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Abstract. We study the dimension spectrum for Lyapunov exponents for rational maps acting
on the Riemann sphere and characterize it by means of the Legendre—Fenchel transform of the hidden
variational pressure. This pressure is defined by means of the variational principle with respect to
nonatomic invariant probability measures and is associated to certain o-finite conformal measures.
This allows to extend previous results to exceptional rational maps.

1. Introduction and main results

We are going to study the Lyapunov exponents of a rational function f: C — C
acting on the Riemann sphere, of degree at least 2. In particular, continuing the
investigations in [7], we are interested in the case that the map f is exceptional.
Slightly modifying [10, Section 1.3], we call f exceptional if there exists a finite,
nonempty, and forward invariant set ¥’ C J such that

(1) XN\ Y C Crit.

Here J = J(f) is the Julia set of f and Crit = Crit(f) is the set of critical points
of f. Every such set ¥’ has at most 4 points (see Lemma 1), hence there is a
maximal set with this property, which we denote by ¥(f). If f is non-exceptional we
put X(f) = @. When f is clear from the context we denote 3(f) simply by .

1.1. Main results. Given z € J, denote by x(z) and X(z) the lower and
upper Lyapunov exponent at x, respectively. If both values coincide then we call the

common value the Lyapunov exponent at x and denote it by x(z). Similarly, for
def

a f-invariant probability measure p we denote by x(u) = [log|f'| du its Lyapunov
ezponent. Let M be the set of all f-invariant Borel probability measures supported
on J and M C M be the one of all nonatomic ones. Let Mg and Mg be the sets of
ergodic measures contained in M and M, respectively. Let

o~ = inf y(u), ot = sup x(p) and at = sup x()
pEM g LEME LEM
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(see Corollary 1 for equivalent definitions of a™).
For given numbers 0 < a < 3, we consider the level sets

La, f) = {z € J: x(2) = a,X(w) = B}

If « < B then L(a, ) is contained in the set of so-called irregular points. We

denote by £(a) = L(a, ) the set of Lyapunov regular points with exponent . We
will describe the complexity of such level sets in terms of their Hausdorff dimension
dimy. To do so, given a parameter ¢ € R let us consider the potential ¢, = —tlog I

and the pressure function

@) Plp) & sup (hu(f) e du) ,

neEM

see |15] for further details on the definition of pressure. We define the hidden varia-
tional pressure

3) Pl = sup (1) + [ v

HEM

(following the terminology in [10]). After Makarov and Smirnov [10, Theorem B],
the pressure function ¢ — P(¢p;) fails to be real analytic on the interval (—o0,0) if
and only if f is exceptional and o™ > a*. By [10, Theorem A|, for an arbitrary

rational function the hidden pressure function ¢ — P(y;) is real analytic on the
interval (—o0,0) and
(4) Plgy) = maX{ﬁ(@t% ~ta'}.
For any a > 0 let
o def 1 . 5 o def . o
(5) F(a) ™ ~ inf (P(%) +ta> and - F(0) 2 lim F(a).

This function is finite and non-negative on [a~, &@™], and equal to —oc on R\ [a, a™].
Our main result is the following theorem.

Theorem 1. Let f be a rational function of degree at least 2. For any « in
[, a™]\ {0}, we have

(6) dimy L(a) = F(a),
and for every (3 in [o,a"], we have
(7) min{F(a), F(3)} < dimy £(a, B) < max, F(q).

For o« = 0 we also have

dimy £(0) > F(0).
Moreover,
{re: —o<x@@) <a }={zreJ\Z:X(z)>at} =0
and in the case a~ > 0 we also have

dimy {z € J: x(z) > 0,X(z) <o~} =0.
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The result of the above theorem has been shown in [7] in the particular case that
f is non-exceptional.

The multifractal formalism for Lyapunov exponents for conformal uniformly ex-
panding repellers has been covered for the first time by Barreira, Pesin, and Schmel-
ing [1] building also on work by Weiss [18] (see the monographs [12, 16| for more
details and references). To our best knowledge, the first results on irregular parts of
a spectrum were obtained by Besicovitch [3]. Its first complete description (for digit
expansions) was given in [2].

To prove our main result, in this paper we will create new technical tools in
order to deal with exceptional rational maps and then show how these tools can be
applied to adapt the original proofs in [7]. The paper is organized as follows. In
Section 2 we collect some known results about exceptional maps that will be used in
the rest of the paper. In Section 3 we will introduce the concept of hidden pressure
using backward branches of f, analogously to the tree pressure from [15]. In the
case of exceptional rational maps we do not always have at hand a finite conformal
measure with dense support, see Proposition 1. For that reason, in Section 4 we
introduce o-finite conformal measures that are associated to the hidden pressure.
Finally, in Section 5 we apply these tools to prove Theorem 1. In Section 5.1 we
provide a lower bound for dimension using the fact that for any rational map we
can find an increasing family of uniformly expanding Cantor repellers contained in
J using a construction of bridges that has been established in [7] and applies to the
setting of this paper without changes. In Section 5.2 we provide an upper bound for
dimension applying Frostman’s Lemma to an appropriate o-finite conformal measure
at a conical point. Finally, in Section 5.3, we show the existence of periodic orbits
in J \ ¥ with exponent as large as possible. The proof of Theorem 1 is given at the
end of Section 5.3.

We give an alternative proof of this result in Appendix A via a variant of Bowen’s
periodic specification property, [4].

Throughout the rest of this paper we fix a rational map f of degree at least 2,
and denote the spherical distance on the Riemann sphere C by dist. Given an
integer @ > 1 and a function g defined on J, put

SgE g+gof+---+gofh

2. Exceptional maps and phase transitions

For a critical point ¢ € Crit we will denote by deg;(c) the local degree of f
at z = c¢. The following result has been proved by the same computation first in |6,
Lemma 2.

Lemma 1. If ¥’ is a finite subset of C such that f~'(X') \ ¥’ C Crit, then
card¥' < 4. If f is a polynomial then card(X' \ {oco}) < 2.

Proof. Using that f has 2deg(f) — 2 critical points counted with multiplicity,
by (1) we have

deg(f) card ¥ = Z degf = card f () + Z (deg;(x) — 1)
zef-t zef~1(2)
< card E’ + card Crit +2(deg(f) — 1) < card X' + 4(deg(f) — 1),
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so card ¥’ < 4. If f is a polynomial, then it has at most deg(f) — 1 finite critical
points counted with multiplicity, so in this case card(X' \ {oc0}) < 2. O

The following is an example of a one parameter family of rational maps, such
that for some parameters the map is exceptional and its exceptional set contains a
critical point. See |9, Section 6] and [10, Section 1.3] for other examples of exceptional
rational maps.

Example 1. Let d > 3 be an integer, and for A € C put
fa(2) = A2 = Xt 1)7h

The point z = 0 is critical of multiplicity d — 2, the point 1 = f,(0) is fixed of
multiplier —\, and the point z = oo is critical of multiplicity d — 1 and the only
preimage of z = 0. Thus, when z = 1 belongs to the Julia set we have {0,1} C .
There are three cases when this last property can happen: When |[A\| > 1 (z =1 is
repelling), when A is a root of unity (z = 1 is parabolic), and the remaining case
when [A| = 1, X is not a root of unity, and fy is not locally linearizable at z = 1
(z =1 is Cremer).

If f is exceptional, then the set ¥ contains at least one periodic point. Observe
that it hence must consist of a finite number of periodic points plus possibly some
of their preimages. We write X = ¥y U X, where ¥, denotes the subset of all
neutral periodic points in X plus its preimages and where >, denotes the subset of
all repelling periodic points in > plus its preimages.

We will say that f has a phase transition in the negative spectrum if the func-
tion ¢ — P(p;) fails to be real analytic on (—o0,0). In this case we put

t- Zsup {t < 0: Pp,) = —ta’}.

We have t_ < 0 and, since the function t — P(y;) is convex, for each ¢t € (—oo,t_)
we have P(p;) = —tat.

