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Abstract

We investigate the random dynamics of rational maps on the Riemann sphere
C and the dynamics of semigroups of rational maps on C. We see that the both
fields are related to each other very deeply. We show that regarding random complex
dynamics of polynomials, in most cases, the chaos of the averaged system disappears,
due to the cooperation of the generators. We investigate the iteration and spectral
properties of transition operators. We show that under certain conditions, in the limit
stage, “singular functions on the complex plane” appear. In particular, we consider
the functions T" which represent the probability of tending to infinity with respect
to the random dynamics of polynomials. Under certain conditions these functions
T are complex analogues of the devil’s staircase and Lebesgue’s singular functions.
More precisely, we show that these functions T" are continuous on C and vary only
on the Julia sets of associated semigroups. Furthermore, by using ergodic theory
and potential theory, we investigate the non-differentiability and regularity of these
functions. We also investigate stability and bifurcation of random complex dynamics.
We show that stable systems are open and dense in the space of random dynamics
of polynomials. We find many phenomena which can hold in the random complex
dynamics and the dynamics of semigroups of rational maps, but cannot hold in the
usual iteration dynamics of a single holomorphic map. We carry out a systematic
study of these phenomena and their mechanisms.
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In this paper, we investigate the random dynamics of rational maps on the Riemann
sphere C and the dynamics of rational semigroups (i.e., semigroups of non-constant ra-
tional maps where the semigroup operation is functional composition) on C. We see that
the both fields are related to each other very deeply. In fact, we develop both theories
simultaneously.

One motivation for research in complex dynamical systems is to describe some math-
ematical models on ethology. For example, the behavior of the population of a certain
species can be described by the dynamical system associated with iteration of a polyno-
mial f(z) = az(1 — z) such that f preserves the unit interval and the postcritical set in
the plane is bounded (cf. [7]). However, when there is a change in the natural environ-
ment, some species have several strategies to survive in nature. From this point of view,
it is very natural and important not only to consider the dynamics of iteration, where the
same survival strategy (i.e., function) is repeatedly applied, but also to consider random
dynamics, where a new strategy might be applied at each time step. The first study of
random complex dynamics was given by J. E. Fornaess and N. Sibony ([9]). For research
on random complex dynamics of quadratic polynomials, see {2, 3, 4, 5, 6, 10]. For research
on random dynamics of polynomials (of general degrees) with bounded planar postcritical
set, see the author’s works [36, 35, 37, 38, 39, 40].

The first study of dynamics of rational semigroups was conducted by A. Hinkkanen
and G. J. Martin ([13]), who were interested in the role of the dynamics of polynomial
semigroups (i.e., semigroups of non-constant polynomial maps) while studying various one-
complex-dimensional moduli spaces for discrete groups, and by F. Ren’s group ([11]), who
studied such semigroups from the perspective of random dynamical systems. Since the
Julia set J(G) of a finitely generated rational semigroup G = (hs, ..., hp) has “backward
self-similarity,” ie., J(G) = UL, hJ-_l(J(G)) (see [27, Lemma 1.1.4]), the study of the
dynamics of rational semigroups can be regarded as the study of “backward iterated
function systems,” and also as a generalization of the study of self-similar sets in fractal
geometry.

For recent work on the dynamics of rational semigroups, see the author s papers [27]-
[40] and [26, 43, 44, 45, 46].

In order to consider the random dynamics of a family of polynomials on C, let Too(2)
be the probability of tending to co € C starting with the initial value z € C. In this paper,
we see that under certain conditions, the function T, : C — [0,1] is continuous on C
and has some singular properties (for instance, varies only inside a thin fractal set, the
so-called Julia set of a polynomial semigroup), and this function is a complex analogue of
the devil’s staircase (Cantor function) or Lebesgue’s singular functions (see Example 4.2,
Figures 2, 3, and 4). Before going into detail, let us recall the definition of the devil’s
staircase (Cantor function) and Lebesgue’s singular functions. Note that the following
definitions look a little bit different from those in [47], but it turns out that they are
equivalent to those in [47].

Definition 1.1 ([47]). Let v : R — [0, 1] be the unique bounded function which satisfies
the following functional equation:

1 1
59(32) + 59(3z = 2) = (), Pl(—c0,0] =0, ¢lf1,400) = 1. (1)

The function ¢|jgq) : [0, 1] — [0,1] is called the devil’s staircase (or Cantor function).
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Remark 1.2. The above ¢ : R — [0, 1] is continuous on R and varies precisely on the
Cantor middle third set. Moreover, it is monotone (see Figure 1).

Definition 1.3 ([47]). Let 0 < a < 1 be a constant. We denote by 1, : R — [0,1] the
unique bounded function which satisfies the following functional equation:

a)a(2z) + (1 — a)Ya(2z — 1) = Y, (x), Yal(~o00,0) = 0, Yal(1,4+00) = 1. (2)

For each a € (0,1) with a # 1/2, the function L, := ¥aljo,1) : [0,1] — [0,1] is called
Lebesgue’s singular function with respect to the parameter a. '

Remark 1.4. The function ¢, : R — [0,1] is continuous on R, monotone on R, and
strictly monotone on [0,1]. Moreover, if a # 1/2, then for almost every z € [0,1] with
respect to the one-dimensional Lebesgue measure, the derivative of 1, at z is equal to
zero (see Figure 1).

Figure 1: (From left to right) The graphs of the devil’s staircase and Lebesgue’s singular
function.

These singular functions defined on [0, 1] can be redefined by using random dynamical
systems on R as follows. Let fi(x) := 3z, fa2(z) := 3(zx — 1) + 1 (z € R) and we consider
the random dynamical system (random walk) on R such that at every step we choose f;
with probability 1/2 and f, with probability 1/2. We set R := R U {#oc0}. We denote by
T4 oo(z) the probability of tending to +oco € R starting with the initial value z € R. Then,
we can see that the function T oo|j0q) : [0,1] — [0,1] is equal to the devil’s staircase.

Similarly, let g1(x) := 2z, g2(2) :=2(z—1)+1 (x € R) and let 0 < a < 1 be a constant.
We consider the random dynamical system on R such that at every step we choose the
map g; with probability a and the map g, with probability 1 — a. Let T o(z) be the
probability of tending to 4+oo starting with the initial value z € R. Then, we can see that
the function T co,al(o,1) : [0,1] — [0,1] is equal to Lebesgue’s singular function L, with
respect to the parameter a.

We remark that in most of the literature, the theory of random dynamical systems
has not been used directly to investigate these singular functions on the interval, although
some researchers have used it implicitly.

One of the main purposes of this paper is to consider the complex analogue of the
above story. In order to do that, we have to investigate the independent and identically-
distributed (abbreviated by i.i.d.) random dynamics of rational maps and the dynamics of
semigroups of rational maps on C simultaneously. We develop both the theory of random
dynamics of rational maps and that of the dynamics of semigroups of rational maps. The
author thinks this is the best strategy since when we want to investigate one of them, we
need to investigate another.

To introduce the main idea of this paper, we let G be a rational semigroup and denote
by F(G) the Fatou set of G, which is defined to be the maximal open subset of C where



102

G is equicontinuous with respect to the spherical distance on C. We call J(G) := C\
F(G) the Julia set of G. The Julia set is backward invariant under each element h €
G, but might not be forward invariant. This is a difficulty of the theory of rational
semigroups. Nevertheless, we “utilize” this as follows. The key to investigating random
complex dynamics is to consider the following kernel Julia set of G, which is defined
by Jker(G) = Ngec 9~ 1(J(G)). This is the largest forward invariant subset of J(G) under
the action of G. Note that if G is a group or if G is a commutative semigroup, then
Jker(G) = J(G). However, for a general rational semigroup G generated by a family
of rational maps h with deg(h) > 2, it may happen that 0 = Ji(G) # J(G) (see
subsection 3.5, section 4).

Let Rat be the space of all non-constant rational maps on the Riemann sphere C,
endowed with the distance x which is defined by (f, g) := sup, ¢ d(f(2),g(z)), where d

denotes the spherical distance on C. Let Raty be the space of all rational maps g with
deg(g) = 2. Let P be the space of all polynomial maps g with deg(g) > 2. Let 7 be a
Borel probability measure on Rat with compact support. We consider the i.i.d. random
dynamics on C such that at every step we choose a map h € Rat according to 7. Thus this
determines a time-discrete Markov process with time-homogeneous transition probabilities
on the phase space C such that for each z € € and each Borel measurable subset A of C, the
transition probability p(x, A) of the Markov process is defined as p(z, A) = 7({g € Rat |
g(z) € A}). Let G, be the rational semigroup generated by the support of 7. Let C(C) be
the space of all complex-valued continuous functions on C endowed with the supremum
norm. Let M, be the operator on C(C) defined by M, (p)(z) = J w(g(2))dr(g). This M,
is called the transition operator of the Markov process induced by 7. For a topological
space X, let 91;(X) be the space of all Borel probability measures on X endowed with
the topology induced by the weak convergence (thus u, — g in 9%;(X) if and only if
[ ¢dun — [ @du for each bounded continuous function ¢ : X — R). Note that if X is
a compact metric space, then 91;(X) is compact and metrizable. For each 7 € 91, (X),
we denote by supp 7 the topological support of 7. Let 9 .(X) be the space of all Borel
probability measures 7 on X such that supp T is compact. Let M* : 901, (C) — 9 (C)
be the dual of M;. This M} can be regarded as the “averaged map” on the extension
9, (C) of € (see Remark 2.21). We define the “Julia set” Jimeqs(7) of the dynamics of
M? as the set of all elements p € 91 (C) satisfying that for each neighborhood B of 7%
{(M*)?|g : B — 9 (C)}nen is not equicontinuous on B (see Definition 2.17). For each
sequence v = (71,72, -..) € (Rat)N, we denote by J, the set of non-equicontinuity of the
sequence {7y, 0 - -+ 07 }nen With respect to the spherical distance on C. This J, is called
the Julia set of . Let 7 := ®52,7 € M ((Rat)N).
We prove the following theorem.

Theorem 1.5 ([41], Cooperation Principle I, see Theorem 3.14). Let 7 € 901 (Rat).
Suppose that Jyer(Gr) = 0. Then Jmeas(t) = 0. Moreover, for 7-a.e. v € (Rat)N, the
2-dimensional Lebesgue measure of J. is equal to zero.

This theorem means that if all the maps in the support of 7 cooperate, the set of
sensitive initial values of the averaged system disappears. Note that for any h € Rat,,
JImeas(0n) # 0. Thus the above result deals with a phenomenon which can hold in the
random complex dynamics but cannot hold in the usual iteration dynamics of a single
rational map h with deg(h) > 2.
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From the above result and some further detailed arguments, we prove the following
theorem. To state the theorem, for a 7 € 9; .(Rat), we denote by U, the space of all finite
linear combinations of unitary eigenvectors of M, : C(C) — C(C), where an eigenvector
is said to be unitary if the absolute value of the corresponding eigenvalue is equal to one.
Moreover, we set By, := {¢ € C(C) | M?(¢) — 0}. Under the above notations, we have
the following.

Theorem 1.6 ([41], Cooperation Principle II: Disappearance of Chaos, see Theorem 3.15).

Let 7 € M, (Rat). Suppose that Jyer(G7) = 0 and J(G,) # 0. Then we have all of the
following statements.

(1) There exists a direct decomposition C’(@) = U, @ By,r. Moreover, dim¢c U, < co and
By, is a closed subspace of C’(C) Moreover, there exists a non-empty M} -invariant
compact subset A of 91 (C) with finite topological dimension such that for each
p € M (C), d(MF)*(), A) — 0 in 9 (C) as n — oo. Furthermore, each element
of Uy 1is locally constant on F(G.). Therefore each element of U, is a continuous
function on C which varies only on the Julia set J(G; ).

(2) For each z € €, there exists a Borel subset A, of (Rat)N with 7(A;) = 1 with the
following property.

— For each v = (71,72,...) € A,, there erists a number § = §(z,v) > 0 such that
diam(yn - - - v1(B(z,6))) — 0 as n — oo, where diam denotes the diameter with
respect to the spherical distance on C, and B(z,6) denotes the ball with center
z and radius 6.

(3) There exists at least one and at most finitely many minimal sets for (G,,C), where
we say that a non-empty compact subset L of C is a minimal set for (G,,C) if L
is minimal in {C < C | @ # C is compact,Vg € Gr,g9(C) C C} with respect to
nclusion.

(4) Let S, be the union of minimal sets for (G,,C). Then for each z € C there ezists
a Borel subset C, of (Rat)N with 7(C,) = 1 such that for each v = (71,72,...) € Cs,
d(Yn---m(2),S7) = 0 as n — oco.

This theorem means that if all the maps in the support of 7 cooperate, the chaos of
the averaged system disappears. Theorem 1.6 describes new phenomena which can hold
in random complex dynamics but cannot hold in the usual iteration dynamics of a single
h € Rat, . For example, for any h € Rat,., if we take a point z € J(h), where J(h) denotes
the Julia set of the semigroup generated by h, then for any ball B with BN J(h) # 0,
h™(B) expands as n — oo, and we have infinitely many minimal sets (periodic cycles) of
h.

