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PARABOLIC MEROMORPHIC FUNCTIONS

ZHENG JIAN-HUA

Following the definition of parabolic rational functions and in view of the
behavior of transcendental meromorphic functions, we give the definition of
parabolic transcendental meromorphic functions. We discuss their dynam-
ical behavior and prove the existence of conformal measures and invari-
ant measures over their Julia sets, thus extending Denker and Urbanski’s
work on parabolic rational functions. However, our method for proving
the existence of the conformal measures differs in that we use the Perron—
Frobenius—Ruelle operator.

1. Introduction and notations

Let f(z) be a meromorphic function that is transcendental or rational with degree
at least two. Let f "(z) be the n-th iterate of f(z), let F( f) be the Fatou set of f(z),
and let (9( = C\ F(f), which is the Julia set of f(z). If f is transcendental, then
0o € $(f), and set $(f) = $(f) \ {oo} and Foo(f) = Uy £ (00). If $oo(f)
contains at least three points, then $(f) = $o0(f) and so f is analytic on F(f).
% (f) is open and consists of at most a countable number of components, which are

called Fatou components. Since &( f) is completely invariant, the image of every
Fatou component under f is contained in a Fatou component. A Fatou component
U is called periodic if f"(U) C U for some m > 1 and the least such m is called
its period; U is preperiodic if f™(U) is periodic for some m > 1 but U is not
periodic; U is wandering if f"(U) N f™(U) = @ for m # n. The periodic Fatou
components are classified into five types: attracting domain, parabolic domain,
Siegel disk, Herman ring and Baker domain. The Baker domain and wandering
domain are possible only for transcendental meromorphic functions.

By sing(f~!') we mean the closure of the set of all finite critical and asymp-
totic values of f(z) in the complex plane C and by s’ifl\g( £~ the closure of the
set of all critical and asymptotic values of f(z) in the extended complex plane
C=Cu {oo}. Hence if f(z) has multiple poles, then oo is a critical value of f(z)
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and oo € s/i-n\g(f_l). If oo is an asymptotic value of f(z), then oo € si/n\g(f_l),
but in any case, oo ¢ sing(f~!). Then oo ¢ s/in\g(ffl) if and only if f(z) has no
multiple poles and no co as an asymptotic value and oo is not a limit point of finite
singular values of f(z). We denote by %( f) the postsingular set defined to be the
closure in € of

00 n—1
U 7" (sing(FH\ U £~ (e0))
n=0 j=0

and set P(f) = P(f) Using(f ).

In [Zheng 2008] we proved that for a hyperbolic meromorphic function on the
complex plane, the Hausdorff dimension of the radial Julia set $,(f) is equal to
the Poincaré exponent s(f) of f over $(f). Actually, the proof showed that

dim, $(f) =dimy $.(f) =s(f),

where dimy, $(f) is the hyperbolic dimension of $(f). The first equality above
was proved in [Rempe 2009] for the general case. For a hyperbolic meromorphic
function on the Riemann sphere, the author proved that

dimy, $(f) = dimp $(f) = A(f) =s5(f),

where A(f) is the exponent of conformal measure of f over $(f), and there ex-
ists the invariant Gibbs measure that is equivalent to the A( f)-conformal measure
which extends the results in [Kotus and Urbaiiski 2002]. Here, we say a probability
measure p over $(f) is a s-conformal measure for f if f*(z)* is the Jacobian of
f over $(f) with respect to u, that is, for any Borel subset A of $(f) such that f
is injective on A, we have

(S (A) = //; £ du.

In this paper, we investigate parabolic meromorphic functions. The papers
[Denker and Urbanski 1991a; 1991b; Aaronson et al. 1993] are careful inves-
tigations of the Hausdorff dimension, conformal measure and invariant measure
of parabolic rational functions. The definition of a parabolic rational function is
clear: we know that a rational function f with degree at least two is called parabolic
if j( Hn si’n\g( f~1) =@ and f has at least one rational indifferent periodic point.
However, the transcendental case is more complicated.

Definition 1.1. Let f be a transcendental meromorphic function in C. We say that
f is parabolic on the complex plane if P(f) N $(f) is finite and nonempty, each
point in P(f) N $(f) is a rational indifferent periodic point of f, and sing( f 1 is
contained in F( f). We say f is parabolic on the Riemann sphere (or with respect
to the spherical metric) if f is parabolic on the complex plane and co ¢ 9?’( ).
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We denote by % (C) and 93(@) the set of all parabolic transcendental meromor-
phic functions on C and C, respectively. A rational function has only a finite
number of rational indifferent periodic points, while a transcendental meromorphic
function may have infinitely many rational indifferent periodic points. Since every
rational indifferent periodic point must be in P ( f)N$( f), a parabolic meromorphic
function on the complex plane has only finitely many rational indifferent periodic
points. In Definition 1.1, we need to stress the condition that sing( f - cF(f):
although a rational indifferent periodic point cannot be a critical point, it may be a
critical value, and for transcendental case it may be an asymptotic value. This can
be explained by considering the functions z(z—1)? and ze?. The point 0 is a rational
indifferent fixed point of z(z — 1)2, which is also a critical value, and of ze*, which
is also an asymptotic value. The functions z(z — 1)? and ze® satisfy the conditions
for parabolicity on the complex plane (Definition 1.1) except for the requirement
that sing(f~') C %(f). Hence they are not parabolic on the complex plane. If
oo & P( f), then f is of bounded type, that is, in class &B. Clearly, a parabolic
meromorphic function on the Riemann sphere is in class @, that is, 9’(@) C BR.

Let f be a transcendental meromorphic function in class &, so that sing(f ')
is finite. If sing(f~') C F(f) (resp. sing(f~1) C F(f)), then f is hyperbolic
whenever it has no rational indifferent periodic points; otherwise it is parabolic
on the complex plane (resp. on the Riemann sphere). This is because f has only
attracting domains and/or parabolic domains. For a general case, see Theorem 3.1
and Theorem 3.2 below. A simple calculation yields that tan z is in 9’(@).

