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ABSTRACT. In this paper, we study the dynamics of a smooth multimodal
interval map f with non-flat critical points and all periodic points hyperbolic
repelling. Assuming that |Df™(f(c))| — oo as n — oo holds for all critical
points ¢, we show that f satisfies the so-called backward contracting property
with an arbitrarily large constant, and that f has an invariant probability
v which is absolutely continuous with respect to Lebesgue measure and the
density of p belongs to LP for all p < liax/(fmax — 1), where £, denotes the
maximal critical order of f. In the appendix, we prove that various growth
conditions on the derivatives along the critical orbits imply stronger backward
contraction.

1. INTRODUCTION

The concept of absolutely continuous invariant measures plays an important role
in studying the chaotic behavior of non-uniformly hyperbolic dynamical systems.
In the area of interval dynamics, various conditions have been shown to guaran-
tee the existence of an invariant probability which is absolutely continuous with
respect to Lebesgue measure (acip). In [M] it was shown that an acip exists
for an S-multimodal map (here and below, “S-” stands for negative Schwarzian
derivative) without periodic attractors or recurrent critical points. In [CE], it
was proved that an S-unimodal map f satisfying the following condition (the
Collet-Eckmann condition) has an acip:

(CE) lim inf log |[Df"(f(c))]

n—oo n

> 0,

where ¢ denotes the critical point of f. In [NS2], the following summability
condition (the Nowicki-van Strien condition) was shown to imply the existence
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of an acip for an S-unimodal map:
(e}
1

N L B S

where £ is the order of the critical point. Moreover, it was proved that the density
of the acip with respect to Lebesgue measure belongs to L for all p < £/(¢ —1).
(Note that this regularity is the best possible since the density is never L/ “—1).)
Later on, this result was extended to the multimodal setting in [BS].

o0,

Observe that the Collet-Eckmann condition requires that for every critical point
¢, the derivatives |Df"(f(c))| grow exponentially fast with n, which is more re-
strictive than the Nowicki-van Strien condition that still requires these derivatives
to grow at a sufficiently fast rate. In [BSS] it was shown that for S-unimodal
maps, these conditions are far too restrictive for the existence of an acip. In fact,
there exists a constant C' > 0 depending on the critical order such that

limint |Df"(f(c))] = C

implies the existence of an acip. In this paper we shall extend this last result to
the multimodal setting.

Main Theorem. Let f : [0,1] — [0,1] be a C® multimodal interval map with
non-flat critical points and with all periodic points hyperbolic repelling. Assume
that for each critical point ¢, we have

Tim [Df"(f(c))] = oo,

then f has an acip p whose density with respect to Lebesgue measure belongs to
LP for all 1 < p < lpax/(bmax — 1), where lpax is the mazximum of the orders of
the critical points.

Observe that the hypothesis of this result rules out maps for which a critical point
is mapped to another critical point under forward iteration.

Here, as usual, by saying that f is of class C® with non-flat critical points, we
mean that f is C' everywhere and satisfies the following:
e [ is C% outside Crit(f) = {z € [0,1] : Df(z) = 0};
e for each ¢ € Crit(f), there exists a number ¢, > 1 (called the order of c)
and C? diffeomorphisms ¢, of R with ¢(c) = ¥(f(c)) = 0 such that

o fla)] = o(x)["
holds in a neighborhood of c.

We shall use A to denote the class of all C® interval maps with non-flat critical
points and with all periodic points hyperbolic repelling.

In order to state a more precise version of our main theorem, we need to introduce
more notation. For a fixed positive integer N and a positive number £, > 1,
denote by A(N, lax) the collection of all maps f € A having exactly N critical
points, and for which the maximum of the orders of the critical points is ;... For
K > 0 denote by A(N, lyax, K) the class of all maps f € A(N, lyax) for which
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the following holds:

There exists a neighborhood V of Crit(f) such that if
(%) f™(c) € V for some critical point ¢ € Crit(f), then

[Df"(f(e))] > K.
We shall actually prove the following Main Theorem’, from which we easily deduce
the Main Theorem.

Main Theorem’. Given a positive integer N, real numbers (., > 1 and
P € [, lmax/(bmax — 1)), there exists a constant K = K (N, lyax,p) such that if
f € AN, lbax, K), then f has an acip p whose density with respect to Lebesque
measure belongs to the space LP.

In fact, in the Main Theorem’ we show that, if we denote the Lebesgue mea-
sure by m, then each accumulation point in the weak* topology of the sequence
(% "5 fim),so is an acip with an L density. Thus the Main Theorem is a direct
consequence of the Main Theorem’. Notice however that, although having suffi-
ciently large derivatives at each critical value is enough to get an acip, the state-
ment in the Main Theorem about the density being in L? for allp < liax/({max—1)

requires the derivatives at each critical value to grow to infinity.

The result of the density is new even in the unimodal setting. We note that the
proof in this paper is quite different from and significantly simpler than that of
[BSS]. In fact, the proof follows much closer the proof in [NS2] but is simpler;
the main reason for this is that we use here the notion of nice intervals which
significantly simplifies the proof of formula (7) compared to the corresponding
inductive statement in [NS2].

It is probably difficult to improve these results. It is not possible to give a
topological condition equivalent to the existence of an acip since the last property
is not a topological invariant, not even a quasisymmetric invariant, see [B1].
Moreover, although no invariant density needs to exist if (x) is satisfied with a
small constant K [BKNS], liminf, .. |Df"(f(c))| = 0 does not rule out the
existence of an acip [B2].

Condition (x) is almost a C! invariant in the unimodal case, i.e., if two unimodal
maps f,g € A are C! conjugate, and f satisfies (x) for K = K, then g satisfies
(x) for all K < K,. However, for multimodal maps, this is not the case. In fact,
let K(c,¢’) be the infimum of the set of all numbers « for which there exists a
sequence nj — 0o with

f™(c) — ¢, and |Df™(f(c))| — «,

and let

— 3 /
K(f)= c,c/éélﬁtm K(c,d).

Then (*) requires that K(f) > K. Note that the number K(c,c) is C'! invariant
for any ¢ € Crit(f), while K(c, ), ¢ # ¢, is not.