In Theorem 3.15, we completely investigate the structure of U, and the set of unitary
eigenvalues of M, (Theorem 3.15). Using the above result, we show that if dim¢ U, > 1 and
int(J(G;)) = @ where int(-) denotes the set of interior points, then F(G;) has infinitely
many connected components (Theorem 3.15-20). Thus the random complex dynamics
can be applied to the theory of dynamics of rational semigroups. The key to proving
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Theorem 1.6 (Theorem 3.15) is to show that for almost every v = (71,72,...) € (Rat)N
with respect to 7 := Q52T and for each compact set () contained in a connected component
U of F(G;), diamypo---071(Q) — 0 as n — oo. This is shown by using careful arguments
on the hyperbolic metric of each connected component of F(G,). Combining this with the
decomposition theorem on “almost periodic operators” on Banach spaces from [19], we
prove Theorem 1.6 (Theorem 3.15).

Considering these results, we have the following natural question: “When is the kernel
Julia set empty?” Since the kernel Julia set of G is forward invariant under G, Montel’s
theorem implies that if 7 is a Borel probability measure on P with compact support,
and if the support of 7 contains an admissible subset of P (see Definition 3.54), then
Jxer(Gr) = 0 (Lemma 3.56). In particular, if the support of 7 contains an interior point
with respect to the topology of P, then Jye(G;) = 0 (Lemma 3.52). From this result, it
follows that for any Borel probability measure 7 on P with compact support, there exists
a Borel probability measure p with finite support, such that p is arbitrarily close to 7, such
that the support of p is arbitrarily close to the support of 7 , and such that Jye(G,) = 0
(Proposition 3.57). The above results mean that in a certain sense, Jier(Gr) = @ for most
Borel probability measures 7 on P. Summarizing these results we can state the following.
In order to state the result, let O be the topology of 9; .(Rat) such that 7, — 7 in
(9011,c(Rat), O) if and only if (a) [ ¢dmn — [ pdr for each bounded continuous function ¢
on Rat, and (b) supp 7, — supp 7 with respect to the Hausdorff metric.

Theorem 1.7 ([41], Cooperation Principle III, see Lemmas 3.52, 3.56, Proposition 3.57).
Let A := {1 € M c(P) | Jker(Gr) = 0} and B := {7 € M} (P) | Jxer(G+) = 0, isupp 1 <
oo}. Then we have all of the following.

(1) A and B are dense in (9 (P), O).

(2) If the interior of the support of T is not empty with respect to the topology of P, then
TE A.

(3) For each T € A, the chaos of the averaged system of the Markov process induced by
T disappears (more precisely, all the statements in Theorems 1.5, 1.6 hold).

In the subsequent paper [42], we investigate more detail on the above result.

We remark that in 1983, by numerical experiments, K. Matsumoto and I. Tsuda ([21])
observed that if we add some uniform noise to the dynamical system associated with
iteration of a chaotic map on the unit interval [0, 1], then under certain conditions, the
quantities which represent chaos (e.g., entropy, Lyapunov exponent, etc.) decrease. More
precisely, they observed that the entropy decreases and the Lyapunov exponent turns
negative. They called this phenomenon “noise-induced order”, and many physicists have
investigated it by numerical experiments, although there has been only a few mathematical
supports for it.

Moreover, in this paper, we introduce “mean stable” rational semigroups in subsec-
tion 3.6. If G is mean stable, then Jye(G) = @ and a small perturbation H of G is still
mean stable. We show that if " is a compact subset of Rat, and if the semigroup G
generated by I' is semi-hyperbolic (see Definition 2.12) and Jie (G) = 0, then there exists
a neighborhood V of I in the space of non-empty compact subset of Rat such that for each
I € V, the semigroup G’ generated by I is mean stable, and Jie:(G’) = 0. Regarding the
stability and mean stability, we present the following.
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Theorem 1.8 (Cooperation Principle IV, Theorems 3.101, 3.106).

(1) The set {T € My (P) | 7 is mean stable} is open and dense in (M (P), D). More-
over, the set {T € M1 (P) | Jker(Gr) = 0,J(G;) # 0} contains {r € My (P) |

T 18 mean stable}.
(2) The set {T € M1 (P) | T is mean stable, {T'; < oo} is dense in (My (P), O).

(3) Let 7 € MMy (Raty) be mean stable. Then there erists a neighborhood Q0 of T in
(911,c(Raty ), O) such that v +— U, is continuous on 2 and the cardinality of the set
of all minimal sets for (G,,C) is constant on Q.

By using the above results, we investigate the random dynamics of polynomials. Let
7 be a Borel probability measure on P with compact support. Suppose that Jier(Gr) = 0
and the smallest filled-in Julia set K(G,) (see Definition 3.19) of G, is not empty. Then
we show that the function Ty, of probability of tending to co € € belongs to U, and
is not constant (Theorem 3.22). Thus T, is non-constant and continuous on € and
varies only on J(G,). Moreover, the function Two,r is characterized as the unique Borel
measurable bounded function ¢ : C — R which satisfies M, () = ¢, ?lFo(G,) =1, and
@| k(G = 0, where Fi,(G;) denotes the connected component of the Fatou set F(G,) of
G containing co (Proposition 3.26). From these results, we can show that T, , has a
kind of “monotonicity,” and applying it, we get information regarding the structure of the
Julia set J(G,) of G, (Theorem 3.31). We call the function 7o, a devil’s coliseum,
especially when int(J(G;)) = 0 (see Example 4.2, Figures 2, 3, and 4). Note that for any
h € P, T, is not continuous at any point of J(h) 7# 0. Thus the above results deal with
a phenomenon which can hold in the random complex dynamics, but cannot hold in the
usual iteration dynamics of a single polynomial.

It is a natural question to ask about the regularity of non-constant ¢ € U, (e.g.,
@ = Too,r) on the Julia set J(G,). For a rational semigroup G, we set

P(G) = Upeg{all critical values of h: C — C}, where the closure is taken in €, and
we say that G is hyperbolic if P(G) C F(G). If G is generated by {hi,...,hn} as a
semigroup, we write G = (hy, ..., h,). We prove the following theorem.

Theorem 1.9 ([41], see Theorem 3.82 and Theorem 3.84). Let m > 2 and let (hy, ..., hm) €
P™. Let G = (h1,...,hm). Let 0 < p1,p2,...,pm < 1 with > 2. p; = 1. Let 7 =
> ity Pibh;. Suppose that h;'(J(G)) N h;l(J(G)) = 0 for each (i,j) with ¢ # j and sup-
pose also that G is hyperbolic. Then we have all of the following statements.

(1) Jier(Gr) = 0, in(J(G,)) = 0, and dimy(J(G)) < 2, where dimy denotes the
Hausdorff dimension with respect to the spherical distance on C.

(2) Suppose further that at least one of the following conditions (a)(b)(c) holds.

(a) 27, pjlog(p; deg(h;)) > 0.
(b) P(G) \ {00} is bounded in C.
(¢c) m=2.
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Then there exists a non-atomic “invariant measure” \ on J(G) with supp A = J(G)
and an uncountable dense subset A of J(G) with A\(A) = 1 and dimyg(A) > 0,
such that for every z € A and for each non-constant ¢ € U, the pointwise Hoélder
exponent of @ at z, which is defined to be

inf{a € R | limsup lw_@/z“—ﬁpa(z)_l = 0o},
y—z ly — 2|

is strictly less than 1 and ¢ is not differentiable at z (Theorem 3.82).

(3) In (2) above, the pointwise Hélder exponent of ¢ at z can be represented in terms of
pj,log(deg(h;)) and the integral of the sum of the values of the Green’s function of
the basin of co for the sequence ¥ = (71,72, ---) € {Rh1,...,hm}YN at the finite critical
points of v1 (Theorem 3.82).

(4) Under the assumption of (2), for almost every point z € J(G) with respect to the
8-dimensional Hausdorff measure H® where § = dimy(J(G)), the pointwise Holder
exponent of a non-constant ¢ € U, at z can be represented in terms of the p; and
the derivatives of h; (Theorem 3.84).

Combining Theorems 1.5, 1.6, 1.9, it follows that under the assumptions of Theo-
rem 1.9, the chaos of the averaged system disappears in the C? “sense”, but it remains
in the C! “sense”. From Theorem 1.9, we also obtain that if p; is small enough, then for
almost every z € J(G) with respect to H% and for each ¢ € Uy, ¢ is differentiable at z and
the derivative of ¢ at z is equal to zero, even though a non-constant ¢ € U, is not differen-
tiable at any point of an uncountable dense subset of J(G) (Remark 3.86). To prove these
results, we use Birkhoff’s ergodic theorem, potential theory, the Koebe distortion theorem
and thermodynamic formalisms in ergodic theory. We can construct many examples of
(R1,...,hm) € P™ such that h;}(J(G)) N hj"l(J(G)) = @ for each (i, j) with ¢ # j, where
G = (h1,...,hm), G is hyperbolic, K (G) # 0, and U, possesses non-constant elements
(.8, Too,r) for any 7 = 3 7", p;6s, (see Proposition 4.1, Example 4.2, Proposition 4.3,
Proposition 4.4, and Remark 4.6). ‘

As pointed out in the previous paragraphs, we find many new phenomena which can
hold in random complex dynamics and the dynamics of rational semigroups, but cannot
hold in the usual iteration dynamics of a single rational map. These new phenomena and
their mechanisms are systematically investigated.

In the proofs of all results, we employ the skew product map associated with the
support of 7 (Definition 3.46), and some detailed observations concerning the skew product
are required. It is a new idea to use the kernel Julia set of the associated semigroup to
investigate random complex dynamics. Moreover, it is both natural and new to combine
the theory of random complex dynamics and the theory of rational semigroups. Without
considering the Julia sets of rational semigroups, we are unable to discern the singular
properties of the non-constant finite linear combinations ¢ (e.g., ¢ = T, a devil’s
coliseum) of the unitary eigenvectors of M, .

In section 2, we give some fundamental notations and definitions. In section 3, we
present the main results of this article. The results of subsections 3.1-3.8 have been
written in [41]. For the proofs of the results of subsections 3.1-3.8, see [41]. The proofs
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of the results of subsections 3.9-3.10 will be written in [42]. In section 4, we give many
examples to which the main results are applicable.
In the subsequent paper [42], we investigate the stability and bifurcation of M.

2 Preliminaries

In this section, we give some basic definitions and notations on the dynamics of semigroups
of holomorphic maps and the i.i.d. random dynamics of holomorphic maps.

Notation: Let (X, d) be a metric space, A a subset of X, and r > 0. We set B(A4,r) :=
{z € X | d(2,A) < r}. Moreover, for a subset C of C, we set D(C,r) := {2 € C |
infsec |z — a| < r}. Moreover, for any topological space Y and for any subset A of Y, we
denote by int(A) the set of all interior points of A.

Definition 2.1. Let Y be a metric space. Weset CM(Y) := {f:Y — Y | f is continuous}
endowed with the compact-open topology. Moreover, we set OCM(Y) := {f € CM(Y) |
f is an open map} endowed with the relative topology from CM(Y). Furthermore, we set
ClY) :={p:Y — C | ¢is continuous }. When Y is compact, we endow C(Y) with
the supremum norm || - ||cc. Moreover, for a subset F of C(Y), we set Fpc := {p € F |
¢ is not constant}.

Definition 2.2. Let Y be a complex manifold. We set HM(Y) = {f : ' ¥ - Y
f is holomorphic} endowed with the compact open topology. Moreover, we set NHM(Y') :
{f € HM(Y) | f is not constant} endowed with the compact open topology.

Remark 2.3. CM(Y), OCM(Y), HM(Y), and NHM(Y) are semigroups with the semi-
group operation being functional composition.

Definition 2.4. A rational semigroup is a semigroup generated by a family of non-
constant rational maps on the Riemann sphere C with the semigroup operation be-
ing functional composition([13, 11]). A polynomial semigroup is a semigroup gen-
erated by a family of non-constant polynomial maps. We set Rat : = {h : C -
C | his a non-constant rational map} endowed with the distance x which is defined by
x(f,g) = sup,.¢ d(f(2),9(2)), where d denotes the spherical distance on C. Moreover,
we set Rat, := {h € Rat | deg(h) > 2} endowed with the relative topology from Rat.
Furthermore, we set P := {g : C — C | g is a polynomial, deg(g) > 2} endowed with the
relative topology from Rat.

Definition 2.5. Let Y be a compact metric space and let G be a subsemigroup of CM(Y').
The Fatou set of G is defined to be F(G) :=

{z € Y | 3 neighborhood U of z s.t. {g|y : U — Y}4ec is equicontinuous on U}. (For the
definition of equicontinuity, see [1].) The Julia set of G is defined to be J(G) := Y\ F(G).
If G is generated by {g¢;}:, then we write G = (g1,92,...). If G is generated by a subset
I' of CM(Y), then we write G = (T'). For finitely many elements g1,...,gm € CM(Y), we
set F(g91,...,9m) == F({g1,...,9m)) and J(g1,...,9m) :== J({g1,--.,9m))- For a subset A
of Y, we set G(A) := Uyeq 9(A4) and G7H(A) := Uyeg 97 (A). We set G* := G U {I1d},
where Id denotes the identity map.
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By using the method in [13, 11], it is easy to see that the following lemma holds.

