as part of a bound period of a previous return. We say that n corresponds to a bound return
and they can be securely ignored as a consequence of the estimates for the bound period
present in Proposition 3.1.

Note that we have presented these notions for a single orbit. On the other hand, we will
need to consider groups of orbits which behave similarly during a certain amount of time
and this yields the idea of partitioning the phase space around a critical point in order to
achieve this control. We introduce now a model of this type of partitioning which will be
slightly reviewed when we consider joint dynamics of an interval of parameters, in the next
section.

Let a be a parameter under consideration. We can think of a also as a point in the phase
space and define a partition of a neighborhood of a by disjoint intervals /,, given by

In=la+e ™D ate™), m>A.

We extend this definition to negative indices by imposing that /_,, and [, be symmetrical
with respect to a. Additionally we write

Upn=@—e ™ a+e™), m>A.
For this partition we write (whenever it makes sense)

U@ =I-m-1) YUnUly_y and L}f (@) = Ly—1 ULy Ulysi.
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As a refinement of this procedure, we divide each interval [, into m? subintervals of equal
length which will be denoted by I, k, k= 1,..., m?. After all this we have

Us@ ={Utnk :m=z a1 =k =m?} Ula). (1)

For technical issues we join to that collection of intervals these two additional ones:

Incii=late P at+e®41) and Iap1=@—e®—1,a—e?]

’

where T = |e=(A~D — =21 /(A — 1)%.

Again, taking into account this refinement, we reserve the plus sign (+) to indicate, e.g.,
by I;’ &> the union of an interval with its two adjacent ones.

At this point let us extend the previous definition of bound period by writing

p(m,a) = min p(x,a).
xeUy

Note that for some points in U, we can end up with a shorter bound period than before.
Since we need to recover completely the loss of derivatives at return times, we would like
to state that this modification does not affect the essential properties of the bound period
(see the next proposition).

At this point we need to make precise the notions of recurrence control and exponential
growth introduced in §1.6. We fix @« < B, say « = /10, and for j € N we state these
assumptions as

(BA);: [€j(a) —a| = e™*,

(EG);j: [(f; 9) (@) = e,
where c, the rate of exponential growth, can be taken essentially equal to that given by
Proposition 2.3.

PROPOSITION 3.1. Let a be a parameter which satisfies (BA); and (EG); for j =
I,...,n, withn > 1. Let A < |m| < [an] and write p = p(m,a). Then, there is a
constant C1 = Ci(«) such that:
11 9) (fap ()]
—<—— =
Ct (] ) (fap (@)
(b) p <50\m| K n;

© 1LY @) = 15D for every x € I}

Cy forj=1,...,pandeveryx € U};

m?’

Proof. (a) Letx; = a",e(x) and q; = f;,e(a). Given j = 1, ..., min(p, n) we have

fé)(.)(xi) - fé,(.)(ai)

14
f(igg(ai)

12)

L) fap@)l it 1 fao(fhg@)]

Case 1. If a; € I, then we have féﬁ(a,-) > o9 > 1, recall (3), and sincei < j < p,

we get, for some constant K > 0,

fé,g(xi) - fa/,g(ai)
fé)(.)(ai)

(] o) Fap G (L 1 fa g (fl gl

1

< Ke P, (13)
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Case 2. If a; € I, then we get, for some positive constant K,
| foo(i) = fo9@@)] < K'lx; —a;l.

Since i < n we have that a satisfies (BA); for all suchi. Fromi < p and from Remark 2.2,

we get
/ ) ! . _ A
JaoXi) — f,.9(ai) K'|xi — a; - K'e “.3’ < Ko (B20)i (14)
faolan T —A10 +3A3(a; —a)? T e i
Note that for i sufficiently large the term above is less than 1 (8 = 10«). Hence, from (12),
we have

fa/,g(xi) - fé,g(ai)
f;,g(ai)

) _ ) Gap @)
"L fas(@)]
J PIED —f;Q(ai))
14 |— . .
= E( fa/,g(ai)
Therefore from (13) and (14) it follows that there is a constant C; > 0 such that
J v
s - |(fa;9) (fa,0(x0))| <
CL 7\ ) (fan(@))]

In order to conclude the proof of part (a), we have to verify that p < n. Thisis a
consequence of the next item.

J
(1
i=1

(b) For simplicity of notation let us suppose m > 0 (the other case is analogous).
Let x,, = a + ¢~ be in the boundary of I,, C (U,}) and let j = min{n, p} — 1. Then,
there exists y € (fa.0(a), fa,0(xm)) such that

| fao ) = fao @1 1) O = 1£L8 o) = £3 @) < e PUHD (15)
From the fact that a satisfies (EG); we get
(] ) (@) = e
and so, by part (a), we can conclude that
() (] = e
On the other hand, from the local form (1), we have

| fu6(m) — fap(@)] = —A10|xp — al + As|x, —al?
Aslxp —al® > Aze™ ", (16)

v

From (15) and (16) we have
CfleCjA3e_3m < e PUTD,

Then,
log(C;'A3) —3m +c¢j < =BG+ 1).
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Thus, as C1_1A3 > 1 (A3 > 0), we have (recall that ¢ > 1/15)
m—f

i+ 1 3
<
J c+

+1 < 50m < 500n < n. (17)

In particular j = p — 1 and so
p <50m

as required. a

(c) Again, without loss of generality, we suppose m > 0. It follows from the mean value
theorem that there exists y € U, such that