In the following proposition we gather several results in [10, 15]. A measurable
subset A of C is said to be special if f: A — f(A) is injective. Given a measurable
function 1: C — [—00, +00], a (possibly infinite) Borel measure v on .J is said to be
e¥-conformal outside Z C J if for every special set A C J \ Z we have

v(f(4)) = / &) du(z).

A
If Z = @ we simply say that v is e¥-conformal.

Proposition 1. Let f be a rational map of degree at least 2 and lett € R. Then
we have the following properties:

1. Suppose that f does not have a phase transition in the negative spectrum, or
that f has a phase transition in the negative spectrum andt > t_. Then P(yp;) =
P(y;) and there is a finite (eP (%)_‘Pt)—conformal measure whose support is
equal to J;

2. Suppose that f has a phase transition in the negative spectrum and thatt <t_.
Then f is exceptional, there is a repelling periodic point p € ¥ such that
P(py) = —tx(p) and for every neighborhood V of p and every measure v that
is (eP(S"t)_V’t)—conformal outside Crit and that is not supported on X, we have

v(V\ {p}) = +oo.
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Proof. The equality P(y;) = P(¢;) in part 1 follows from the definition of ¢_.
The existence of the conformal measure in part 1 follows from |10, Lemma 3.5] if ¢ < 0
and from [15, Theorem A] if ¢ > 0.

The fact that f is exceptional and that there is a repelling periodic point p € X
such that P(p;) = —tx(p) in part 2 is given by [10, Theorem B|. To complete the proof
of part 2, let v be a (eP (Wf)_sf’f)—conformal measure outside Crit that is not supported
on ». We first prove that the support of v is equal to J. Since by hypothesis v is not
supported on X, there is a point z of J \ ¥ in the support of v. It follows that there
is a sequence of points (z,)°, in J\ Crit not contained in a periodic orbit, and such
that for every n we have f(z,) = z,-;. The conformality of v outside Crit implies
that for every n > 0 the point z, is in the support of v. It follows that there is an
integer N > 0 such that zy is not in the forward orbit of a critical point of f. Using
the conformality of v outside Crit again, we conclude that every iterated preimage
of zy is in the support of v. Since the iterated preimages of zy are dense in J, it
follows that the support of v is equal to J, as claimed.

Let n > 1 be the period of the periodic point p and let » > 0 be sufficiently small
so that B(p,r)\{p} € V'\(XUCrit), and so that the inverse branch ¢ of f™ fixing p is
defined on a neighborhood of B(p,r) and satisfies ¢(B(p,r)) C B(p,r). Note that if

we put U = B(p,7) \ ¢(B(p,)), then we have v(U) > 0; otherwise the conformality
of v outside Crit would imply that for every integer m > 1 we have v(¢™(U)) = 0,
and therefore

v(B(p,r)\ {p}) = D_v(@"(U)) =0,
m=0
but this is not possible because the open set B(p,r)\{p} intersects J and the support
of v is equal to J. Since ¢ is defined on a neighborhood of B(p,r) and ¢(B(p,r)) C
B(p,r), there is a distortion constant C' > 0 such that for each integer m > 1 we
have, by the conformality of v outside Crit,

v(¢™(U)) > C~ly(U)e mmPle)=Suene) — 0=1y (1)),

Thus
v(V\{p}) = v(B(p,r) \ {p}) = Y _ v(¢™(U)) = +o0,

m=0

completing the proof of the proposition. 0

3. Hidden tree pressure

The goal of this section is to prove equivalence of three pressure functions: The
hidden variational pressure defined in (3) as well as the hidden hyperbolic pressure
and the hidden tree pressure defined in (8) and (10) below.

Given t € R, the hidden hyperbolic pressure is defined as

(8) Py (1) = sup Prix (1),

where the supremum is taken over all compact f-invariant (i.e. f(X) C X) isolated
expanding subsets of J \ X. We call such a set uniformly expanding repeller. Here
isolated means that there exists a neighborhood U of X such that f"(x) € U for all
n > 0 implies z € X.

Proposition 2. P(g,) = ﬁhyp(gpt) for every t € R.
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Proof. The inequality P(g;) > f’hyp(got) follows from the variational principle. On
the other hand [16, Theorem 11.6.1] implies that for any p € M we have Py, (¢r) >
hu(f) + [, ¢ dp and hence Phyy(¢r) > P(pr). O

Before defining the hidden tree pressure, let us recall some concepts from [14], [15],
and [16, Chapter 12.5|. Given z € C and t € R, we consider the tree pressure of ¢,
at z defined by

1
Pree défl —1 ") 7t'
o) 2 lmsup Lo 3 (7 (x)

n—00 vef—n(2)

A point z € C is said to be safe if
= 1
z ¢ ,H f*(Crit) and nh_)rgo - log dist(z, f™(Crit)) = 0.

A point z € C is said to be expanding if there exist numbers A > 0 and A > 1
such that for all sufficiently large n the map f™ is univalent on f;"(B(f"(z),A)) and
satisfies |(f™)'(z)| > A". Here, for a subset U of C and z € U we denote by f;(U)
the connected component of f~"(U) containing z.

We point out that every point in C outside a set of Hausdorff dimension zero
is safe, and that for each safe point z € C we have Pieo(2,0:) = P(p;), see [15,
Theorem A], and compare with [14, Theorem 3.4]. Moreover, there is at least one
safe point in J \ X that is also expanding, see for example |16, Proposition 12.5.10].

Let us now define the hidden tree pressure that is an analogue of the tree pressure,
obtained by considering a restricted tree of preimages. Given a subset V of J and z €
J \ 'V which is not in the forward orbit of a critical point, we define

© Puzon V) Tlog | )]

zef~"(z)NJ\V

and we consider the hidden tree pressure of ¢; at z defined by

(10) Priree(2, 04, V) & lim sup P.(z, 04, V).

n—o0

Usually the point z will be expanding safe in J \ 3, and V' a neighborhood of ¥ not
containing z.

Lemma 2. Ift <0, V is a sufficiently small neighborhood of ¥, and z € J\'V
is expanding safe, then the pressure Pieo(z, ¢, V) does not depend on V.

To prove the above lemma we need the following technical lemma.

Lemma 3. For an arbitrary neighborhood V of ¥ and an arbitrary number e > 0
there exists a number 6 > 0 and positive integers N < M such that for every point
x € J\'V there exist numbers 0 < i, j < M and a point z € f~(f*({x})) such that

the set A= f~N({z}) is e-dense in J and satisfies

N+j—1

dist( U fS(A),Cm) > 4.
s=0
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Proof. By the locally eventually onto property of f on J there is an integer N > 1
such that for each 2 € J the set f~V(z) is e-dense in J. We put

C(N) = | f2(Crit).

For each integer M > 0 let ®,,: J — R be defined by
j—1
®y(2) = max { min { dist(y, C(N)), dist ( U f*(y), Crit ) } :
s=0

0<ij<M,ye fj(f"(fv))}-

We will show that for each € J\ X there is an integer M (x) > 0 such @ () () > 0.
Since for each M > 0 the function ®,, is continuous and for each x € J the sequence
(D)3~ is nondecreasing, it follows that there is a number M > N so that ®y,
is strictly positive on J \ 3. This will imply the desired assertion with

6 = inf{®y(x): x € J\V}- (sup|f'(z)])~".

We distinguish three cases:

1) If z € J\ ¥ is not in the forward orbit of a critical point then ®y(x) > 0.

2) If z € J\ ¥ is in the forward orbit of a critical point that is not preperiodic
then there exists a number i = i(z) € {0,...,card C(N)} such that fi(x) is disjoint
from C'(N). Hence, we obtain that ®g.qc(v)(x) > 0.