In the papers cited above, Denker, Urbanski, and Aaronson obtained the ex-
istence of a conformal measure and an invariant measure, and showed they are
equivalent for parabolic rational functions. Using the results attained in [Zheng
2009] by developing Walters’ theory, we extend some of the Denker and Urbanski’s
results to the parabolic transcendental meromorphic function, and establish:

Theorem 1.2. Let f(z) be a parabolic meromorphic function on the Riemann
sphere. Then f(z) has a s-conformal measure s and P(f,s) =0.

Here P(f,t) is the pressure of f at ¢, whose definition is given in Lemma 3.8.
Applying a result from [Martens 1992] we determine conditions about the existence
of us-equivalent, f-invariant measure:

Theorem 1.3. Let f(z) be a parabolic meromorphic function on the Riemann
sphere. Assume that s-conformal measure g is atomless. Then f(z) has a js-
equivalent, f-invariant measure if for some a € $(f)\ Urey f (), where
QL=P(f)NF(f), we have

> E@)(a) = oo.

n=0
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Here we say a measure m is f-invariant if m(f~'(A)) = m(A) for any Borel
subset A of $(f). Actually, 2 is the set of all rational indifferent periodic points
of f(z) and £;(1) = £_;10g px (1) is the Perron-Frobenius—Ruelle operator for
—slog f*(z) over $(f) and please see the statements before Lemma 3.8 for its
definition.

Question 1.4. For f € 9]’(@), is dimg $(f) always equal to s?

We conjecture the answer is affirmative.

2. Conformal measures and expansiveness of covering maps

To discuss the existence of conformal measures of parabolic meromorphic func-
tions, we need some results from [Zheng 2009] on the existence of conformal
measures for covering maps. Let (X,d) be a compact metric space and X be an
open and dense subset of X and Xg an open and dense subset of X. For a point
xeX , B(x, d) is the ball centered at x with radius §. €(A) will denote the set
of all real-valued continuous functions on A = X ,XorXg. LetT : Xo > X be
continuous and ¢ € 6(X).

Definition 2.1. An ordered pair (7, ¢) is called admissible if:

(la) For each x € X, the set 7~ !(x) is at most countable.

(1b) T has the uniform covering property: there exists a § > 0 such that for each
x € X, T (Bx(x, 8)) can be written uniquely as a disjoint union of a finite
or countable number of open subsets A; (x) (1 <i < N < o0) of Xy and for
each i, T is a homeomorphism of A;(x) onto By (x, §), where Bx(x,8) =
B(x,8) N X. For simplicity, we will call A;(x) the injective component of
T~! over Bx(x, §) and § the injectivity radius.

(1c) The inverse of T is locally uniformly continuous: Ve > 0, 389 with 0 < 69 < 8
such that for each x € X and each y € X, with T(y) = x, once d(x, x") < &
for x’ € X, we have d(Ty_l(x), Ty_l(x/)) < &, where Ty_1 is the branch of the
inverse of T which sends x to y. That is to say, every injective component of
T over Bx(x, 8p) has diameter less than .

(1d) ¢ € €(Xp) is summable on X, that is to say,

sup{ Z expe(y) i x € X} < 4o00.
T(y)=x

(1e) For all ¢ > 0, there exists a 0 < §; < § such that for any pair x, x’ € X, once
d(x,x") < 8y, we have

> Jexpo(T; () —exp (T, ()| <,
T(y)=x
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thatis, ) |exp (p(Ty_l(x))—exp (p(Ty_l(x/)) | — 0 uniformly as d(x, x") goes
to 0. TO)=x

We now give a condition under which (1b) implies (1c¢).

Lemma 2.2 [Zheng 2009, Lemma 2.1 and following remark]. Let T satisfy (1b)
with X = X. The inverse of T is locally uniformly continuous, that is, T satisfies
(1c), if one of following statements holds:

(1) For arbitrary € > 0, we have a 0 < n < ¢ such that for each x € X, 0B(x, n) C
Xo.

(2) all limit points of T_l(x)for each x € X lie in X \ Xo and (1) holds only for
x € X\ Xo.

We can define for a summable function ¢ on X the Perron—Frobenius—Ruelle
operator by setting

Lo (X)) =D f(Dexpe(y) forxeX.

T(y)=x

Obviously, &£, (f)(x) is a bounded real-valued function on X when f is a bounded
real-valued function on X. Sometimes, we write £, 7 for £, to emphasize T'. It
is obvious that 7" is a continuous mapping of 7"*! X to X. Set

n—1

Sup() =Y @(T'(y) foryeT "X
i=0

Noting that 7"+ X, C X, we easily deduce that

@D Ly r(NHW)=Lserm(H@ =) [ exp(Sp(y) forxeX.
T (y)=x
(Here and throughout the paper we denote by S.B” . the n-th iterate of £, 7.) We
want to get the desired probablhty measure on X through the dual operator of the
£, over JI/L(X ), here A/L(X ) denotes the set of all probability measures over X.
Theorem 2.3. Let (T, ¢) be admissible.
(1) For each fixed positive integer N, (TN, Sy) is admissible.
(2) £, can be extended to a linear operator of (6()? ) to itself, which is still de-
noted by £,,.
(3) There exists a . € JI/L(JA() such that iPZ;(,u) =\, A= EB(’;(,u)(l) > 0, where
&£y, is the dual operator of £, and the following statements hold:

(3a) Aexp(—g) is the Jacobian of T with respect to |L.
(3b) w is positively nonsingular and nonsingular for T, that is, poT < pu and
Lo T« .
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With the exception of part (1), this theorem is a modification of the main result
from [Walters 1978] (in which the expanding property is stressed; compare [Zheng
2009, Theorem 2.1 and following remark]). Obviously, the A in Theorem 2.3 sat-
isfies

A= F () (D) = p (L (D)
and therefore

(2-2) inf {7(1) ()} < A" < sup{L (1) ()},

xeX xeX
Lemma 2.4. Let T, ¢, L and |t be as in Theorem 2.3. Assume that there exist a
sequence of positive number {K,} such that, for any x, x' € X,

(2-3) e Kngn (1) () < LW (x) < K (D) ()
and K,,/n — 0 as n — oo. Then
logh = lim 1 log 5133(]1)()6)
n—-oon

and the limit exists uniformly on X.