LU = 1Y ONUE = 1) Sao OV O U L

Let x be an arbitrary point of 7. Then, by part (a),

1
LD @ = 1) fan G (0] = C—1|(f;ﬁ@)/(fa,e(y>)| | fa (O
The fact that | f;j; ! (U] = e PP+ and US| < 2¢7™+! implies that

1
1 s WD fa @ UL e )]
Ci |USl oo~ 2C1 e |fl,(nI

From the local form (2), we have

1L @l =

(18)

fap® _ —A10 +3430 —@)? _ —A10+3A3e”>"
Jao() T —A20 4+ 3A4(y —a)? T —A20 + 3Age—2m+2’

For 6 = 0, we have

fao® _ A
7’0 > —3e_2.
/. a,o(y ) Ay
By continuity of féﬁ ¢ and by reducing 6 if necessary, we have, for every negative 6 close

to 0,
/
fa,g(x) - ﬁ 3

> —e (19)
f(Lg » Ay
Finally, it follows from (18), (19) and part (b) that
=3 o—B(p+D
Yl = 2 s s, 0

T 2A4Cp e mtl T

4. The induction process
Since we follow classical techniques we just outline the proof when it is analogous to
the quadratic case. Emphasis is put on those steps where we deal with the specific cubic

setting.
In all that follows, we consider & < 0 fixed and so let us write f; = f4.0.
Recall that we have an initial interval of parameters Q20 = Q0 = [a — n,a + 1]

(where n satisfies Propositions 2.3 and 3.1) from which we want to extract a positive
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Lebesgue measure subset of parameters satisfying the conclusions of Theorem A. In order
to obtain such a subset we make some inductive parameter exclusions. For this reason we
have to consider the dynamics of an interval of parameters instead of a single parameter.
Thus, we have to get similar results of previous sections for whole intervals of parameters.

We construct a sequence of partitions (P,),, where each partition P, = Py, is a
collection of intervals w. First of all, we put Py = {w}, with ® = Q. Now suppose
that Py, P1, ..., P,_1 are defined and let us describe how to refine P,_; in order to

construct P,. For future references we write

Qr =Qgr = U w.
wePy
Given w = [w—, w1] € P,—1, we define a partition of the neighborhood of radius § of
w in exactly the same way as we did before for a single parameter a (see §3, especially
(11)). For example, we write,

Up@) =(w-—e " oy +e™) and Iy(w) = [ws + e mtD), wy +e ™).

Following the referred section the meanings of /I, r (w), I;lr « (@) and so on should be clear.
From now on, we omit w from the notation whenever the context permits.
In order to describe the construction of P, we have to discuss the fate of such an interval

 in P,_1 when we pass from time n — 1 to time n. The dynamics of @ will be given by

) = Jfu@)

acw

and, more generally,

&) = JUA @}

acew

At time n, if &, (w) does not intersect Un we put w in P, ; otherwise we distinguish two
cases. In the first one, if £,(w) does not cover completely any I, x we say that n is an
inessential return time for w with host interval I i where §,(w) C Inj; 2 In the remaining
case, we say that n is an essential return time for w and we have a natural way of inducing
a partition of it by considering those subintervals of w whose iterates are intervals I, x
defined earlier. We write

o= (20)
where each a);n ¢ 1s an interval mapped by &, into [, k. In the case where the extremal
intervals of w do not cover completely an interval I,,, y we join them to its adjacent ones.
After all this, each a),/n ¢ 18 putin P, and assigned to the host interval I, k.

Finally, each subinterval @’ of @ in the case of an essential return and w itself in the case
of an inessential one will be included in P, if, and only if, it satisfies a recurrence control
and a statistical restriction to be explained in a little while.

We have already defined the concept of return times for intervals w. The notion of
bound period for w with a host interval I,,,  is defined by

p(m, w) = min p(m, a). 1)

The free periods are the complement of return times and bound periods.
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In order to avoid overload of notation let us keep denoting (BA),, the recurrence control
and (FA), the statistical restriction for an interval of parameters w. Let us make these
concepts precise:

(BA)n: () N Uany (@) = 0,

(FA),: Fo(n) > (1 —a)n, foralla € w,
where F,(n) stands for the amount of free iterates up to time n. More precisely, each
wn € Py has a sequence of ancestors,

W Dwy DD Wy,

with w; € P; and the concept of free iterates refers to the dynamics of these intervals.
Additionally, 1§:t us write
(EG)n: |(f)/(a)| = e ,for1 < j <nandforalla € w.

Once we have established that (21) is in fact an appropriate definition of bound period
for all parameters a in w € P,_; (that is to say, the content of Proposition 3.1 remains
valid when we think of w instead of a single parameter a) then we can use the methods of
Benedicks and Carleson in [2, 3, 13]. We suppose at time n — 1 that all w in P,_ satisfy
(BA),—1, (FA),—1 and (EG),—1 then choose for P, only the subintervals @’ of w as in (20)
satisfying (BA), and (FA),. From that argument, we have

(BA), + (FA)y = (EG)n.

Remark 4.1. 1t is important to stress now that the classical arguments guarantee that the
exponential growth of the derivative until the time n — 1 supposed by inductive hypothesis
can be extended to the time n by imposing the recurrence control and the statistical
restriction. Hence, after pass n of our induction, whenever we refer to w € Py, with
k < n, this implies | (f) (a)| = e for all j up to time k and for all a € w.

This strategy yields a parameter set

Qo= () Q.
neN

whose associated maps are all expanding along its critical orbit. Moreover, after we have
estimated the total measure of parameter intervals excluded we will be able to conclude
that Leb(£29) > 0.

Now we have to prove an analog of Proposition 3.1 for p(w,m) as given in (21).
A simple analysis shows us that items (a) and (b) remain valid but (c) must be reestablished.
The trouble in this context refers to steps of the proof that deal with estimates for |U,'|
(see (18)). Note that, in this new setting,

US| =2 + |o|. (22)

Thus, it is necessary that |w| be very small with respect to e~ in order that we can use
the same arguments as before. That will be a consequence of the inductive construction
(which enforces (BA),, and the next lemma).