Acknowledgments. We like to thank the referee for some useful comments.
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2. IDEAS AND ORGANISATION OF THE PROOF

To prove the existence of an absolutely continuous invariant measure one has
somehow to control the density of (f™).m for n large. One approach is by means
of the Perron-Frobenius operator acting on densities. Here, as in [NS2], we
estimate the measure (f™).m more directly by bounding the Lebesgue measure
of f~™(A) for small Borel sets A. The proof of the Main Theorem can be divided
into two steps.

Step 1: Show that if lim, . |[Df"(f(c))] — oo for each critical point ¢, then
f satisfies the backward contracting property BC(r), with an arbitrarily large
constant r. This property says that for e sufficiently small, if for some ¢, €
Crit(f) the pullback W of an re-neighborhood of f(c) is e-close to f(c'), then
|W| < €, see Definition 1 below. A more precise version of this step is stated in
Theorem 1.

Step 2: Show that if f satisfies the backward contracting property with an ar-
bitrarily large constant, then for each x € (0, 1) there exists M so that for each
Borel set A, we have the key inequality,

(1) |7 (A)| < Mf(A)[/ oo,

Here |A| denotes the Lebesgue measure of A. A more precise version of this step
is stated in Theorem 2.

Step 1 is fairly easy, and relies on controlling repeated pullbacks using the growth
assumption on the derivative and the one-sided Koebe Principle, see part (ii) of
Proposition 1. This is done in the first part of Section 3. In these pullbacks we
are only guaranteed Koebe space on one side, and therefore we cannot apply the
usual Koebe Principle. We should emphasise that there is no analogue of the
one-sided Koebe Principle in the complex case, and this is one reason why there
is no analogue of our theorem for non-real holomorphic maps.

Step 2 is more involved. The backward contracting property only gives informa-
tion on individual components J of preimages f~"(A) when A and J are intervals
near critical values of f. To extend this to information on the entire set f~"(A)
(for arbitrary Borel sets A) we consider first return maps to so-called nice in-
tervals (the real analogue of Yoccoz puzzle pieces). To do this, we establish in
Subsection 3.2 some implications of the backward contracting property:

(i) There are nice intervals of essentially any given size, see Proposition 3.

(ii) Return maps to nice intervals are A-nice: the first return domains to nice
intervals are very deep inside, see Lemma 3.

(iii) A nested sequence of pullbacks of a nice interval (called ‘children’; i.e., in-
tervals which contain a critical point and which are unicritical pullbacks of the
original interval) shrinks exponentially fast, see Lemma 4.

Using this information and the one-sided Koebe Principle, we prove in Section 4
the inductive inequality (7) which fairly easily implies the key inequality (1) for
any interval A near a critical point. For more general sets A we cannot imme-
diately use information about first return maps. Therefore in Section 5 we first
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assume that A is a Borel set which is contained in some nice neighborhood V' of
the critical set. If we subdivide A into subpieces and then compare the pullback
of A with those of certain intervals, we get an estimate which depends on the
order of some pullback, see inequality (14). On the other hand, for pullbacks of
arbitrarily high order we get an exponential estimate. Summing over all combi-
natorial possibilities we get (1) for any set A C V' in Lemma 9. For arbitrary sets
A we then finally use hyperbolicity of the dynamics away from the critical points
(i.e., Mané’s Theorem).

One of the main innovations compared to the proof given in [NS2| is to use
first return maps to well-chosen nice intervals and nested chains of children, see
Subsection 3.2.

We will now give a more precise description of the proof of the Main Theo-
rem’, which implies the Main Theorem as was described above. We shall use the
following terminology, which was first introduced in [R]. For any ¢ € Crit(f)
and & > 0, let Bs(c) be the component of f~'(Bs(f(c))) which contains c. Let
CV =CV(f) = f(Crit(f)) be the set of critical values of f.

Definition 1. For a constant » > 1, that will be usually large, we say that f
satisfies the backward contracting property with constant r (BC(r) in short) if the
following holds: there exists g > 0 such that for each ¢ < £y, each s > 1 and
each component W of f~%(B,.(c)) for some ¢ € Crit(f),

(2) dist(W,CV) < € implies |W| < e.
We say that f satisfies BC(oc0) if it satisfies BC(r) for all r > 1.

Clearly, for any r > 1, property BC(r) implies that f has no critical relation,
i.e., no critical point is mapped into the critical set under forward iteration.

The Main Theorem’ follows easily from the following two theorems.

Theorem 1. For real numbers Uy, > 1 and r > 1, there exists K = K(r, {max)
such that if f is a map in the class A(N, lpax, K) for some N > 1, then it satisfies
property BC(r).

We shall provide two proofs of this theorem. The first one is given in Section 3
as a consequence of Lemma 2 and Proposition 2. The second one is given in the
appendix, see Theorem 3. The reason that K depends only on f throught,, .y, is
that all constants related to f (such as those related to non-flatness) vanish when
looking at sufficiently small scales.

In the appendix we state and prove a result which is somewhat related to the
proof of Theorem 1. It shows that various growth conditions of the derivatives
along the critical orbits imply stronger backward contraction.

Theorem 2. For any positive integer N, real numbers by, > 1 and k € (0,1),
there exists r = (N, lmax, k) such that if f € A(N,lynax) satisfies the BC(r)
property then there exists a constant M such that for every Borel set A we have

(3) [f(A)] < M f(A)[
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The proof of Theorem 2 is given in Sections 4 and 5.