3) If z € J\ ¥ is in the forward orbit of a preperiodic critical point then, there
is 7 and an infinite backward trajectory starting at f*(z) that is disjoint from Crit
and in particular this backward trajectory is longer than card C'(N). Hence, we can
choose numbers i = i(z), j = j(z) > 0 and a point y = y(x) € f~7(f'(x)) such that y
is not in the forward orbit of a critical point and such that for each s € {0,...,j—1}
we have f*(y) ¢ Crit. In particular, we have y ¢ C'(N). Thus, if we put

M (z) = max{i(x), j(z)},
then @) (z) > 0. O

Proof of Lemma 2. Let Vi, V5 be two neighborhoods of ¥. Without loss of
generality we can assume that V; C V5. By Lemma 3, every backward branch of
f~™ starting at z and ending at some point x; € V5 \ V} can be modified to end at
some x9 ¢ V5. The modification involves only removing at most M last steps, that
decreases |(f™)(x)|" at most by a constant factor because t < 0, and replacing them
by at most M + N steps, which stay in a uniformly bounded from below distance
from critical points. Hence we conclude that P,(z, ¢, V1) and P,(z, ¢4, V) differ at
most by O(n~'). This proves the lemma. O

We denote by Dist g|, = sup, ,ez|9' (2)|/]g'(y)| the maximal distortion of a map
g on a set Z. We establish one preliminary approximation result.

Proposition 3. Given t < 0, a sufficiently small neighborhood V' of ¥ and an
expanding safe point z € J \ X, for every € > 0 there exists a uniformly expanding
repeller X C J \ ¥ such that

Pf‘X“Ot) > Ptree(za Pt V) — E.
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Proof. We start by recalling the construction used in [15, Proposition 2.1] to
prove an analogous statement for ¢ > 0 and then we modify it using Lemma 3 to
prove the proposition.

As z is expanding safe, there exist A > 0, Cy > 0 and A > 1 so that for all £ > 1
the map f¢ is univalent on V, = f-(B(f%(2),A)) and |(f%)(z)| > Co)'. Hence, in
particular, the distortion Dist f*|y, is bounded from above uniformly in ¢ by some
number C; > 1. Given r < A/2; let £ = {(r) be the smallest integer satisfying
|(f)(2)| > C1A/r. Hence, with the above, we have f~*(B(f*(z),A)) C B(z,r) and
(< C"—C'logr, where C' = 1/log A and C” = (log A + log C;*C1A)C". Let m > 1
be such that f™(B(y,A/2)) = J for any y € J.

Let us choose positive constants «, k and n > m large enough so that kn=* < A/2

and that for every 7 = 1, o, 2n for every point z; € f77(z) on the component
fZ;j(B(z, kn~%)) the map f’ is univalent and satisfies
(11) f5(B(z,kn™%)) C B(z;,A/2).

Note that with this choice we have for large n,
(= U(kn~®) < C" — C'logk + aC'logn < n —m.

As m < n and f™(B(f%2),A))) covers J, we can conclude that for every preim-
age z, € f7"(z) there exists a component W, of f~™(f-"(B(z, kn~%))) contained

in B(f*(z),A). The map f™™", and hence f™*"** is univalent on W,,. Thus, the
map

(12) Pt ) WL, = B(f(2),4)
zn€f " (2)

def

has no critical points, and Z = (2, F7*(B(f*(z),A)) is a uniformly expanding
repeller with respect to F'.

Figure 1. Construction of the uniformly expanding repeller Z.

Let us now slightly modify the construction of Z by (12) and ignore all those
backward branches f~(™*"+9 that correspond to a point z, € V. Given x = A/2,
let us consider the positive integers N < M and the number 6 > 0 provided by
Lemma 3. Then, by Lemma 3, for each point z, € f~"(z) NV there exist numbers
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3(2n), i(2,) < M, a point 25 € f~WNHGED(filz) (2 ) in B(f*(2),A/2). Any such
branch stays d-far from Crit. Note that the distortion of fr+N+i(zn)=i(zn)+f op
W d:eff—*(n+N+j(zn)—i(zn))(B(Z )

is bounded by a constant D > 1 independent of z, and n. Given an integer k €
{n+N-M,....n+ N+ M}, put

Pe={z € f()\V:in+ N+ j(z,) —i(z,) = k}.
Note that for distinct 2, and z, in Py the sets W} and W, are disjoint. Setting

Fr= | w2 = B(f'(2), ),

ZnePk
the sets
= k+0—1
s def £\ — 7 . der ‘ .
Zr = (\FD 7 (B(f(2),4)) and X = () F(Z)
j=1 et

are uniformly expanding repellers for F}' and f, respectively. Both of these sets are
disjoint from ¥ by construction. On the other hand there, letting

v 1 101}t T s {11}
J

J\B(Crit,5)

we have
1 *
Ppix; (—tlog|f']) > k+€PF*|Z’f(_tlog|Fk|)
> k-l-e
s Eare= I COWIANIE
ZnEPk
> 10 )\Z —tr- t(N+M) LtM n " -t
—n+N+M+€ ( 21y Gl
zn€P;
Since JptY :]éw M “"(2) \ V, there is k such that
n —t n\/ —t
Z|f O SN V0 (5
2n€Py €f"(2)\V
Hence, if we put D & D 1oty NLN+AMT =M thep
Py (~tlog | ) > o log [ Dot ST (7Y ()l
k “n+N+M+/L 2M + 1

zn€f M (2)\V

Since N, M, D are independent of n and ¢ < C” — C"log k + aC'logn, we obtain
the desired assertion by taking a sufficiently large n. 0

We are now ready to prove one further equivalence.

Proposition 4. Given a sufficiently small neighborhood V' of ¥ and an expand-
ing safe point z € J\ 'V, for every t <0 we have

Ptree(za Pt V) = ﬁhyp(QOt) = ﬁ((pt)
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Proof. The second equality holds by Proposition 2.

By Proposition 3, we have Py, (¢t) > Pee(2, @1, V).

In view of Lemma 2, to prove the inequality ]Bhyp(got) < Piree(2, 01, V) it is enough
to show that for each expanding repeller X that does not intersect Y, there is a
neighborhood V of ¥ such that Ppx(¢r) < Pree(2, ¢¢, Vo). Notice that for every
x € X and every neighborhood Vj of ¥ disjoint from X we have,

Pf‘X<SDt) S Ptree(x7 Ot Vb)

This follows easily considering the contribution of the backward branches of f~"(z)
contained in X in the sum in (9).

Let Y be a neighborhood of X on which f|y is uniformly expanding. Thus,
there is a constant C' > 1 and for every y € Y there is x € X such that for every
integer n > 1 and every 2’ € f~"(x) there is ¢’ € f~"(y) shadowing 2’ and so that

C™H< (Y WO ()] < C.
Hence, for each neighborhood Vj disjoint from Y we have Py, (¢1) < Piree(Y; ¢4, Vo).

By the eventually onto property of f on J, we have f™(Y) = J for some m > 1.
Fix y € Y N f7(2) and let V{ neighborhood of ¥ disjoint from Y. Then we have

Prnlron Vo) = ——1log 30 (Y (@)

m—+n
z€ f~(m+n)()NJ\Vo

> m\/ —t )
> ——1og|(/"Y W) + ——Paly. o1 i)

This shows Piee(2, 01, Vo) = Puee(y, 1, Vo) and completes the proof of the inequality
Ptree(zasota‘/o) Z Phyp(QOt). U

4. o-finite conformal measures

Recall that f is a rational map of degree at least 2. If f is exceptional, then X
is the maximal finite and forward invariant subset of .J satisfying f~!(3)\ X C Crit.
Otherwise ¥ = @.

In the following proposition we adapt the classical method by Patterson and

Sullivan to construct a (eP (@t)*%>—conformal measure on J for each ¢t < 0. For a

map without a phase transition in the negative spectrum or for a map with a phase
transition in the negative spectrum at some parameter t_ < ¢, we obtain a finite
conformal measure supported on .J, as in part 1 of Proposition 1. For a map having a
phase transition in the negative spectrum at some parameter ¢_ > ¢ this construction
gives us a conformal measure outside Crit, which is finite outside each neighborhood
of ¥. Recall that by part 2 of Proposition 1, existence of phase transition implies

that there does not exist a finite (eﬁ (wf)_@f)—conformal measure for ¢ < t_.

Proposition 5. Let f be a rational function of degree at least 2. For eacht < 0

there exists a Borel measure on J that is (ep (@"t)_“"t>—conforma] outside Crit, finite

outside any neighborhood of ¥, gives zero measure to ¥ U Crit and whose support is
equal to J.