Indeed, the inequality (2-3) holds if

1Sn9(¥) — Sup ()] < K,

whenever y and y’ are in a component of 7" (Bx(x, §)), for any x € X. This is
proved by noting that X is compact and a finite number of such disks Bx(x, 8)
cover X.

We have pointed out that the existence of a conformal measure does not require
expansiveness; however the existence of an equivalent invariant measure seems to
depend on this property, from Walters theory. In the second part of this section, we
consider the expansiveness of a continuous map of X from X, preparing for the
discussion of a parabolic meromorphic function on its Julia set. Since a transcen-
dental meromorphic function is not a self-mapping of a compact metric space, this
forces us to analyze carefully the definition of expansiveness.

Definition 2.5. A continuous map 7 : X —> Xofa compact metric space (X,d) is
called expansive if there exists § > 0 such that we have x =y if d(T" (x), T"(y)) <48
for all n > 0.

This definition of an expansive self-mapping of a compact metric space is not
suitable to the case when T is a continuous map from Xg into X , Where Xy is
a dense open subset of X. For example, if there exist a point w € X \ Xo and
two points x, y € Xg such that 7"(x) — w and T"(y) — w as n — oo and
T"(x) # T"(y), then d(T"(x), T"(y)) — 0 as n — oo. Thus such a continuous
map can never satisfy Definition 2.5; in particular, according to this definition,
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no transcendental meromorphic function is expansive over its Julia set, since its
escape set to infinity is nonempty.

Neither is Definition 2.5 suitable to the case when T is an infinite-to-one con-
tinuous map from Xj to X. Indeed, take a point a € X such that T~'(a) contains
a countable sequence x,, — x € X and then d (X, Xpt1) — O.

Let us analyze Definition 2.5 a bit further. Assume T is expansive. Given x # y,
there exist two possibilities: either 7" (x) = T (y) and T 1(x) #£ T (y), for
some m > 1; or T"(x) # T"(y) for each n. In the first case, we have

(2-4) AT '(x), T" () > 8,

thatis, y ¢ T " TL(B(T" (x), §)) and x ¢ T "L (B(T™"(y), §)) with T" (x) =
T™(y). In the second case, we have d(T" (x), T™(y)) > & for a increasing se-
quence of natural numbers {n;} with n, — oo, thatis, y € T~ (B(T"(x), §)) and
x & T7"(B(T™(y),¥8)). If T is not homeomorphism then 77" (B(T"™ (y) 5))
may contain two disjoint components A, (j = 1, 2) such that 7" maps Aj, onto
B(T"(y), §), while the deﬁmtlon above of expansive maps does not allow x be-
ing in any component A;,. We note that the crucial point of expansiveness is in
the component A} () Wthh contains y and that 7" : Aﬁk (y) = B(T"™(y), $6)
expands the distance. From this point of view, we can extend the above definition
of expansive maps to the case when 7 is a continuous map from X to X, where
Xy is a dense open subset of X. Generally, the component of the preimage of a set
B by amap T containing y will be denoted by Ty_l(B).

Definition 2.6. A continuous map 7 : Xg — X is called precisely expansive if
there exists § > 0 such that for x % y in X, one of the following statements holds:

(1) Forsome s >0, at least one of 7°(x) and T*(y) isin )A(\XO and T°(x) £ T°(y);

(2) For some m > 1 with T (x) = T™(y) € X but T" ! (x) # T™(y), we have
y €T (B(T™"(x),8)) and x & T (B(T™(y), §));

(3) For a sequence of natural numbers {n;} with ny < ngy; — 00,
y T "™(B(T"(x),8)) and x ¢ Ty_"k(B(T"" (), 8)).

We call this § the expansive constant for 7. Note that item (2) in Definition 2.6
implies the uniform covering property (1b) of 7' with injectivity radius at least
8/2. Generally, we cannot require that 7”7~ !(x) and 7! (y) have a distance with
positive infimum, but if 7~!(a) is finite for each a X such a positive infimum
for the distance exists; see (2-4).

Obviously, the property of precise expansiveness implies that two points x and
y will coincide if for every n, y € T."(B(T"(x),§)) and x € Ty_"(B(T” (»), 8)).
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A continuous map T : X > Xis precisely expansive if it is expansive. (For such
an expansive map T, the set T~!(x) is finite for each x € X))

When one considers a homeomorphism 7 : X — X, there exists an equivalent
definition of expansiveness, namely, the existence of a generator. An open cover
a of X is called a one-sided generator for T if Ne —o T~ " A, contains at most one
point for any choice of {A,} from . We set @ = {A : A € a}. We will consider a
similar result for a precisely expansive map.

If o and B are two sets of subsets of X, we denote by a V B the set of all subsets
with the form AN B, for all A € « and B € . Further, we set

diama = sup{diam A : A € «}.

Definition 2.7. A finite cover o of X is called a one-sided generator for a con-
tinuous map 7 : Xo — X, if each element of \/,—, 7 "a has at most one point.
Equivalently, the cover « is a one-sided generator for T if and only if

n .
diam \/ T7/&a - 0 asn— oo.
j=0
Theorem 2.8. A continuous map T : Xo — X is precisely expansive if and only if
there exists a one-sided generator for T and T has the uniform covering property
(1b) with a fixed injectivity radius.

Proof. Suppose that T is precisely expansive with expansive constant §. The uni-
form covering property (1b) of T follows from (2) in Definition 2.6. Therefore,
we only need to prove the existence of a one-sided generator.

Take a finite cover « of X by open balls with radius 6/2. Let

E=(T,"(4n

n=0

be an element of \/ff:O T "o, where each A, lies in @ and TO_” (A,) is acomponent
of T™"(A,). Suppose that x, y € E. Then for every n, we have x, y € T, " (A,) and
T"(x), T"(y) € A, = l_?(x,,, 8/2) for a point x,, € X. Obviously, A, C B(T"(x), §)
and A, C B(T"(y), 6). From this it follows that y € T, "(B(T"(x), §)) and x €
Ty_”(B(T” (y),8)). Then x = y, which shows that E contains at most one point.
We have proved that « is a one-sided generator.