LEMMA 4.2. Ifw € P, then | w| < C3e™" for some constant C3 > 0 and all n sufficiently
large.
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Proof. We have, for some a € w,

deg(f) = [& (@) = &, (@)] | w].

Since we are taking ¢ in w € P,, we know, from our inductive construction, that
[(f) (a)| = e, for 1 < j < n. This enables us to use Lemma 2.1 to get

@] = Q7 (£ (@) = Qe

and so
lw| < deg(f)Qe™". O

From the previous lemma and (22) we can state for all w € P,,, n sufficiently large, that
U | < de™

and so the arguments in the proof of Proposition 3.1 which rely on the size of U, can be
reproduced in this new context.

In order to state that item (c) holds in this new setting we begin by noting that
p(w,m) = p(a, m) for some a € w. Therefore, writing p = p(w, m), we have

Y ()] = e300l

We have to prove that a similar estimate still holds with another arbitrary parameter b in
place of a. To accomplish this, we need to prove that derivatives during the bound period
are comparable in space parameter.

Let b € w be arbitrary. Then

') ’ﬁ fafd () li[( Falfd 0 = f3(f) (y)))
pr) » = fb(fb ) = fb(fl7 )
We write x4, j = faj (a) and yp j = fbj (b). Taking into account that the maps f, and f5

are C2 we can choose z; between x, j and yp j, t € [a, b] C w and a positive constant K
such that

| fo(xa, ) — fom, I _ [ foXa,j) = fab, )+ fab ) — [,
| £, )] | £,

- L[ @) |Xa,j — Yo, i1 + 18a f{ (v, )] la — D]
- | f b, )

_ K%y = vl +la=b)
- |fb()’b DI

We have | f;(y./)| > 3As|ys,; — b|* and

vb,; — bl = | £/ (B) = b+ yp; — £ (B)]
>e % — 7Pl > (1 — =By
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Moreover, from our definition of bound period, and since x,y € I,j and a,b € o,
we have

|Xa,j — Yo, jl +la —b| < Cle P+ e~ <2Ce P, j=1,...,p,

for some C > 0.
From these last two estimates we have

| fa(xa,)) — ()

. < 4K ((3A3) ' Ce B2
[, (b, )

and so
o0 / /
[ fa(xa,j) — f, (b)) - o

[ £ w, )

which suffices to get bounded distortion as announced.
For future reference let us state what we have just proved.

9

j=1

PROPOSITION 4.3. Let w C Py, satisfying (BA)j and (EG)jfor j =1,...,n. Let A <
|m| < [an] and write p = p(m, w). Then, there is a constant C; = Cy(«) such that for
all a € w we have:

11 ) (fap )
—=<———— <
Ct (] ) (fap (@)

(b)  p < 50|m|;
© 1LY @) = 5D for every x € I (w).

Cy forj=1,...,pandeveryx € U,j{(a));

Remark 4.4. Note that items (b) and (c) above imply that if A is sufficiently large so that
|m| > A implies 108|m| > 1 then

|(f£;l)/(x)| > 1=00Ar+L forall x € I (w).

Another piece of useful information about the dynamics of parameter intervals is a
comparison between the sizes of its iterates in different moments. This is the content of
the next lemma.

LEMMA 4.5. Letw € P, andi < j < n where |§,(w)| < 1. Then, for some t € & (w),
we have £ )]
jl@ 2y =iy
= O°(f7 )Y@l
|&i ()] '

Proof. We choose arbitrarily a, b € w and write a; = faj (a) and b; = fbj (b). Since by
induction hypothesis we have expansion up to n and &,(w) does not cover S! then
& o — §(w)and §; : w — & (w) are diffeomorphisms. Thus,

laj — bj| = |&j 0 & (a;) — & 0 &7 (b))

By the mean value theorem, there exists ¢ between &(a) and & (b) such that

1 =iy
@I(fz ) ()] =

4 — byl = 16 0610 las — byl = 1G] & )

ai —bil = |(E: 0 & a —bi| = a — bl

s S o GO

Since a, b € w are taken arbitrarily, the claim follows from Lemma 2.1. O
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5. Parameter exclusions

In order to estimate the measure of the subset of excluded parameters we have to deal with
the size of the iterates of the intervals we are following as well as the frequency for which
these returns are well sized.

This is accomplished by considering the components of intervals @ that are mapped
to extremes of the critical region. More precisely, consider w € P,_; and its associated
partition {I, x};.k- Suppose that n is a return time for w. If o C  has a host interval
satisfying m = A — 1 then we call n an escape time for all a € ' and the interval o’ itself
will be referred to as an escape component.

The next lemma states that an escape component will return large. This implies that
new escape components will be created with high probability.

LEMMA 5.1. Let @ € Py, be an escape component and | its next return time. Then,
for some p > 0,
—pA
[Ep ()| = e,

Proof. We can suppose |&,(w)| < 1 since otherwise the claim is obvious.
Recall that A + 1 = —log § and note that § = w4 + 6 or S=w_—3 belongs to &, (w).
In order to simplify our proof let us consider the first case since the other one is similar.
Leta € P, be a parameter for which &, (a) = 8. Then, using the local form (1), we have

| (@) = fu@)] < —A20(8 + |o]) + As(8 + |w])>.

Let p, be the fixed point of f, which is the analytical continuation of p. From (10) we
have

A

1£2(8) = pal < 1fa() — fa(@| + | fala@) — pal
—2A208 +2A48° + 8.

