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Abstract

We investigate the random dynamics of rational maps and the dynamics of semigroups of
rational maps on the Riemann sphere C. We show that regarding random complex dynamics
of polynomials, generically, the chaos of the averaged system disappears, due to the automatic
cooperation of the generators. We investigate the iteration and spectral properties of transition
operators acting on the space of (Holder) continuous functions on C. We also investigate
the stability and bifurcation of random complex dynamics. We show that the set of stable
systems is open and dense in the space of random dynamics of polynomials. Moreover, we
prove that for a stable system, there exist only finitely many minimal sets, each minimal set is
attracting, and the orbit of a Holder continuous function on € under the transition operator
tends exponentially fast to the finite-dimensional space U of finite linear combinations of
unitary eigenvectors of the transition operator. Thus the spectrum of the transition operator
acting on the space of Holder continuous functions has a gap between the set of unitary
eigenvalues and the rest. Combining this with the perturbation theory for linear operators, we
obtain that for a stable system constructed by a finite family of rational maps, the projection
to the space U depends real-analytically on the probability parameters. By taking a partial
derivative of the function of probability of tending to a minimal set with respect to a probability
parameter, we obtain a complex analogue of the Takagi function. Many new phenomena which
can hold in random complex dynamics but cannot hold in the iteration of a single rational
map are found and systematically investigated.

1 Introduction

The details of this talk are included in the author’s papers [48, 50].

One motivation for research in complex dynamical systems (for the introductory texts, see
[23, 3]) is to describe some mathematical 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 polynomial f(z) = az(1 — z) (cf. [9]). However, when there is a change in the natural
environment, 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. Another motivation for research in complex
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dynamics is Newton’s method to find a root of a complex polynomial, which often is expressed as
the dynamics of a rational map g on C with deg(g) > 2, where deg(g) denotes the degree of g.
We sometimes use computers to analyze such dynamics, and since we have some errors at each
step of the calculation in the computers, it is quite natural to investigate the random dynamics of
rational maps. In various fields, we have many mathematical models which are described by the
dynamical systems associated with polynomial or rational maps. For each model, it is natural and
important to consider a randomized model, since we always have some kind of noise or random
terms in nature. The first study of random complex dynamics was given by J. E. Fornaess and
N. Sibony ([10]). They mainly investigated random dynamics generated by small perturbations of
a single rational map. For research on random complex dynamics of quadratic polynomials, see
[4, 5, 6, 7, 8, 11]. For research on random dynamics of polynomials (of general degrees), see the
author’s works [45, 46, 47, 49, 48, 50]. For the texts of general theory of random dynamical systems
(on real manifolds), see [1, 20], though these texts do not deal with random complex dynamics.
There have been no textbooks of random complex dynamics yet.

In order to investigate random complex dynamics, it is very natural to study the dynamics of
associated rational semigroups. In fact, it is a very powerful tool to investigate random complex
dynamics, since random complex dynamics and the dynamics of rational semigroups are related
to each other very deeply. The first study of dynamics of rational semigroups was conducted
by A. Hinkkanen and G. J. Martin ([14]), 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 ([12]), who stud-
ied such semigroups from the perspective of random dynamical systems. Since the Julia set J(G)
of a finitely generated rational semigroup G = (hi,...,h,,) has “backward self-similarity,” i.e.,
J(G) = U;nzl hj_l(J(G)) (see [34, 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 [34]-[50], and [27, 28, 29, 30, 31, 32, 33, 51, 52, 53, 54]. ([31] is
a very nice introductory paper which gives a short and elementary proof of the density of repelling
fixed points in the Julia set of a rational semigroup.)

In this talk, by combining several results from [48] and many new ideas, we investigate the
random complex dynamics and the dynamics of rational semigroups. In the usual iteration dy-
namics of a single rational map g with deg(g) > 2, we always have a non-empty chaotic part, i.e.,
in the Julia set J(g) of g, which is a perfect set, we have sensitive initial values and dense orbits.
Moreover, for any ball B with BNJ(g) # 0, g"(B) expands as n — oo (g" denotes the n-th iterate
of g). Regarding random complex dynamics, it is natural to ask the following question. Do we
have a kind of “chaos” in the averaged system? Or do we have no chaos? How do many kinds of
maps in the system interact? What can we say about stability and bifurcation? Since the chaotic
phenomena hold even for a single rational map, one may expect that in random dynamics of ratio-
nal maps, most systems would exhibit a great amount of chaos. However, it turns out that this is
not true. One of the main purposes of this talk is to present that for a generic system of random
complex dynamics of polynomials, many kinds of maps in the system “automatically” cooperate
so that they make the chaos of the averaged system disappear, even though the dynamics of each
map in the system have a chaotic part. We call this phenomenon the “cooperation principle”.
Moreover, we prove that for a generic system, we have a kind of stability (see Theorem C). We re-
mark that the chaos disappears in the C° “sense”, but under certain conditions, the chaos remains
in the C? “sense”, where C” denotes the space of f-Holder continuous functions with exponent
B € (0,1) (see Appendix).