Now suppose that there exists a one-sided generator « for 7 and T has the
uniform covering property (1b) with injective radius §. Let 1 be a positive number
less than the Lebesgue number of o and §. Given two distinct points x, y € X, we
assume that V n, T"(x), T"(y) € Xo. Suppose that (3) in Definition 2.6 does not
hold for n and therefore, there exists a m > 1 such that for all n > m, we have y €
T, "(B(T"(x),n)and x € T;"(B(T"(y), m) and T" (y) e T" T, " (B(T"(x), n))
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and T (x) € T"T;"(B(T"(y), n) and clearly, T™(y) € Tt (B(T"(x), n))

and T"(x) € TTT,?(J;;"(B(T” (¥), ). Since 7 is less than the Lebesgue number of
o, B(T"(x),n) C Ay—, for some A,_,, € @ and for n > m. Thus T (x) and T™ (y)
are in an element of \/ZO:O T "a. It follows that 7" (x) = T™(y).

Now we can assume that 7" (x) = T"(y) € X but T (x) # T 1(y). It

follows from the uniform covering property (1b) of 7' that

T" (0 & Tpoly oy (BT (), 8) and  T"~'(0) ¢ Tyl (B(T™ (1), 8)).

Obviously, y & T, (B(T™(x), 6)) and x ¢ Ty_m(B(Tm(y), 8)). Therefore, T is
precisely expansive. U

3. Dynamical properties of parabolic meromorphic functions

A meromorphic function is a map from the complex plane C into the extended
complex plane C. In this section, we consider two metrics: the euclidean metric d
on C and the spherical metric d, on C. The metric space (C, d) is noncompact,
but the metric space (@, doo) 1s compact. And (C, d) is a subspace of (@, dso).
We are in (C, dy,) and (@, d~o) to consider the situation of conformal measures.
Set B(a,$) ={z :d(z,a) < 8} fora € C and By (a,d) = {z : ds(z,a) < 8} for
aeC.

We begin with basic dynamical properties of parabolic meromorphic functions.

Theorem 3.1. Let f be a parabolic meromorphic function on C and in Class B.
Then it has finitely many and at least one parabolic domain and at most finitely
many attracting domains without other types of stable domains and furthermore,

P(f) is bounded.

Proof. Clearly, f(z) has at least one but only finitely many rational indifferent
periodic points, and the number of its parabolic domains is finite and positive.
Notice that f(z) is in Class % and if f(z) has a Baker domain U, then {f"} in
U has a finite limit point. By Theorem 2.2 of [Zheng 2003], the limit point is
in P(f)N $(f) and so it is a rational indifferent periodic point. A contradiction
is derived as every f"(z) is analytic at it. This implies that f(z) has no Baker
domains at all. By Theorem 2.1 of the same reference, all limit points of {f"}
in a wandering domain are in P(f) N $(f) and if a limit point is finite and not
prepoles, then there exist infinitely many limit points. Thus f(z) has no wandering
domains. Since the boundaries of Siegel disks and Herman rings are contained in
P(f)NP(f), f(z) therefore has no Siegel disks and Herman rings. Obviously,
f (z) may have attracting domains. Suppose that f(z) has infinitely many attracting
domains. Since every cycle of attracting domains contains at least a singular value,
we take a singular value from every cycle of attracting domains to form a sequence
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of singular values which has a finite limit point, and clearly the limit point is in
$(f). This implies that sing(f 1) N $(f) # @. A contradiction is derived.
It is obvious that ?( f) is bounded. ]

Theorem 3.2. Let f be a transcendental meromorphic function satisfying the par-
abolic condition on the complex plane in Definition 1.1, except for sing(f~') C
F(f). If P(f) is bounded, then it has finitely many and at least one parabolic
domain and at most finitely many attracting domains without other types of stable
domains.

Proof. From the proof of Theorem 3.1, it is sufficient to prove that the number
of attracting domains is finite. Suppose that f(z) has infinitely many attracting
domains. Let {a,} be the sequence of all distinct attracting periodic points of f
and let E be the set of all limit points of {a,}. It is clear that E C $(f). Since
every a, is in the derived set of P(f), we have E C P(f), and every point in
E is a rational indifferent periodic point of f(z). Hence E is finite and we write
E ={by, b, ..., b,}. Obviously, f(E) C E. We choose a§ > 0 and a n > § such
that f(B(b;j,8)) CB(f(bj),n) (j=1,...,q) and f is univalent on each B(b;, §)
and {B(b;, n)} are disjoint. For all n > N, we have a, € U?:] B(b;,8). We can
take a cycle of attracting periodic points {a, f(a), ..., f*~" (@)} in Uj_, B(b;, ).
Assume that a € B(by, §) and f(a) € B(f(b1),n) so that f(a) € B(f(by1),d).
Thus {a, f(a), ..., fP"Ya)} C U'}ZJ B(f/(by), 8), where m is the period of by,
and p = km for a positive integer k. This implies that in B(by, 8), f*"(a) = a.
However, it is impossible for sufficiently small § in view of the expansiveness in a
neighborhood of rational indifferent periodic cycles. ([

The following describes equivalently the function in @(@).

Theorem 3.3. A meromorphic function is parabolic on the Riemann sphere if and
only if it has finitely many and at least one parabolic domain and at most finitely
many attracting domains without other types of stable domains and S/irzg( fHc
F(-

Proof. We just need to prove the “only if”. That S/irrg( =Y c F(f) implies
that oo ¢ s/ing(f_l) and sing(f_l) is bounded. Since f(z) has only finitely
many attracting and parabolic domains without other types of stable domains,
UnZo f" (sing(f ™) CF(f) and the limit points of J;2, " (sing(f~")) on (/)
are rational indifferent periodic points of f. Thus f is parabolic on the Riemann
sphere. U

Denker and Urbanski [1991a] investigated such properties of parabolic rational
functions as the convergent speed of backward orbits of points in a small neighbor-
hood of rational indifferent periodic points and expansive property over the Julia
set, which we attempt to extend to transcendental case. The local properties of
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rational indifferent periodic points, for example, the Fatou’s flower theorem, can
be directly transferred to transcendental case. For convenience, we collect some of
them.