IA

Since —0 < 52, for some constant Co > 0, we have
|fa(8) = pal < Co8’.
Hence, if M = sup{ f, (x)}, then
1£2 @) = fa (pa)l = M fa(®) = pal < CoM*™'&
Therefore, taking C = CoM -1
|f27" @) = pal < CMMT"S,
If we suppose that the next return u occurs while
CM!"8% <

then &, (w) has an extremal point, fa“ " (5), far from the return region, and contains some
point inside the return region. Otherwise,

cMrs? > 1 (23)
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implies that

. —log(4C83)

logM
Moreover, by Proposition 4.3 and Lemma 4.5, we have
5O o2 p1ny Eyta))] = 0 2CHE™Y G-
@]

Since n is an escape time for w, we have &,(w) outside (a — 6,a + ) and so, by
Proposition 2.3, all orbits starting at &, (w) expand uniformly from a return situation to the
next one. Using Lemma 2.1 the same holds on parameter space. Thus,

|§u(a))| -2 c(pu—n)
Cc . 24
Ena) 12 @)

By hypothesis, n is an escape time for w. Then

—A
I ()] > eA—z

Therefore from (23) and (24), there exists a constant p > 0 such that (recall e~ (21D = §)
7 _n 3
|6 (@)| = C Q7 cosC e, (1))

2 —c(log(4C8%) log ) €
>C1Q %e Az

~ e_A
> Ce3c(A+l)/logM
A2
5 e((3c—l)/logM)A oA

e

v

where C is a positive constant. O

The next lemma points toward an exponentially fast growth of the intervals of the
partition P,. In fact, it provides the essential estimates that enable us to reach that
conclusion.

LEMMA 5.2. Let p be a return for w € P, with host interval I, y and p its binding
period. Then, if W' < n is the next return after w and g = (' — . — p — 1, we have:

@) &y ()| = eeI=0PIm g, ()] > 2]&, (w)];
(b) & (@)] > e“eSBIM if 1 is an essential return.

Proof. Write

Iéw(w)lz 1€ (@) 1&p+p+1(@)]
|§u(0))| |§u+p+1(0))| |§u(0))| .

Then, from Lemma 4.5 and Proposition 4.3, we get

e @ _ e ay (o
ot = @D G T G

> 07D Guapa1 () [ 70Pm],
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Part (a) follows from
| G pr1 ()] = 4.
Furthermore, if w is an essential return then part (b) is a consequence of
—Iml

Eu(@)] = S O
m

Remark 5.3. 1t follows from the preceding lemma and the induction hypothesis (FA), that
if w is a return time for w € P, then

£ ()] > UM |g),

On returns we prove that |, (w)| is very large when compared with |Uq,)| which is an
important ingredient to estimate exclusions due to the (BA), condition.

LEMMA 5.4. Suppose n is a return time for w € P,_1. Then
|Ea(@)] = e,

Proof. Take the greatest u < n — 1 satisfying @, = w. Then &,(w) contains some host
interval I, x by construction. If we suppose that w is an escape time, that is, |m| = A — 1,
then, from Lemma 5.1, |£,(w)| > e ?2 > ¢~®"/2 if n is large enough.

Otherwise, due to the (BA), condition, |an — 1] > |m| > A. Let uo = i, hs+1 = n
and (i;)i=1,... s the returns of w after u. Then, from Lemma 5.2, we have

s—1
|‘i:,ui+1 (CL))I ISHH»] (0))| —60ﬁ\m|2s—1
|§n(w>|z|§u.(w>|g ol @ Z¢ _

Therefore,
&4 ()] > e 00Bm > pman/2, O

PROPOSITION 5.5. There exists a constant C depending only on « such that if v € P,
and n is a return time for o then for all a, b € w we have

U@l o @l

e = M g T
Proof. By Lemma 2.1 it is suffices to prove the left inequality.

Denote by u;, i = 1,...,s, the returns of w up to time n with corresponding bound
periods of length p;, host intervals Iy, x,, ..., Im, .k, and o; = &, (w). Let uo = 1,
po=—1

We have

U@ _ 1:[1 falfi @) _ ﬁ<1 AT AT (b))).
) ®) i fif B o ff @)
Hence, it is sufficient to show that
= f1(f @) = fi(f (b))
. < o0
= F1f )

(25)

http://journals.cambridge.org Downloaded: 09 Jan 2014 |P address: 186.217.234.225



http://journals.cambridge.org

Non-periodic bifurcations of one-dimensional maps 481

Let us write a; = faj (@) and b; = fbj (b). The fact that f,(x) is a Cz-map implies that
there exist ¢ € [a, b] C w and z; between a; and b; such that

S = | falaj) = f0D1 1falap) = fa®)) + fa b)) — f(b))]
= =

| f(B))] | f(B))]
- Ifa @zl laj —bj| +13a f (b)) la — b]
h | f5(B))] ’
For estimating ) S; on return times, we assume that j = u; for somei = 1,...,s.