Before going into the details of random complex dynamics, We consider the random dynamical
systems on R. In order to do that, let us recall the definition of the devil’s staircase (the Cantor
function), Lebesgue’ singular functions, and the Takagi function. Generally, the devil’s staircase,
Lebesgue’s singular functions, and the Takagi function are defined as bounded functions on [0, 1]
which satisfy some kinds of functional equations and boundary conditions ([55, 2]). More precisely



(the following definitions look a little bit different from those in [55, 2], but it turns out that they
are equivalent to those in [55, 2]), the devil’s staircase is defined as the restriction (g 1), where
¢ : R — R is the unique bounded function which satisfies

1 1
29B2) + 503z = 2) = p(z) (V& €R), Pl—0o0) =0, ¢li1400) =1, (1)

and for each 0 < a < 1 with a # 1/2, Lebesgue’s singular function L, is defined as the restriction
Yal[0,1], where ¥, : R — R is the unique bounded function which satisfies

ad)a(Ql’) + (1 - a)’l/)a(Q.T - 1) = %(SC) (VIE € R)a wa|(—oo,0] = 07 wa|[1,+oo) = 1; (2)

and the Takagi function is defined as the restriction ¢/2|o 1), where ¢ : R — R is the unique
bounded function which satisfies

%¢5(2$) + %(?(233 — 1) +41/2(22) — 1222 — 1) = ¢(x) (Vo € R), d|(—o0,0u[1,400) = 0. (3)

We now give a (relatively new, uncommon) interpretation for these functions in terms of random
dynamical systems on R. Let fi(x) := 3z, fa(x):=3(z—1)+1 (x € R). We consider the random
dynamics on R such that at every step we choose f; with probability 1/2 and fy with probability
1/2. Let R := R U {#00} be the two-point compactification of R. For each x € R, let T o (x) be
the probability of tending to 4+o0o starting with the initial value x € R. As the author pointed out
in [49, 48], we see that the restriction T’y |jo,1) ¢ [0, 1] — [0, 1] is equal to the devil’s staircase (or
the Cantor function) (Figure 1). The devil’s staircase satisfies the following properties:

(a) It is continuous on [0, 1].

(b) It varies precisely on the Cantor middle third set C' (a kind of thin fractal set), i.e., T (z) =
0 for x € R\ C and T} »|v is not constant for each open subset U of R with RN C # 0.

(c¢) It is monotone.

Similarly, let gi(x) := 2z, ¢g2(x) = 2(x — 1) +1 (x € R). For each 0 < a < 1, we consider
the random dynamics on R such that at every step we choose g; with probability a and g, with
probability 1 — a. Let T () be the probability of tending to 4+o0o starting with the initial value
x € R. As the author pointed out in [49, 48], we see that the function T « al[0,1] : [0, 1] — [0, 1] is
equal to Lebesgue’s singular function L, : [0,1] — [0, 1] with parameter a (Figure 1). The function
L, is continuous and monotone on [0, 1], and if a # 1/2, L, has the following singular property:
for almost every point z € [0,1] with respect to the one-dimensional Lebesgue measure, L, is
differentiable at = and the derivative is zero. Moreover, Sekiguchi and Shiota showed that for each
fixed z € [0,1], the function @ — L,(z) is real-analytic in (0,1) ([26]), and Hata and Yamaguti
showed that the function z + (1/2) - (0La(7)/0a)|q=1/2 on [0,1] is equal to the Takagi function
([13], Figure 1).

Thus, the devil’s staircase and Lebesgue’s singular functions can be defined in terms of ran-
dom dynamics on R, that is, they can be defined as the functions of probability of tending to
+00. Moreover, the Takagi function can be defined as the partial derivative with respect to the
probability parameter.

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. However, as the author points out, it is very natural and straightforward to use
the theory of random dynamical systems in the study of these singular functions.

In this talk, we consider a complex analogue of the above story. Moreover, we consider the
disappearance of chaos, stability and bifurcation in random complex dynamics.



Figure 1: (From left to right) the devil’s staircase, Lebesgue’s singular function, the Takagi function

2 Preliminaries

Definition 2.1.
e We denote by C(:= CU{oo} = CP! 2 §2) the Riemann sphere and denote by d the spherical

distance on C.

We set Rat:={h : C — C | h is a non-const. rational map} endowed with the distance 7
defined by 1(f, g) := sup, ¢ d(f(2), g(2)).We set Raty := {g € Rat | deg(g) > 2}.

We set P := {g : C—-C | ¢ is a polynomial map, deg(g) > 2} endowed with the relative
topology from Rat.

Note that Rat and P are semigroups where the semigroup operation is functional composition.

e A subsemigroup G of Rat is called a rational semigroup.
e A subsemigroup G of P is called a polynomial semigroup.
Definition 2.2. Let G be a rational semigroup.

e We set F(G):={zeC|3Inbd U of zs.t. G is equicontinuous on U}.
This is called the Fatou set of G. (For the definition of equicontinuity, see [3].)

e We set J(G) := C\ F(G). This is called the Julia set of G.
e If GG is generated by a subset A of Rat, then we write G = (A).

Definition 2.3. For a topological space X, we denote by 9, (X) the space of all Borel probability

measures on X endowed with the topology such that
“Up — < “for each bounded continuous function ¢ : X — R, fX pdu, — fX pdp”

Remark 2.4. If X is a compact metric space, then 9t (X) is a compact metrizable space.

From now on, we take a 7 € 9;(Rat) and we consider the (ii.d.) random dynamics on C
such that at every step we choose a map h € Rat according to 7. This determines a time-discrete
Markov process with time-homogeneous transition probabilities on the phase space C such that
for each = € C and for each Borel measurable subset A of C, the transition probability p(x, A) of
the Markov process from x to A is defined as p(z, A) = 7({g € Rat | g(x) € A}).

Definition 2.5. Let 7 € 91 (Rat).
(1) We set C(C) := {p: C — C| ¢ is conti.} endowed with the sup. norm || - [|sc.

(2) Let M, : C(C) — C(C) be the operator defined by

M () (2) = /R (9(a) drlg), Yo € CE) V€ €



(3) Let M7 : 9, (C) — 9% (C) be the dual of M,. That is, for each p € 9 (C) and for each
p € C(C),

/tp d(M7(p)) == /Mf(w) dp.