Let f(z) be a parabolic meromorphic function on the Riemann sphere and let
Q2 be the set of all rational indifferent periodic points of f(z). The following result
is basic.

Lemma 3.4. For every 6 > 0 there exists 6 =38(0) > 0 such that for every a € ;Aﬁ(f)\
B(2,0), we have By (a,28) NP(f) = @. In particular, all analytic branches
of the inverse of f" are well defined on B (a,28) and Bso(f(a), 28) for every
n=1,2,....

The dynamical behavior in a neighborhood of a rational indifferent periodic
point was discussed in [Denker and Urbanski 1991a] in view of the Fatou’s Flower
Theorem. Some of their results are extracted as follows.

Lemma 3.5. Let w be a rational indifferent periodic point of a meromorphic func-
tion f(z) with period p and (f?) (w) = 1. Then there exists 0 < n < 1 such
that

(fo D)@l <1 and |f,7(2)—o| <|z—o
for every 7 € B(w, n) N $(f) \ {w}, where f, " is the branch of the inverse of fP
sending w to w. And the branch f,"" of f~" sending w to w is well defined and
is an analytical homemophism from B(w, n) N $(f) into B(w, n) N $(f).

We stress that f,, " is not conformal on B(w, n) N $(f) (the definition of con-
formality can be found in [Zheng 2009]), as it has no bounded distortions over
there. f"” is not expanding near w.

Lemma 3.6. Let f(z) be a meromorphic function which is precisely expansive
from $(f) to ﬁ(f). Then si/r;g(ffl) C F(f) and f" is precisely expansive from
FO\NUIZo £ 77 (00) 10 F(f).

Proof. Suppose that s/in\g( f~Hn 5&( f) # . From this intersecting set, take a point
a. Let 6 be an arbitrary small fixed positive number. If a is a critical value of f(z),
for a0 < n < 8 we have a component U of f~!(Bu(a, )) with diam., U < § such
that f : U — By (a, n) has covering number at least 2. There exist two distinct
points z; and zp in U such that f(z1) = f(z2). This contradicts the precisely
expansive property of f. Assume that a is an asymptotic value and U is a tract of
f over Bso(a, n). Then there exists a sequence of points {z,} such that z, — oo
and f(z,) = b € Bx(a, n). Thus for all sufficiently large n, doo(zn, Zn+1) < 8
and this contradicts the precisely expansive property of f. It is obvious that f" is
precisely expansive. O

We remark that the condition s’in\g( =Y c F(f) may not imply that f is para-
bolic or hyperbolic, but it does when f is rational.
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Theorem 3.7. A parabolic meromorphic function f on the Riemann sphere is pre-
cisely expansive over $(f).

Proof. Take two distinct points x and y in $(f). Assume without any loss of
generality that f"(x) # oo and f"(y) # oo for every n, or f"(x) = f"(y) = oo for
some n. According to Definition 2.6, we need to treat the two cases, as follows.

() For some m, f™(x) = f™(y) =a € $(f) but f" '(x) £ f™(y). Take a
number ® such that 0 < ® < dist(sing(ffl), $(f). Ifa & B(2, ®), then f™ is
univalent from f ™ (Bu(a, §)) onto B (a, §) with § = §(®) (by Lemma 3.4), so
v ¢& fi"(Bx(a,d)). If a e B(2, @) then f is univalent from f_,,, » (Boo(a 8))
onto Buo(a, 8) so that f"~1(y) ¢ ff,,, 1y (Boo(a, 8)) and furthermore y¢ fomtlo

ffm 1) (Boo(@, 8)) = f7" (Boo(a, 8)).

(II) for each n, f"(x) # f"(y). If for a sequence of positive integers {n;} tending
to oo such that f(x) ¢ B(S2, ©), then f; " is a single-valued function over
Boo (f™(x), 8) and therefore diam f; "*(Boo(f™(x),8)) — 0 as k — oo. This
implies that for all sufficiently large k, y & fr "“(Boo(f"(x),8). Now assume
that for all n > N, f"(x) € B(2,0) and f"(y) € B(2,®). When ©® is suffi-
ciently small, we have for some m, f"(x), f™(y) € Q. Then f™(x) and f"(y)
are distinct rational indifferent periodic points of f(z) so that By (f"(x), ) is
disjoint from Boo (f"(y), 8) for all n > m. Obviously, y & f " (Boo (f"(x), §)) and
x & f, " (Boo (S (¥), 6)). O

That a rational function is parabolic if and only if it is expansive with at least
one rational indifferent periodic point is proved in [Denker and Urbarski 1991a].
In view of Theorem 2.8, Theorem 3.7 implies that f(z) has a one-sided generator
over j( f). Actually, we can also use the existence of a one-sided generator to
show the precisely expansive property of a parabolic meromorphic function on the
Riemann sphere, as in view of Lemma 3.5, for each n, f"(z) has the uniformly
covering property (1b) over 5&( f) with a fixed injectivity radius.

In what follows, let us discuss the existence of conformal measures of parabolic
meromorphic functions on the Riemann sphere. We shall use the results in Section
2 to attain our purpose. Let f(z) be a parabolic meromorphic function on the
Riemann sphere and let d, be the Riemann spherical metric. Hence ( 0“;( f),doo) is
a compact metric space. Consider the continuous map f : $(f) — 35( f) under the
Riemann spherical metric. This map is not conformal, so we cannot use Theorem
3.1 of [Zheng 2009] to achieve our purpose. We take a different approach.

Define the pressure P(f, t) for a parabolic meromorphic function f over i( )
as follows. Define ¢; : $(f) — R by ¢;(z) = —tlog f*(z), and set &£, = £,

;e
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Thus, for a fixed value a € i(f) and g € €($(f)), we have

SAGIOESY
f(@)=a
Obviously, £/ (1)(a) = Y (f™)*(z)7". Set
f(2)=a
Pu(f, 1) = lim sup — log £/ (1)(@);

n—oo N

8(2)
@

then the pressure is

P(f. 1) =sup{Pa(f, 1) a € J(f)).
Lemma 3.8. Let f be a parabolic meromorphic function on the Riemann sphere.
() P(f,) 0.
(2) Po(f, 1) = Py(f,t) whenevera,b € $(f)\ Q.
We write P(f, 1) for Po(f, 1) fora € $(f)\ Q.