Proof. As a first step we will apply the Patterson—Sullivan method while consid-
ering only those inverse branches outside a given neighborhood V' of 3. We obtain in
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this way a measure that is (eﬁ Wt)““)—conformal outside the set V U f~1(V) U Crit.

We will obtain a measure (eP “"”‘“"‘)-conformal outside Crit by taking the limit of

the measures obtained by repeating this construction with V' replaced by smaller and
smaller neighborhoods.

We start with the following lemma. Recall that ¥, denotes the set of neutral
periodic points in X plus its preimages.

Lemma 4. Given t < 0, for every X > 0 there exist positive numbers r and A
such that for every x € J and every integer { > 1 we have

DY W < A,

where the sum is taken over all y € f~*(z) satisfying fi(y) € B(Xo,r) for every
je{0,....0—1}.

Proof. Let r > 0 be sufficiently small so that for each periodic point p € ¥y of
minimal period n > 1 we have

sup |(f")(y)|~" < e
yeB(p,r)
Hence, there is some constant Ag > 0 such for every integer £ > 1 and every point y
satisfying f7(y) € B(Xg,r) for every j € {0,...,¢ — 1} we have

() ()™ < Age™

Reducing r if necessary, we may assume that for every p € ¥y the map f is injective
on B(p,r) and the set f(B(p,r)) is disjoint from B(Z\{f(p)},). So for each p € 5o
and w € B(f(p),r) there is at most one point w’ € B(p,r) such that f(w') = w. By
induction we can conclude that for each £ > 1, z € J, and p, p’ € ¥ there is at most
one point y € f~(z) such that

y € Bp,r) and fT(y) € B(p,7).

Thus the assertion follows with A = Agy(card Xo)2. O

We now continue in proving the proposition. Let z € J \ ¥ be an expanding

safe point. Given A = P(¢;)/3, let r and A be the positive numbers provided by
Lemma 4. Reducing r > 0 if necessary, we can assume that z ¢ B(X,r) and by
def S

Proposition 4 we can assume that V = B(X,r) satisfies Piree(2, 1, V) = P(¢1).
There exists a sequence (b,,),>1 of positive reals such that

3 e Y \<f”>’<x>w{<°° 2> oo

zef—m(2)NI\V =00 ifp< Plp),

and lim, e bn/bpy1 = 1 (see, for example, |5, Lemma 3.1]). Given t < 0 and
p > P(py), let us define

My S e ST () )

zef~"(z)NJ\V
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and for each neighborhood W of ¥ define the measure

(14) .- —Zb e YUY @)

bP =1 zef(2)NJ\W

where ¢, denotes the Dirac measure supported at x. B

Observe that the measure p v, is probabilistic for any p > P(¢;). If W C V
is a neighborhood of ¥ the measure v, is not probabilistic in general, however it
is finite as shown in the following lemma. Let us denote by |u| the total mass of a
measure p, that is, let |p| = u(J).

Lemma 5. For every neighborhood W of 3 contained in V' there is a positive
constant C (W) such that for every p > P(p;) we have
1< gl < COV).

Proof. Since by assumption W C V', we have |pw,p| >
It only remains to prove the upper bound. Put

(15) Vi =V, and for i > 1 put Vi = VN f7HV)).

Note that V;,; is the subset of V' consisting of all points that under forward iteration
do not leave V for at least i steps. In particular,

(16) f(Vi\ Vi) cC\ Vi

for all > 1.

We will first consider a simple case and assume that we have V;; C W for some
integer ip > 1. We establish an upper bound for [uv; ,| and hence for [ w,|.
Observe first that for every ¢ > 1 we have

’Mt,ml,p\ = Mt,%+1,p(vi \ Vz‘+1) + Mt,%+1,p(J \ Vi) < Mt,%+1,p(vi \ V;+1) + |Mt,%,p .

By (16) for any point = € V; \ Viy; we have f(x) € C\ V;. Hence, we can estimate

Mip - p v p(Vi\ Vi) Zb e Yoo U@

zef~m(z)NVi\Vit1

< eV deg f sup|f'|” tzb D SR (WA Ao
n=1

yef~(=D(z)NJ\V;

<ePdeg fsupl|f|t b —i—max— b, e P ™Y ()|
< gf Jplf\ 1 Z S (@)

E>2
zef~m(2)NJ\V;

)

Since limy o0 bk /br41 = 1, we have maxy>o by /by 3 < 00. So, if choosing constants
Co = deg f - maxy>9 by /br—1 and Cy = deg f - by M, , we obtain

b
= e Pdeg f sup|f|™ (b1 + max —— My - |p,vi p
7 k>2 bk—l

tp?

(1 + Coe P sup |f’|t> :
J

|ptv,p 1 p) < Cre™® sup P17+ v p
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Now let C = 1+ C,Cy ! and < C,. Since \tiev4 p| = 1, we obtain by induction in i
that

io—1
(17) |kt vigpl < C (1 +C'e sup !f’l_t> :

J
Finally, recalling that |uw,| < |pev; pl, this proves the lemma in this first simple
case that we considered.

Naturally, if ¥ = ¥, then we can choose V in such a way that (2, V; = X
and then it would be enough to consider the above case in which V; is eventually
contained in W. However, if ¥ # &, that is, if 3 contains a neutral periodic point
in J then this is not possible by the existence of Siegel compacta [11, Theorem 1].

Let us now consider the general case. Recall that V = B(X,r). Let W C V
be an arbitrary neighborhood of ¥. Certainly we can take ¢ > 1 sufficiently large
such that V; N B(X,r) C W. Increasing i if necessary, we can assume that for every

integer k > i we have by /by < el’@)/3 . For each z € f(z) N J\ W one of the
following two cases can occur: Either a) o ¢ V; or b) z € V; \ W, and hence

My - |pewpl < My - |pevipl + Z Z bne™|(f") (y)| "

n=1 yef-n(2)NJNV;\W

In evaluating the latter term observe that to each point x € f~"(2) \ V; we may find
some branch of preimages determined by a point y € f~(z) satisfying f/(y) € V;\W
and hence f7(y) € B(3o,r) for every j € {0,...,¢—1}. However, by Lemma 4, given
any x € V; the contribution of all such branches can be estimated by

—(n n - —n n - b” - -
ST beee I () = b eI (@) e ST (Y ()]
yef~(x) " yef~(x)

b
Sbne_np|(fn),($)| ~t. e Zpl%gzx kZZA é}\

where each sum is taken over all y so that f/(y) € B(Xg,r) for every j € {0,...,(—1}.
Thus, summing over all such branches that could occur, by our previous choice of ¢
and A\ we can estimate

(13 (s (52) 0.

1

( LA Ze 26ﬁ(@t)/3> < |,ut,VZ~,p

(=1

< |Nt,V¢,p

<1 + A 26515(%)/3) .

(=1

Note that P(p;) > 0. Together with (17) this completes the proof of the lemma. [

Lemma 6. Given a neighborhood W of 3 contained in V', as p \, ﬁ(got) there
exists a non-zero finite measure that is a weak™ accumulation point of the family

of measures {fiwp: p > ﬁ(got)} Furthermore, each such measure is (eﬁ(“"f)_“"f)—

conformal outside the set W U f~'(W) U Crit.

Proof. First observe that, by Lemma 5 the total mass of any of the measures in
{pev,p: p > P(p:)} is uniformly bounded from above and below by some positive
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constant. Hence this family of measures is relatively compact in the weak™ topology
and thus possesses a non-zero and finite accumulation point proving the first claim.