(Remark: M* can be regarded as the “averaged map” of supp 7, where supp 7 denotes the
topological support of 7. More precisely, let ® : C - (C) be the topological embedding
defined by: ®(z) := 4., where ¢, denotes the Dirac measure at z. Using this topological
embedding ® : C — 9 ((@), we regard C as a compact subset of fml((@) If h € Rat, then we
have Mj o® = ®oh on C (ie., M5 (62) = dp(z) for each z € C). Moreover, for a general
T € M (Rat), for each p € M, (C), we have M () = J Mg (p)dr(h) = [ hi(p)dr(h), where
h. (1) denotes the Borel probability measure on C such that h,(A) := pu(h=1(A)) for each
Borel subset A of C. Therefore, for a general 7 € 9, (Rat), the map M* : M, (C) — 9% (C)
can be regarded as the “averaged map” on the extension 90t (C) of C.)

(4) We set
Fricas(T) :={p € M1 (C) | 3nbd B of p in M, (C) s.t.
{(M*)"|g : B— 9M1(C)}hen is equiconti. on B}.

(5) Let U, be 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 1.

Let Byr :={p € C(C) | M*(¢) — 0 as n — co}.
Let 7 := ®2,7 € My ((Rat)).

J

Let G, be the rational semigroup generated by supp 7.

Let GG be a rational semigroup. We say that a non-empty compact subset K of C is a minimal
set of G in C if K is minimal in {L C C | §) # L is compact,Vg € G,g(L) C L} w.r.t. C .
Moreover, we set Min(G,C) := {L | L is a minimal set of G in C}.

(10) For a minimal set L of G, in C and a point z € C, we set Ty +(2) :== 7({y = (71,72,-.) €
(Rat)™ | d(yn---71(2), L) — 0asn — oo}). This is the probability of tending to L

starting with the initial value z € C.
The following is the key to investigating the random complex dynamics.

Definition 2.6. Let G be a rational semigroup. We set

Jeer(G) := [ KH(J(G)).

heG
This is called the kernel Julia set of G.

By the forward invariance of Jie;(G) under each map of G, Montel’s theorem, and the fact that
oo € F((T')) for a compact subset I" of P, we obtain the following.

Lemma 2.7. Let 7 € MMy (P) be such that supp T is compact. Suppose that for each z € C, there
exists a holomorphic family {ga}xea of polynomial maps such that Jyco{gr} C supp 7 and such
that A\ — gx(z) is not constant on A. Then, Juer(G-) = 0. Here, a family {gr}rea of rational
(resp. polynomial) maps is said to be a holomorphic family of rational (resp. polynomial) maps
if A is a finite-dimensional complex manifold and (z,\) € C x A — gx(z) € C is holomorphic on
Cx A.



For example, let 7 € 91 (P) be such that supp 7 is compact. If there exists an fy € P and a
non-empty open subset U of C such that {fy + ¢ | c € U} C supp, then Jier(G-) = 0.

Thus, we can say that mostly Jie.(G,) = 0. (Note: if G is a group or commutative group,
then Jyer(G) = J(G). Thus if G is a non-elementary Kleinian group or G is generated by a single
rational map g with g > 2, then Jier (G) = J(G) # 0.)

3 Results

Theorem 3.1 (Theorem A, Cooperation Principle and Disappearance of Chaos).
Let 7 € My (Rat) be such that supp 7 is compact. Suppose Jyer(Gr) =0 and J(G;) # 0.
(note: if 3g € suppr with deg(g) > 2, then J(G,) # 0.)

Then, we have all of the following (1)—(9).

(1) Fpeas(r) = M (C). For 7-a.e. v = (y1,72,...) € (Rat)N, the 2-dim. Leb. meas. of
Jy:={2€C|Vnbd U of z,{vn - 7|v : U = Clpen is not equiconti. on U}. is zero.

B, is a closed subspace of C((@) and C(@) =U; ®Boy,r.

1 < dimc U, < oc0.

(2)
3)
(4) For each ¢ € U, and for each connected component U of F(G;), ¢|lu is constant.
(5) 3a € (0,1) s.t. Yo € Uy, ¢ is a-Holder continuous on C.

(6)

ForVz e C, 3A. C (Rat)Y with 7(A.) = 1 with the following property.

- Vv = (y1,72,---) € Ay, 30 = (2,7) > 0 s.t. diamy, - 11 (B(2,9)) — 0 as n — oo,
where diam denotes the diameter w.r.t. the spherical distance.

(7) There exist at least one and at most finitely many minimal sets of G, in C.

(8) Let S, be the union of minimal sets of G, in C. Then Vz € C 3C. C (Rat)N with 7(C.) =1
s.t. Yy = (y,72,-..) €Cs, d(yn - 11(2),S7) — 0 as n — oo.

(9) Let L € Min(GT,C). Then M (Tr,) = Tpr and Ty, € U.. Moreover, for each z € C,
ZLeMin(GT,C) Tpr.(2) =1

Remark 3.2. Theorem A describes new phenomena which cannot hold in the usual iteration
dynamics of a single g € Rat with deg(g) > 2. For example, Fcqs(dg) # M1 (C).

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.

We now consider a sufficient condition for 7 to be Jier(G,) = 0.

Definition 3.3. Let 7 € 9t;(Rat) be such that supp 7 is compact. We say that 7 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) VcUCUCF(G,).

(2) Vv = (71,72:---) € (supp 7)Y, (v 0--0om)(T) C V.



(3) VzeC,3ge G, st. g(z) e U.
Remark 3.4. If 7 is mean stable, then Ji(G,) = 0.

We can see that 7 is mean stable if and only if the cardinality of the set of all minimal sets of G,
in C is finite and each minimal set L is “attracting”, i.e., there exists an open subset Wy, of F(G,)
with L C Wy, and an € > 0 such that for each 2 € Wy, and for each v = (y1,72,...) € (supp 7)Y,
d(yn---7(2),L) — 0 and diam(vy, ---y1(B(z,€))) — 0 as n — oo. Thus, the notion “mean
stability” of random complex dynamics can be regarded as a kind of analogy of “hyperbolicity” of
the usual iteration dynamics of a single rational map.