We will now explain how to obtain the Main Theorem’ from Theorems 1 and 2.
We use the argument given above Theorem A in [NS2], see also [MS, p. 378].
Let N be a positive integer, (1. > 1 and p € [1, erﬁj:jl) be given. Then choose
r € (0,1) sufficiently close to 1 so that 1 — 72— < 1/p, let 7 = (N, lyax, K)
be given by Theorem 2, and let K = K (7, {1,ax) be given by Theorem 1. Given
f € AN, lpax, K), let C > 0 be such that for every measurable set A we have
|f(A)| < C|A], and put M’ = MC%ax. It follows from the inequality (1) that, if
we denote Lebesgue measure by m, then for each n > 1 the measure
1n—1 ]

> (f)em

=0

Mo
n

is such that for every measurable set A we have j,(A) < M’'|A|@a. Fix an
accumulation point p in the weak® topology of the sequence (fi,)n>1. Then p
is f-invariant and for every measurable set A we have u(A) < M'|A|%==. In
particular p is absolutely continuous with respect to the Lebesgue measure; we
denote by p its density. For each k > 0 put Dy = {p? > k} and observe that

/ppdx < S (k+ 1)|Di\ D | = 3 | Dyl.

k>0 k>0

For each k£ > 1 we have
kv |Di| < p(Dy) < M| Dy,

and |Dy| < (M’k_%)(lfﬁ)_l. By the choice of k we have %(1 —
> k>0 | Di| < 0o. This shows that p € LP.

=)' > 1,0

Remark. If f is unimodal, then the acip is ergodic and unique. A general multi-
modal interval map may have more than one acip. For a map satisfying BC(r) for
a large r, the estimate provided by Theorem 2 rules out the existence of Cantor
attractors. Thus any compact forward invariant set of positive measure contains
a cycle of periodic intervals [SV], each supporting an acip.

Notation. Unless otherwise stated, X = [0,1] and f : X — X is a map in the
class A. We will assume, without loss of generality, that f(0X) C 90X and that
Df(x) # 0 for x € 0X.

If J is an interval and A > 0, we use A\J to denote the concentric open interval
which has length A|J|. We say that J is A-well inside another interval I or that
I contains the A-scaled neighborhood of J, if I D (14 2\)J.

3. REAL BOUNDS

We shall use the following result throughout our analysis.

Proposition 1. For any f € A, there exists n(f) > 0 such that the following
holds. Let s > 1 be an integer and let T = (a,b) be an interval. Assume that
f°IT is a diffeomorphism onto its image and that |f*(T)| < n(f). Then
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(i) (the Minimum Principle) for every x € T,
[Df*()| = 0.9 min (|Df*(a)], | Df* (D)) ;

(ii) (the one-sided Koebe Principle) Let x € T be such that |f*(a) — f*(x)| >
7|f*(x) = f*(b)[. Then

@) 209 () IDFO)

(iii) (the Koebe Principle) If J is a subinterval of T such that f*(J) is T-well
inside f*(T), then for any x,y € J,
2 s 2
09( T ) < |Df*(x)] <i(1—|—7’> ;
1+7/) — |Dfs(y)] — 09\ ~
(iv) (the Macroscopic Koebe Principle) If J is a subinterval of T such that
fo(J) is T-well inside f*(T), then J is 7'-well inside T, where 7/ =
0.972/(1 + 27).

Proof. 1t f has negative Schwarzian derivative, then so does f*|T. In this case, it
is well-known that the statements hold with 0.9 being replaced by 1 (and without
the assumption that f°(7") has a small length), see for example [MS]. For the
general case, we first note that | f*(7")| small implies that || is small as well since
f has no wandering interval, see [MS]. Then we apply a theorem of Graczyk and
Sands [GS] which states that any f € A is real-analytically conjugate to a map
with negative Schwarzian derivative. O

An alternative proof. Let us say that a diffeomorphism ¢ between intervals is
almost linear if for any x,y in its domain, we have |Dy(x)| > 0.9|/Dp(y)|. It
suffices to prove that there exists 0 < sg < s such that

o f57%0: f50(T) — f5(T) is almost linear;
e cither s =0 or f* : T — f*(T) has negative Schwarzian.

By the third statement of Theorem C in [SV], there exists a neighborhood U of
Crit(f) such that for any x € X and n > 0 with f*(z) € U, we have S f""!(x) < 0,
where S¢ denotes the Schwarzian derivative of ¢. Let V' € U be a smaller
neighborhood of Crit(f). Provided that | f*(7T")| is small enough, max?_, | f*(T)| <
d(0U, V), so that for each i € {0,1,...,s}, either f(T) C U or f(T)NV = 0.
Let so € [0,5) be minimal such that f/(T) NV = ( for all s5 < i < s. Then
either so = 0 or f~Y(T) C U so that f* : T — f(T) has negative Schwarzian
derivative. Moreover, by Mané’s theorem, f is uniformly expanding outside V.
Thus provided that |f*(T")| is small enough, f*7% : f(T) — f*(T) is almost
linear. U

3.1. Backward contraction. A sequence of open intervals {G;}5_, is called a
chain if for each 0 < j < s, G; is a component of f~'(G,;1). The order of the
chain is defined to be the number of j’s with 0 < j < s and such that G; contains
a critical point.
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For each critical point ¢ and € > 0, let Z%E(c) be the connected component of
I~ H(f(c) — €, f(c) + €)) containing c¢. Moreover, let

B. = U B.(c).
ceCrit(f)

Note that provided that e is small enough,
B,.(¢) ~ r'/*B.(c).

Lemma 1. For any p > 0 and lya > 1, there exists K > 1, and for each

f e Uxves AN, byax, K) there exists e > 0 with the following property. Let

c,d € Crit(f) and € € (0,e9). If f*(c) € Bo() for some s > 1, and if J is the
3.(¢))

component of f~5(B.(c")) containing c, then

J C B,.(c).

Proof. We may assume that p € (0,1). Put r = 2% and consider the chains
{G;}5—0 and {H;}5_, with Gy = B,.(¢) D Hy = B.(c') and Gy D Hy = J. Let
s1 < s be maximal such that Gy, contains a critical point c¢;. Let H§1+1 be the
convex hull of Hy 11 U{f(c1)}, and observe that H; ,, C G 11.

Claim. Provided that ¢ is small enough and that K is large enough, we have

(4) H,, C B,.(c)).