Following the construction in |5, Section 3|, we have for every special set A
disjoint from W U f~1(W) U Crit

prp(f(A) = =" 3 peSem

bP p=1 yef( NF"(2)

(18) bnesnw(f(x))*np
,P n=1 TEANS— n+1)( )
Z Z bneS"“%(I)_(n+1)p6p_w(x)-
»p n=1 TEANf~ (7L+1) )
Thus,

AA(tv W7 p) déf

para(F(A) = [ P dg
A

Z Z eSn+1¢0t(2)=(n+1)p ,—p(z) [b eP _bn+16P(%0t)

n=1 geAnf-(+1)(z)

— by Z oPlet)—p

z€ANF~1(z)

>~ Mt,p Z Z bn+1

n=1 zc Anf—(n+1)(z)

Mtp

oo Bpn-

—e P|eP—¢t (I)esn-ﬁ-lﬁpt(ﬁﬂ)*(n‘i’l)p

bn+1

b d P(pt)—
Mt,p 1deg f-e

Recall that, by the choice of (b,),>1 in (13), we have lim, o0 b,/b,11 = 1 and
Hm 5, Mtp = oo. Hence, we obtain lim 5, Aa(t,W,p) = 0 uniformly in A.
The assertion now follows like in [5, Section 3] (see also Section 12.1 or Lemma 12.5.5
and Remark 12.5.6 in [16]). This proves the lemma. O

We are now prepared to finish the proof of the proposition. Note that in (14) we
use the same normalization factor M;, for all measures 1w, for any neighborhood

W. Hence given p > ﬁ(got) for any pair of neighborhoods W and W’ of ¥ such
that W' C W C V' we have

(19) few | £77 =t wp| p7-

Using a diagonal argument we can conclude that, as p ~\, Jg(got) and p — 0, there
exists a weak® accumulation measure v; of the family

{tBap: t > Plor),e € (0,7)}

and that v, is (eﬁ (‘Pt)_‘“)—conformal outside ¥ U Crit. Replacing the measure v; by

the restricted measure 14| )\ (zucrit), if necessary we can assume that 1, does not give
weight to ¥ U Crit and hence that v, is conformal outside Crit.
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Lemma 5 and (19) together imply that then v is finite outside each neighborhood
of 2.

Finally, the fact that the support of v; is equal to J follows from the property
that f is locally eventually onto on J. This finishes the proof of Proposition 5. [

5. Proof of the main result

In this section we prove Theorem 1. In Section 5.1 we make use of the “bridges
construction” in [7] to prove the lower bound for dimension in (6) and (7), in the
statement of Theorem 1, that follows along the same lines as in |7, Sections 2.2, 2.3,
and 5]. We point out that, after a careful observation, in fact it applies without
any changes to our present more general setting. In Section 5.1 we also give another
application of the bridges construction (Lemma 8 and its Corollary 1), that is used
in Section 5.3. The upper bound in (6) and (7) is shown in Section 5.2, where in the
case t < 0 we use the o-conformal measure given by Proposition 5. In Section 5.3 we
give the last ingredient of the proof of Theorem 1, that the upper Lyapunov exponent
of each point in J \ ¥ is at most a™ (Proposition 10). The proof of Theorem 1 is
given at the end of Section 5.3.

5.1. Lower bound. We refer the reader to [7| for all the notation in this
subsection.

We call a point x € J non-immediately postcritical if there exists some preimage
branch zy = = f(x1), 1 = f(x2), ... that is dense in J and disjoint from Crit.
There are at most finitely many non-immediately postcritical points. On the other
hand, it is easy to see that each periodic point not in ¥ is non-immediately postcrit-
ical. It follows that every forward invariant set disjoint from X contains at least one
non-immediately postcritical point.

A set A is called f-uniformly expanding Cantor repeller (ECR) if it is a uniformly
expanding repeller and limit set of a finite graph directed system (GDS) satisfying
the strong separation condition (SSC) with respect to f. To be more precise, a GDS
satisfying SSC has the following properties:

(i) There exists a finite family U = {Ux: k = 1,..., K} of open connected (not
necessarily simply connected) domains with pairwise disjoint closures;

(i) There exists a family G = {gp;: k,¢ € {1,..., K}} of branches of f~! mapping
U, into U, with bounded distortion (unlike in a general definition, here we
assume that there is at most one branch for each pair (k,¢));

(iii) If we put D = JI_, U, then we have

A= m U Gkiks © Gkoks © " O Gkyy_1ky, (E)v

n=1ki,....kn

(in fact, by (ii), we can omit closure and replace D by D in this formula). We
assume that f(A) = A and hence that for each k there exists £ and for each ¢
there exists k such that g, € G.

We can view k = 1,..., K (or the elements of U) as vertices and gi as edges of
a directed graph I' = I'(U, G). By construction, f is uniformly expanding on the
limit set A. By condition (iii), the directed graph is transitive and hence f|, is
topologically transitive.
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The proof of the following lemma is based on a construction of “bridges” between
two ECR’s. For completeness, we will sketch its proof.

Lemma 7. |7, Lemma 2| For any two disjoint f-ECR sets A1, Ay C J that both
contain non-immediately postcritical points there exists an f-ECR set A C J\ X
containing the set Ay U Ay. If f is topologically transitive on each A;, i = 1, 2, then
f is topologically transitive on A.

Sketch of Proof.  Considering the GDS’s U; with coverings D; = Ule Ui ks
we choose two corresponding non-immediately postcritical points p; € A;, @ = 1,2.
A choice of backward trajectories y;0 = pi, f(Yi1) = Yio,---,¥ir, Of p; satisfying
Vit & DyUD, foreveryt=1,...,t; —1,4=1,2, and Y1, € Do, Y2y, € Dy defines
two “bridges” between A; and As. Further, we choose sufficiently small open discs
Vi C D; containing p; and having the property that their preimages along the bridge
Yil,- -, Yit,—1 are all disjoint with Dy UD,, i =1,2, and their preimages at Yit, are
in D; for ¢ # j, ¢« = 1,2. Finally, we choose some sufﬁmently large integer N such
that the component of Io: N(D;) which contains p; is contained in V;.

Consider the directed graph I' composed of the vertices numbering the domains
of the family GV (U;) for N large enough so that the component V; € GN(U;)

containing p; is contained in V;, and of the family of the f!-preimages of V;, t =
1,...,t;+N —1, along the corresponding bridges to A; prolonged by G’s, j # i, i =
1,2, and of the edges in (ii) being the branches of f~! involved in this construction.
This defines a GDS satisfying the SSC (after a minor modification of the domains to
“telescope").

If f is topologically transitive on each A;, then the corresponding directed graphs
I'; are strongly connected (i.e. each two vertices are joined by a path of directed
edges). Then, by construction, I' is also strongly connected. Hence f is topologically
transitive on A. d

The following proposition generalizes |7, Proposition 1].

Proposition 6. There exists a sequence (a,,)m>1 of positive integers and a se-
quence (A,,)m>1 of subsets of J\ ¥, such that for each m the set A,, is f*-invariant
and uniformly expanding topologically transitive set, in such a way that for every
t € R we have

P(p;) = lim —Pfammm(sam%) = sup —Pfam|Am(5am<Pt)

m—oo ( m>1 (07
Proof. Recall the definition of the hidden hyperbolic pressure Phyp(got) in (8). By
Propositions 2 and 4 this pressure coincides with P(¢;) and is obtained by taking a
supremum over uniformly expanding repellers. Note that, given ¢t € R and € > 0 and

a uniformly expanding repeller A, by |7, Lemma 3| there exists a positive integer n
and an f"-ECR A’ C A such that

1
EanM/(Sngot) > Pria(pr) —

Note that in this case A’'NY = @ since ANY = &. Hence A’ contains non-immediately
postcritical points. Note further that, given any two f-ECR’s A; and A, that both
contain non-immediately postcritical points, by Lemma 7 there exists an f-ECR
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A C J\ ¥ containing A; U Ay and thus with pressure at least equal to the maximum
of pressures of A; and A,.

Based on these arguments, we can conclude that for any N > 0 and € > 0 we
can find an integer n > 1 and a topologically transitive f"-ECR A C J so that

1 ~
5Pf"|A(90t) > P(p) — ¢

for all t € (—N, N). This proves the proposition. O

The existence of such an approximating sequence of repellers and |7, Theorem 3|
together imply the following estimate, that is part of Theorem 1.

Proposition 7. For a™ < o < 8 < at we have

dimy £(a, 8) > min{F(a), F(8)}.