Proof. (1) Take a point a € Q with period p. For each n, (f"?)*(a) = 1 and
%P (1)(a) > 1. This implies that P(f,t) > 0.

(2) Assume that P,(f, t) < oo. For arbitrarily small ¢ > 0 and for all sufficiently
large n, we have

" (Falfi1)+e) > if’:(]l)(a)
= > U@
[ (@)=a
= > D> U WU @
fPr(w)=a fr=r()=w
> () Y @,
frPR)=w
where w € f~?(a). Sincea, b ¢ 2, we have a § > 0 such that By (a, 25)NP(f) =@
and Boo (b, 26) NP(f) = &. We can choose a p such that f~7(a) N\ B (b, §) # 9

and therefore by the Koebe distortion theorem for the Riemann spherical metric,
for an absolute constant K we have

MDD = (fry )™ Y KT @

frP()=b
This yields that P,(f,t) + & > Pp(f,t) and so P,(f,t) > Pp(f,t). The same
argument implies that P,(f, t) > P,(f,t). Hence Py(f,t) = P,(f, ). U

Sett(f)=inf{r =0: P(f,t) <oo}and s(f) =inf{r >0: P(f,t) <0}. We
call s(f) the Poincaré exponent.
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Lemma 3.9. Let f be a parabolic meromorphic function on the Riemann sphere.

M t(f) =s(fH=2

) P(f,t) is strictly decreasing and convexint € (t(f), +00).
D) Ift =s(f), then ¢;(z) =—t log f*(z) is summable, and P(f, s)=0= ﬁ(f, 1).
Proof. (I) Take a pointa € $(f) and r > 0 such that B (a, 2r) N P(f) = @. Let

Sf7" be the analytic branch of f™" over By (a, r) sending a to z with f"(z) = a.
Set U(z) = f, "(Bxo(a,r)). By the Koebe covering theorem for the spherical

Z
metric, we have

U(z) 2 Boo(z, Kr(f, ") (a))
for an absolute constant K. Thus, noting that U(z) is disjoint for distinct z €
f"(a), we have

Z m(Kr(f7")(@)* < Z spherical area of (U (z)) < 7,
f"(@)=a fr(x)=a

and furthermore, using (f,7")* (a) = (f")* (z))~', we obtain

1
D e S KD
S @)

This implies that P(f,2) = P,(f,2) <0 and hence s(f) <?2.

(IT) Take a pointa € $(f) and a § > 0 such that By (a, §) NP(f) = @. Then there
exists an integer N such that forn > N

doo (f"(X), " () = AC"doo(x, y),

with C > 1 and A > 0, whenever x and y are in an injective component of
f"(Bowo(a,d)) and (f")*(w) > AC",Yw € f"(a). This easily implies that
P(f,t)=P,(f,t)is strictly decreasing and convex in ¢. (See the proof of Theorem
2.3 of [Zheng 2008]).

(IIT) For arbitrary t > s(f), P(f,t) <O0. For a fixed a C,“;(f) \ 2, £H1)(a) — 0
as n — oo and hence for n > m, ¥/(a) < 1. Take z;(1 < j < g) such that
ﬁ(f) C U?:l By (z,8/2), where § is chosen such that for each j, Boo(z;, 26) N
sing(f~!) = @. Take a positive integer N such that for arbitrary pair of j and i,
By (zj,8)N f~N*l(z;) #+ @. For a P, we have itpN(]l)(a) < 1. This implies that
§Efv(]l)(b) < 1 for some b € CSA@(f)\Q. Then b € B (2}, §/2) for some jo. We find
M = M (jo) disks Boo(b;, n) (1 <i < M) covering the By (z},, 6/2) such that each
disk Boo(b;, 21) does not intersect sing(f~V). In view of the Koebe distortion
theorem, we have

EN W) (z;) < KMEN @) b) < KM,
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where K is an absolute constant.
Foreach j € {1,2,...,q}, f~V"(z,) N Bso(z;, 8/2) # @, from which we take
a point w . We have

D)= Y, N7 = D VYWY @

IV (2)=zj, FN=Lw)=zj, f@)=w
> (M @i Y
f@=w)

= (Y ) T @) )
equivalently,
L@ @wl) < (7wl LN @) ()
< (N i) KM
Set
C =max{(fN " @HKMPD:1<j,v<q)

For each w € (@(f) we have w € By (z;,8/2),s0 w € Boo(wj:(), 8) for some j. By
the Koebe distortion theorem,

% (1)(w) < L' @) (w}) < L'’

for an absolute constant L > 0. This yields that ¢, is summable. Letting ¢ approach
s(f) from above, we have

F(D)(w) < L°C°.

We have proved that ¢, = —s log f*(z) with s = s(f) is summable on C,“;(f) SO
that P(f, s) <0. This immediately implies that P(f, s) = 0.

Now we prove that ﬁ(f, t) = 0. Fort > s(f), we know that P(f,t) < O.
Therefore, we want to calculate P,(f,t) = 0 for a € Q. It suffices to prove that
&7 (1)(a) is uniformly bounded in n and ¢ for a € 2. Assume without loss that the
period of a is 1. We take 1 > 0 such that Boo (w, n)NP(f) =@ forw € f~(a)\{a)}
and Boo (00, n) NP (f) = . We can take finitely many w;, for 1 < j < g, such that
w; € f_1 (a)\{a} and {B(w;, n/2)} together with By, (00, /2) form a covering
of f~1(a)\{a). By the Koebe distortion theorem, for some ¢ with P(f, 1) <c <0,
we have forn > N

£ (w) <" forwe £~ Ya) \ {a).