Then b; € Iy, and so the derivative |fb’(bj)| > (e7Imih2 > |1mi|2. On the other
hand, the factors | f,/(z;)| and |3, f/(b;)| are bounded simultaneously by C|I,,, | for some
constant C. Furthermore by Lemma 5.2 the size of §;(w) gets expanded between returns
and so |a — b| < |aj — bj| for all j. Hence we can write

s, < Climlla; =bj| _ Cor
IIm,-I |Im,-|

We group the remaining terms of ) S; taking into account the bound periods and free

times. One considers the partial sums fori =0,...,s — 1,
Y Wi+ pi s Hiy1—1
= > 8 ad S = > S
j=ni+1 J=wri+pi+l

Let us estimate Sif fori =0,...,s —land w; + pi + 1 < j < wiy1. Again by
Lemma 5.2 we have |a — b| < |a; — bj| for all such index j. Additionally we have a
uniform bound K for | £ (z;)| + |9 f; (bj)| and so

|fb(bj)|

From Lemma 4.5 there exists #; € w such that

(26)

|@p;+1 — bp;+1] 1 ir1—j _ o
R R > (T )] = Qe Wi,
laj — bj| J
where the last inequality is due to the fact that j is a free time. Therefore, since j is a free
time (and then | f/(b;)| > M§?), we have

. 2
|aj b,/l < 0

= o Wit1=0) |5 1.
|fl;(b1)| —_ M52 I l+1|

Hence, there exists a positive constant éo such that
2 Hit1—1

0 L ~ loi+1] |oi+1]
S/ < Kplovl Y U < ol | T S ep
I nz,-+1| | m,-+1|

J=Hi+pi+1
for some positive constant ¢ s.

In order to estimate Sib we first observe that u; + 1 < j < u; + p; and use Remarks 2.4
and 5.3 to get

laj —bj| > 52672(Mi+1)|am — byl = 52@72(W+1)€C(17&)m|a —bl.
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Hence |aj — bj| > |a — b| and we have the same bound for §; as given in (26).

We write
|a,-/— bjl _ _laj —bjl 1b; _ bj—pl 27
|fb(bj)| |bj—bj7u,*| |fb(bj)|
From the definition of bound period we have
lbj —bj_p;| < e BU—1i)
Moreover, as | f;(b;)| = M|b; — b|* and
bj = bl = 1bj—y; —=b+bj —bjy;| = |bj—y; — b — e PUTHD
> e~ eU—mi) _ ,=BG—mi) >(1— e—(ﬁ—a))e—a(j—lli).
Hence, if M; = (M(1 — e~ B=9)2)~1 then
1) = bjmpl _ py =620,
[fabpl  —
In order to bound the other factor in (27), we use Lemma 4.5 to get, for some ¢ € w,
|a' - b | j—ui—1
—L L < QAT (fi )] L ) (28)
lay, — byl
There exists x € U, such that
[bj —bj—p;| = I(fbj_ﬂi_l)’(fb(X))l [fo(by,) — fo(D)]. (29)
From local forms (1) and (2), we have
|fl ()| < =0 A2 +3A4(t, — 1)
and
| fo(buy) — fo(B)] = —0A1|by; — bl + Aslby, — b|?
= |by, — bI(=0A1 + A3(by, — D).
Thus, for & < 0, we have
| £ (tu)] __ 1 A 344y, — 1)?
| fo (b)) — fo(B)| ~ |by; — bl —0A; + A3(by,; — b)?
B 1 < —0A; 3Aa(ty, —1)? )
by, —bI\—0A| + A3(by, —b)2 T —0A; + As(by, — b)?

1 Ay 4A4lt, —t)?
<2+ 4|/J., |>7

< | =
 |by, —bI\ A1 A3z|by, — b|?

whenever 6 is sufficiently small. Since y; is a return time for w, b;,; and t,,; belong to the
same host interval /,,; . The distance from I,;;; x to  is greater than e~™*1 and less than
e ™ + |w|. Hence, there is a positive constant A such that

)l A
[ fobu) = fo®)] ~ Tby; =]

: (30)
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Thus, from (28) and (30) we have
laj — bjl
[ /(b)) — fb(b)l -
Therefore, from using (29) and (31) we obtain
a5 = kil _ 4 2! it s = b
lbj —bj- u,l B |(fI=H=1Y (foeD| by, — bl

Since f;(#4;) and f(x) are far from the perturbation region, we conclude that there is a
positive constant Ag such that

_ —b
AQACFI Y (fy ) o Bl

31
b — bl €2))

laj —bjl _ , lay — byl

= AQ .
1bj —bj—pl |by; — bl
Hence,
-
S < ¢ o | 7
[ In; |

for some positive constant cp,.
Thus, there exists a positive constant C, such that

loi |
;|
The fact that |oj41] > 2|o;| implies that, for each fixed m, the sequence of all

|Om; |, om; C L, is geometrically increasing. Hence, the sum of |0y, |/|1,| over the
corresponding values of i is bounded by a multiple of the last term:

. loi | |Ut |Ui(m)|
lem, Z Z 1Tl = Z |

i=1 m>0i:m;=m m>0

f b
S+ Sy, +8'=C

where, by definition, i (m) is the largest value of i for which m; = m. By construction, o;
belongs to some Il;lr « Then, there is a positive constant C such that

+
|0 m)| < L i < Co
[ 1| IIm m2’
Therefore,
s
loi |
s=> sl 1+S,LI+SI’<CZ _COZ—<oo
]=1 |Il‘n | n1>0
and the proof of Proposition 5.5 is complete. O

6. Estimating parameter exclusions
Recall that €2, is the set of the remaining parameters at stage n. Let us write Q/, 4 for the
set of parameters just obtained by imposing the (BA),, condition to €2,, as described before.