In fact, since

F G = G
is a diffeomorphism with |G| small, it follows from the one-sided Koebe Principle
(Proposition 1 (ii)), applied to each of the connected components of G, 1 \{f(c1)}
intersecting H} ., that for each x € H; ,,, we have

(5) (D7 @)| = CIDf 1 (f(en)),
where C' > 0 is a universal constant. Provided that ¢ is small enough, we have
[Df~ (f(e))| =2 K

by the hypothesis. Moreover, by non-flatness of the critical points there is a
constant C'; > 0 such that

_ | fGs]
D s—s1
DA (el < L
e DI ()] - s 1G]
DF1 71 (f(c WS kept
DI e = I trmsen = KO TG
This, equation (5) and the mean value theorem imply
|G 1 |G|
> CC{'K
[, ] |fG|”
which implies that
’ 1+1’ < p€

provided that K is sufficiently large. The claim follows.
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If s; = 0 then the proof of the lemma is completed. For the general case, the
lemma follows by an easy induction on s. 0

Let us say that f satisfies property BC™*(r) if the following holds: for any ¢ > 0
small enough, ¢, ¢ € Crit(f), and s > 1, if f5(¢) € B,.(¢) and J is the component
of f _S(érs (¢’)) which contains ¢, then J C B. (¢). (So the difference with property
BC(r) is that in equation (2), the assumption dist(W,CV) < ¢ is replaced by
WnNnCov #10.)

The above lemma can be reformulated as

Proposition 2. For any lna > 1 and r > 1 there exists K > 1 such that each
feUvay AN, byax, K) satisfies property BC*(r).

Property BC*(r) is closely related to BC(r). Clearly the latter implies the former.
The other direction is shown in the following proposition.

Lemma 2. For any f € A, BC*(8‘=r) implies BC(r), where {nay is the mazi-
mum of the order of the critical points of f.

Proof. Let ¢ > 0 be a small constant. Then for all ¢ € Crit(f), égemaxrs(c)
contains the 3-scaled neighborhood of B,..(c).

Let ¢, € Crit(f) and « € B.(¢). Let s > 1 be such that f*(z) € B,.(¢') and let
Ji, be the component of f~¢~*(B,_(¢/)) which contains f*(z). We want to show
that |J1] < e.

Let us prove this by induction on s. For s = 1 the statement is trivially true.
Fix sy and assume that the statement holds if s < s5. To prove the statement
for s = sg, consider the chain {G;};_, with G, = Bgtmaere(¢) and Gy 3 2. We
distinguish two cases:

Case 1. There exists 0 < s; < s such that G, contains a critical point ¢;. By
the definition of the BC™* property, it follows that G, C 35(01). If s =0, then
cg =cand Jy, C Gy C Bg(c). Otherwise, the statement follows by the induction
hypothesis.

Case 2. For any 0 < k < s, G}, contains no critical point. Then 571 : G} — Gy is
a diffeomorphism. By the Macroscopic Koebe Principle (Proposition 1 (iii)), we
obtain that G contains the 1-scaled neighborhood of .J;. Since ¢ ¢ Gy, f(c) & G4
and f(x) € B:(f(c)), it follows that |J;| < e. O

Proof of Theorem 1. Combine Lemma 2 and Proposition 2. O

3.2. Nice sets. An open set V C [0, 1] is called nice if for each z € OV and for
any k> 1, f*(z) ¢ V.

Proposition 3. For any f € A satisfying BC(2) and any € > 0 sufficiently
small, the following holds: for each ¢ € Crit(f), there exists an open interval V.
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such that Uese crigp) Ve 15 nice and such that

B.(c) C V. C By(c).

Proof. The proof follows from the following argument due to Rivera-Letelier, see
Lemma 6.2 in [R]. For ¢ > 0 small, define the open set V" = U, f~*(B.).
Clearly V*° is nice. Take V* to be the connected component of V" which con-
tains ¢, and let V, = V°°. It remains to show that V* C Bs.(c) for each n. We
do this by induction. For n = 0 this holds by definition, so assume it holds for n.
Consider Z = f(V"™)\ B(f(c),e). For z € Z, there exists m(z) € {0,1,...,n}
and cy(z) € Crit(f) so that f™2)(z) € B.(cy(z)). Now choose z € Z so that
mo = m(zp) is minimal among m(z) for points z € Z and let ¢y = ¢y(2). Since
f™(z) € B.(é), and since f™(Z) C V™ C VI, the induction hypothesis
implies

F™(Z) C Bae(&o).

Since f satisfies BC(2) and Z has distance ¢ to f(c), it follows that |f(Z)| < e
and Z C By.(c). This completes the induction step. O

For A > 0 we say that a nice open set V' is A-nice if for each return domain J of
V, we have (1+2X)J C V.

A nice open set V' O Crit(f) will be called a puzzle neighborhood of Crit(f) if
each component of V' contains exactly one critical point of f.

Lemma 3. For any X\ > 0 and real number l,.x > 1, there exists r > 1 such
that for any N and any f € A(N, lmax) which satisfies BC(r) the following holds.
There ezists g > 0 such that for any e € (0,&¢) there exists a puzzle neighborhood
V = U, V. with the following properties:

o V is A-nice;
e for each c € Crit(f) we have

B.(c) C V. C By(c).

Proof. Let r > 2 and let W be a puzzle neighborhood of Crit(f) such that
BTE/Q(C) C Wc C Bra(c)a

given by Proposition 3.

For each ¢ € Crit(f), let V, be the union of B.(¢) and the return domains of W
which intersect the boundary of B.(¢). Clearly, V = .V, is a puzzle neighbor-
hood of Crit(f) and moreover, for each z € OV and k > 1, f*(z) ¢ W. Provided
r is large enough, each component of V is deep inside a component of W. It

follows that each return domain of V' is deep inside V', see for example Theorem
B(2) in [SV]. O
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If I is an interval which contains a critical point and J (with J N Crit # ) is
a unicritical pull back of I then we say that J is a child of I. So there exists
c € Crit(f), s > 1 (called the transition time from J to I) and an interval J 3 f(c)
such that

e /5! maps J diffeomorphically onto I;

e J is the component of f~'(J) which contains c.
We shall use the following lemma in the next section:
Lemma 4. Let ¢, € Crit(f), let I > ¢ be a A-nice interval with |I| small and
let
12222 Jm

be children of I which contain ¢’. Then

|F(T)] <P HF ()]
holds for all i, where p = p(\) > 0 is such that p — 0 as A\ — oo.