Definition 3.5. Let ) be a closed subset of Rat. Let
My (V) := {7 € M (Y) | supp T is compact}.
Let O be the topology in My (Y) such that 7, — 7 in (M4 -(Y), O) if and only if
e [@dr, — [dr for each bounded continuous function ¢ : Y — R, and

e supp 7, — supp 7 with respect to the Hausdorff metric in the space of all non-empty compact
subsets of ).

Definition 3.6. let )V be a subset of Rat. We say that Y satisfies condition (x) if ) is closed in
Rat and at least one of the following (1) and (2) holds:

(1) for each (2, hg) € C x Y, there exists a holomorphic family {gx}rea of rational maps with
Useatlgn} C Y and an element \g € A, such that, gx, = ho and A — gx(z0) is non-constant
in any neighborhood of Ag.

(2) Y C P and for each (2o, hg) € Cx ), there exists a holomorphic family {gx}rca of polynomial
maps with (J,c,{gr} C Y and an element Ao € A such that gy, = ho and X — gx(z0) is
non-constant in any neighborhood of Ag.

Example 3.7. Rat, Rat,, P, and {z% +c|c € C} (d € N,d > 2) satisfy condition (x).

Theorem 3.8 (Theorem B, Density of Mean Stable Systems). Let YV be a subset of P
satisfying (x). Then we have the following.

(1) {7 € M1,c(Y) | T is mean stable} is open and dense in (M (Y),O).
(2) {T € M1,c(Y) | T is mean stable and fsupp T < oo} is dense in (My.(Y), O).

We remark that in the study of iteration of a single rational map, we have a very famous
conjecture (HD conjecture, see [22, Conjecture 1.1]) which states that hyperbolic rational maps
are dense in the space of rational maps. Theorem B solves this kind of problem in the study of
random dynamics of complex polynomials (see the comments after Remark 3.4).

Theorem 3.9. Let ) be a subset of Raty satisfying condition (). Then, the set
{1 €My (V) | 7 is mean stable } U{p € My .(}) | Min(Gp,@) ={C}, J(G,) = C}
is dense in (MM.(Y), O).

For the proofs of Theorems B and 3.9, we need to investigate and classify the minimal sets of
(') in C, where T is a compact subset of Rat. In particular, it is important to analyze the reason
of instability for a non-attracting minimal set.

Definition 3.10. For a 7 € M (Rat) with Jyer (G-) = 0 and J(G,) # 0, let 7, : C(@) — U, be
the canonical projection coming from Theorem A.



Theorem 3.11 (Theorem C, Stability). Suppose 7 € My (Rat) is mean stable and J(G,) # 0.
Then there exists a neighborhood 2 of T in (MM .(Rat), O) such that all of the following (a)(b)(c)
hold.

(a) For each v € Q, v is mean stable (thus Theorem A for v holds).

(b) The maps v — m, and v — U, are continuous on . More precisely, for each v € Q, there
exists a family {@;, }j_, of unitary eigenvectors of M, : C(C) — C(C), where ¢ = dime (U, ),
and a finite family {p;.}j_, in C(C)* := {p : C(C) — C | p is linear and continuous}
(endowed with the weak*-topology) such that all of the following (i)—(v) hold.

(1) {pjw}izy is a basis of U,.
(i) For each j, v — @;, € C(C) is continuous on Q.

)
)
(ili) For each j, v pj, € C(C)* is continuous on §.
(iv) For each (3,j) and each v € Q, p; ,(v;.) = 6;j.
)

(v) For each v € Q and each ¢ € C(C), m,(p) = 25:1 Pin(P) - @i

(¢) The map v — Min(G,,,C) is constant on Q.

By applying these results, we can give a characterization of mean stability (see [50]).
We now consider the speed of convergence of M (¢ — m(¢)), where ¢ is a Hélder continuous
function.

Definition 3.12. For each a € (0,1), we set
C*(C) = {p € C(O) | lplla < o0},

where ||<pHa = Supze(f: |(p(z)| + Supm,yé@,r;ﬁy |90(96) — gﬁ(y)|/d(l’7 y)a. (a—Hélder norm.)

Theorem 3.13 (Theorem D, Exponential Rate of Convergence). Let 7 € 9 .(Rat).
Suppose

(1) Jker(Gr) = (Z); ‘](GT) 7é (2)7 and
(2) for each minimal set L of G, in C, L C F(G,).

(Note: if 7 € M (Rat) is mean stable and J(G) # 0, then the above (1) and (2) hold.)
Then Ja € (0,1) 3C >0 3N € (0,1) s.t.
for each a-Hdélder continuous function ¢ on C and for each n € N,

M7 (p — 7 (0))la < CN'[[¢]]a-

Let 7 € My (Rat) be mean stable and suppose J(G;) # 0. Then by Theorem A, the chaos of
the averaged system of 7 disappears (cooperation principle), and by Theorem D, there exists an
ag € (0,1) such that for each a € (0,1) the action of {M},,ey on C%(C) is well-behaved. However,
Appendix (for more details, see [48, Theorem 3.82]) tells us that under certain conditions on a mean
stable 7, there exists a § € (0, 1) such that any non-constant element ¢ € U, does not belong to
CP(C) (note: for the proof of this result, we use the Birkhoff ergodic theorem and potential theory).
Hence, there exists an element 1) € C?(C) such that | M (¢)||3 — oo as n — oco. Therefore, the
action of {M”},en on CP(C) is not well behaved. In other words, regarding the dynamics of the
averaged system of 7, there still exists a kind of chaos (or complexity) in the space (C?(C), ]| -|3)
even though there exists no chaos in the space (C(C), | - [|oo). From this point of view, in the field
of random dynamics, we have a kind of gradation or stratification between chaos and non-chaos.



It may be nice to investigate and reconsider the chaos theory and mathematical modeling from
this point of view.