Set

>, W =K.

f(w)=a
w#a
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We have
G- M@= Y VR
fH(2)=a
=" @7+ > (@
f"(@)=a
z#a

=1+ > frwrrhH o
fw)=a r=1(z)=w

zF#a
< 1+e(l’l—1)c Z fX(w)—l + Z (fn—l)X(Z)—t
f(w)=a "N (2)=a
w#a 7#a
S 1+ Kte(n_l)c + Z (fn—l)X(Z)—l‘
Y (2)=a,z#a
SK[(1+€C+"‘+6("71)C)+ Z (fN)X(Z)ft
N (2)=a
z#a
1 Ny % —t
<Kt ) M@
N (@)=a
z#a

This implies that P(f, f) = maxeeq Pa(f, 1) = 0.
For the case when s = s( f), for arbitrarily small ¢ > 0 it follows from the above
implication that there exists N = N (¢) such that

ne

et —1 N B
LHW@ = Ki——+ > (@~
fN(@)=a
z#a
This implies that P(f, s) < & and hence P(f,s) = 0. O

The next result reflects the expansiveness of a parabolic meromorphic function
over $(f). Its idea comes from [Rippon and Stallard 1999].

Lemma 3.10. Let f(z) be a parabolic meromorphic function on C and in class B.
There exists ¢ > 0 such that for eachn and z € $(f) \ U;’;(l) £/ (00), we have

"I+ 1

(3-2) (") @] >¢ EES

Let M, be the set of all points z € $(f)\ $oo(f) for which there exists a sequence
{sx} with sy € [km, (k+1)m] and **(z) & B(2, 0) for some constant 6 > 0. There
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exist constants ¢ > 0 and A > 1 such that
2@+

lz] +1
Proof. Assume without loss of generality that {z : |z] < 1} C F(f). In view
of Theorem 3.1, take a R > 1 such that (f) C B(0, R) and | f*(0)| < R for all
n € N. In view of the result in [Rippon and Stallard 1999] (compare [Zheng 2003]),
we have

(3-3) [(f™Y (2)] > c forz € M,.

|f"(z)|(log | f"(z)| — log R)

(3-4) I(f") ()] > 1
|z]
for z € $(f) \ $oo(f); furthermore, for z € $(f) \ Foo (f) With | f*(z)| = €*R, we
have
s |/ () +1
() @] > PUEESR

We first prove (3-2) for n = 1. Since d($(f), sing(f~!)) > 0, we can take a
positive number A > 1 such that

B <z, |Z|: 1) Nsing(f~!) = @

for any z € $(f) and

1
B(O,1)Z f! (B (f(z), %))

for z € $(f) \ f~1(oc0) with | f(2)| < e2R. Then for a fixed z € O\ fHo0),

we have .
B <f(z), lf(z%) Nsing(f~H =o

and f;l is a single-valued analytic branch on B(f(z), (|f(z)| + 1)/A) tending
f(z) to z. Let U be the component of f~'(B(f(z), (| f(z)] + 1)/A)) containing
z. Then f:U — B(f(2), (|f(2)|+1)/A) = B (say) is univalent and U is simply
connected. In view of the hyperbolic metric principle, we have

2Af(2)]
lf(@)+1

Forze $(f)\ f~'(c0) with | £ (z)| <e*R, B(0, 1) ZU. If0¢ U, then |z|Ay (z) >
%; If 0 € U, then for a with |a| <1, |z —a| y(2) = %. Therefore, we always have
(Iz] + DAy(z) = 1. These imply that

(@) =rp(f)If (@)=

1 lf@+1
8A |z]+1

This proves (3-2) for n = 1 with ¢ = SLA.

(3-5) |f'@l=
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Suppose (3-2) is not true. Then there exist a sequence of positive integers {my}
mr—1

and a sequence of points zx € $(f) \ szo f~/(00) such that

= |(F™) ()l (2| + 1)
|(f™) (z)]+1
We can take a positive number C such that for z € $(f) \ B(L2, 6),

—0 ask— oo.

(3-6) B (z,zmgl)m@ﬁ(f):@.

If f"*(zx) & B(£2, 6), a single-valued analytic branch g, of f~"* sending f™*(z)
to zi exists on B(f"* (zx), 2(| f™* (zx)| + 1)/ C). By the Koebe covering theorem,
we have

mg 1 myg 1
3-7) gk (B (fmk (2k)» |jf(%)) > B(Zk, lf(%lg/;(fmk (Zk))l)

|ze| +1
B\ zx,
(Z" 4Ce;
|z + 1
> B(o X7 .
> ( 4Ce, |Zk|

Now assume that f/(zx) € B(Q,0), px < j <my and fP~!(z;) & B(2, 6). By
Lemma 3.5, we have |( f™~Pk)'(fPk(z;))| > 1 and so for a positive constant a,
| [ (i) + 1
|fPe(zol+ 17

[P (fP ()| = a
Thus

L/ PP @D @l = 1 (20
UMY @l
e (f P (zh))]
_ U™ @Ol P @l +
Tz +1 a
e Pzl + 1)
 a(zl+ 1)

and in view of (3-5), we have

_ L fP ()| + 1
/ Pk 1
=z
P @ = e
Combining the above two inequalities implies that
e8A( S @)+ 1)
a(lze] + 1)

(3-8) [P ()] <
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Since fpk_l(zk) ¢ B(£2,0), from (3-8) we have

1 PNz + 1 a(lzel +1)
hk (B (fp (2k)» —c )) 2> B<0, 2ACe IZk|>,

where &y is the analytic branch of f P+l which sends f Pe=1(z,) to zx. This
together with (3-7) shows the existence of a sequence of positive integers {rn}
such that

—ny n | [ (z)| + 1 a(lzg| +1) _
ka (B <f (21, C )) ) B((), —32AC8k |Zk|).

But this gives
a(lzel +1)
32AC¢g
as k — 00, and a contradiction is derived. We have proved (3-2).
Now we prove (3-3). Let z € M,,,. In view of (3-4), there exists an Ry > R such
that

— |z = +o0

If"@I+1
lz] +1
where c is the constant in (3-2). Using the same argument as in the proof of (3-2),
we can also attain (3-9) forn > N > m, z € ($(f) \ U'};(l) f=(c0)) N B(0, Ro)

with f*(z) € B(, 6).
For any 0 < p < 2N, we treat two cases. If |f2N+p(z)| > Ry, from (3-9) we
have

(3-9) (Y @1 =20 +¢7 forn e N, [f"(2)] > Ro

AN @)+ 1
lz| +1 ’

If | f2N*P(2)| < Ro, for some N < N; < 2N + p we have either | V1 (z)| < Ry and
fN‘ () € B(R2,0) or |fNl (2)| > Rg. Therefore from (3-2) and (3-9) we have

LY @1 = 1YY M @IM) @)
JP@IH L M @1+
V(@ +1 lz| +1
|f2NHP ()] + 1
|z| +1
For n > 2N, we write n =2gN + p with 0 < p < 2N and thus
@I+ /" @I+ 1
|z] +1 |z] +1
For 1 <n < 2N, we use (3-2). O

I(F2NHPY (2)] > 2

1
(") (2)] > 2 > E(Zﬁ)"

The next result confirms the existence of a measure that becomes s-conformal.
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Lemma 3.11. Let f(z) be a parabolic meromorphic function on the Riemann
sphere. Then (f, ¢s) is admissible over $(f).