Proof. By definition, for each ¢ > 1, there exists a positive integer s; and an
interval T; D f(J;) such that f*~! maps T; diffeomorphically onto I and J; is the
component of f~1(T;) containing ¢’. Note that f% (T},) is contained in a return
domain of 7, hence A-well inside I. By the Koebe Principle, it follows that each
T;11 is A\j-well inside T}, where A\; — 0o as A — oo. The conclusion follows. [

4. PULL BACK OF INTERVALS

The goal of this section is to prove the following proposition, which is as The-
orem 2, but in the special case when the set A is an interval contained in a
small neighborhood of the set of critical points. We will complete the proof of
Theorem 2 in the next section.

Proposition 4. Fork € (0,1), N € N and ly.x > 1, there exists v > 1 such that
if [ € A(N,lmax) satisfies BC(r), then there exists a neighborhood U of Crit(f)
such that for any interval A C U and any n > 0, the following holds:

(6) [F (A < MIf(A)| o,

where M s a constant depending on f.

We start with the following easy general lemma.

Lemma 5. Let f be a C® multimodal map with non-flat critical points. Then there
is €9 > 0 such that for every e € (0,eq), every r > 1, every critical point ¢ of f,
and every pair of intervals A and I such that A C I C Bo.(c) and A ¢ B, (c),

we have
DAL i

1] 1A~
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Proof. By definition of multimodal maps with non-flat critical points, there are
diffeomorphisms v and ¢ of class C*® such that ¢(c) = ¥(f(c)) = 0 and such that
g =1o fog¢lis of the form g(z) = %|z|’ near 0. It is thus enough to prove
the lemma with f replaced by ¢ and with 471=1/% replaced by 22~ Vtepl=1/t To
prove this, just observe that if J is an interval and a is a point in J which is
farthest from 0, then we have |f(.J)|/|J| > 3|al* ! and, if in addition 0 € J, then
we have |f(J)|/|J| < |a|®~L. O

Let r be a large constant, and assume that f satisfies BC(r). By Lemma 3, there
exist A = A(r, lmax) and g9 = go(f) > 0 small such that for any ¢ < ey there
exists a A-nice puzzle neighborhood of Crit(f) which lies in-between B. and Bs..
Moreover, A — oo as r — 00.

For each n > 0 and 0 > 0, define
L,(0) =sup{|f™(A)]:0<m<n,AC BEO/T is an interval, |f(A)| < d}.

Lemma 6. Let I be a A-nice interval such that B.(c) C I C Ba.(c), where
c € Crit(f) and e < gg, and let A be an interval such that

AC 35/2(0) and A ¢ 36/7,(0).
Then for alln > 1,

—n A -n - 7
@ £ < O D+ 2N S La (LAY,
i=1
where N = #Crit(f), the constant C > 0 only depends on ly.x, and the constant
p € (0,1) depends only on r and lyax, and for a fived lyax we have p — 0 as

r — OQ.

Proof. Let Jy be the collection of all components J of f~"(I) such that f*:J — I
is a diffeomorphism, and let J; be the collection of all other components of f~"(I).
The collection Jy contributes to the first part of inequality (7) (it is the easy part
of the argument), while 7; contributes to the second part.

As A C B. /2(c) is well inside 1, it follows by the Koebe Principle that there is a
constant C' > 0 only depending on £,,.,, such that for all J € J; we have

[/ (A) N J| |A]
(8) i < Cm.

For each J € [Jy, there exist ny = ny(J) € {0,1,...,n — 1} and an interval
J' D fr=™(J) such that J' has a common endpoint with f"~"1(.J) and such that
J' is a child of 1.

Claim. There exists a constant C' > 0 depending only on /,,,, such that for any
J € Ji, and each component A" of f~"1(A) N J', we have

S
700 £ (Al

(9) [f(A)] < Ottt




INVARIANT DENSITIES FOR INTERVAL MAPS 13

In fact, by definition of a child, there exists J' > f(J') such that f™~! maps
J' diffeomorphically onto I. By the one-sided Koebe Principle, there exists a
constant C' such that w A

A _ 1A

A 701 = T
Since A C I C Bs.(c) and A ¢ B..(c), we have

SO AL
@ =

Since A C BE/Q(C), I O B.(¢) and since f™(.J') contains a component of I\ A,
|f™(J)|/|1] is bounded away from zero. Inequality (9) follows by redefining the
constant C.

For any child P of I, let s(P) be the transition time from P to I and let J;(P)
be the collection of all elements J € J; with J' = P. Clearly,

S AN | = OO 0 P

JeJ1(P)

Since f~*)(A) N P has at most two components, applying (9) we obtain that

—n pl1/te f(P)] )
0 S AN <20 (erehi).

For each ¢ € Crit(f), let
P(d) 2 P(d) 2 -
be all the children of I which contain ¢’. By the BC(r) property,
|f(Pi(c)] < 2¢/r.
By Lemma 4,
[F(P(EN] C oy F (PN,
where p; is a constant depending on A, and p; — 0 as A — oco. So
F(PAE) € By (F(E)).
Note that since r is large
p = max(py, 2071/ fmx)
is close to zero. By (10),
> AN 2L (P F(A)).
JeT(Pi(c)))
Thus

S W= Y 1rAn g

JeT ¢ =1 Jeqi(Pi(c)
<2N Y- Loa (0] F(A)).
i=1
Combining this with (8), we obtain inequality (7). O
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Proof of Proposition 4. Fix k € (0,1) and write & = £/lpay. Let M = (r/eg)”.
Recall that the constant C' > 0 given by Lemma 6 does not depend on r. We can
thus assume that r is so large that

corr e < 1
-2
We shall prove by induction on n that the following inequality (11) holds:
(11) L,(0) < M§“.

The case n = 0 is trivial. So assume that the inequality holds for all n < ng
and we will prove it for n = ng. To do this, we shall prove by induction on
m > 0 that the inequality holds for every § € [57%7, 5%]. The choice of M clearly
guaranteed that this holds for m = 0. Assuming that it holds for all m less than
some positive integer my, let us prove it for m = my.