LEMMA 6.1. For n sufficiently large it holds that
Leb(2, \ Q;H_l) < e " Leb(R2),

for some fixed ¢ > O.
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Proof. Suppose n is a return time for @ when we exclude an interval @ imposing the (BA),,
restriction. Then |&,(&)| < 2e~*"+1,
Therefore

ol _ & O] 15 @)

o] = 15O &@)]
forsomet € wandf € ®.
Using the bounded distortion given by Proposition 5.5 and Lemma 5.4, we have

||  2Ce'—on

| |§ T2 :2Cel—an/256—an/3,
w e

whenever n is sufficiently large. This implies the statement. a

Since we construct 2,1 from Q/, 41 by imposing the (FA), condition, all that remains
to be proved is that Leb(2), +1 \ Sn41) decreases exponentially fast with n. We use a
large deviation argument that can be carried out exactly in the same way as in [2, 3, 13]
as soon as we have some basic results. Among these facts, we have already established
estimates for the growth of |&,(w)| between returns (see Lemma 5.2). Now we turn our
attention to the frequency of returns. This is motivated by the following considerations.
The assumption (FA),, is related to the amount of time the orbits remain inside free periods.
Good trajectories are those that spend a small proportion of time recovering losses of
derivative. Among the iterates which contribute with real expansion, we have those pieces
of orbits which are escape periods, that is to say, those iterates between successive escape
times. In order to estimate the total amount of time spent in escape periods, we need to
estimate the expected time between escape situations. This can be carried out if we can
relate the length of orbit between successive returns to the distance of a return to the critical
point. This is the content of the next lemma.

LEMMA 6.2. Suppose n is an essential return for the interval o € Py, with I,  C &,(®).
Then the next return situation v satisfies

v < n+ 80|m|.

Proof. In order to simplify notations we suppose m > 0. First of all, let n = o <
U1 < -+ < Usg < HMs41 = v be the intermediate inessential returns with host
intervals I, ;. Moreover, for all i = 0,...,s, we write p; for the bound period and
qi = mi+1 — (Ui + p; + 1) for the free period. Again, we write simply m; instead of |m;]|.
By Lemma 5.2, we have
|y (@)] = e~ 0Pt

and
1&i+1(w)] S i p(1=60B)m;
[§i(w)|
Therefore,
s s
1§41 (@)] _ - ;
6, (@)] = 16, ()] l—[ Hit1 > e 60Bm ,cqo l_[ecqze(l 608)m;
e @) i
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Now, observe that we have a natural bound

18141 (@)] < deg(f).

By taking A sufficiently large we can suppose m >> deg(f) (m > A). Taking logarithms
above, we get

> cqi+ Y (1 —60B)m; < log(deg(f)) + 60pm. (32)
i=0 i=1

Furthermore, since we have ¢ > 1/30, then,
N N
v—n=Y (pi+aq+1) <) (pi+60cq).
i=0 i=0
But, from Proposition 4.3, we have
pi <50m; <60(1 —608)m;.
Therefore, from (32),

v—n < 60m+ 60(2 cqi+ Yy (1 60,3)mi>

i=0 i=1
< 60m + 60(log(deg(f)) + 60pm) < 80m. 0

After this result we can follow the same standard large deviation arguments presented
in [3] and finally get

Leb({a € Q) : Fu(a) < (1 —a)n}) < e " Leb(RQ) (33)

for some fixed € > 0.
Finally we get the following result.

PROPOSITION 6.3. The set Q29 has positive Lebesgue measure.

Proof. The proof is a direct consequence of (33) and Lemma 6.1, taking into account that
exclusions on 29 may occur only after N iterates (recall that N > 1). So we can assume
that Q9 = --- = Qu and n > N in the two preceding lemmas. a

7.  Growth of derivatives
PROPOSITION 7.1. For each fixed negative 9 close to zero there exist ¢ = ¢(0) > 0 and
o1 > 1 such that, for all a € Qp and k € N, we have, for every x € st

I(FEY 0l = éof.

Proof. Let§ < 0 and a € Q¢ be fixed and write f = f, 9. Given x € S! we putxp = x
and x; = f(x;j_1), forall j > 1. Let us introduce the following notation:

D) =[]1f/ )l and D,(x) =[] Gl
j=k j=0

J
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We can extend, in a natural way, to the orbit of x the notions of return time and bound
period of the critical orbit.
For every x € S! such that f'(x,) # 0 for all n > 0, let (nx)x be the sequence

of return times of x by the map f with associated bound periods (pi)r. Since during
the bound period the orbit of x inherits the same expanding behavior of the critical orbit
(Proposition 4.3, part (a)), we have

Dm0 = | [ n)ICT e, 0 < j < pr
At the end of the bound period, Remark 4.4 gives
Doy py (x) = 1700t (34

Using Proposition 2.3 and Remark 2.4, we get

c+1 j .
Dyymtpetj(¥) = ol 18267 forall 1 < j < miyr — px — ma, (35)

where o1 = min{e¢, ¢! 798}, Also, by adapting oy > 1 if necessary, we have

N1 —Nk
an,nk+]—l(x) >0 .

Given n > 0, let n; < n be the last return time of x. Then
k—1
Dy(x) = D(x)(]‘[ Dyjinjay—1 (x))an,n(xx (36)
j=1

where if n; = 0 then D(x) = 1 otherwise D(x) = D,,—1(x). In the latter case, from (34)
and (35), we have
Dj(x) > 8% forall0 < j <ny,

and also

Dy, (x) > 01’”.

When 0 < 0, we have | f/(x)| > —A 0, forall x € S! and so, in view of all the previous
estimates, we can state that there exists a constant ¢ = ¢(0) > 0 such that, for every j > 0,

Dj(x) > éo] forallx € st
Therefore, f is a uniformly expanding map. This completes the proof. O

Our goal is to prove that periodic points are expanding. In fact, we are able to prove
more: for Lebesgue almost every point, including the periodic points, the Lyapunov
exponent is positive.