Lemma 2.6. Let Y be a compact metric space and let G be a subsemigroup of OCM(Y).

Then for each h € G, h(F(G)) C F(G) and h™1(J(G)) C J(G). Note that the equality
does not hold in general.

The following is the key to investigating random complex dynamics.

Definition 2.7. Let Y be a compact metric space and let G be a subsemigroup of CM(Y).
We set Jer (G) = yeq g 1 (J(G)). This is called the kernel Julia set of G.

Remark 2.8. Let Y be a compact metric space and let G be a subsemigroup of CM(Y).
(1) Jxer(G) is a compact subset of J(G). (2) For each h € G, h(Jxer(G)) C Jxer (G). (3) If
G is a rational semigroup and if F(G) # 0, then int(Jxe:(G)) = 0. (4) If G is generated
by a single map or if G is a group, then Jie(G) = J(G). However, for a general rational
semigroup G, it may happen that @ = Jie:(G) # J(G) (see subsection 3.5 and section 4).

The following postcritical set is important when we investigate the dynamics of
rational semigroups.

Definition 2.9. For arational semigroup G, let P(G) := |J,¢s{all critical values of g : (oo}
where the closure is taken in C. This is called the postcritical set of G.

Remark 2.10. If ' C Rat and G = (I'), then P(G) = G*(Upcr{all critical values of h}).
From this one may know the figure of P(G), in the finitely generated case, using a com-
puter.

Definition 2.11. Let G be a rational semigroup. Let N be a positive integer. We denote
by SHxn(G) the set of points z € C satisfying that there exists a positive number § such
that for each g € G, deg(g : V — B(z,6)) < N, for each connected component V of
97 1(B(z,8)). Moreover, we set UH(G) := C\ Upen SHN(G).

Definition 2.12. Let G be a rational semigroup. We say that G is hyperbolic if P(G) C
F(G). We say that G is semi-hyperbolic if UH(G) C F(G).

Remark 2.13. We have UH(G) C P(G). If G is hyperbolic, then G is semi-hyperbolic.
It is sometimes important to investigate the dynamics of sequences of maps.

Definition 2.14. Let Y be a compact metric space. For each v = (71,72, ...) € (CM(Y))N
and each m,n € N with m > n, we set Yymn =ym o+ o7, and we set

F, := {2z € Y | 3 neighborhood U of z s.t. {yn,1}nen is equicontinuous on U}

and J, := Y \ F,. The set F, is called the Fatou set of the sequence y and the set J, is
called the Julia set of the sequence ~.

Remark 2.15. Let Y = C and let v € (Raty)N. Then by [1, Theorem 2.8.2], Jy # 0.
Moreover, if " is a non-empty compact subset of Raty and v € I'N, then by [30], J, is a
perfect set and J, has uncountably many points.

We now give some notations on random dynamics.
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Definition 2.16. For a topological space Y, we denote by 991;(Y’) the space of all Borel
probability measures on Y endowed with the topology such that p, — p in 9% (Y) if
and only if for each bounded continuous function ¢ : ¥ — C, [¢ dun, — [ ¢ du. Note
that if ¥ is a compact metric space, then 9t,(Y") is a compact metric space with the

metric do(p1, p2) 1= D52 o5 IL{ ff;’;:;{ fﬁ’;ﬂzl, where {¢;};jen is a dense subset of C(Y).
Moreover, for each 7 € M;(Y), we set supp 7 := {2z € Y |V neighborhood U of 2, 7(U) >
0}. Note that supp 7 is a closed subset of Y. Furthermore, we set 93"(1 YY) = {reMm(Y)|
supp 7 is compact}.

For a complex Banach space B, we denote by B* the space of all continuous complex

linear functionals p : B — C, endowed with the weak* topology.

For any 7 € 90t (CM(Y")), we will consider thei.i.d. random dynamics on Y such that at
every step we choose a map g € CM(Y') according to 7 (thus this determines a time-discrete
Markov process with time-homogeneous transition probabilities on the phase space Y such
that for each € Y and each Borel measurable subset A of Y, the transition probability
p(z, A) of the Markov process is defined as p(z, A) = 7({g € CM(Y) | g(z) € A})).

Definition 2.17. Let Y be a compact metric space. Let 7 € 9t;(CM(Y)).

1. We set 'y := supp7 (thus I'; is a closed subset of CM(Y)). Moreover, we set
= ()N (= {y = (m,72,---) | 7; € T'+}) endowed with the product topology.
Furtherrnore we set 7 := ®;2;7. This is the unique Borel probability measure on
X, such that for each cyhnder set A = Ay x -+ x A, xT xI'y x -+ in X,
7(A) = II}=, 7(A;). We denote by G, the subsemigroup of CM(Y') generated by the-
subset I'; of CM(Y).

2. Let M, be the operator on C(Y) defined by M, (p)(z) := fl‘, w(g(2)) dr(g). M, is
called the transition operator of the Markov process induced by 7. Moreover, let
M . C(Y)* — C(Y)* be the dual of M;, which is defined as M} (u)(¢) = pu(M-(p))
for each u € C(Y)* and each ¢ € C(Y). Remark: we have M*(91;(Y)) C 9 (Y)
and for each p© € (YY) and each open subset V of Y, we have M*(u)(V) =

Jr, g™ (V) dr(9).
3. We denote by Fieqs(7) the set of u € 93 (Y) satisfying that there exists a neigh-

borhood B of u in 9%;(Y) such that the sequence {(M*)*|g : B — M1 (Y)}nen is
equicontinuous on B. We set Jmeas(7) := 91 (Y) \ Frneas(T).

4. We denote by FQ_..(7) the set of u € 9, (Y) satisfying that the sequence{ (M) :
M(Y) — M1 (Y)}nen is equicontinuous at the one point u. We set JO_,.(7) :=
93’11()/)\ meas(T)'

Remark 2.18. We have Fieas(T) C Flens(7) and JO.0s(7) C Jmeas(T)-

Remark 2.19. Let T’ be a closed subset of Rat. Then there exists a 7 € 91;(Rat) such
that I'; = I'. By using this fact, we sometimes apply the results on random complex
dynamics to the study of the dynamics of rational semigroups.

Definition 2.20. Let Y be a compact metric space. Let @ : Y — 91;(Y) be the topo-
logical embedding defined by: ®(z) := §,, where §, denotes the Dirac measure at z. Using
this topological embedding ® : Y — 9, (Y'), we regard Y as a compact subset of 91 (Y).
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Remark 2.21. If h € CM(Y) and 7 = 63, then we have M} o ® = ® o h on Y. Moreover,
for a general 7 € M (CM(Y)), M} (u) = [ ho(u)d7(h) for each p € My (Y). Therefore,
for a general 7 € 9;(CM(Y)), the map M} : 9;(Y) — (YY) can be regarded as the
“averaged map” on the extension 90%;(Y) of Y.

Remark 2.22. If 7 =4, € I (Raty) with A € Raty, then Jmeas(7) # 0. In fact, using
the embedding ® : C — 91, (C), we have 0 # ®(J(h)) C Jmeas(7)-

The following is an important and interesting object in random dynamics.

Definition 2.23. Let Y be a compact metric space and let A be a subset of Y. Let 7 €
M (CM(Y)). For each z € Y, we set T4 -(2) :=7({7 = (71,72,...) € X7 | d(n,1(2), A) —
0 as n — oo}). This is the probability of tending to A starting with the initial value z € Y.
For any a € Y, we set Tg ; := T4} +-

3 Results

In this section, we present the main results of this article. The results of subsections 3.1-
3.8 have been written in [41]. For the proofs of the results of subsections 3.1-3.8, see [41].
The results and their proofs of subsections 3.9-3.10 will be written in [42].

3.1 General results and properties of M,

In this subsection, we present some general results and some results on properties of the
iteration of M, : C(C) — C(C) and M} : C(C)* — C(C)*. We need some notations.

Definition 3.1. Let Y be a n-dimensional smooth manifold. We denote by Leb, the
two-dimensional Lebesgue measure on Y.

Definition 3.2. Let B be a complex vector space and let M : B — B be an operator. Let
@ € B and a € C be such that ¢ # 0,|a| = 1, and M(¢) = ap. Then we say that ¢ is a
unitary eigenvector of M with respect to a, and we say that a is a unitary eigenvalue.

Definition 3.3. Let Y be a compact metric space and let 7 € 9, (CM(Y')). Let K be a
non-empty subset of Y such that G(K) C K. We denote by Uy .(K) the set of all unitary
eigenvectors of M, : C(K) — C(K). Moreover, we denote by U,, -(K) the set of all unitary
eigenvalues of M, : C(K) — C(K). Similarly, we denote by U ; .(K) the set of all unitary
eigenvectors of M} : C(K)* — C(K)*, and we denote by Uy, r«(K) the set of all unitary
eigenvalues of M} : C(K)* — C(K)*.

Definition 3.4. Let V be a complex vector space and let A be a subset of V. We set
LS(A) := {E;’;l a;jvj | a1,...,am € C,v1,...,um € A,m € N}.

Definition 3.5. Let Y be a topological space and let V be a subset of Y. We denote by

Cy(Y) the space of all ¢ € C(Y') such that for each connected component U of V, there
exists a constant cy € C with |y = cy.

Remark 3.6. Cy(Y) is a linear subspace of C(Y'). Moreover, if Y is compact, metrizable,
and locally connected and V is an open subset of Y, then Cy (Y) is a closed subspace of
C(Y). Furthermore, if Y is compact, metrizable, and locally connected, 7 € 991; (CM(Y)),
and G- is a subsemigroup of OCM(Y'), then M, (Crp.)(Y)) C Cr(,)(Y).
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Definition 3.7. For a topological space Y, we denote by Cpt(Y') the space of all non-
empty compact subsets of Y. If Y is a metric space, we endow Cpt(Y') with the Hausdorff
metric.

Definition 3.8. Let Y be a metric space and let G be a subsemigroup of CM(Y). Let
K € Cpt(Y). We say that K is a minimal set for (G,Y") if K is minimal among the space
{L € Cpt(Y) | G(L) c L} with respect to inclusion. Moreover, we set Min(G,Y) := {K €
Cpt(Y) | K is minimal for (G,Y)}.

Remark 3.9. Let Y be a metric space and let G be a subsemigroup of CM(Y). By
Zorn’s lemma, it is easy to see that if K7 € Cpt(Y) and G(K;) C K, then there exists
a K € Min(G,Y) with K C K;. Moreover, it is easy to see that for each K € Min(G,Y)
and each z € K, G(z) = K. In particular, if K1, K2 € Min(G,Y) with K; # Ko, then
K31NKj, = (. Moreover, by the formula G(z) = K, we obtain that for each K € Min(G,Y),
either (1) K < oo or (2) K is perfect and K > Rg. Furthermore, it is easy to see that if
I € Cpt(CM(Y)),G = ('), and K € Min(G,Y), then K = (J,cr h(K).

Definition 3.10. Let Y be a compact metric space. Let p € C(Y)*. We denote by a(p)
the set of points z € Y which satisfies that there exists a neighborhood U of 2z in Y such
that for each ¢ € C(Y) with suppyp C U, p(¢) = 0. We set suppp :=Y \ a(p).

Definition 3.11. Let {¢n : U — €}, be a sequence of holomorphic maps on an open
set U of C. Let ¢ : U — C be a holomorphic map. We say that ¢ is a limit function of

{¥n}32, if there exists a strictly increasing sequence {n;}32; in N such that ¢n; — ¢ as
j — oo locally uniformly on U.

Definition 3.12. For a topological space Z, we denote by Con(Z) the set of all connected
components of Z.

Definition 3.13. Let G be a rational semigroup. We set Jres(G) := {z € J(G) | VU €
Con(F(G)),z & OU}. This is called the residual Julia set of G.

‘We now present the main results.

Theorem 3.14 (Cooperation Principle I). Let 7 € 91 ((NHM(CP™)), where CP™ denotes
the n-dimensional complex projective space. Suppose that Jyer(Gr) = 0. Then, Freas(T) =
- 9, (CP™), and for 7-a.e. v € (NHM(CP"))N, Lebg,(Jy) = 0.

Theorem 3.15 (Cooperation Principle II: Disappearance of Chaos). Let 7 € 90t (Rat)
and let Sr :=Upemina, ¢) L+ Suppose that Jxer(G7) = 0 and J(G;) # 0. Then, all of the
following statements 1,...,21 hold.

1. Let By, := {p € C(C) | MP(¢) — 0 as n — oo}. Then, By, is a closed subspace

of C(C) and there ezists a direct sum decomposition C(C) = LS(Us(C)) & Bo,r-
Moreover, LS(Us,+(C)) C Cr(g.)(€) and dimc(LSUs,-(C))) < oo.