We need to prove that for each open interval A C BEO s such that /20t <
|f(A)] < eo/2™° we have

(12) (A < MIF(A)"

Let € € (0,£0) be minimal such that A C Be/r(c) for some ¢ € Crit(f). Let I 5 ¢
be a A-nice interval such that

B.CIC B,..
Then by Lemma 6, we have

@) < 2l an S L (A,

- i>1

The second term in the right hand side is bounded from above by

ONMY (P £(A))" = 2N M| (A1 < [F(A)° M2,

i>1 L—p>—

(87

provided that p is small enough. If I C BEO /r» then by the induction hypothesis
on m, and using the fact that

|f(D] = 7| f(A)] = eo/2™,
we have
|f(D)] < MIf(T)]

The same estimate holds in the case I D B., /» by the choice of M since | f~"(I)| <
1. Thus
£ < CMADE + T

Since

Al _ FD] 1y o FA

11 = [l AUl

,rozfl/fcy
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and o1/t < pli=1/tmax it follows that

A < M (40r D e 1 2V FAY < MIF(A))

This completes the induction step on m, hence the induction step in (11) and the
proposition. O

5. INVARIANT MEASURE AND THE DENSITY

In this section we prove Theorem 2. Using Mané’s theorem we reduce to the
case when the set A is contained in a small neighborhood of the set of critical
points. This case, which is stated as Lemma 9 below, is obtained from the case
of intervals (Proposition 4), using the Minimum Principle (Proposition 1 (i)) to
relate the size of the preimage of a general set to the size of preimages of intervals
“at the end of branches”, see Lemma 7 below. This corresponds to the “sliding
argument” used in [NS2], see also [MS].

So let f be a multimodal interval map as in the proposition. Take k; € (k,1).
Assume that f satisfies BC(r) for a large r. Then by Proposition 4, there exists
g0 > 0 (small) such that for any interval @ C B., and any n > 0,

(13) [F7HQ)] < Mol F(Q)]7 /o=,
where M, > 0 is a constant.

We say that a sequence of open intervals {G;}5_, is a quasi-chain if for each
0 <i < s, G; contains a component of f~'(G;;1). The order of the quasi-chain
is defined to be the number of i € {0, 1,...,s— 1} such that G; contains a critical

point. We say that such a quasi-chain is A-admissible if for each 0 < i < s,
either G; N Crit(f) = (), or G; is A-nice.

By the argument in Sect. 2, choosing ¢y smaller if necessary, we may assume that
for each j > 0, there exists a A-nice interval V. with the following property:

Bf:‘o/QjJr1 (C) C VJ}C - éao/2j (C)’

where A — 0o as r — oo. For each interval G which contains a critical point ¢
and with G C Vo.e, let j be maximal such that GcC Vj.c. We call that Vj . is the
enlargement of G. Clearly, the enlargement of any critical interval is uniformly
comparable to itself in size.

Let V' = Ucecrit(s) Vo,e- Fix a positive integer n throughout the rest of this section.
For each component J of f~"(V), we define a A\-admissible quasi-chain {G;}?_,
as follows:

4 Gn - V;
e Assume that Gi4q D f7(J) is defined, and let G; be the component of
/7Y Giy1) which contains fi(.J). Then
— if G, is not critical, then G; := G;;
—if Gz is critical, then G; is the enlargement of C?Z defined as above.
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Let J,, be the collection of all components of f~"(V') such that the order of the
corresponding quasi-chain {G;}? is equal to m. Each J € 7, is associated with

a sequence of positive integers ki, ks, ..., k,, and critical points cg,cy,..., ¢, as
follows.
® S5p0=58>58 >...>85, >0 are all the integers such that st is critical,

and ¢; is the critical point contained in G ;
o G, is the kj-th child of G,

. which contains c;.

For any ¢ = cy¢y...cp, € Crit(f)™™ and k = kiky.. .k, € Z7, we use Jk
to denote the collection of all components J of f~"(V) with the parameters c
and k. Note that for each J,J' € J¥ and {G;}",, {G}}™, the corresponding
quasi-chains and for all 0 < j < m, we have s; = 5% and G, = G’Sj. Define

and
={*7%(c;) : 0 < j < mj,

which has at most m + 1 elements. Notice that for each J € JX, the critical
values of f"|; are contained in C'VX.

Lemma 7. For any c,k, and any Borel set A C 'V, the following holds:

(14) S 1FTMA) N T < 3Mp(m+ 2)[ f (A e,
JeJk

where My is as in (13).

Proof. Let us label the set CVX as v; < vy < ... < vy, for some 0 < m/ < m,
and let vy and v,,,/+o be the left and right endpoints of V,,. These points divide
Ve, into subintervals Qr = (vg, vg11), 0 < k < m/+1. Let Ay = ANQyg. It suffices
to prove that for each k, the following holds:

(15) Z ’f Ak N J’ < 2M p’il/emdx
JeJk

where p = |f(A)]. If | f(Qr)| < p, then by Proposition 4,

S THAD) NI S TQi| < Mop™ /e,
JeJk

So assume that |f(Qx)| > p. To show inequality (15), choose ay, by € Q) such
that

Ly = (v, ax), and Ry = (b, vp11)
satisfies

[f (L) = [f(Be)| = |f(Ar)].
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For each J € JX and each component J' of f™Q, N J, f":J — f(Q) is a
diffeomorphism. By the Minimum Principle it follows that

(P17 AR = 1 T) T F(A)]
< 0.9 (|(f" ) L)+ [T F(R)])
= 0.97" (|/ (L) N T [+ |f " (Ri) N T])
Thus,
S FMA) NI <0970 S (17 (L) NI+ | (R N )

JeJk JeTs
<097 (If (L)l + 1F (R
S 3M0plf1/[max’

where in the last step we used (13). This proves (15), and hence completes the
proof of the lemma. 0

Applied to the case ¢ = {c}, ¢ € Crit(f), the lemma gives
(16) S°1FT(A) N | < 6N Myl f (A" fme.
JeJo

Lemma 8. There is 0 > 0 depending only on r, such that c — 0 as r — oo, and
such that for each ¢ = cocy ...cp and k = ky ... ky, the following hold:

(1)
U o fmommIHmy),

JeJk
(i)
|f(HS)| < gttt f(V)),
(iii) if we put oy = o*1/fmax  then

} : ‘J| < Mlalf1+k‘2+--.+km
- )
JeJk

where My = M| f(V)|*1/mxand My is as in (13).
Proof. The first item is clear. The second follows from Lemma 4, and |G,,| <
|Gs,|. For the third item, notice that by item (i), the left hand side of the

inequality does not exceed |f~("=*m)(HX)|. So the inequality follows from the
item (ii) of this lemma by (13). O

Lemma 9. Provided that r is large enough, the following holds: for any Borel
set ACV and anyn > 1,

[F7(A)] < MIFA)| o,

where M is a constant.