PROPOSITION 7.2. Fora € g, 6 = 0, we have

Ainf(x) = liminf log |(f1) (x)| > 0,
n—o0

n—+1

for Lebesgue almost every x in S', including the periodic points.
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Proof. When 6 = 0 we have D, (a) = 0 for all n > 0. In this case, we are interested in
estimating

1
p— log D, (x). (37)

From (36) and estimates we carried out in the proof of the previous proposition, we only
have to worry about the terms D, (x).
We put, for a positive constant C < 100,

Ainf(x) = liminf
n—00

Xe={xeS':|fi(x)—al>e P forall j > k}. (38)
Let
X = ﬂ U x«
n>1k>n

be the set of points whose orbits fail to satisfy the condition | £/ (x) — a| > ¢~/ only a
finite number of times. Clearly, X contains all periodic points. From (2), for every x € X
we have

| ') = e %P1 forevery j > k.

Since
ng

1
log Dy, (x) > logot + —log | f'(xp)l |
1 n 1 ni

we realize that, if x is not a pre-image of the critical point and
| Geny )| > e 2P (39)
for all returns ny occurring after an iterate L = L(x), then we will have
Ainf(x) = logor —2CB.

If B is taken sufficiently small, e.g., 8 < 104, then Ainf(x) > 0.

In the sequel we only sketch the proof of why X has full measure since the arguments
are substantially similar to those used in §§3, 4 and 5. Let us reconsider the partition of the
phase space introduced in §3. At this time we write

Pi={Ipi:m>A+1,1<k<m?)

and
Po:={S'\(a—68,a+8}UP.

Analogously to what was done for intervals of parameters (see §4) we proceed by
considering for each w € Py its iterates " (w). Then we define inductively a sequence
of partitions (P, ), obtained as successive refinements of Py using an analogous algorithm
like that described in that section, although in this context we do not need to perform
any exclusions. Adapting results presented in §5 (namely Lemmas 5.2 and 5.4) it is
straightforward to prove that up to time n points in the same element w € P, have
almost indistinguishable orbits and the derivatives along these orbits are comparable up
to a constant C (bounded distortion).

Now fix k € N (large). Given n > k we define

Xen={xeS:|fix)—al=e P k<j<n)
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and

)A(k,n = U {x ew:w C X}
weP,

More precisely, if v € P, first we define a partition of w induced by Py on f"(w).
At time 7, a subinterval o’ of @ which will not contribute for the set X k.n must correspond
to Uy, (a) N f"(w) for some m with [m| > [CB] — 1. Then

Leb(a) _ c Leb(f" (@) _ e CP
Leb(@) — ' Leb(f"(w)) —  'e=P2

(40)

where the first inequality follows from the bounded distortion of derivatives of f over orbits
of points in the same element of P, up to time n, and the second one is a (pessimistic)
bound for the growth of @ under the action of iterates of f. This last estimate can be
obtained with analogous arguments to those in the proof of Lemma 5.2, taking into account
that the orbit of the critical point a is expanding for all times. From (40) it is straightforward
to get

Leb(Xen \ Xint1) < e @D Leb(Xy )

and setting
Xk,00 1= ﬂ Xkon»

n>k
we get
lim Leb(Xi.o0) = 1.
k— 00
Since )A(k,oo C X for all & this concludes the proof of Proposition 7.2. O

8. Proof of Theorem A

Givena € Qp, 0 = 0, for every n € N, there exist w € Py, such that a € w. It follows
from the construction that, for fixed n, the family of sets 24 , varies continuously with
6. Then, for ¢ > 0 small and n sufficiently large, there exists 8p = 6p(n, &) < 0 such
that there are intervals of parameters wg € Py, &-close to w, for every 6p < 6 < 0.
Since each partition Py 41 is obtained from Py, and 2 is constructed by successive
refinement of such partitions, it follows that there are ag € Qg, 6y < 6 accumulating on a.
Therefore, arbitrarily near f, o there is a map fy, ¢, for some ap € Qp, 6 < 0. Thus, by
Proposition 7.1, for every a € Qq, fs.0 is approximated by (uniformly) expanding maps.
Since the presence of a critical point is an obstruction for expansiveness, one concludes
that f,; o belongs to the boundary of a uniformly expanding domain, proving part (1) of the
statement.

The bifurcations constructed above are not of the (NH) type due to the recurrence
control imposed while constructing $24: if the orbit of a critical point a returns too close to
itself this parameter is excluded. Therefore, the critical point is non-periodic. Furthermore,
from Proposition 7.2 we know that periodic orbits of f, 0, a € o, are uniformly expanding
since their Lyapunov exponents are (uniformly) positive.

Moreover, there is a full measure subset A of Q¢ such that the corresponding
bifurcations are not of the (NT) type: fixing an interval [, of radius 1/n centered in the
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critical point, for n large enough, the set of parameters 55, such that the critical orbit never
goes into I, has zero measure.

Therefore, the set of parameters in 2¢ such that the critical orbit is pre-periodic is
contained in the countable union of the sets 3,, and has zero measure (recall that if an orbit
is non-wandering then it cannot be pre-periodic). This proves part (2) and concludes the
proof of Theorem A.

9. Proof of Theorem B (invariant measures)

From now on we fix 6 < 0 and a parametera € Q9. We are going to show how to construct
an invariant and absolutely continuous measure for such a map. For simplicity we consider
f = fa,@-

We follow the strategy of inducing Lebesgue measures in small pieces of our phase
space. Taking into account how much of this subject is classical, we restrict ourselves to
stating the realm of conditions which yield a point where getting such a measure is a matter
of applying very well-known arguments present in, e.g., [4].

First of all, let us reintroduce some terminology and notation in a slightly different way.
We begin with a sequence of partitions in the phase space which will be denoted by (Q,,),
and which resembles very closely the partition (P,), in the parameter space introduced
in §3. We define

Qo= {Ini |m=A|1<k=m?

where I, is defined in exactly the same way as in §3.
Successive refinements on Qg will be made by taking into account the dynamic of f.
Let A denote the Lebesgue measure normalized in Ua and consider the pull-back of A
given by .
fL0)(A) = A(f7/(A)) = Leb(f/(A) N Ua)/Leb(Ua).