Under the assumptions of Theorem D, We now consider the spectrum Spec,(M,) of M, :

C*(C) — C*(C). From Theorem D, denoting by U, -(C) the set of unitary eigenvalues of M, :

C(C) — C(C) (note: by Theorem A, U, -(C) C Spec,, (M) for some « € (0,1)), we can show that
the distance between U, ,(C) and Spec,, (M) \ U, ,(C) is positive.

Theorem 3.14. Under the assumptions of Theorem D, Spec,, (M,) C {z € C | |z| < \}UU, -(C),
where A € (0,1) denotes the constant in Theorem D.

Combining Theorem 3.14 and perturbation theory for linear operators ([19]), we obtain the
following theorem. We remark that even if g, — ¢ in Rat, for a ¢ € C*(C), ||l¢ 0 gn — ¢ © G|l
does not tend to zero in general. Thus when we perturb generators {h;} of I';, we cannot apply

perturbation theory for M, on C*(C). However, for a fixed generator system (hy,...h,,) € Rat™,
the map (p17 s apm) € Wp, = {(ala s 7am) € (07 1)m | Z;mzl a; = 1} = MZ;nzl Pjon, < L(Ca((C))

is real-analytic, where L(C*(C)) denotes the Banach space of bounded linear operators on C*(C)
endowed with the operator norm. Thus we can apply perturbation theory for the above real-
analytic family of operators.

Theorem 3.15 (Theorem E: Complex Analogue of the Takagi Function). Let m € N
with m > 2. Let hy,...,hy, € Rat. Let G = (hy,...,hp). Suppose that Jyer(G) = 0, J(G) # 0
and each minimal set L of G in C is included in F(G). Let Wy, := {(a1,...,am) € (0,1)™ |
Zgn:l aj =1} = {(a1,...,am-1) € (0,1)™71 | Z;’L:_ll a; < 1}. For each a = (a1,...,am) € Wi,
let 74 :i= Z;nzl ajdn, € M1 (Rat). Then we have all of the following.

L(C*(C)), where L(C*(C)) denotes the Banach space of bounded linear operators on C(
endowed with the operator norm, is real-analytic in an open neighborhood of b in W, .

(1) For each b € Wiy, there exists an o € (0,1) such that a — (m,, : C*(C) — C*(C)) €
C)

(2) Let L be a minimal set of G in C. Then, for each b € W,,, there exists an o € (0,1)
such that the map a — Tp,, € (C*(C),|| - |la) is real-analytic in an open neighborhood
of b in Wy,. Moreover, the map a — Tr,. € (C(C),|| - |lso) is real-analytic in W,. In
particular, for each z € C, the map a — T -, (2) is real-analytic in W,,. Furthermore,
for any multi-index n = (n1,...,nm_1) € (NU{0})™! and for any b € W,,, the function
zZ [(8%1)”1 e (ﬁ)”m*1 (Tr 70 (2))]|a=b ts Holder continuous on C and is locally constant
on F(G).

(3) Let L be a minimal set of G in C and let b € Wy, For eachi=1,...,m — 1 and for each

zeC, let Yipn(z) == [%(TL’TQ(Z»“,I:[, and let G p.r(2) == Tr -, (hi(2) — Tp r (hin(2)).
Then, ;.1 is the unique solution of the functional equation (I — M,,)(¢) = Ci,b,Lv'(MSTb =

0,4 € C(C), where I denotes the identity map. Moreover, there exists a number a € (0,1)
such that Yipr, =Y ooy M7 (Gip,r) i (C(C), [ - [la)-

The function 77, - is a complex analogue of the devil’s staircase or Lebesgue’s singular functions,
and the function v;;  is a complex analogue of the Takagi function. We can investigate the
pointwise Holder exponents and non-differentiability of Ty, , and v, 1, at points in Jye,(G;), by
using ergodic theory, potential theory, and function theory. See Appendix and [48, 50].

We now present a result on bifurcation.

Theorem 3.16 (Bifurcation). Let Y be a subset of Raty satisfying condition (x). For each
t €[0,1], let py be an element of My (V). Suppose that all of the following (1)—(4) hold.



1) t— e € My (), 0) is continuous on [0, 1].

3) int(supp po) # 0 and F(G,,,) # 0.

(1)
(2) Ift1,t2 €[0,1] and t1 < ta, then supp pt, C int(supp u,) with respect to the topology of V.
(3)
(4) #(Min(G ., C)) # #(Min(G,,, C)).

Let B :={t € [0,1) | ut is not mean stable}. Then, we have the following.

(a) For each t € [0,1], Jxex(Gp,) = 0 and 8J(G,,) > 3, and all statements in Theorem A (with
T = ) hold.

(b) We have 1 < ¢B < #Min(G,,,,C) — tMin(G,,,C) < co. Moreover, for each t € B, either (i)
there exists an element L € Min(Gm,@), a point z € L, and an element g € OT',,(C V) such
that z € LN J(G,,) and g(2) € LNJ(G,,), or (i) there exist an element L € Min(G,,, C),
a point z € L, and finitely many elements gi,...,g, € O, such that L C F(G,,) and z
belongs to a Siegel disk or a Hermann ring of g, o---0gy.

To give an example which describes the above theorem, let ¢y be a point in the interior of the
Mandelbrot set M := {c € C | {h"(c)}nen is bounded in C}, where h.(z) := 2% + c. Suppose h,,
is hyperbolic (i.e., ,enth2(c)} C F(he)). Let 7o > 0 be a small number. Let 71 > 0 be a large
number such that D(cg,71)N(C\M) # 0. For each ¢ € [0,1], let py € MMy (D(co, (1 — t)ro + tr1)) be
the normalized 2-dimensional Lebesgue measure on D(co, (1 — t)rg + tr1). Then {Mt}te[o 1) satisfies
the conditions (1)—(4) in Theorem 3.16 (for example, 2 = ﬁMin(GHO,(AC) > #Min(G,, C) =1). Thus

#{t € [0,1] | p; is not mean stable} = 1.