Proof. Consider now a sequence (A,,),,>1 of f*"-ECRs as provided by Propo-
sition 6 and assume that the spectrum of Lyapunov exponents of A,, eventually
contains any exponent in (o=, at). Given «, § € [a~,a’] we can choose a sequence
(Ym)m>1 so that liminf,, . v, = « and limsup,, . vm = S and that each ~,, is a
Lyapunov exponent of f®m|, . Thus, for each m > 1 there exist a unique number
try = tm(Ym) € R so that a,, v, = _%Pfammm(sam@s)lsztm~ Moreover, there ex-
ists an equilibrium state p,, for the potential S, ¢, with respect to f®m |, with
Lyapunov exponent (with respect to f*) equal to a,,7,, and satisfying

hum (fam> _ Pfam‘Am(()Otm) + tm G Ym

dimy pt, =
A X (f4m) A Yim
1 . def
2 o inf (Prowia (90) + £ @) = Fronin,, ()

By Proposition 6 and (5), we can conclude that Fyam s, (Vim,) — F(a) if yp, =

and Fyam|n, (Ymy,) = F(B) if Y, — B. Together with [7, Theorem 3|, this proves
the proposition. O

There is one more useful application of the bridges construction.

Lemma 8. Given a repelling periodic point p ¢ > and € > 0, there exist a
uniformly expanding repeller A disjoint with 3 of positive Hausdorff dimension, con-
taining p, and an ergodic nonatomic measure . supported on A such that

Ix(1) — x(p)| <e.

Proof. We start from the orbit P of the periodic point p. As p ¢ X, p is non-
immediately postcritical. Hence, we can find a bridge from P going back to P and
construct A as in Lemma 7. We can then distribute a Gibbs measure on A choosing
potential in such a way that probability of the backward branch going through the
bridge is very small. OJ

Corollary 1. In the definition of at, instead of nonatomic ergodic measures one
can use ergodic measures with support outside 3. or ergodic measures giving measure
zero to 3.

5.2. Upper bound. Recall that a point z is called conical if there exists
a number r(x) > 0, a sequence of numbers n, = ny(z) , oo, and a sequence
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Uy = Uy(x) of neighborhoods of = such that f*(U,) = B(f™(x),r), the map f™ is
univalent on U, and that distortion Dist f™|y, is bounded uniformly in ¢ and x by
a constant K > 1 (the latter condition follows from the former one from Koebe’s
distortion lemma by replacing r by say r/2).

The following proposition will allow us to restrict our considerations concerning
dimension to conical points with positive exponents.

Proposition 8. |7, Proposition 3| The set of points x € J that are not conical
and satisfy X(x) > 0 has Hausdorff dimension zero.

We are now ready to prove an upper bound for the dimension.

Proposition 9. Let 0 < o < 8 < a'. We have

dimy < U L(o/,ﬁ')) < maX{O, max ﬁ(q)}
a<q<p
o \B': a<al<B'<B

Proof. The proof will follow the same ideas as the proof of |7, Proposition 2|. The
only difference is that in the case f has a phase transition in the negative spectrum
and t < t_, we will use a o-finite conformal measure constructed in Section 4 instead
of a conformal probability measure.

By Proposition 8 it is sufficient to study the subset L.(a, §) C L(a, 3) of points
that are conical. Recall that, by the Frostman Lemma, see for example [16, Theo-
rem 8.6.3|, if there exist a finite Borel measure 1 and a number 6 such that for every
z € Le(a, B) we have

<40

. 1 B(z,¢
d,(z) = lim inf log p(B(x, 9))
5—0 log ¢
then dimyg L.(a, 5) < 6, see also [12, Theorem 7.2].
Given a point z in L.(a, 8) \ X, there exist numbers ¢(x) € [« 8], r(x) > 0, and
K(z) > 1, and a sequence of numbers n, = ny(x) such that

(20) lim — log |(f")(z)| = q(x)

{—00 ng
and that

@) (Y@K @) < diam £ (B @), r) < | (@) K (@)

for all £ and all » € (0,r(x)) (compare, for example, |7, Lemma 7|). By omitting
finitely many n, we can assume that the right hand side of (21) is not greater than
r. Replacing ny by n, — 1 and r(z) by r(z)/sup|f’| if necessary, we can also freely
assume that B(f™(x),r(z)) N Crit = @.

Given x € L (v, B), let us fix r > 0 satisfying

1
r=3 min {r(z), dist(z, CritUX)} .

Denote

U= £ (B(f™ (x),7).
Observe that B(f™(x),2r) does not intersect XUCrit. Indeed, by assumption it does
not intersect Crit. Further, if it intersected ¥ then either f"(f ™ (B(f™(z),21)))

would intersect Crit for some 0 < n < ng or f,™(B(f™(x),2r)) would inter-
sect 3. The former is impossible because the map would not be univalent there
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(we remind that 2r < r(x)), the latter is impossible because dist(z,¥) > 27 >
diam f, " (B(f"(x),27)).

Given t € R let p; be the o-finite measure that is <eP Wt)““)—conformal out-
side Crit as provided by Proposition 5 and if ¢ > 0 then let u; be the finite (eﬁ (“”f)_“’f)—

conformal measure provided by Proposition 1. Since in all cases p; is finite outside
every neighborhood of ¥, if we put k£ = u,(J\ B(X,r)) then « is finite and for every ¢
we have,

(22) pu(Us) < 5 K1 P |(f7) ()],
As z is conical, we have

U D Bz, K~ [(f™) (x)] 7).
Together with (22) and (20) this yields
log pu(B(x,9))

d, (z) = liminf

5—0 log ¢
(B K Y @) Pla) + ()
S T e @) S )

Recall that this is true for every € L.(«, ) and t € R. Now concluding as in the
proof of [7, Proposition 2|, using the Frostman lemma, we obtain that dimy £.(a, 8) <

max {0, MaXq<q<g ﬁ(q)}, as wanted. O

5.3. Completeness of the spectrum. The purpose of this section is to
establish the following gap in the spectrum of upper exponents, which is the last
ingredient in the proof of Theorem 1. The proof of Theorem 1 is given at the end of
this section.

Proposition 10. If f is exceptional then X(z) < a*t for every x € J\ ¥,

We give two proofs of this proposition, one in this section and the other one in
Appendix A.

Recall that we denote the spherical distance on C by dist, and that for a rational
map ¢ and a critical point ¢ € C of g we denote by deg,(c) the local degree of g
at z = c.

By Corollary 1 we have a™ < ot if and only if there is a periodic point in X
whose exponent is strictly larger than at. Hence, to prove Proposition 10 we need
to control the exponent of any point x € J \ ¥ whose orbit stays most of the time
close to ¥. Any orbit piece that shadows some (periodic) orbit in ¥ for a long time
inherits its exponent, however right before it must have passed close to some critical
point which results in a drop of the exponent.

Let us make this more precise. For ¢ € f~}(X)\ ¥ C Crit let £ > 1 be the
minimal integer such that f*(c) is a periodic point, put

aer X(P)
ess\C) = 7 — -
Xess() deg s« (c)
and if f is exceptional then we put
+ def
= max c).
Xess cef 1 (DN\E Xess( )
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We remark that there are examples where there is a point ¢ € Crit so that
f¥(c) € ¥ for some minimal number k& > 1. If f¥(c) € 5y then yes(c) = 0. If
ff(c) € ¥, then ¢ = f*!(c) is a critical point in f71(X) and Yess(c) < Xess(c)-
Thus, in none of these cases the “essential exponent” of ¢ and hence of an orbit
piece that would shadow some periodic orbit {f’(c), j > k} in ¥ would have large
exponent. Hence, in what follows we can restrict ourselves to the case that k = 1.

We have the following result.

Lemma 9. Suppose f is exceptional. Let ¢ € f~(¥,)\ X4 and let k > 1 be
the minimal integer such that f*(c) € ¥, is periodic. Then there exist constants § >
0 and C' > 0 such that for every x € J near ¢, but different from ¢, and every
integer n > k such that for every j € {k,k+1,...,n — 1} we have f/(x) € B(X,9),
the following estimate holds

log [(f")' ()| < nXess(c) + C.