18 H. BRUIN; J. RIVERA-LETELIER; W. SHEN; S. VAN STRIEN

Proof. Pick Dgy to be the maximal integer such that
(/fl ’f)/gmdx
(17) 6(1 4 N)?*™ D, < (—) )
p

where p = |f(A)| and N = #Crit(f). For any m > 1 and D > 1, let
TIn(D) ={J € T : ka(J) + ka(J) + ...+ km(J) = D},

— U jm(D
m=1

For each 1 < m < D, the number of tuples k = kiks ... k,, satisfying
ky+kot...+k,=D

is given by the binomial coefficient C}y~{ = (Z j) Associated to such a k =

kiks ...k, there could be at most N™*! corresponding choices of ¢ = cyc; . . . ¢p.

From this and Lemma 8 it follows that

D
Z ‘J’<Z Z ‘J’SMlszJrngll 1D<M1N0'2,
JeJ(D m=1 JETm (D) m=1
where 0y = (N + 1)o; and M is as in Lemma 8. Thus

Z Z AN J]| < Z > |J\<M1

D=Do+1 JeJ (D D=Do+1 JeJ(D)

Provided that r is large enough 05 is close to 0 so that
ol <[6(1+ N)PP2(D+1)7

for any D > 1 and where 7 is so that 7(k1 — k) = k. This and (17) imply
O_ZDOJrl < pT(Iﬂlfﬁ)/@max _ pn/fmax.

Since p = |f(A)| we get therefore

Z ST A NI S M| f(A)] e,

D=Dqy+1 Jej(D)

where M, is a constant.

On the other hand, by (14), we have

S r@nd<y X Iemng

D=1 JjeJ (D) el JET
< Z CDO 1Nm+13M (m+2)‘f( )‘m/@max

< 6M0(1 + N)Do+1DO|f(A>|m/€max
< M| f(A)[/om,

where in the last inequality we used (17) again. Combining with (16), these
estimates imply the lemma. ([l
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Proof of Theorem 2. Fix k € (0,1). Assume that f satisfies BC(r) for a large r.
We want to show that there exists M > 0 such that inequality (1) holds for any
Borel set A and any n > 0.

By Lemma 9, there exists a neighborhood V' of Crit(f) such that the inequality
holds when A C V.

The general case follows by Mané’s theorem, which asserts that f|(X \ V) is
uniformly expanding, i.e., there exists C' > 0 and v € (0,1) such that for any
reXandk>1,ifz, f(x),..., fFl(x) € V then |Df*(z)] > Cy~*. Tt follows
that for any Borel set A and m > 1,
Ap={ze X a fz),.... [ (a) ¢V, f"(z) € A}

has length C177"|A|, where C} > 0 and v, € (0,1) are constants.
Set @, = A, and for 0 < m < n, set

Qm = {z: f"(x) €V and f"(z) € A,_,n1}.
Clearly,

1A = U Q-
m=0
By the argument in the previous paragraph,
|Qn| = |An] < Ci7'A],

and for 0 < m < n, since f™(Q,,) CV N f (A, m_1), we have

Q| < [FT (™ (Qu)) < [TV O fHApom1))]
< MJAp pma|* < Mlﬁygim’A‘og

where the third inequality follows by Lemma 9, and M’ > 0 and ~, € (0,1) are
constants. Inequality (1) follows by redefining M. O

APPENDIX: GROWTH OF DERIVATIVES AND BACKWARD CONTRACTION

Let f: X — X be a map in the class A, i.e., f is C® with non-flat critical points
and all periodic points hyperbolic repelling. Let CV = CV(f) = f(Crit(f)).
Given ¢’ > § > 0 we will say that f is (0, §')-backward contracting if for every crit-
ical point ¢ of f, every n > 1, and every connected component W of f _”(3;/(0))
we have that
dist(W,CV) < ¢ implies |[W]| < 4.

For a given constant r > 1, the map f satisfies the backward contracting property
with constant 7, as defined in the introduction, if for every ¢ > 0 sufficiently
small the map f is (0, dr)-backward contracting. Given ¢y > 0 and a function
r:(0,80) — (1,400), we will say that f is backward contracting with growth
function r, if for every 6 € (0,0p) sufficiently small the map f is (J, 6r(9))-
backward contracting.

The purpose of this appendix is to prove the following result.

Theorem 3. For f € A, the following properties hold.
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1. For every r > 1 there is a constant K > 0 that depends only on lp.x, Such
that if f € Uy AN, lnax, K), then f satisfies the backward contracting
property with constant r.

2. If f satisfies the summability condition with exponent o > 0, then there
exists 99 > 0, and a function r : (0,09) — (1,00) such that for every
0 € (0,1) we have

Z r(6™")"* < oo,

n>1
and such that f is backward contracting with growth function r.
3. If [ satisfies the Collet-Eckmann condition, then there are constants o €
(0,1] and C > 0, such that f is backward contracting with growth func-
tion r(0) = Co~ .

Parts 2 and 3 were proved for rational maps in [R, Theorem A].
For the proof of the theorem, let f € A. Given v € C'V and ¢ € Crit let
0 < ki(v,c) < ko(v,c) <---

be all integers k& > 0 satisfying the following property: If r > 0 is the smallest
number so that the closure of B,(c) contains f¥(v), then the pull-back of the
closure of B,(c) by f* to v is diffeomorphic. Observe that for certain v and ¢ this
sequence might be finite or non-existent. We denote by &;(v, ¢) the corresponding
preimage of ¢ by f*(¢¥). Notice that when &;(v, c) is close to v, the integer k;(v, c)
is large.