4 Examples

Example 4.1 (Devil’s coliseum ([48]) and complex analogue of the Takagi function). Let g;(z) :=

2 —1,92(2) == 2%/4,hy = g3, and hy = g3. Let G = (h1,h2) and for each a = (a1,as) €
Wy = {(a1,a2) € (0,1)? | 23:1 a; =1} =(0,1), let 7, := Z?Zl a;0p,;. Then by [48, Example 6.2],
R (J(G))Nhy H(J(G)) = 0. Moreover, G is hyperbolic (see Definition 6.1). Moreover, we can show
that for each a € Wh, 7, is mean stable, T -, is continuous on (@, and the set of varying points
of T 7, is equal to J(G). Moreover, by [48] dimy (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, Too r,
is not differentiable at z. See Figures 2 and 3. T -, is called a devil’s coliseum. It is a complex
analogue of the devil’s staircase (see Introduction). By Theorem E, for each z € C, a1 — Tho 1, (2)

is real-analytic in (0,1), and for each b € Wy, [aT"gan(z Ha=b = >opeg M2 (C1p), where (1 5(2) ==

Too,r,(h1(2)) = Too 1, (ho(2)). Moreover, by Theorem E, the function ¢(z) := [M%;f(z)”a:b defined

on C is Hélder continuous on C and is locally constant on F(G). The function ¢(z) defined on C
can be regarded as a complex analogue of the Takagi function (see Introduction). We can show
that there exists an uncountable dense subset A of J(G) such that for each z € A, either ¢ is not
differentiable at z or 1 is not differentiable at each point w € hy ' ({z})Uhy*({2}) (see Appendix).

LBENC)

For the graph of | lay=1/2, see Figure 5.
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Figure 2: The Julia set of G = (hy, ho), where g1(2) := 22 — 1,92(2) := 22/4,hy = g%, hy := g3.
P*(@G) (see Definition 6.1) is bounded in C and J(G) has uncountably many connected components.
G is hyperbolic ([47]). ﬂ?zl hi ' (J(G)) = 0 and (hi,hs) satisfies the open set condition ([52]).
Moreover, for each connected component J of J(G), there exists a unique v € {hq, h2}" such that
J = J,. For almost every v € {hy, ha }N with respect to a Bernoulli measure, Jy is a simple closed

curve but not a quasicircle, and the basin A, of infinity for the sequence + is a John domain ([47]).

Figure 3: The graph of z — Tw -, ,(2), where, letting (h1, h2) be the element in Figure 2, we set

Ty 1= 25:1 a;jop;. A devil’s coliseum (a complex analogue of the devil’s staircase). 7, is mean
stable. The set of varying points is equal to Figure 2.

Figure 4: Figure 3 upside down.

Figure 5: The graph of z — [(0Tw,r, (2)/0a1)]|a,=1/2, Where, 7, is the element in Figure 3. A
complex analogue of the Takagi function.

11



5 Summary

In the random complex dynamics of polynomials, for a generic probability measure 7 on the space
of (polynomial) maps,

e the chaos of the averaged system disappears, due to the automatic cooperation of the
generator maps (even though each map of the system has a chaotic part),

e there exists a stability of the limit state w.r.t. the perturbation, and

e the orbit of a Holder continuous function under the transition operator M, converges ex-
ponentially fast to the finite-dimensional space U, of finite linear combinations of unitary
eigenvectors of M.

6 Appendix: pointwise Holder exponent and
(non-)differentiability of 77 ; and v, at points in J(G;)

In this appendix, we consider the pointwise Holder exponent and (non-)differentiability of 17, .
(a complex analogue of the devil’s staircase and Lebesgue’s singular functions) and ;5 1, (partial
derivative of T , with respect to a probability parameter: a complex analogue of the Takagi
function) at points in J(G,). We use ergodic theory, potential theory, and function theory.

Definition 6.1. For a rational semigroup G, we set P(G) := [J s { all critical values of g : C—C}
where the closure is taken in C. This is called the postcritical set of G. We say that a rational semi-
group G is hyperbolic if P(G) C F(G). For a polynomial semigroup G, we set P*(G) := P(G)\{oo}.
For a polynomial semigroup G, we set K(G) := {z € C | cs{9(2)} is bounded in C}. Moreover,
for each polynomial h, we set K(h) := K((h)). For a topological space X, we denote by Cpt(X)
the space of all non-empty compact subsets of X. If X is a metric space, we endow Cpt(X) with
the Hausdorff metric.

Remark 6.2. Let I’ € Cpt(Rat, ) and suppose that (') is hyperbolic and Jie, ((I')) = 0. Then by
[48, Propositions 3.63, 3.65], there exists an neighborhood U of T in Cpt(Rat) such that for each
T € My c(Rat) with supp 7 € U, 7 is mean stable, Jie:(Gr) =0, J(G7) # 0 and Uy cpping, ¢ L C
F(G,).

Definition 6.3. Let m € N. Let h = (hq,...,hn) € (Rat)™ be an element such that hq,..., hy,
are mutually distinct. We set I := {hy,...,hp}. Let f: TV x C — I'N x C be the map defined
by f(v,y) = (6(7),71(y)), where v = (71,72,...) € TN and ¢ : TN — TN is the shift map
((v1,72,---) = (92,73, --.)). This map f: N x C — I'N x C is called the skew product associated
with I'. Let 7 : TNxC — TN and me o TN xC — C be the canonical projections. Let u € 9 (TN x C)
be an f-invariant Borel probability measure. Let W, := {(a1,...,a,n) € (0,1)™ | 370 a; = 1},
For each p = (p1,...,Pm) € Wi, we define a function 5 : I'V x C—R by p(v,y) :=p; if 1 = h;
(where v = (71,72, .. .)), and we set

(e logp(7,y) du(y,y))
T e log [(D)ylls du(v, )

u(h,p, p)

(when the integral of the denominator converges), where || - ||s denotes the norm of the derivative
with respect to the spherical metric on C.