2. Let q := dimc(LSU; . (C))). Let {y; 3'=1 be a basis of LS(Us - (C)) such that for each
j=1,...,q, there exists an a; € UU,T(C) with M. (yp;) = a;pj. Then, there ezists a
unique family {pj : C(C) > (C};___l of complez linear functionals such that for each

o € C(C), [MP(p — S0, ps(@)ep)llec — O as n — oo. Moreover, {p;}I_, satisfies
all of the following.
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(a) For eachj=1,...,q, pj: C(C) — C is continuous.

(b) For eachj=1,...,q, M}(p;) = a;pj.

(¢) For each (3,5), pi(p;) = 8ij. Moreover, {p;}]_, is a basis of LS(Us ++(C)).
(d) For eachj=1,...,q, suppp; C Sr.

3. We have §J(G,) > 3. In particular, for each U € Con(F(G,)), we can take the
hyperbolic metric on U.

4. There ezists a Borel measurable subset A of (Rat)N with 7(A) = 1 such that

(a) for each~y € A and for eachU € Con(F(G-)), each limit function of {yn,1|lU}2,
is constant, and

(b) for each v € A and for each Q € Cpt(F(G-)), supseq ll7m,1(a)lln = 0 asn —
oo, where ||v;, 1(a)l|n denotes the norm of the derivative of yn,1 at a measured

from the hyperbolic metric on the element Uy € Con(F(G;)) with a € Uy to
that on the element U, € Con(F(G)) with v, 1(a) € Uy.

5. For each z € C, there ezists a Borel subset A, of (Rat)N with 7(A,) = 1 with the
following property.

e For each v = (71,72,...) € Az, there ezists a number § = §(2,v) > 0 such that
diam(yn - - - 71(B(z,6))) — 0 as n — oo, where diam denotes the diameter with
respect to the spherical distance on C, and B (2,9) denotes the ball with center
z and radius 6.

6. ﬁMin(GT,C) < 00.

7. Let W := UAeCon(F(GT)),AﬁST?é@ A. Then S; is compact. Moreover, for each z € C
there exists a Borel measurable subset C, of (Rat)N with 7(C,) = 1 such that for each
v € C,, there exists an n € N with v, 1(2z) € W and d(ym,1(2),S-) — 0 as m — oo.

8. Let L € Min(G-,C) and r1, := dimc(LSU;,(L))). Then, Uy, (L) is a finite subgroup
of S* with §y, »(L) = . Moreover, there ezists an ar, € S and a family {¢L,j};l;1
in Us (L) such that

(a) af =1, Uy (L) = {a] }}L,,
(b) M, (¥L;) = ai"ﬁL,j foreachj=1,...,rL,
(c) Yr; = (’(PL,l)j for each j=1,...,r1, and

(d) {¥r,;};%, is a basis of LS(Uy,- (L))

A

9. Let ¥g, : LS(Us-(C)) — C(S:) be the map defined by ¢ +— |s,. Then,
Vs, (LSU; ,(C))) = LSUs - (Sr)) and ¥s, : LSU; . (C)) — LSU; ,(S:)) is a linear
isomorphism. Furthermore, Vs o M, = M, o ¥g,_ on LS(Us,(C)).

10. Uy +(€) = Uy, (S7) = ULepminia. & Yo (L) = ULemine., {01155, and
dime (LS(Uy,7(C))) = 2_ LeMin(G..&) L



11.

12.

18.

14.

15.

16.

17.

18.

19.

20.
21.

113

Upre(C) = Uy (C), Uyra(Sr) = Uy~ (Sy), and Uy r4(L) = Uy, (L) for each L €

Min(G,, C).

Let L € Min(G,,C). Let Arp i ={g10---09r, | Vj,g; € T+}. Moreover, let GTt :=
(Ar.). Then, ri, = iMin(G7*x, L).

There ezists a basis {pr; | L € Min(G,,C),i = 1,...,71} of LSU;-(C)) and a
basis {pr; | L € Min(GT,C),i = 1,...,7.} of LS(Uf++(C)) such that for each
Le Min(G,.,C) and for each i =1,...,rr, we have all of the following.

(a) M-(pLi) = atpLs
(®) leLslle =1
(¢) ¢Lily =0 for any L' € Min(G,,C) with L' # L.
(d) erile = (pral)
(e) supppr, = L.
(f) pLi(pr;) = 0i; for each j =1,...,rL.
For each v € MMy (C), do((M2)™(v), LSUs +.(C)) N 9M1(C)) — 0 as n — oco. More-

over, dimp(LS(Uy,.(C)) N9t (C)) < 2dime LSU; - (C)) < oo, where dimr denotes
the topological dimension.

For each L € Min(G,,C), Tpr : ¢ — o, 1] is continuous and M. (Ty,) = TLr.
Moreover, ZLeMm(GT & T1-(2) =1 for each z € C.

If tMin(G,, C) > 2, then (a) for each L € Min(GT,C), T1-(J(G;)) =[0,1], and (b)
dimc (LS(Us (C))) > 1.

Sr = {2 € F(G)N S; | 3g € G- s.t. g(2) = z,|m(g,2)| < 1}, where the closure is
taken in C, and m(g, z) denotes the multiplier ([1]) of g at the fized point z.

If T, NRaty # 0, then
Sr = {ze€ F(G)NS; | 3g € G NRaty s.t. g(z) = z,|m(g,2)| <1} € UH(G,) C
P(G,).

If dimC(LS(L{f,T(C))) > 1, then for any ¢ € LS(Uy,~ (€))ne there exists an uncount-
able subset A of C such that for eacht € A, 0 # ¢ 1 ({t}) N J(Gr) C Jres(G7).

If dimc (LS(Uy - (C))) > 1 and int(J(G,)) = 0, then §Con(F(G,)) = co.

Suppose that G, N Aut((C) # 0, where Aut(C) denotes the set of all holomorphic
automorphisms on C. If there exists a loxodromic or parabolic element of G ﬂAut(C)
then §Min(G,,C) =1 and dime (LS(Us - (€))) = 1.

Remark 3.16. Let G be a rational semigroup with G N Raty # 0. Then by [1, Theorerh
4.2.4], #(J(G)) > 3.

Remark 3.17. Let 7 € 9; (Rat) be such that Jyer(Gr) = 0 and J(G) # 0. The union
S; of minimal sets for (G,,C) may meet J(G,). See Example 4.7.
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Remark 3.18. Let 7 € 9; (Rat) be such that Jxer(Gr) = @ and J(G,) # 0. Then
dime (LS(Us - (C))) > 1 if and only if (LSUy,+(C)))ne # 0.

Definition 3.19. Let G be a polynomial semigroup. We set

K(G) :={z € C|{g(2) | g € G} is bounded in C}. K(G) is called the smallest filled-in
Julia set of G. For any h € P, we set K(h) := K((h)). This is called the filled-in Julia
set of h.

Remark 3.20. Let 7 € 9, (P) be such that Jie(G;) = @ and K(G,) # 0. Then
iMin(G,,C) > 2. Thus by Theorem 3.15-16, dim¢ (LS(Uy,-(C))) > 1.

Remark 3.21. There exist many examples of 7 € 90 o(P) such that Jier(G7) = 0, K(G:) #
@ and int(J(G-)) = 0 (see Proposition 4.1, Proposition 4.3, Proposition 4.4, Theorem 3.82,
and (28, Theorem 2.3]).

3.2 Properties on T, ,

In this subsection, we present some results on properties of Too ,r for a 7 € 9y (P).
Moreover, we present some results on the structure of J(G,) for a 7 € 9 (P) with
Jker (G-r) = 0.

By Theorem 3.14 or Theorem 3.15, we obtain the following result.

Theorem 3.22. Let 7 € M, (P). Suppose that Jyer(G-) = 0. Then, the function Teo r :
C — [0,1] is continuous on the whole C, and M;(Too,7) = Too,r-

Remark 3.23. Let h € P and let 7 := 8. Then, Teo ,(C) = {0,1} and Teo,, is not
continuous at every point in J(h) # 0.

On the one hand, we have the following, due to Vitali’s theorem.

Lemma 3.24. Let 7 € 9 (P). Then, for each connected component U of F(G,), there
exists a constant Cy € [0,1] such that Toorlu = Cu.

Definition 3.25. Let G be a polynomial semigroup. If oo € F(G), then we denote by
Fo(G) the connected component of F(G) containing oco. (Note that if G is generated by
a compact subset of P, then co € F(G).)

We give a characterization of Teo 7.

Proposition 3.26. Let 7 € M, (P). Suppose that Jyer(G-) = O and K(G;) # 0. Then,
there exists a unique bounded Borel measurable function ¢ : C — R such that ¢ = M, (p),
OlFo(c,) =1 and ‘P‘R(G,) = 0. Moreover, ¢ = Teo r.

Remark 3.27. Combining Theorem 3.22 and Lemma 3.24, it follows that under the
assumptions of Theorem 3.22, if Tx » # 1, then the function T ; is continuous on C
and varies only on the Julia set J(G,) of G;. In this case, the function T, is called the
devil’s coliseum (see Figures 3, 4). This is a complex analogue of the devil’s staircase

or Lebesgue’s singular functions. We will see the monotonicity of this function Tt - in
Theorem 3.31.
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In order to present the result on the monotonicity of the function Tw» : € — [0, 1],
the level set of Teo 7| 5(g,) and the structure of the Julia set J(Gr), we need the following
notations.

Definition 3.28. Let K;, K, € Cpt(C).
1. “K3 <s K3” indicates that K is included in the union of all bounded components
of C \ Kz.
. “K7 <4 K5” indicates that K7 <; K9 or K; = K.

Remark 3.29. This “<,” is a partial order in Cpt(C) This “<,” is called the surround-
ing order.

We present a necessary and sufficient condition for Tt » to be the constant function 1.

Lemma 3.30. Let 7 € My (P). Then, the following (1), (2), and (3) are equivalent. (1)
Toor = 1. (2) Toorrly,y) = 1. 3) K(G;) = 0.

By Theorem 3.22 and Lemma 3.24, we obtain the following result.

Theorem 3.31 (Monotonicity of Teo,r and the structure of J(Gr)). Let 7 € My (P).
Suppose that Jxer(Gr) = 0 and K(G;) # 0. Then, we have all of the following.

. int(K(G,)) # 0.
2. Too,'r('](GT)) = [0’ 1]'

8. For each t1,t3 € [0,1] with 0 < t) < t2 < 1, we have T, ({t1}) <s Tl ({t2}) N
J(Gr).

4. For eacht € (0,1), we have K(G;) <s Teg,, ({t}) N J(Gr) <s Foo(Gr).

5. There ezists an uncountable dense subset A of [0,1] with §([0,1] \ A) < No such that
for each t € A, we have 0 # T ({t}) N J(Gr) C Jres(Gr).

Remark 3.32. If G is generated by a single map h € P, then OK(G) = 0F(G) =
J(G) and so K(G) and Fuo(G) cannot be separated. However, under the assumptions
of Theorem 3.31, the theorem 1mphes that K(G,) and Feo(G,) are separated by the
uncountably many level sets {Tto, 7| J(GT)({t})}tG(O 1), and that these level sets are totally

ordered with respect to the surrounding order, respecting the usual order in (0,1). Note
that there are many 7 € 9 (P) such that Jie(G,) = 0 and K(G,) # 0. See section 4.

Remark 3.33. For each I' € Cpt(Rat), there exists a 7 € 9t;(Rat) such that 'y = T.
Thus, Theorem 3.31 tells us the information of the Julia set of a polynomial semigroup G
generated by a compact subset I of P such that Jye(G) = @ and K(G) # 0.

Applying Theorem 3.22 and Lemma 3.24, we obtain the following result.

b~

Theorem 3.34. Let I' be a non-empty compact subset of P and let G = (T"). Suppose that
K(G) # 0 and Jxer(G) = 0. Then, at least one of the following statements (a) and (b)
holds.

(a) int(J(G)) # 0. (b) H{U € Con(F(G)) | U # Fuo(G) and U ¢ int(K(G))} = oco.

Remark 3.35. There exist finitely generated polynomial semigroups G in P such that
int(J(G)) # 0 and J(G) # C (see [14], Example 4.11).
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3.3 Planar postcritical set and the condition that K(G,) =0

In this subsection, we present some results which are deduced from the condition that
the planar postcritical set is unbounded. Moreover, we present some results which are
deduced from the condition that K(G;) = 0.

Definition 3.36. For a polynomial semigroup G, we set P*(G) := P(G) \ {oo}. This is
called the planar postcritical set of the polynomial semigroup G.

Definition 3.37. Let Y be a complete metric space. We say that a subset A of Y is
residual if A contains a countable intersection of open dense subsets of Y. Note that by
Baire’s category theorem, a residual subset A of Y is dense in Y.

The following theorem generalizes [2, Theorem 1.5] and [4, Theorem 2.3].

Theorem 3.38. Let ' € Cpt(P) and let G = (I'). Suppose that P*(G) is not bounded in
C. Then, there ezists a residual subset U of TN such that for each T € Oy (P) with T, =T,
we have 7(U) = 1, and such that for each v € U, the Julia set J, of v has uncountably
many connected components.

Question 3.39. What happens if K(G;) =0 (i.e., if Toor = 1) ?

Definition 3.40. Let v = (71,72, ...) € PN. Weset K., := {2 € C | {1,1(2) }nen is bounded in C}.
Moreover, we set Aoy := {2 € C | Yn,1(2) — o0}.