Proof. Put d = degx(c). To prove the lemma, it suffices to notice that if § is
sufficiently small then for any orbit piece y, f(y), ..., f™(y) that stays d-close to the
periodic orbit of p = f*(c) we have |(f™) (y)| ~ e™P) = emdxess(©)  Thus

dist(f*(x), f*(c)) = O (|(/" ) (p)| ") = O (e ==} ,
On the other hand, dist(x, c) ~ dist(f*(z), f*(c))/?, so
[(f*) ()] ~ dist(f*(x), f*(e) @D/ = O (el el |
and |(f")(z)| = O (e”XCSS(C)). O
Given a subset V of C, let
e . 1
(23) xT(J\ V) = limsup sup —log|(f")(z)|.
n—oo zeJ\V 1

Lemma 10. If f is non-exceptional then there is an ergodic measure i supported
on J and such that x(u) = xT(J). If f is exceptional and V is a neighborhood of ¥,
then one of the following cases holds:

1. FEither there exists an invariant ergodic measure p such that

p(E)=0 and x(p) = x"(J\V);
2. Or
XTIAV) < X
Proof. Let V be empty if f is not exceptional and let V' be a neighborhood of ¥

otherwise. Without loss of generality in the latter case we can assume that V' is open.
Let § > 0 be given by Lemma 9. For each n > 1 let x, € J\ V be a point satisfying

log (Y ()| = sup o (/7' (x)

ze\V 1

and consider the probability measure

n—1
def 1
fn = >k (en-
k=0

Consider a measure y that is accumulated by the sequence of measures (p,)n>1 in
the weak* topology. Notice that p is f-invariant and satisfies x(u) > x*(J \ V). It
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follows that there is a f-invariant an ergodic measure p’ such that x(¢') > x*(J\ V).
If f is not exceptional or if f is exceptional and p/(¥) = 0, then we are done.

To prove the remaining case, assume that f is exceptional and supppu’ C 2.
Fix e > 0 and let § > 0 and C' > 0 be given by Lemma 9. Augmenting C' > 0 and
reducing ¢ if necessary we can assume that B(X,0) C V and that for each x € J and
each integer ¢ > 1 so that f/(x) € B(Z,d) for every j € {0,...,¢ — 1}, we have

(Y (@) < =€,

Let V, be a neighborhood of ¥, that is contained in B(X,,d) and such that all
preimages of a point in V. are either contained in V, or close to f~1(3,)\ X,. For
an integer n > 1 put
N, = {je{0,...,n—1}: fi(z,) € B(Z0,0)}
and .
M, ={je{0,....n—1}: fi(zx,) € V. }.
We have lim,, (M, + N,)/n = 1. Fix n and let £ > 1 and let jy, ..., jix be all
the integers j € {1,...,n — 1} such that f7~'(z,) ¢ V, and f’(x,) € V,. Similarly,
let k' be the number of blocks of the trajectory of x contained in B(X,d). For
each i € {1,...,k} let j/ be the largest integer j € {j;,...,n — 1} such that for
each s € {j;,...,j} we have f*(x,) € B(3,0). Then
k
Z(]Z’ —Ji+1)=M, and max{k,k'} <n—(M,+ N,).

i=1
Furthermore, for each i € {1,...,k} so that f¥i(z,) € Vy the point f/~1(x,) is close
to f~1(2) and we thus have
log |(f7 1) (P wa))| < (f = Ji + 2)xs + €.
Hence, for C" = 2C + log sup, | f'| we have
log |(f™) (zn)| < (M,, + k)xt, + kC + N,e + ¥'C + (n — M,, — N,, — k) logsgp ||

< nmax{xt,, e} + (n— M, — N,)C"
Since ¢ > 0 is arbitrary, this implies
. 1 n
X" (J\ V) = limsup —log |(f")'(z)] < X
n—+oo N

finishing the proof of the lemma. U

Lemma 11. Suppose f is exceptional. Then for eachc € f~1(X,)\X; ande > 0
there is a periodic point q close to ¢ such that

X(q) > Xess(c) —&.
In particular, a™ > xZ..
Proof. Let k > 1 be the least integer such that p = f*(¢) € ¥ is periodic,

put d < degi(c) and let £ > 1 be the period of p. Let 6 > 0 be sufficiently small

so that there is a local inverse ¢ of f* fixing z = p defined on B(p,d), in such a
way that ¢(B(p,d)) is compactly contained in B(p,d) and for some constant v, > 0
and every n > 1 and x € ¢"(B(p,d)) we have |(f™) ()| > ve"™*®. Since ¢ ¢
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Y there is a point * € B(p,d) and an integer m > 1 such that f™(z) = ¢ and
such that (f™)'(z) # 0. Let p > 0 be sufficiently small so that the connected
component W of f~™(B(c, p)) containing z is such that W C B(p,d) \ {p} and v, =
infew |(f™)(2)] > 0. Then for every sufficiently large integer n > 1 there is a
connected component W, of f=*(¢"(W)) compactly contained in B(c, p). It follows
that W, contains a periodic point ¢, of f of period k+nf+m. We will now estimate its
Lyapunov exponent. Since dist(¢"(W),p) ~ e X®) we have dist(W,,,c) ~ e X®)
so there is a constant v, > 0 such that for every z € W,, we have

(/%) (2)] = e mX@E=/,

Therefore
[(FEEE™Y ()| > yoyiyee XV = gy g Xes(),
and lim inf,, o X(gn) > Xess(€)- O

Proof of Proposition 10. In view of Lemma 10 and Corollary 1, the proposition
is a direct consequence of the Lemma 11. [l

We finally state the following immediate corollary.
Corollary 2. Let
D = max deg i (c),

where the maximum is taken over all critical points ¢ € f~1(X) \ ¥ and where k(c)
denotes the minimal integer such that f*(c) is a periodic point. We have

at < Dat.
Proof of Theorem 1. The fact for every o € [a~,a™]\ {0} and every § € [, a™]

we have (6) and (7) is a direct consequence of Propositions 7 and 9. When a~ > 0,
Proposition 9 implies that

dimy {z € J: x(z) > 0,x(z) <a”} =0.

On the other hand, in this case we also have F(0) = —oo, so dimyg £(0) > F(0)
is trivially satisfied. When o~ = 0, this last inequality is given by Proposition 7
with o = 5 = 0.

The fact that for every = in J for which y(z) exists we have either x(z) = —o0
or x(z) > a~ is given by [7, Lemma 9|, and the fact that for every = in J\ X
we have Y(z) < at is given by Proposition 10. This completes the proof of the
theorem. O

Appendix A. An alternative proof of the completeness of the
spectrum. Specification property

The purpose of this section is to give an alternative proof of Proposition 10. We
will obtain this proposition as an easy consequence of Lemma 12 below. We shall
conclude the Appendix with a more precise version of this lemma, corresponding to
Bowen’s periodic specification property, [4].

Lemma 12. Given a neighborhood V' D ¥, for every € > 0 there exists a periodic
point p € J\ X, so that x(p) > xT(J\ V) —e.
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Proof. We first collect some preliminary definitions and results.
Recall that n > 1 is said to be a Pliss hyperbolic time for x with exponent y if

(24) log |(f"~™) (f™(x))] > (n—m)x forevery m=0,...,n—1.

Given ¢ > 0, by the telescope lemma, see for example |7, Lemma 9|, there exist
positive constants K7, R; so that for every r € (0, Ry), every Pliss hyperbolic time n

for a point x with exponent y > 0, and every m =0, ..., n — 1 we have
(25) diam B,, < rKje”(—m&=)

where

(26) B = foli™ (B(f"(x),7)).

Now let 7 € (0, min{ Ry, dist(X, 0V }).
Let us briefly write x™ = x7(J \ V). By definition of x* there exists N > 1 so
that for every n > N we have

(27) sup alz,n) <xT+4e, where a(z,n) = log|(f)(x)|.
zeJ\V T

On the other hand, for every large enough integer n we can choose a point
r=2x(n) € J\'V so that a(xz,n) > n(x" —¢/2). Notice that we can assume that n
is a Pliss hyperbolic time for z(n) with exponent y* — ¢ and satisfies n > N.