Let n9 = no(f) > 0 be sufficiently small. Then for any n € (0,7), we have

A n 1/¢c
By ~2 ()
and for z € By, (c),
IDf(@)| & Addola — el

where A, = lim, . |f(y) — f(c)|/|z — c|*. Here by writing C; ~ Cy we mean that
Cy/2 < Cy < 2Cs.

Lemma 10. There is a constant C' > 0 only depending on ly.x Such that the
following property holds. For § > 0 small put

o(8) = min{C-A((S),%},

where A(6) is equal to

inf diSt(fi(’U, C)> U)

dist(&; (v,c),v)>6 (5
fri©OT (v)e By, (CV)

’kai(v,C)+1 (’U) ’> )

Then for every ¢ € Crit, every n > 0 and every z € f~"(c) such that for every
i=0,...,n—1 we have f'(z) & Bs(CV), the pull-back of Bsys)(c) to z by f™ is
diffeomorphic and disjoint from C'V.
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Proof. Consider a critical point ¢ € Crit, an integer n > 0 and z € f~"(¢). Given
9 > 0small and 0 < r < ng/d, put Uy = B;, (c¢) and consider the successive pull-
backs Uy, Uy, . . ., Uy, such that U, contains f"*(z). Let us suppose that for some
k =0,...,n the set U, contains a critical value v € C'V, and let k be minimal
with this property. Note that the restriction of f* to Uy is a diffeomorphism onto
its image. Moreover, k = k;(v, c) for some ¢ > 1 and £ = (v, ¢) € Uy is equal
to f"*(z). Then for a constant C; > 0 only depending on f, we have by the
One-sided Koebe Principle,

1

e 2

dist(&, v) < dist(&, v) < ( dist(&, v) )‘C ]ka(v)rflC(%)@L

|Bs.(c)]  —  dist(c, fF(v)) dist(c, f*(v))

There is thus a constant C'; > 0 depending only on £. such that, if ¢ is such that
or is sufficiently small, then

6r > Cydist (&, v)| D fA ()]

By hypothesis dist(&,v) > §, so if we take the constant C' in the definition of p

equal to Cq, then we have ng((;)(c) C Up and for each k = 0,...,n the set Uy is
disjoint from C'V. 0

Lemma 11. There is a constant Cy that depends only on lna.c Such that the
following property holds. For 6 > 0 put

7“0((5) =

5 -1
= min { 317<p(6),Cy inf D frivett .
mm{ p(9); Odist(fi%lrzl,c),v)<6 ((dz’st(fi(v,c),v)> IDf ()l

If for every § > 0 small we have 1o(6) > 2, then f is backward contracting with
growth function .

Proof. We will choose the constant Cy > 0 below. Given ¢ € Crit and ¢ > 0 small,
consider successive pull-backs Uy = égro((;)(c), Uy, . ..U, such that UyNBs(CV') #
(). Since for every § > 0 small we have r¢(d) > 2, arguing by induction, it is enough
to consider the case when for every i = 0,...,k — 1 we have U; N Bs(C'V') = ().

Foreachi =0,...,klet U/ and U/ be the corresponding pull-backs of Bl gtmas sro(8)(€)
and meaxaro(&) (¢) respectively, so that U; C U/ C U/. Since by definition
31fmaxry(6) < p(d), the previous lemma implies that f* : U} — U] is a dif-
feomorphism. Observe that U] contains a 1-scaled neighborhood of U/ and that
U; contains a 4-scaled neighborhood of Uj. In particular, the Koebe Principle
implies that the distortion of f* on U} is bounded by 5.

Case 1. U}, is disjoint from CV. Since Uj contains a 4-scaled neighborhood
of Uy, it follows from the Macroscopic Koebe Principle (Proposition 1 (iv)) that Uy,
contains a 1-scaled neighborhood of Uy. Since UyNBs(CV) # ) and U,NCV = 0,
it follows that |Ux| < 9.
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Case 2. There is v € U, N CV. Then there is ¢ > 1 such that k = k;(v,c) and
¢ = &i(v,c) € U}, is the unique k-th preimage of ¢ in Uj,. Then we must have that
¢ € B(v,9); otherwise Lemma 10 would imply that U N CV = 0.

Suppose by contradiction that |Uy| > 6. Then, if § > 0 is such that 07¢() is
small, then we have

y .

Ul = |[Usl = dist(c, f*(v))

el diSt(f,U) [CZ—Zl k f%
< 55-5% (—dist(gfk(v))) [Df* ()] .

So, for a constant C5 > 0 depending only on /£,,,,, we have

5 o1
0) > Cy | ——— D f*(v)].
wo) > G (gie) 1P
Since dist(&,v) < 0, letting Cp = Cy we obtain a contradiction. 0J

Proof of Theorem 3. Part 1 is a direct consequence of Lemmas 10 and 11.

2. Given 0 € (0,1) we have
Z T(Qn)—a S

n>1

C,Z ( Z( . <di5t(§i£:ac)av)>_ ‘kai(v,c)—i—l(v)’—a +
&i(v,0),

1,v,c \n>0, 07 <dist
on —a(lc—1)
Z . ‘kai(v,c)-i—l (U)‘_a
n>0,0n >dist (& (v,¢),v) <d15t(§i(va c), U))

< " Z ‘kai(U’C)Jrl(U)ra < 00.

1,V,C

IN

+

IN

3. Let Cy > 0 and X > 1 be such that for every v € CV we have | D f*(v)| > CoA*.
By [NS1, Theorem B] there are constants C; > 0 and 6 € (0,1) such that
dist(&;(v, ¢),v) > C10%("9) . Therefore there is Cy > 0 and y € (0, 1) such that

| D frileDTL ()| > CoAki ) > Oy (dist (& (v, ), v)) 7.
Choose p € (0,1) and note that, if w < 67H, we have
DRI 0)] = Cydist(&i(v,¢),0) 77 = Cod 70,
Thus there is a constant Cy > 0 such that 74(0) > C46~%, where oo = min(pu, y(1—

1))- O
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