Theorem 3.41. Let 7 € M o(P). Suppose that K(G,) = 0. Then, we have all of the
following statements 1,...,4.

1. Jyer(Gr) = 0.

2. Feas(T) = 93'(1(@3) and (M) (v) — 6o as n — oo uniformly on v € ml(C)
8. Toor =1 onC.
4

. For #-a.e. v € PN, (a) Leba(K,) =0, (b) Ky = J,, and (c) K, = J, has uncount-
ably many connected components.

Remark 3.42. Let 7 € 9 (P). Suppose that Jye(Gr) = 0. From Theorem 3.22 and
Theorem 3.41, it follows that K (G,) # 0 if and only if (LS +(C)))nc # 0.

Example 3.43. Let 7 € My (P) and suppose that there exist two elements Ay, hy € T’y
such that K (h;) N K(hy) = 0. Then K(G,) = 0. For more examples of 7 with K(G;) = 0,
see Example 3.59.

3.4 Conditions to be Leby(J,) =0 for 7-a.e. v (even if Jy (G,) # 0)

In this subsection, we present some sufficient conditions to be Lebs(J,) = 0 for 7-a.e. ~.
More precisely, we show that even if Jyer(G,) # 0, under certain conditions, for 7-a.e. v,
for Lebg-a.e. z € (f:, there exists a number ng € N such that for each n with n > ng,
Yn1(z) € F(G;). We also define other kinds of Julia sets of M.
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Definition 3.44. Let Y be a compact metric space. Let 7 € 9 (CM(Y)). Regarding Y
as a compact subset of 91;(Y’) as in Definition 2.20, we use the following notation.

1. We denote by Fp(7) the set of 2z € Y satisfying that there exists a neighborhood B
of z in Y such that the sequence{(M})*|p : B — DM1(Y)}nen is equicontinuous on
B. We set Jpi(7) :=Y \ Fpe(7).

2. Similarly, we denote by F(7) the set of z € Y such that the sequence {(M})"|y :
Y — 90 (Y)}nen is equicontinuous at the one point z € Y. We set J3,(7) := Y \
FES(7).

pt

Remark 3.45. We have Fp;(7) C F4(7) and J%(7) C Jpe(7) N IS 0s (7).

We also need the following notations on the skew products. In fact, we heavily use the
idea and the notations of the dynamics of skew products, to prove many results of this
paper.

Definition 3.46. Let Y be a compact metric space and let I" be a non-empty compact
subset of CM(Y). We define a map f : TN x Y — I'N x Y as follows: For a point
(7,y) € TN x Y where v = (71,72, . -.), we set f(7,y) := (¢(7),1(y)), where ¢ : TN — TN
is the shift map, that is, o(v1,72,...) = (72,73,...). Themap f: TN xY - TN x Y is
called the skew product associated with the generator system I". Moreover, we use
the following notation.

1. Let 7: TN xC >IN and 7y : TN x Y — Y be the canonical projections. For each
v € TN and n € N, we set I3 = fMa-1gyy 2 77y} = 77{o™(v)}. Moreover, we
set fyn i =7Ymo---0m.

2. For each v € TN, we set JY := {y} x J, (C I'N x Y). Moreover, we set J(f) :=
U7€FN J7, where the closure is taken in the product space I'N x Y. Furthermore, we
set F(f) := (TN x Y)\ J(f).

3. For each v € TN, we set J¥I' := 7= {7} N J(f), FT := =1 ({y})\ J*T, J,r :=
Ty (J*T), and By r :=Y \ J,r. Note that J, C J,r.
4. When T C Rat, for each z = (y,y) € TN x €, we set f/(2) := (m) ().

Remark 3.47. Under the above notation, let G = (I'). Then 7ry(.]~(f)2 Cc J(G) and
mo f =oomon I'N x Y. Moreover, for each v € TN, 11(Jy) C Jo(yy» M(Jyr) C Jo(y),r
and f(J(f)) € J(f). Furthermore, if ' € Cpt(Rat), then for each v € TN, 71 (Jy) = Jo(y)s
71_1(‘]0(:1)) = J’Y_’_ 71(J7,F) =~Ja'('y),r‘» ’7;1(']0('7),1“) = J’y,ra f('](f)) = J(f) = f—_l('](f))a
and f(F(f)) = F(f) = f~1(F(f)) (see [30, Lemma 2.4]).

We now present the results. Even if Jye(G-) # 0, we have the following.

Theorem 3.48. Let 7 € 9y (P). Suppose that Jxer(G7) is included in the unbounded
component of C\ (UH(G;) N J(G;)). Then, we have the following.

1. For 7-a.e. v € X, Leba(Jy) = Lebg(j r,) =0.
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2. For Leby-a.e. y € C, for 7-a.e. v € X,, there exists an n = n(y,v) € N such that
Yn,1(y) € F(Gr).

3. Lebg(Jgt(T)) =
4. For Lebg-a.e. pointy € C, To,r 18 continuous at y.

Remark 3.49. Let 7 € 9 (P). If Jker(G+) is included in the unbounded component
of C\ (P(G;) N J(G:)), then Jyer(G7) is included in the unbounded component of C \
(UH(G;)N J(G7)) (see Remark 2.13).

Remark 3.50. Let 7 € 901 (P). Suppose that for each h € T';, h is a real polynomial and
each critical value of h in C belongs to R. Suppose also that for each z € P(G,) N J(G),
there exists an element g, € G, such that g,(z) € F(G;). Then Jye(G-) is included in
the unbounded component of C\ (UH(G;) N J(G,)).

3.5 Conditions to be Jrer(G) =0

In this subsection, we present some sufficient conditions to be Jye:(G) = 0
The following is a natural question.

Question 3.51. When do we have that Jie (G) = 07
We give several answers to this question.

Lemma 3.52. Let I be a subset of Rat such that the interior of I' with respect to the
topology of Rat is not empty. Let G = (T'). Suppose that F(G) # 0. Then, Jxer(G) = 0.

Definition 3.53. Let A be a finite dimensional complex manifold and let {gx}sea be a
family of rational maps on C. We say that {gr}ren is a holomorphic family of rational
maps if the map (z,A) € Cx A — g(z) € C is holomorphic on C x A. We say that {ga}aea
is a holomorphic family of polynomials if {gx}xea is a holomorphic family of rational maps
and each g, is a polynomial.

Definition 3.54. Let ) be a subset of P.

1. We say that Y is admissible if for each zy € C there exists a holomorphic family
of polynomials {gx}xea such that {gx | A € A} C Y and the map X — gx(zg) is
nonconstant in A.

2. We say that Y is strongly admissible if for each (z9,hp) € C x ) there exists a
holomorphic family {gx}aea of polynomials and a point A9 € A such that {gy | A €

A} C Y, gay = ho, and the map X — gx(zp) € C is nonconstant in any neighborhood
of /\0 in A.

Example 3.55.

1. Let Y be a strongly admissible subset of P. Let ) be endowed with the relative
topology from P. If T is a non-empty open subset of V), then I is strongly admissible.
If IV is a subset of )V such that the interior of I in ) is not empty, then I' is
admissible.
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2. P is strongly admissible. If I is a subset of P such that the interior of I in P is not
empty, then I' is admissible.

3. For a fixed hg € P,Y := {ho+ c | c € C} is a strongly admissible closed subset
of P. If " is a subset of ) such that the interior of I" in ) is not empty, then I is
admissible.

Lemma 3.56. Let T' be a relative compact admissible subset of P. Let G = (T'). Then,
Jker (G) = 0.

Proposition 3.57. Let YV be a closed subset of an open subset of P. Suppose that Y is
strongly admissible. Let T € 9 ()). Let Vi be any neighborhood of T in MMy (YY) and Vs
any neighborhood of T'; in Cpt(C). Then, there exists an element p € M1 (V) such that
p eV, )€V, T, < 00, and Jyer(G,) = 0.

Remark 3.58 (Cooperation Principle III). By Lemma 3.56, Proposition 3.57, Theo-
rems 3.14, 3.15, we can state that for most 7 € 91 .(P), the chaos of the averaged system
of the Markov process induced by 7 disappears. In the subsequent paper [42], we investi-
gate the further detail regarding this result.

Example 3.59. Let 7 € 9, .(P) be such that I'; is admissible. Suppose that there
exists an element h € T, with int(K(h)) = 0. Then K(G,) = 0 and the statements in
Theorem 3.41 hold. For, if K(G,) # @, then since I'; is admissible and since G, (K (G)) C
K(G-), we have int(K(G,)) # 0. However, since int(K (h)) = @, this is a contradiction.
Thus K(G,) = 0.

From the above argument, we obtain many examples of 7 € 9 (P) such that
K(G,) = 0. For example, if h(z) = 22 + ¢ belongs to the boundary of the Mandelbrot
set and I'; contains a neighborhood of h in the c-plane, then from the above argument,
K(G,) = 0 and the statements in Theorem 3.41 hold. Thus the above argument general-
izes [4, Theorem 2.2] and a statement in [2, Theorem 2.4].

3.6 Mean stability

In this subsection, we introduce mean stable rational semigroups, and we present some
results on mean stability.

Definition 3.60. Let Y be a compact metric space and let I' € Cpt(CM(Y)). Let G = (T').
We say that G is mean stable if there exist non-empty open subsets U,V of F(G) and a
number n € N such that all of the following hold.

(1) VcUand U C F(G).
(2) For each vy € TN, v, 1(U) C V.
(3) For each point z € Y, there exists an element g € G such that g(z) € U.

Note that this definition does not depend on the choice of a compact set I" which generates
G. Moreover, for a I' € Cpt(CM(Y)), we say that I" is mean stable if (I') is mean stable.
Furthermore, for a 7 € M,; (CM(Y)), we say that 7 is mean stable if G, is mean stable.
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Remark 3.61. It is easy to see that if G is mean stable, then Jye (G) = 0.
By Montel’s theorem, it is easy to see that the following lemma holds.

Lemma 3.62. Let I' € Cpt(Rat) be mean stable. Suppose §(C\ V) > 3, where V is
the open set coming from Definition 8.60. Then there ezists a neighborhood U of T in
Cpt(Rat) with respect to the Hausdorff metric such that each I" € U is mean stable.

Proposition 3.63. Let I' € Cpt(Raty). Suppose that Jxer((T')) = @ and (T') is semi-
hyperbolic. Then there exists an open neighborhood U of T in Cpt(Rat) such that for each
IV € U, I is mean stable and Jyer ((I'')) = 0.

Remark 3.64. Let I' € Cpt(Raty). Suppose that Jie({I')) = 0 and (I') is semi-
hyperbolic. Then for a small perturbation I of T, I is mean stable, which is the conse-
quence of Proposition 3.63, but (I) may not be semi-hyperbolic. See Proposition 4.1-(c).

Proposition 3.65. Let 7 € 9 . be mean stable. Suppose that J(G;) # 0. Let V be
the set coming from Definition 8.60. Let S, := | LeMin(G- €) L. Then we have all of the
following.

1. S, € Gx(V) C F(G,).

2. Let W := UucCon(F(a.)),ans. 2o A- Let Uw = {p € Cw(W) | 3a € S, M,(p) =
ap,p # 0} Moreover, let Yy : LS(Us.(C)) — Cw (W) be the map defined by
¢ +— plw. Then Yw(LS(Us,(C))) = LS(Uw) and Yw : LS(U;,(C)) — LS(Uw)

is a linear isomorphism.

— — 1 -
3. Let Z = U 4 Con(r(c,)),anG- ()50 A Lef Uz = {p € Cz(2) | Fa € 5, Mr(p) =
ap,p # 0} Moreover, let ¥z : LS(Us - (C)) — Cz(Z) be the map defined by ¢

@|z. Then Yz (LSUs(C))) = LS(Uz) and ¥z : LS(Us - (C)) — LS(Uz) is a linear
isomorphism.

Remark 3.66. Under the assumptions and notation of Proposition 3.65, we have

dimc Cw (W) < oo and dime Cz(Z) < oo. Thus, in order to seek Uy ,(C) and U, . (C), it
suffices to consider the eigenvectors and eigenvalues of the matrix representation of M.,
on the finite dimensional linear space Cw (W) or Cz(Z2).

Remark 3.67. Let I € Cpt(Raty) and let G = (I').

1. Suppose that G is semi-hyperbolic and Jye(G) = 0. Then by Proposition 3.63, G
is mean stable. Moreover, the set V in Definition 3.60 can be taken to be a small
neighborhood of A(G) in F(G), where

AG):=G({z e C|3g e G st g(z) =z |m(g,2)| <1}).

In this case, {A € Con (F(G)) | ANG*(V) # 0} = {A € Con(F(G)) | AN A(G) #
0.}.

2. Similarly, suppose that G is hyperbolic and Jye (G) = 0. Then by Proposition 3.63,
G is mean stable. Moreover, the set V in Definition 3.60 can be taken to be a small

neighborhood of P(G) in F(G). In this case, {A € Con (F(G)) | ANG*(V) # 0} =
{A € Con(F(G)) | AN P(G) # 0.}.
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3.7 Necessary and Sufficient conditions to be Ji(G,) # 0

In this subsection, we present some results on necessary and sufficient conditions to be
Jxer(G+) # 0. The proofs are given in subsection 3.7.
The following is a natural question.