Definition 6.4. Let h = (hy,...,hy) € P™ be an element such that hq, ..., h,, are mutually dis-
tinct. Weset I' := {h1,..., hy}. For any (v,y) € TNxC, let G, (y) := lim, 0o m log™ |yn,1(y)],
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where log" a := max{loga,0} for each a > 0. By the arguments in [25], for each v € TV, G, ()
exists, G, is subharmonic on C, and G,|a_, , is equal to the Green’s function on A, with pole
at oo, where Ay 1= {z € C | Yn1(z) — o0 as n — oo}. Moreover, (7,y) — G, (y) is continuous
on ' x C. Let p, := dd°G,, where d° := ;-(9 — 9). Note that by the argument in [17, 25], p,
is a Borel probability measure on J, such that supp u, = J,. Furthermore, for each v € N, let
Q(y) =>.G,(c), where c runs over all critical points of 71 in C, counting multiplicities.

Remark 6.5. Let h = (hy,...,hy,) € (Raty)™ be an element such that hq, ..., hy, are mutually
distinct. Let T' = {hy,..., hy} and let f: TN x C — I'N x C be the skew product map associated
with I'. Moreover, let p = (p1,...,pm) € Wp, and let 7 = Z;”:l p;on; € My (I'). Then, there exists
a unique f-invariant ergodic Borel probability measure pu on TN x C such that () = 7 and
hu(flo) = max e ruye). s (p=pr(p)=r Po(flo) = >ty pjlog(deg(hy)), where hy(flo) denotes
the relative metric entropy of (f, p) with respect to (o,7), and &;(-) denotes the space of ergodic
measures for f (see [36]). This p is called the maximal relative entropy measure for f with
respect to (o, 7).

Definition 6.6. 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

Hol(p,y) ;== inf{B € R | hrznj;,lp W = oo},

where d denotes the spherical distance. This is called the pointwise Holder exponent of ¢ at
Y.

Remark 6.7. If Hol(p,y) < 1, then ¢ is non-differentiable at y. If Hol(y,y) > 1, then ¢ is
differentiable at y and the derivative at y is equal to 0.

We now present a result on the non-differentiability of Ty, ,, and ¥, 1(2) = [%(TL% )]la=b
(in Theorem E) at points in J(G). /

Theorem 6.8. Let m € N with m > 2. Let h = (hy,...,hy) € (Raty)™ and we set I' :

{h1,hay ... hm}. Let G = {(h1,...,hy). Let Wy, = {(a1,...,am) € (0,1)™ | Z;.n:laj =1}
{(a1,...,am-1) € (0,1)m=1 | Z;n:_ll a;j < 1}. For each a = (a1,...,am) € Wi, let 7, =
Z;nzl ajon; € M (Rat). Let p = (p1,...,Pm) € Wi Let f : 'V x C — I'N x C be the skew
product associated with T. Let 7 := 37", p;on, € My (D) < My (P). Let € My (TY x C) be the
mazimal relative entropy measure for f : TN x C — I'N x C with respect to (0,7). Moreover, let
A= () () € M (C). Suppose that G is hyperbolic, and h; *(J(G)) N h;l(J(G)) =0 for each
(i,4) with i # j. For each L € Min(G,C), for each i = 1,...,m — 1 and for each z € C, let
YipL(z) = [%(TL,%(Z))HQ:I,. Then, we have all of the following.

Il

1. 7 is mean stable, Jyxer(G) = 0, and S, C F(G;). Moreover, 0 < dimpy(J(G)) < 2, supp
A= J(G), and A({z}) = 0 for each z € J(G).

2. There exists a Borel subset A of J(G) with A(A) =1 such that for each zo € A and for each
non-constant p € U, Hol(p, z0) = u(h, p, p).

3. Suppose tMin(G, C) # 1. Then there exists a Borel subset A of J(G) with \(A) = 1 such that
for each zy € A, for each L € Min(G,C) and for each i = 1,...,m — 1, ezactly one of the
following (a),(b),(c) holds.

(a) HOL(W; p.1,21) = HOl(Wip 1, 20) < u(h,p, p) for each z € hy *({z0}) Uk ({20})-
(b) HOL(Wip,1,20) = u(h, p, ) < HOWWip, 1, 21) for each 21 € hi ' ({z0}) U hy' ({20})-
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(¢) HOl(ip 1, 21) = u(h,p,p) < HO(; p 1, 20) for each z1 € by ({z0}) Uh ({z0}).
4. If h=(h1,...,hy) € P™, then

— (2275 pjlogp;)
u(h7p, M) = m =
Zj:1 pjlogdeg(h;) + pr Q) d7(v)
and m m
> pjlogdeg(h;) — 3 7 pjlogp;
> iy pilogdeg(hy) + [ Q(v) d7(7)

5. Suppose h = (hy,..., hy) € P™. Moreover, suppose that at least one of the following (a), (b),
and (c) holds: (a) Z;n=1 pjlog(pj deg(h;)) > 0. (b) P*(G) is bounded in C. (c) m = 2. Then,
u(h,p, ) < 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 for each non-constant ¢ € U,, ¢ is
non-differentiable at z.

2> dlmH()\) =

Remark 6.9. By Theorems A and 6.8, it follows that under the assumptions of Theorem 6.8, 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 non-constant
© € U, at almost every point in J(G) with respect to the d-dimensional Hausdorff measure, where

6 =dimgy (J(G,)).
Definition 6.10. Let m € N and let (hy,...,hm) € (Rat)™. Let T = {hq, ..., hp}. Let TN x C —
I'N x C be the skew product associated with T'. For each v = (v1,72,...) € I'N, we set Jy={z¢€
C|Vnbd U of z,{ym - m|v : U — Clpey is not equiconti. on U}. Let J(f) := U, ern{v} x J5,
where the closure is taken in the product space I'N x C.