More precisely for the original n let n" € {1,...,n} be an integer such that at
m = n' the expression

A(m) = a(z,m) —m(x* —¢)

attains its maximum. Clearly n’ is a Pliss hyperbolic time for z. Moreover, since
A(n) > ne/2, A(0) = 0, and the function log | f'| is upper bounded, we obtain n" — oo
as n — 0o. So we can replace n by n/, thus assuming we have a sequence of pairs
((xj,nj))j so that z; € J\ V, n; is a Pliss hyperbolic time for x; with exponent

Xt —e,n; > N, and n; — 0o as j — o0o. In the sequel we shall omit the index j.

We can assume that, possibly after slightly increasing e, additionally we have
f™(z) ¢ V. Indeed, let m_ € {0,...,n — 1} be the largest integer such that y =
f™(x) ¢ V. Since we assume that n is a Pliss hyperbolic time for x and since y
is close to a critical point, |f'(y)| is small and hence the number n — m_ must be
large by (24). In particular, n —m_ > card ¥. Recall that ¥ contains periodic points
together with their non-critical preimages. Let the forward trajectory of y follow a
periodic trajectory of a point ¢ € 3. Denote by NV, the least period of ¢g. Then,
by (24) we have

a(fn_Nq(x)a Ny) > Nq<X+ —¢),

which yields x(¢) > x™ — 2e provided V' is small enough, where the factor 2 takes
in account the distortion in a neighborhood of the trajectory of ¢q. So in the case
that n is a Pliss hyperbolic time and f"(x) € V' we can consider the smallest integer
m4 > n for which f™+(z) ¢ V. Then there exists an integer m/_ between m. and
m4 + N, which is a Pliss hyperbolic time for x with exponent x* — 3¢. Note that
my and m/, exist, provided x* — 3¢ > 0 and V' is small enough.

By (27) for any point y = f™(z) with m < n — N and f(y) ¢ V we have
a(f(y),n—m—1)<(n—m—1)(x" +e).
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Thus, together with (24) with x = x* — ¢, for any such y we conclude
(n=m)(x" —¢) < aly,n—m) =log|f'(y)| + a(f(y),n —m —1)
<log|f'(y)l + (n—m = (X" +e)
and hence
log|f'(y)l = (n—m)(x" —¢) —(n—m—1)(x" +¢) > —(n—m)2e.
Therefore, such y must be in some distance to critical points and satisfy
(28) dist(y, Crit) > C - e~(n=m)2%

where C' is some positive constant.

As concluded before, B = B(f™(z),r) and ¥ are disjoint. Now we pull back
B and show that for r small enough no pullback B,, defined in (26) contains a
critical point. To show this let us assume that the initially chosen r also satisfies
r < C/KyeX % and that y* — 4e > 0.

First, if m satisfies 0 < m < n — N we consider two cases:
1) f™t(z) ¢ V: Then (28) and (25) for y = x™ — € imply B,, N Crit = &.

2) fm™t(x) € V: Then (25) implies that B, is very small. So, if there were a
critical point ¢ € By, then we would have f(c) € ¥. Since ¥ is forward invariant, this
would imply ¥ N B(f"(z),r) # @ which is a contradiction. Hence B,, N Crit = &.

Second, in the remaining finite number of cases if m satisfies n — N < m < n
we can assure, possibly after decreasing r, not depending of (z,n) (possible since
n are Pliss hyperbolic times with common Y), that B,, N Crit = @. Thus, we can
conclude that none of the pullbacks B,, captures a critical point and therefore f™~™
is univalent on B,, for every m =0, ..., n — 1.

Given 7, by Lemma 3 there exists 6 > 0 and positive integers N, M, i, and j
with N < M and 0 < i, j < M, and a point z € f~7(f%(z)) such that A = f~N(z)
is r/2-dense in J and satisfies dist(f*(A), Crit) > § for every k =0, ..., N +j — 1.

Now we can choose ¢’ € (0,6) independent of x so that for this point we have
z € f7(f(x)) and every k=0, ..., N + 7 — 1 we have

7*(£7™ (Comp, f(B(f!(2),8))) ) N Crit = 2,
yielding that f¥*J is univalent on B(w) defined by
B(w) = f, " (B(f(x), )

for every w € A as well as
diam B(w) < r/3.

Thus, if n is large enough so that rKye~ (=00 ~20) < § then with y = fi(z) and
using (25) with y = xT — ¢ we obtain

£, (B (),r) € Bly,d).
and hence for some choice of w € A (that will in general depend on f"(z)) we have

B(w) & fm NS (B(f" (), 7)) € B(f"(x), 5r/6)
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and f7~N*J is univalent on B(w). Hence the latter set contains a periodic point p.
Using (24) and distortion estimates, it can be achieved that x(p) > x* — 3e, if n is
large enough. This proves the lemma. ([l

Remark. The idea of the proof of Lemma 12 is taken from an unpublished
note [13|, where the supremum in (23) was taken over all x € J but allowing the
periodic point p to belong to ¥. The proof was simpler in that case as it did not
rely on the telescope result (25). The result in [13]| has been applied and referred to
in [8].

Another proof of the weaker statement, that is, allowing p € ¥, can be given
by constructing a measure g that is an accumulation of the sequence of measures
%Zz;é dpr(z) @s n — 0o, where 0, denotes the Dirac measure supported at y. Here
x and n should be chosen to give an approximation of x™ by a(x,n)/n. One finds p
using Katok’s method, see [16, Chapter 11.6]. This easy ‘ergodic’ proof is in fact a
part of the proof in Section 5.3.

Notice that the proof in Section 5.3 does not yield the periodic specification
property below because it bases on a specification of, maybe short, special sub-blocks
of a given piece of a trajectory.

Proof of Proposition 10. By Lemma 12 for every = ¢ 3 we have

X(x) <sup{x(p): p € J\ X periodic repelling }.
By Corollary 1 this bound is less than or equal to a*. This proves the proposition. [

Proposition 11. Forevery V and € as in Lemma 12 there exist an integer N > 0
and 1 > 0 such that for every point x € J\V and n > N with f"(z) ¢ V satisfying
a(xz,n) > xT(J\V)—ey, there exists an integer m € {n(l—¢),...,n} and a periodic
point p € J of period at most n + N, such that:

Lox(p) 2x"(J\V) —¢;
2. dist(f7(z), f/(p)) < e" M DOTINI=e) forall j =4,5,...,m.

Proof. We just look more carefully at the proof of Lemma 12. Consider an
arbitrary small ¢ > 0. Assume that = and n satisfy a(z,n) > n(x™ — te).

By definition of x™ = x*(J\V) we can also assume, compare (27), that a(z,m) <
m(x™ + te) for all m € {N(te),...,n — 1}, for some constant N(te) depending only
on te.

Then we find a number n’ < n that is a Pliss hyperbolic time for x with exponent
X" — €, as in the proof of Lemma 12. To estimate n’, notice that

A(n) = a(x,n) —n(xT —e) > ne(l —t),
whereas
A(m) = a(z,m) —m(xT —e) <m(x" +te) —m(xt —¢) = me(1 +¢).

Hence, for m < ni=t, we obtain A(m) < A(n). Notice also that for m < N (te) we
have A(m) < ne(1—t) < A(n) for n large enough since sup | f'| < oo. In consequence,
the positive integer n’ = m maximizing A(m) is bigger or equal to ni=t. Finally we

4 1+t
—t
i 1—e¢.

Next in the proof of Lemma 12 we have increased n’ to achieve f (x) ¢ V. Here
the increase is not beyond n since we have already assumed f"(x) ¢ V.

choose t so that
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The rest of the proof is the same. The mysterious indices j = 4,5,... in the
assertion comes from Lemma 1 implying that at most fourth iteration of any point
has a backward branch omitting critical points, hence ¢ < 4. 0
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