Question 3.68. What happens if Jie (G,) # 07

Definition 3.69. Let Y be a compact metric space with dimg(Y) < oo and let 7 €
21,.(CM(Y)). Since the function v — dimg(J,r,) is Borel measurable and since (o, 7)

is ergodic, there exists a number a € [0, c0) such that for 7-a.e. v € T';, dimH(j.,,p,) = a.
We set MHD(7) := a.

Remark 3.70. Let I € Cpt(Rat;) and let G = (I'). Suppose that G is semi-hyperbolic
and F(G) # 0. Then, v — J, is continuous on I'N with respect to the Hausdorff metric
(this is non-trivial) and for each v € TN, J, = J,r (see [30, Theorem 2.14]). Moreover,
there exists a constant 0 < b < 2 such that for each v € I'N, dimg(Jy) < b (see [33,
Theorem 1.16]). Note that if we do not assume semi-hyperbolicity, then vy — J, is not
continuous in general.

Theorem 3.71. Let T € M (Raty ). Suppose that G, is semi-hyperbolic and F(G,) # 0.
Then, we have all of the following.

1. dimp (J9,(7)) < MHD(7) < 2.
2. Jxer(G;) C Jgt(r).
3. Frmeas(r) = M1 (C) if and only if Jxer(Gr) = 0. If Jxer(Gr) # 0, then Jmeas() =
My (C).
4. If, in addition to the assumption, I’ < oo, then we have the following.
(a) G7'(Jker(Gr)) C J;(;)t('r)-
(b) Either Fpeas(1) = M1 (C) or Jpi(7) = J(G).

Remark 3.72. Let G be a hyperbolic rational semigroup with GNRat, # (. Then, G is
semi-hyperbolic and F(G) # 0.

3.8 Singular properties and regularity of non-constant finite linear com-
binations of unitary eigenvectors of M,

In this subsection, we present some results on singular properties and regularity of non-
constant finite linear combinations ¢ of unitary eigenvectors of M, : C(C) — C(C). It
turns out that under certain conditions, such ¢ is non-differentiable at each point of an
uncountable dense subset of J(G;) (see Theorem 3.82). Moreover, we investigate the
pointwise Holder exponent of such ¢ (see Theorem 3.82 and Theorem 3.84).

Lemma 3.73. Let m € N with m > 2. Let Y be a compact metric space and let
hi,ha,...,h;m € OCM(Y'). Let G = (h1,...,hm). Suppose that for each (i,7) with i # 7,
hH(J(G) Nh7HJI(G)) = 0. Then, Jye:(G) = 0.
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Definition 3.74. For each m € N, we set Wn, := {(p1,...,pm) € (0,1)™ | 371, pj = 1}.

Lemma 3.75. Let m € N with m > 2. Let h = (h1,...,hm) € (Rat)™ and let G =
(h1y... hm). Let p= (p1,...,Pm) € Wi and let T = 3771, p;Op;. Suppose that J(G) # 0
and that h7}(J(G)) N hj_l(J(G)) = @ for each (i,7) with i # j. Then int(J(G)) = @ and
for each ¢ € (LS(Uf,T(C)))nC,

J(G) = {z e C| for any neighborhood U of z, |y is not constant}.

Definition 3.76. Let U be a domainin C and let g: U — C be a meromorphic function.
For each z € U, we denote by ||g’(z)|[s the norm of the derivative of g at z with respect
to the spherical metric.

Definition 3.77. Let m € N. Let h = (hj,...,hn) € (Rat)™ be an element such that
hi,...,hm are mutually distinct. Weset T := {hl, ,hm}. Let f: TNxC — I'NxC be the
skew product associated with I'. Let u € 9t (N x (C) be an f-invariant Borel probability
measure. For each p = (p1,...,Pm) € Wm, we define a function p : TN x C >R by
p(v,y) :=pj if 1 = h; (where v = (71,72,...)), and we set

(fpuxc logp dp)
fFNxC log ”fI”s du

(when the integral of the denominator converges).

u(h,p,p) :=

Definition 3.78. Let h = (hi,...,hn) € P™ be an element such that hy,...,h, are
mutually distinct. We set I' := {h1,...,hm}. For any (v,y) € TN x C, let G,(y) :=
lim,, o0 ﬁ(}_yﬁ log™ |yn,1(y)|, where log* a := max{loga, 0} for each a > 0. By the argu-
ments in [25], for each v € TN, G, (y) exists, G is subharmonic on C, and G| Aco. 1S equal
to the Green’s function on A, with pole at co. Moreover, (v,y) — G(y) is continuous
on I'N x C. Let py := dd°G.,, where d° := ;- (80— 8). Note that by the argument in [16, 17],
i~ is a Borel probability measure on J, such that supp p, = J,. Furthermore, for each

v € TN, let Q(v) = 3°.G~(c), where c runs over all critical points of v; in C, counting
multiplicities.

Remark 3.79. Let h = (hy,...,hm) € (Raty)™ be an element such that Aj,..., A, are
mutually distinct. Let I' = {hq,...,hn,} and let f: TN x C — I'N x C be the skew product
map associated with I". Moreover, let p = (p1,...,Pm) € W,, and let 7 = Z] 1P0n; €
I/6} (F) Then, there exists a unique f-invariant ergodic Borel probability measure @ on
I'N x C such that m,(u) = 7 and hu(flo) = max (TN E): f. () =pyma (p)=F ho(flo) =
>_ir,pjlog(deg(h;)), where h,(flo) denotes the relative metric entropy of (f,p) with
respect to (0,7), and &;(-) denotes the space of ergodic measures (see [29]). This u is
called the maximal relative entropy measure for f with respect to (o, 7).

Definition 3.80. Let V be a non-empty open subset of C. Let ¢ : V — C be a function
and let y € V be a point. Suppose that ¢ is bounded around y. Then we set

3 s , lo(z) — (W)l _
Hol(p,y) :=inf{B € R | lllzlj;,lp FERD LA 00},

where d denotes the spherical distance. This is called the pointwise Holder exponent
of p at y.
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Remark 3.81. If Hol(p,y) < 1, then ¢ is non-differentiable at y. If Hol(p,y) > 1, then
 is differentiable at y and the derivative at y is equal to O.

We now present a result on non-differentiability of non-constant finite linear combi-
nations of unitary eigenvectors of M, at almost every point in J(G,) with respect to the
projection of maximal relative entropy measure.

Theorem 3.82 (Non-differentiability of ¢ € (LSUj,(C)))nc at points in J(G,)).
Letm € N withm > 2. Let h = (hy,...,hm) € (Raty)™ and we set I' := {h1, ha, ..., hn}.
Let G = (h1,...,hm). Let p = (p1,...,Pm) € Wp. Let f: TN x C — I'N x C be the skew
product associated with I'. Let T := )7t pjdp; € M1 (T) C My (P). Let p € My (TN x €)

be the mazimal relative entropy measure for f : I'N x € - I'N x C with respect to (o,7).
Moreover, let A := (mg)«(n) € MM1(C). Suppose that G is hyperbolic, and h;'(J(G)) N
h;l(J(G’)) = 0 for each (i,7) with i # j. Then, we have all of the following.

1. G; = G is mean stable and Jye:(G) = 0.
0 < dimgy(J(G)) < 2.

supp A = J(G).

For each z € J(G), AM({z}) =0.

SANER TR R

There ezists a Borel subset A of J(G) with A(A) = 1 such that for each 2o € A and
each ¢ € (LS(Uf,-(C)))ne, HoW(p, 20) = u(h,p, 1.

6. If h = (hy,..., hy) € P™, then

—(2_j=1p; log p;)
L1 pjlogdeg(h;) + [ QUv) d7(7)

u(h,p, p) = 5

and

2 >dimg({z € J(G) | for each p € (LS(Us+(C)))ne, Hol(y,2) = u(h,p,u)})
> _j—1pjlogdeg(h;) — 3 7%, pjlogp; -0
~ > jey pjlogdeg(hy) + frn Q) d7(v) T

7. Suppose h = (hi,...,hmn) € P™. Moreover, suppose that at least one of the following
(a), (b), and (c) holds: (a) >_7., p;log(p;deg(h;)) > 0. (b) P*(G) is bounded in
C. (c) m = 2. Then, u(h,p,pu) < 1 and for each non-empty open subset U of J(G)
there exists an uncountable dense subset Ay of U such that for each z € Ay and
each ¢ € (LS(Us+(C)))ne, @ is non-differentiable at z.

Remark 3.83. By Theorems 3.15 and 3.82, it follows that under the assumptions of
Theorem 3.82, the chaos of the averaged system disappears in the C® “sense”, but it
remains in the C! “sense”.

We now present a result on the representation of pointwise Holder exponent of ¢ €
(LS(Uf,7(C)))nc at almost every point in J(G,) with respect to the §-dimensional Hausdorff
measure, where § = dimgy(J(G,)).
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Theorem 3.84. Let m € N with m > 2. Let h = (h1,...,hn) € (Raty)™ and we set
T':= {Ahl,hz,...,hm}. Let G = (hy,...,hm). Letp = (P1,...,Pm) € Wm. Let f : TNxC —
I'N x C be the skew product associated with T'. Let T := 2ie1Pi0n; € MM (T) C 9 (Raty ).

Suppose that G is hyperbolic and h;l(J(G))ﬂh]TI(J(G')) = Q for each (i,j) withi # j. Let
6 := dimpg J(G) and let H® be the 6-dimensional Hausdorff measure. Let L:C(J(f)) —
C(J(f)) be the operator defined by L()(2) = 3_ f(w)=2 e(w)||f'(w)||;¢. Moreover, let L :

C(J(G)) — C(J(G)) be the operator defined by L(p)(2) = 3 7, Zh,-(w):z o(w)||h; (w)||3°.
Then, we have all of the following.

1. G; = G 1is mean stable and Jye (G) = 0.

2. There erists a unique element U € 91 (J(f)) such that L*(D) = . Moreover, the
limits & = limp—00 L™(1) € C(J(f)) and a = limy, 0o L™(1) € C(J(G)) exist, where
1 denotes the constant function taking its value 1.

3. Let v := (mg)s(¥) € M (J(G)). Then 0 < 6 < 2,0 < H(J(@)) < o0, and v =
HS

HY(J(@)"

4. Letp:= av € My(J(f)). Then j is f-invariant and ergodic. Moreover, min,¢ jg) a(z) >
0.

5. There exists a Borel subset of A of J(G) with HS(A) = H(J(G)) such that for each
20 € A and each ¢ € (LS(Us+(C)))nc,

- Z_;T;l (log p;) fhj—l(J(G)) a(y) dH(y)
je1 fh;’(J(G)) a(y) log ||h;(W)lls dHO(y)

Hél(‘p’ZO) = ’u(h,p, /5) =

Remark 3.85. Let m € N with m > 2. Let h = (hy,...,hy) € P™ and let G =
(h1,...,hm). Let p=(p1,...,Pm) € W and let 7 = Z;’f__l P;0r,. Suppose that K(G) # 0,
G is hyperbolic, and h;}(J(G)) N hj“l(J(G)) = @ for each (i,j) with ¢ # j. Then, by
Lemma 3.73 and Theorem 3.22, T, € (LS(Uf’T(C)))nC.

Remark 3.86. Let m € N with m > 2. Let A = (hy,...,hn) € P™ and we set ' :=
{h1,...,hm}. Let G = (h1,...,hm). Let p = (p1,...,Pm) € Wm. Let f : TN x C —
I'N x C be the skew product associated with I'. Let 7 := 2ie1 Pion; € M(T) C I (P).
Suppose that K(G) # @, G is hyperbolic, and h;}(J(G)) N hJTl(J(G)) = { for each
(¢,7) with ¢ # j. Moreover, suppose we have at least one of the following (a),(b),(c): (a)
> _ir1pjlog(p; deg(h;)) > 0. (b) P*(G) is bounded in C. (c) m = 2. Then, combining
Theorem 3.82, Theorem 3.84, and Remark 3.85, it follows that there exists a number
g > 0 such that if p; < ¢, then we have all of the following.

1. Let u be the maximal relative entropy measure for f with respect to (0,7”‘); Let
A= (mg)epe € M (J(G)). Then for A-a.e. zo € J(G) and for any ¢ € LS(Us+(C))nc
(e.g., ¢ = Teo,r), limsup,_, o Jﬂ-"’yL:%’z—Qﬂ = oo and ¢ is not differentiable at z.

2. Let § = dimy(J(G)) and let H® be the §-dimensional Hausdorff measure. Then
0 < H%(J(G)) < oo and for H%-a.e. z € J(G) and for any ¢ € LS(Us,-(C)) (e.g.,

¢ =Too,r), limsup,,_, m—ﬁ—:{éﬁw = 0 and ¢ is differentiable at z.
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Combining Theorem 3.15 and Theorem 3.82, we obtain the following result.