Proof. We check the conditions in Definition 2.1. Obviously, for f, (1a) and (1b)
hold, and (1d) holds by virtue of Lemma 3.9(III). In view of Lemma 2.2, (1c) is
true for f. We state (1e) for (f, ¢y) as follows: for all ¢ > 0, there exists &; € (0, §)
such that for any pair a, b € G@( f), the condition du(a, b) < §; implies

> lexpes (£ @) —expos (£ (0)] <&
f(@)=a
that is,

(3-10) Z

f@)=a

1
f*@ @)

<eg,

where 7/ = fz_1 (b). From Lemma 3.2 of [Zheng 2009], noting that ¢, is summable,
(3-10) follows from

f*@)°
(3-11) ‘1 — iy | = G ),
whenever doo(a, b) < §. And (3-11) can be proved via the same argument used in
the proof of Lemma 3.1 of [Zheng 2008] and the inequality (3-2). O

Now we are in the position to prove Theorem 1.2, which, as we recall, states
that any f in ?(C) has a s-conformal measure with P(f, s) =0.

Proof of Theorem 1.2. In view of Lemma 3.11 and Theorem 2.3, there exists a
probability measure p with £} () = Ap, A = £ () (1), satisfying the conditions
in Theorem 2.3(3). We calculate A using (2-2), and obtain

A= (LML) < sup{LTM(x) 1 x € ()

Using the same argument as in the proof of (3-1), for arbitrarily small ¢ > 0, we
have forn > N
sup{Lr () (x) 1 x € $(f)} < Kne™,
so logA <0.
If u({a}) > O for a point a € O@(f), then A" > pu({a})ZL%(1)(a) and so log A >
P(f,s)=0. Now assume that u is atomless and we can find a disk B (a, n) with
(B (a, n)) > 0 which does not intersect P ( f). Thus

M= (Boo(a, n)) inf(L5 (1) (x) : x € Boo(a, ) N F(f)}
> 1(Boo(a, n) K &L (1)(a)

so that logA > P(f,s) = 0. Therefore, we have proved that A = 1 and u is a
s-conformal measure of f(z) over $(f). U
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In what follows, we consider the existence of a f-invariant measure equivalent
to the s-conformal measure pu,. We cannot get such an invariant measure from
Walters’ result. Therefore, we will complete our discussion in light of the results
of Martens.

Lemma 3.12 [Martens 1992, Proposition 2.6]. Let u be a o -finite Borel measure

on a o-compact space X and f : X — X a measurable map. Then f has a -

equivalent, o -finite invariant measure m, if the following statements hold:

(1) There exist a countable collection of pairwise disjoint Borel sets G ={1; : j €
N} of X such that each I; is o-compact, 0 < (1) < 00, u(X \ Uj’;l 1;)=0
and for all pair 1; and I}, for some n >0, u(f~"(1;) N 1;) > 0.

(2) There exists a o-finite measure v having properties that for each I € G there
existsa K > 0 such that K~' <v(I) <K, sup,,-o v(f " (1)) < 00, and

—-n
1 u(A) < v(f"(A) < KM(A).
K p(h) = v(f~)) w(l)
for all measurable sets A C I and all n € N.
3) Yol v(f(I)) = oo for some I € G.
Actually, m is a weakly convergent limit of {Q,(v)} on each I € G, where
iz fiv
iz fiv(h)
and for a Borel measurable map g, g.v =vog~'.

Let f(z) be a parabolic meromorphic function in %(C) and let u; be the s-
conformal measure determined in Theorem 1.2. Assume that p; is atomless. Set
Xo=F(FNU £"(R) and X = (VU £ (). Then e, (Xo) = s (X) =
1 and we can construct a countable collection of disjoint Borel sets G ={/; : j e N}
of X such that for each j, I; C By (a;, §;) and B (aj, 28;) NP(f) = & for some
aj € I; and which satisfies (1) in Lemma 3.12. In view of the Koebe distortion
theorem for the spherical metric and the definition of s-conformal measure, we
easily prove (2) in Lemma 3.12 for f and G with respect to uy; and v = u,.
Therefore, the crucial point is in (3) in Lemma 3.12. We have

On(v) =

pe(f "I = > () = Y /, 7 () s (w)

fr()=a; fr(@)=a;
> > KT @) s () = K (1)L (1) (aj)
fM(2)=a;

and
ws(f (1)) < K g (1) &5 (1) (a;),
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where K is the Koebe distortion constant. Thus we have

x o o0
K= ug(1)) Y 2()ay) <Y ue(f7"U) < Ko ps () Y Lr (M) (ay).
n=0 n=0 n=0
In view of Lemma 3.12, f(z) has an f-invariant, o-finite measure m which is
equivalent to ju, if ) oo L7(1)(a) = oo for some a € F(f)\ Uney £ ().

In view of the statements above, we have actually proved Theorem 1.3.

On the other hand, assume that f(z) has an f-invariant, o-finite measure m
which is equivalent to . Take an a € $(f) \ U:O:O f7"(2), and By (a, 28) N
P(f) = @ for some § > 0. Set I = Bo(a,d) N F(f). Then u,(I) > 0, and
mg(I) > 0 and for each n, ms(f " (1)) = ms(I). This implies that

D ms(f 7)) = 0.

n=0

Then if the Radon—Nikodym derivative dmg/dugs of mg with respect to u, is
bounded, we have Y 2 £"(1)(a) = .
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