We define
1n—l .
=—§ J(N). 41
Hn nj:Of*() 41)

For each n we have that u, is a finite measure, absolutely continuous with respect to
Lebesgue. Putting u as any limit point of this sequence in the weak*-topology, it is easy
to see that such a measure is invariant under f.

In order to establish that p is absolutely continuous with respect to the Lebesgue
measure, we follow the strategy in [4]: analyzing (41) we divide the dynamics of each
w taking into account the concepts of returns, bound periods and free iterates. We consider
four sequences of measures (&), (), (£,) and (W, ) such that

n—1

(X + V0 + 20+ W)
=0

1
Un = —
n “

J

The proof then relies on the statement that these four measures are uniformly bounded
in L'-norm. To accomplish this we need two main results. The first one is a complete
control of the distortion while iterating the intervals @ (Lemma 1.5 in [4]). Its contents are
presented in the next lemma.
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LEMMA 9.1. Let w be an interval on S' whose points have the same dynamical evolution
up to time n: the same returns, host intervals, and bound and free periods. Then we have

(f") (x)
™' )
The proof of this lemma relies on the same estimates we have already established in the
preceding sections and so we will omit it. (See Lemma 5.1 and [4].)
The second auxiliary result we need is also classical and can be stated as follows: the
probability of an orbit to avoid a fixed region around the criticality decreases exponentially
fast. More precisely, we have the next lemma.

< C for some constant C independent of n and w.

LEMMA 9.2. Let € > 0 be sufficiently small. Then there is a constant C > 0 and n; > 0
such that
Leb{x : f/(x) ¢ (a—e,ate),j=1,...,k} < Cn.

For the proof, see [4, Sublemma 3.6].

10.  Proof of Theorem C

For each pair (a, 0) let us denote by p, ¢ the analytical continuation of the fixed point p
of f. The next lemma asserts that it is possible to extract from each two-parameter family
(fa.0)a.0 a one-parameter family (f,.0)9 whose members have their critical point mapped
onto its fixed point p, g.

LEMMA 10.1. Forevery (fa,0)a,0 € U there exists a one-parameter family fzg),o(x) such
thata(-) is a Cz-map defined for 0 < 0 and such that f59),0(a(0)) = pa),0. Moreover,
there exists € > 0 such that f, 9(a) # pa.e forevery 0 < |a —a(f)| < e.
Proof. Let us define

H(a,0) = fa,0(fa.0(a)) — fae(a).

Fora = a and 8 = —1 we have H (a, 6) = 0. Moreover,

daH (a,0) = 3,(fap(f(a,0,a)) — fap(a))
= a fa.0(fa,0(a)) + 0x fa.0(fa,0(a))[0a fa,0(a) + Ox fa,0(a)]
— 0afa0(a) — 0x fa,0(a)
= a fa,0(fa,0(a)) + [0x fa,0(fa.0(a)) — 11[0x fa,0(a) + 9a fa,0(a)].

By assumption (Hy), for every family (f; ¢) sufficiently close to ( fa,g), we can suppose
94 fa.0(fap(a)) > 0. From (Hs) and the local form (2), for all & < 0, we have
Ox fu.0(a) + 04 fa,0(a) > 0. Assumptions (Hp) and (Hs) imply that 9y f4,6(fa6(a)) —1 >
0. Therefore,

d,H (a,0) > 0, forevery (a, 0).

By the implicit function theorem there exists a function a(6) such that for all 6 close to —1
we have H(a(#), 6) = 0. It is not difficult to see that we can extend a(#) for every 6 < 0.
Moreover, the elements of this family are unique with this property in a neighborhood of
a(#). This proves the lemma. O
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Proof of Theorem C. Given (f4,0)a.0 € U by Lemma 10.1 we can reparametrize the family
in such a way that, for some a,

Ja,o(a) = pao,
for every 8 < 0. Clearly, fz,¢ is uniformly expanding for all 6 < 0.

Foreach® < 0,let p1, ..., pi—1,d = deg(f), be the distinctive pre-images of the fixed
point pz = pa.e by fa = fa.e ordered by clockwise orientation. Let It and I~ be the
arcs with endpoints p; and p1, and py—1 and pg, respectively. Let aj be the pre-images
of pz by an inverse branch of f&j in . Since f; restricted to I is strictly increasing and
there are no fixed points of f; in I, then the sequence (Ez;“) j 1s decreasing and converges
to pz. Analogously we define an increasing sequence Ez; converging to pz. The points
&;E determine a partition of a neighborhood of p; by intervals (&,jZrl , c'z,j'] and [a; , a_ 1 ).

Thus we can induce a partition / ,:t around a such that
EID) = faH =@ a1 and E(U) =la,_,a).
Moreover, by construction, we have
8@, a_ D =@, a4, and E(a_,a) =3y G-

Hence,
ganh=s'or and gaH crtnit =9,

for every 1 < j < k. The same holds on changing the sign + to —. Therefore, for every
k > 1 there exists a fixed point for é“l inside L’ﬁ, that is, there exists a sequence (ax )k,
ar € I |, k > 2, such that

falap) = &) = ar.

By construction, the orbit of a;y = a;(#) has a unique iterate inside the perturbation
region Iy, where the derivative of f,, ¢ decreases with 0, and k — 1 iterates outside I
where its derivative is almost the same for all 8. Then, for some é(ak) sufficiently small,
ay is a periodic sink for f L Fixing that ay, the family (fg, )¢ starts inside the set of
uniformly expanding maps and crosses the boundary of this set in some 6 < 6. This proves
Theorem C. O
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