Corollary 3.87. Let m € N with m > 2. Let h = (hy,...,hm) € P™ and we set T :
{h1,...,hm}. Let G = (h1,...,hm). Let p = (p1,...,Pm) € Wp. Let f : TN x C —
I'N x (C be the skew product associated with T'. Let T := ZJ 1P0n; € I (T) C MMy (P).

Suppose that K(G) # 0, G is hyperbolic, and r7I(J(G)) N h; Y(J(G)) = 0 for each (i,5)
with © # j. Moreover, suppose we have at least one of the followmg (a), (b), (c): (a)
> i=1p;j log(pj deg(hj)) > 0. (b) P*(G) is bounded in C. (c) m = 2. Let ¢ € C(C). Then,
we have exactly one of the following (i) and (ii).

(i) There exists a constant function ¢ € C(C) such that M?(p) — ¢ asn — oo in C(C).

(ii) There ezists an element 1 € LS(Us.(C))ne and a number | € N such that

- M) =

= {MI(¥)};=5 € (LSUs,r(€))ne C Crc)(©),

— there ezists an uncountable dense subset A of J(G) such that for each zg € A
and each j, MI(v) is not differentiable at 2o, and

— MM () o M) as n — oo for each j=0,...,1— 1.
We present a result on Holder continuity of ¢ € LS(Us,-(C)).

Theorem 3.88. Let m € N with m > 2. Let h = (h1,...,hn) € Rat]® and we set T" :=
{h1,...,hm}. Let G = (h1,...,hm). Let p= (p1,...,Pm) € Wmn and let T := = > 7L1Pibn; €
zml(r) C 91 (Raty). Suppose that G is hyperbolic and h]*(J(G)) N h; YJ(@) = 0 for
each (i,7) with i # j. Then, G is mean stable and there erists an o > 0 such that for each
¢ € LSU; - (C)), ¢ : € — [0,1] is a-Hélder continuous on C.

Remark 3.89. In the proof of Theorem 3.82, we use the Birkhoff ergodic theorem and the
Koebe distortion theorem, in order to show that for each ¢ € (LS(Uf,+))nce, HOl(p, 20) =
u(h, p, u). Moreover, we apply potential theory in order to calculate u(h,p, 1) by using p,

deg(hy), and Q7).
3.9 Stability and bifurcation

In this subsection, we present some results on stability and bifurcation of M, or M?. The
proofs of the results will be written in [42].

Definition 3.90. Let O be the topology of 9; .(Rat) such that p, — pin (9 (Rat), O)
as n — oo if and only if (1) [¢@du, — [@du for each bounded continuous function
¢ : Rat — C, and (2) supp u, — supp u with respect to the Hausdorff metric.

Definition 3.91. Let ' € Cpt(Rat) and let G = (I'). We say that L € Min(G,C) is
attracting (for (G, C)) if there exist non-empty open subsets U,V of F (G) and a positive
integer n such that all of the following hold.

1) LcvcVcUcUcF@G),HC\V)>3
(2) For each v € TN, 4, 1(U) C V.
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Remark 3.92. For each h € G N Rat,,
#{attracting minimal set for (G, C)} < {attracting cycles of h} < .

Lemma 3.93. Let I' € Cpt(Rat) and let G = (['). Let L € Min(G,C) be attracting for
(G,C). Let U,V be as in Definition 8.91. Let W := UAeCon(F(G)),AnL;é@ A and let W’ be
a relative compact open subset of W including L. Then there exists an open neighborhood
U of T in Cpt(Rat) such that the following hold.

(1) For each I' € U, there exists a unique L' € Min((I),C) with L' c W"'.
(2) The above L' is attracting for ((I'),C).

Lemma 3.94. Let T’ € Cpt(Rat,) and let G = (). Let L € Min(G,C). Suppose that
(1) L ¢ F(G) and (2) for each g € G and for each U € Con(F(G)) with UNL # 0 and

9(U) C U, U is not a subset of a Siegel disk or a Hermann ring of g. Then, L is attracting
for (G,C).

Lemma 3.95. LetI" € Cpt(Rat,) and let G = (I'). Let L € Min(G, C). Then ezactly one
of the following holds.

(1) L is attracting.
(2) LNJ(G) #0.

(3) L C F(G) and there exists an element g € G and an element U € Con(F(G)) with
LNU # 0 such that g(U) C U and U is a subset of a Siegel disk or a Hermann ring

of g.
Definition 3.96. Let I’ € Cpt(Rat,) and let G = (I'). Let L € Min(G, €).
e We say that L is J-touching (for (G, C)) if LN J(G) # 0.
e We say that L is sub-rotative (for (G, C)) if (3) in Lemma 3.95 holds.

Definition 3.97. Let I' € Cpt(Rat) and let L € Min({T'), C). Suppose L is J-touching
or sub-rotative. Moreover, suppose L # C. Let g € I'. We say that g is a bifurcation
element for (I", L) if one of the following statements (1)(2) holds.

(1) L is J-touching and there exists a point 2 € L N J((I')) such that g(z) € J((T')).

(2) L is sub-rotative and there exist an open subset U of CwithUNL # @ and finitely

many elements i, ...,v,—1 € I' such that goy,_3 - 071 (U) C U and U is a subset,
of a Siegel disk or a Hermann ring of go~y,_1---0~;.

Furthermore, we say that an element g € T is a bifurcation element for I' if there exists
an L € Min((T"), C) such that g is a bifurcation element for (T, L).

Lemma 3.98. Let I € Cpt(Rat) and let L € Min((I'),C). Suppose L is J-touching or
sub-rotative. Moreover, suppose L # C. Let g € T' be a bifurcation element for (I, L).
Then, g € OI', where the boundary of I is taken in the space Rat, .
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Theorem 3.99. LetT" € Cpt(Rat,). Suppose that there exists an attracting L € Min((T"), C).
Let {L;};_, be the set of attracting minimal sets for ((T), C) such that L; # Liifi#j
(Remark by Remark 3.92, the set of attracting minimal sets is finite). Let U be a neigh-
borhood of I in Cpt(Raty). For each j = 1,...,r, let V; be a neighborhood of L; with

respect to the Hausdorff metric in Cpt(C). Then, there ezists an element IV € U with
I O T such that all of the following hold.

(1) #{L’' € Min((I"),C) | L' is attracting } = r and for each j = 1,...,r, there exists
a unique element L; € Min((I"),C) with L}; € V; such that L; is attracting for
(1", C).

(2) (TY) is mean stable and §Min((I'),C) = r.

Theorem 3.100. Let 7 € 9y (Raty). Suppose that there exists an attracting L €
Min(G;,C). Let {L;};_; be the set of attracting minimal sets for (G,,C) such that L; # L;
if i # j. LetU be a neighborhood of T in (M (Raty ), O). For each j=1,...,r, let V; be

a neighborhood of L; with respect to the Hausdorff metric in Cpt((f:). Then, there exists
an element p € U with T’ < co such that all of the following hold.

(1) H{L € Min(G,,,(f?) | L' is attracting } = r and for each j = 1,...,r, there ezists a
unique element L; € Min(G), C) with L}; € V; such that L) is attracting for (G,,C).
(2) G, is mean stable and Min(G,,C) = r.
Theorem 3.101 (Cooperation Principle IV).

(1) The set {T € 9M1,(P) | T is mean stable} is open and dense in (M1 (P), O). More-
over, the set {T € My (P) | Jker(Gr) = 0,J(G;) # O} contains {7 € My (P) |
T is mean stable}.

(2) The set {7 € My (P) | T is mean stable, §I'; < oo} is dense in (M (P), O).

Proposition 3.102. Let I' € Cpt(Raty). Suppose that there ezists no attracting minimal
set for (G,C). Let U be a neighborhood of I' in Cpt(Rat). Then there exists an element
I e U withI' O T such that Min((I"), C) = {C} and J((I')) =

Corollary 3.103. Let 7 € 9; .(Raty.). Suppose that there exists no attracting minimal
set for (G,,C). Let U be a neighborhood of 7 in (M, (Raty), O). Then, there ezists an
element p € U such that Min(G,,C) = {C} and J(G,) = C.

Corollary 3.104. The set
{7 € M1 (Raty) | 7 is mean stable } U {r € My (Raty) | Min(G,,C) = {C},J(G,) = C}
is dense in (M (Raty), O).

Definition 3.105. Let 7 € 9, .(Rat) be such that Jie (G ) = () and J(GT) # (. Then
by Theorem 3.15, we have the direct sum decomposition C(C) = LS ,(C)) & Bo,. We

denote by 7, : C(C) — LS(U;(C)) the canonical projection with respect to this direct
sum decomposition.
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Theorem 3.106. Let 7 € M, (Raty) be mean stable. Then there exists a neighborhood
Q of T in (M (Raty ), O) such that all of the following hold.

(1) For each v € Q, tMin(G,,C) = Min(G,, C).
(2) For each v € Q, dimc(LSUj,,(C))) = dimc(LSUs - (€))).

(3) The map v — 7, is continuous on 2. More precisely, for each v € (2, there exists
a basis {p;u}i_; of LS(Us.(C)), where ¢ = dimc(LS(Uy,-(C))), and a finite family
{pin}I_y in C(C)* such that all of the following hold.

(a) For each j, v @j, € C(C) is continuous on 0.

(b) For each j, v pj, € C(C)* is continuous on Q.

(c) For each (i,5) and each v € Q, p;(pju) = &;.

(d) For each v € Q and each p € C(C), m,(p) = i1 Piw(®) - Qi

Theorem 3.107. We consider the following subsets A, B,C, D of 9 .(Rat,) which are
defined as follows.

(1) A:= {7 € 9 (Rat}) | 7 is mean stable}.

(2) Let B be the set of T € 9 (Raty) satisfying that there exists a neighborhood Q
of T in (M c(Raty),O) such that (a) for each v € Q, Jyer(Gy) = 0, and (b) v
iMin(G,,, C) is constant on Q.

(3) Let C be the set of T € My (Raty) satisfying that there exists a neighborhood €
of 7 in (9My (Raty), O) such that (a) for each v € Q, F(G,) # 0, and (b) v —
iMin(G,,, C) is constant on Q.

(4) Let D be the set of T € My (Raty) satisfying that there exists a neighborhood €
of T in (My,c(Rat), O) such that (a) for each v € Q, Jyer(G,) = 0, and (b) v +—

A

LS(Us,,(C)) is continuous on  (i.e., statements (2) and (3) in Theorem 3.106 hold).
Then, A=B=C=D.

Proposition 3.108. Let Y be a strongly admissible closed subset of P. For eacht € [0, 1],
let pe be an element of M, (V). Suppose that all of the following conditions (1)-(5) hold.

(1) t— p € (9,c(Y), O) is continuous on [0, 1].

(2) For each t € |0,1], there ezists an open subset V; of ) such that L., = V; where the
closure is taken in the space ).

(3) Ifti1,t2 € [0,1] and t; < tq, then Ly, Cintly,  with respect to the topology of V.
(4) po and p; are mean stable.

(5) B(Min({T'y,),€)) # §(Min((Ty,), C)).
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Then,
1 < #{t € [0,1] | there exists a bifurcation element g € Ty, for T',,} < oo.

Example 3.109. Let ¢ be a point in the Mandelbrot set M such that z +— 22 + ¢ is
hyperbolic. Let 79 > 0 be a small number. Let r; > 0 be such that D(c,r1)N(C\ M) # 0.
For each t € (0,1}, let p; € 9Mi(D(c, (1 —t)rg + tr1)) be the normalized 2-dimensional
Lebesgue measure on D(c, (1 —t)rg +tr1). Then {u;}scpo,1) satisfies the conditions (1)-

(5) in Proposition 3.108 (for example, fMin((I'y,), C) > {Min((T',,), C) = 1). Thus

1 < #{t € [0,1] | there exists a bifurcation element g € Ty, for I'y,} < co.

3.10 Spectral properties of M, and stability

In this subsection, we present some results on spectral properties of M, acting on the
space of Holder continuous functions on C and the stability. The proofs of the results will
be written in [42].

Theorem 3.110. Let 7 € 9, (Rat). Suppose that Jier(Gr) = 0 and J(Gr) # 0. Then,
there exists an o > 0 such that each ¢ € LS(UfT(C)) is a-Hoélder continuous on C.

Notation: For each a € (0,1), let H,(C) be the Banach space of all complex-valued
a-Holder continuous functions on C endowed with the a-Holder norm || - ||a-

If 7 € 901 (Rat) is mean stable and J(G,) # 0, then by Proposition 3.65, we have
U LeMin(G. &) L € F(G;). From this point of view, we consider the situation that 7 €

9 c(Rat) satisfies Jyer(Gr) = 0, J(G,) # 0, and ULemine.&) L € F(Gr). Under this
situation, we have several very strong results.

Theorem 3.111. Let 7 € M (Rat). Suppose that Jxer(Gr) = 0, J(G;) # 0, and
ULeMin(GT,C)L C F(G;). Let r = HLeMm(G & dimc(LS(Uy,~(L))). Then, there ezists
a constant o € (0,1), a constant A € (0,1), and a constant C > 0 such that for each
@ € Ho(C), we have all of the following.