For each compact metric space X, we set C(X) := {¢ : X — C| ¢ is conti.} endowed with the
supremum norm.
Theorem 6.11. Let m € N with m > 2. Let h = (hy,...,hy) € (Raty)™ and we set T' =
{h1,hay.. hm}. Let G = (hy, ..., hp). Let p= (p1,...,Pm) € Whn. Let f : TN x C — TN x C be
the skew product associated with T'. Let T := Z;’;l p;on, € M(I') C My (Raty). Suppose that G is
hyperbolic and h;*(J(G)) ﬂhj_l(J(G)) = for each (i,7) with i # j. Let 6 := dimg (J(G)) and let
H° be the 0-dimensional Hausdor(f measure. Let L:C(J(f)) — C(J(f)) be the operator defined
by L(9)(2) = 245 )=» o7, W)|[(DY1) w58, where v = (71,72, --.), and || - ||s denotes the norm
of the derivative with respect to the spherical metric on C. Moreover, let L : C(J(G)) — C(J(G))
be the operator defined by L(¢)(z) = S0y . o)s #(@)|(Dhy)ull23. Then, we have all of the
following.

1. 7 is mean stable and Jyxer (G) = 0.

2. There exists a unique element U € My (J(f)) such that L*(#) = . Moreover, the limits
& = lim, o L™"(1) € C(J(f)) and a = lim,, o L™(1) € C(J(G)) ewist, where 1 denotes the
constant function taking its value 1.

3. Let v i=(mz).(7) € My (J(G)). Then 0 <5 <2, 0< H(J(G)) < 00, and v = gt .

4. Let p:=a € My (J(f)). Then p is f-invariant and ergodic. Moreover, min ¢ 7@ a(z) > 0.

5. There exists a Borel subset of A of J(G) with H°(A) = H°(J(G)) such that for each zy € A
and for each non-constant ¢ € Uy,

- Z;-n:l(logpj) fh;l(J(G)) a(y) dH® (v)
Z;‘nzl fhj_l(J(G)) a(y) log H(Dhj)st dHJ(y) .

HOI((pa ZO) = U(h,p, p~) =
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Remark 6.12. Let m € N with m > 2. Let h = (h1,...,hy) € P™ and let G = (hy,..., hp).
Let p= (p1,.--,Pm) € Wy, and let 7 = Z?lejé;Lj. Suppose that K(G) # 0, G is hyperbolic, and
h»_l(J(G))ﬂhj_l(J(G)) = () for each (¢, j) with ¢ # j. Then, T, belongs to U, and is non-constant.

(2

Remark 6.13. Let m € N with m > 2. Let h = (hy,...,hyn) € P™ and we set T := {hy,..., hp}.
Let G = (h1,...,hn). Let p = (p1,...,Pm) € Wi, Let f : TN x C — IV x (f:; be the skew
product associated with T'. Let 7 := 37" | p;op, € My1(T') C My (P). Suppose that K(G) # 0, G is
hyperbolic, and h; ' (J(G)) N h;l(J(G)) = () for each (i, j) with ¢ # j. Moreover, suppose we have
at least one of the following (a),(b),(c): (a) 3°7-, p;log(p; deg(h;)) > 0. (b) P*(G) is bounded
in C. (¢) m = 2. Then, combining Theorem 6.8, Theorem 6.11, and Remark 6.12, it follows that
there exists a number ¢ > 0 such that if p; < g, then we have all of the following.

1. Let p be the maximal relative entropy measure for f with respect to (o, 7). Let A = (7s).p €
M1 (J(G)). Then for M-a.e. zp € J(G) and for each non-constant ¢ € U, (e.g., ¢ = Too r),

le(y)—©(20)

limsup,_, =] | = o0 and © is not differentiable at z.

2. Let 6 = dimg(J(G)) and let H° be the J-dimensional Hausdorff measure. Then 0 <
H°(J(G)) < oo and for H’-a.e. zy € J(G) and for any ¢ € LS(U;,(C)) (e.g., ¢ = Toor),

le(y)—¢(20)

limsup, _, Ty—sol | =0 and  is differentiable at zg.

Combining Theorem 3.1 and Theorem 6.8, we obtain the following result.

Corollary 6.14. Letm € N withm > 2. Let h = (hy,...,hy) € P™ and we set T :={hq, ..., hm }.
Let G = (hi,...,hy). Let p = (p1,...,pm) € Wi Let f : TN x C - N XA(AC be the skew
product associated with T Let T := 37" pjop; € M1 (L) C M1(P). Suppose that K(G) # 0, G is
hyperbolic, and hi ' (J(G)) N h;l(J(G)) =0 for each (i,7) with i # j. Moreover, suppose we have
at least one of the following (a), (b), (c): (a) 37—, p;log(p; deg(h;)) > 0. (b) P*(G) is bounded

in C. (¢) m=2. Let ¢ € C(C). Then, we have ezxactly one of the following (i) and (ii).
(i) There exists a constant function ¢ € C(C) such that M™(p) — ¢ as n — oo in C(C).

(ii) There exists a non-constant element ¥ € U, and a number | € N such that

- Mi(i/f) = 1/1;
— each element of {M? (w)}é;% belongs to U, is non-constant, and is locally constant on
F(G),

— there exists an uncountable dense subset A of J(G) such that for each zo € A and for
each j, MZ(v) is not differentiable at zy, and

— MM™M*I(p) — MI(¢) asn — oo for each j =0,...,1— 1.

Remark 6.15. In the proof of Theorem 6.8, we use the Birkhoff ergodic theorem and the Koebe
distortion theorem, in order to show that for each non-constant ¢ € U,, Hol(p, z9) = u(h,p, p).
Moreover, we apply potential theory in order to calculate u(h, p, ) by using p, deg(h;), and (7).
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