(1) 1M27(9) = 7 (@)lla < CX*lgp = 7 () for eachn € N.
2) 1M2 (o — 7 (@) la < CA*l — 72 (0)lla for each n € N,
(3) M2 (0 — 7r(9))lla < CA*{|@lla for each n € N.

@) I ()lla < Cligla.

We now consider the spectrum Spec(M;) of M, : Hg(@) — Hy(C). From Theo-
rem 3.111, we can show that the distance between U, (C) and Spec(M;) \ U, (C) is
positive.

Theorem 3.112. Under the assumptions of Theorem 8.111, we have all of the following.

(1) Spec(M;) C {z € C | |2| £ A} Ul (C), where X € (0,1) denotes the constant in
Theorem 3.111.
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(2) Let ¢ € C\ ({z € C | |2| £ A} UUy,(C)). Then, (¢I — M;)™1: Ho(C) — Ho(C) is

equal to
Nt n
I — M, )‘st om+§@—;f(1—m),

where I denotes the identity on Hy(C).

Remark 3.113. Let hy,...,hm € Rat. Let G = (hi,...,hn). Suppose that Jye(G) =
0, J(G) # 0 and ULeMin(G,é)L C F(G). Let W, :={(a1,...,am) € (0,1)™ | Z;’;l aj = 1}.
For each a = (ay,...,am) € Wn, let 75 := E;’;l a;0p;. Then by Theorem 3.112 and [18],
it follows that for each b € W), there exists an a € (0,1) such that a — (7, : Ha((f:) —
H,(C)) is real-analytic on an open neighborhood of b in Wr,.

4 Examples

We give some examples to which we can apply Theorem 3.14, Theorem 3.15, Theorem 3.22,
Proposition 3.26, Theorem 3.31, Theorem 3.34, Proposition 3.63, Theorem 3.82, Theo-
rem 3.84, Corollary 3.87, and Theorem 3.88.

Proposition 4.1. Let f; € P. Suppose that int(K(f1)) is not empty. Let b € int(K(f1))
be a point. Let d be a positive integer such that d > 2. Suppose that (deg(f1),d) # (2,2).
Then, there exists a number ¢ > 0 such that for each A € {A € C: 0 < |A| < ¢}, setting
= (a1, a2) = (fi, Mz — b)? +b) and Gy := (f1, fa2), we have all of the following.

(a) fx satisfies the open set condition with an open subset Uy of C (i.e., f):i(UA) U
Fra(Ux) CUx and f51(UNNF3(Ux) = 0), 1 (J(GOINf3(J(GA)) =0, int(J(Gx)) =
0, Jier(Gr) =0, GA(K(f1)) C K(f1) C int(K(fr2)) and B # K(f1) C K(G»).

(b) If K(f1) is connected, then P*(Gy) is bounded in C.

(c) If f1 is semi-hyperbolic (resp. hyperbolic) and K(f1) is connected, then G is semi-
hyperbolic (resp. hyperbolic), J(G)) is porous (for the definition of porosity, see
[83]), and dimg (J(G))) < 2.

Example 4.2 (Devil’s coliseum) Let g1(2) := 22—1, g2(2) := 22/4, hy := g2, and hy := g3.

Let G = (h1,h2) and 7 := 32, 30n,- Then it is easy to see that setting A := K(h2) \
D(0,0.4), we have D(0,0.4) C int(K(h1)), ha(K (h1)) C int(K (h1)), hy 1 (A)Uhs1(A) C 4,

and h71(A) N hy1(A) = 0. Therefore A7 (J(G)) N1 (J(G)) = 0 and O # K(h1) C
K (G). Moreover, using the argument in the proof of Proposition 4.1, we obtain that G is
hyperbolic. By Lemma 3.73, Jyer(G) = 0. By Theorem 3.22 and Lemma 3.75, we obtain
that T r is continuous on C and the set of varying points of Too,r is equal to J(G).
Moreover, by Theorem 3.82, dimg(J(G)) < 2 and for each non-empty open subset U of
J(G) there exists an uncountable dense subset Ay of U such that for each z € Ay, Teo,r
is not differentiable at z. See Figures 2, 3, and 4. T, . is called a devil’s coliseum. It is a
complex analogue of the devil’s staircase.

We now present a way to construct examples of (hy, hs) € P? such that G = (hy, hg)

is hyperbolic, ﬂJ =1 h; “1(J(G)) = 0, and K(G) # 0.
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Figure 2: The Julia set of G = (h1, ha), where g1(2) := 22—1, g2(2) := 22/4,hy 1= g%, hy :=
g2. We have Jier(G) = 0 and dimy (J(G)) < 2.

Figure 3: The graph of T\ », where 7 = ?___ 15, with the same h; as in Figure 2. T 7 is
) =1 2 i ’

continuous on €. The set of varying points of T » is equal to J(G) in Figure 2. A“devil’s
coliseum” (A complex analogue of the devil’s staircase).

Figure 4: Figure 3 upside down. A “fractal wedding cake”.
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Proposition 4.3. Let g1,g92 € P be hyperbolic. Suppose that (J(g1) U J(g2)) N (P(g1) U
P(g2)) =0, K(g1) C int(K(gz2)), and the union A of attracting cycles of g» in C is included
in int(K(g1)). Then, there exists an m € N such that for each n € N with n > m, setting
hin = gl and Gp, = (h1n, hon), we have that Gy, is hyperbolic, hl_’,ll(J(G’n))ﬂhz_’i(J(Gn)) =
B, and 0 # K(g1) C K(Gy).

Proposition 4.4. Let m E N and let g = (g1,...,9m) € P™. Let G = (g1,...,9m)-
Suppose that g7 (J(G))Ng (J(G’)) = 0 for each (i,7) with i # j, that G is hyperbolic,
and that K(G) # 0. Then, there exists a neighborhood U of g in P™ such that for each

= (h1,...,hm) €U, setting H = (ha, ..., hm), we have that h7'(J(H))Nh;' (J(H)) = 0
for each (,7) with i # j, that H is hyperbolic, and that K(H) # 0.

Proposition 4.5. Let (g1,92) € P? and let (pl,pg) € Ws. For eachn € N, we set hy ,, :=
9%, han == 9%, Gn := (hin, hopn), and 7, 1= EJ 1 Pj0h; .- Suppose that ﬂ? 19; l(J(Gl)) =
0, Gy is hyperbolic and K (G1) # 0. Then, there exists an m € N such that for each
n € N with n > m, (1) G, is hyperbolic, (2) ﬂ?:l h;",ll(J(Gn)) =0, (3) K(G,) # 0, (4)
(LSUs,(C)))nc # 0, (5) for each j =1,2,, 1 < p;min{||1},(2)lls | z € hj2(J(Gn))}, and

(6) for each zp € J(Gn) and for each ¢ € (LS(L(f,T(C)))nC, limsup,_,,, Lﬁ%%;%)ﬂll = 00

and ¢ is not differentiable at zg.

Remark 4.6. Combining Proposition 4.1, Proposition 4.3, Proposition 4.4, Proposi-
tion 3.63, and Remark 3.42, we obtain many examples to which we can apply Theorem 3.15,
Lemma 3.75, Theorem 3.82, Theorem 3.84, Corollary 3.87, and Theorem 3.88.

We now give an example of 7 € 9 (P) such that Jye(G,) = @ and such that there
exists a minimal set L € Min(G,,C) with L N J(G,) # 0.

Example 4.7. Let f; € P and suppose that fi has a parabolic cycle a. Let b be a point
of the immediate basin of a. Let d € N with d > 2 such that (deg(f1),d) # (2,2). Then
by Proposition 4.1, there exists a ¢ > 0 such that for each a € C with 0 < [a] < ¢,
setting fo := a(z — b)¢ + b and G = (fi, f2), we have f;{'(J(G)) N f7}(J(G)) = ® and
G(K(f1)) C K(f1) C int(K(f2)). Let p = (p1,p2) € W> and let 7 = E?:lpi(sf"' Then by
Lemma 3.73, Jier(Gr) = Jker (G) = 0. Since G(K (f1)) € K(f1) C int(K(f2)), there exists
a minimal set L for (G,,C) such that L C K(f1). Since b belongs to the immediate basin
of a for fi, it follows that a C L. In particular, L N J(G,) # 0.

We now give an example of small perturbation of a single map.

Example 4.8. Let D := {z € C | |z] < 1}. Let R : C xD — C be a holomorphic map such
that for each z € C, ¢ — R(z,c) is non-constant on . We set R¢(z) := R(z,c) for each
(z,c) € CxD. Let m € N and suppose that Ry has exactly m attracting cycles aq, ..., am.
For each j, let A; be the immediate basin of a; for Ry. Then by [9, Theorem 0.1} and
Theorem 3.15, there exists a do > 0 such that for each 0 < § < dp, denoting by 75 the
normalized 2-dimensional Lebesgue measure on D(0,), we have (1) 75 is mean stable, (2)
Jiker(Gry) = 0, (3) tMin(G,,,C) = m, (4) for each L € Min(G.,, C), there exists a j such
that L C A;, and (5) for each L € Min(G-;,C), rp := = dimc(LS(Uf,-(L))) is equal to the
period of a; for Ry.
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We now give an example of higher dimensional random complex dynamics to which
we can apply Theorem 3.14.

Example 4.9. Let h € NHM(CP"). Suppose that int(J(h)) = @ and there exist finitely
many attracting periodic cycles ai, . . ., am such that for every z € F(h), d(h"(2), UL, ;) —
0 as n — oo. Then, there exists a compact neighborhood T" of h in NHM(CP") such that
I is mean stable, such that Jxe({I')) = 0, and such that for any 7 € 9t; (NHM(CP™))
with 'y =T, Lebg,(J,) = 0 for 7-a.e. v € (NHM(CP™))N. For, if T is small enough, then
there exists a neighborhood U of |Jj~, e; such that (I')(U) C U C U c F({T')). Moreover,
for each z € CP™, there exists a g € T such that g(z) € F(h). Thus T is mean stable
and Jier((I')) = 0. By Theorem 3.14, it follows that for each 7 € M (NHM(CP?)) with
I'; =T, Lebzn(J,) = 0 for 7-a.e. v € (NHM(CP™))N.

We now give an example of 7 with Jye:(G;) # 0 to which we can apply Theorem 3.71.

Example 4.10. Let 0 < a < 1 and let g1(2) = 22. Let go € P be such that J(g3) =
{ze€C||z+a|] =|1+al|}, g2(1) = 1 and go([1,00)) C [1,00). Let I € N with [ > 2
and let a C J(g2) be a repelling cycle of go of period I. Then there exists an m € N
such that P((g7*,05")) C F({97",g5")) and g7*(a) C Feo((91,92)) C Feo((9T*,95"))- Let
h1 := g0" and hy := g7*. Let (p1,p2) € Wh and let 7 := Z?ﬂpiéhi. Then we have
1 € Jker(Gr) NOF o (G+), G+ is hyperbolic, and a C th (7). Thus T+ is discontinuous at
1,1e Jgt(r), and T is continuous at each point of a. Moreover, by Theorem 3.71, we
have dimp (J3(7)) < MHD(7) < 2, Jmeas(T) = D1(C), and Jpe() = J(G-).

We now give an example of 7 with Jye (G) # 0 to which we can apply Theorem 3.48.

Example 4.11. Let g1(2) = 22 — 1. Let a = 1—?5 Then g;(a) = a € J(g1). Moreover,

—1 is a superattracting fixed point of g?. Let b := a—ﬂ{—ll Then it is easy to see that
b belongs to the immediate basin A; of 0 for the dynamics of g?. Let go € P be such
that J(g2) = {z € C | |z — b = a — b}, g2(a) = a and g2(—1) = —1. Let € > 0 be
a small number so that b — € belongs to A;. Let ¢ = b — ¢e. Let g3 € P be such that
J(g3) = {2 € C||z—¢c| = a—c} and g3(a) = a. Then b is an attracting fixed point of
g2, c is an attracting fixed point of g3, {b,c} is included in A;, {0,c} is included in the
immediate basin Ay of b for g9, and {0,b, —1} is included in the immediate basin A3z of ¢
for gs.

Let m € N be sufficiently large and let hy = g?™, hy = gJ*, and hz = g§*. Let G =
(h1,h2,h3). Then UH(G) N J(G) = P(G)NJ(G) = {—1}, —1 & Jker(G) and a € Jyer (G).
Let (p1,p2,p3) € Wi and let 7 = Zle PiOhn,. By Theorem 3.48, we obtain that (1) for 7-a.e.
v € PN, Leba(J,) = Leba(Jyr.) = 0, (2) Leby(J2(7)) = 0, and (3) for Leby-a.e. y € C,
T, is continuous at y. Moreover, since —1 is a superattracting fixed point of h; and
~1 € J(hy), setting p = (hy,h1,h1,...) € Xy, we have —1 € int(J,r,) (see [33, Theorem
1.6(2)]). Therefore for each 8 € J,en o ™(p), int(Jsr,) # 0. Note that Unena™™(p) is

dense in X;. Thus, (I) for 7-a.e. v € X, Leby(J,r,) = 0, and (II) there exists a dense
subset B of X, such that for each 8 € B, int(jg,pr) # 0.
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