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Abstract. This note concerns non-autonomous dynamics of rational functions and, more
precisely, the fractal behavior of the Julia sets under perturbation of non-autonomous systems.
We provide a necessary and sufficient condition for holomorphic stability which leads to Holder
continuity of dimensions of hyperbolic non-autonomous Julia sets with respect to the [*°-topology
on the parameter space. On the other hand we show that, for some particular family, the Hausdorff
and packing dimension functions are not differentiable at any point and that these dimensions are
not equal on an open dense set of the parameter space still with respect to the [*°-topology.

1. Introduction

Let F = { fry 7€ Ag} be a holomorphic family of rational functions depending
analytically on a parameter 7 € Ay, Ay being some open and connected subset of C?,
d > 2. We investigate the dynamics of functions

oo ofan, n=>1,

where each fy; is an arbitrarily chosen function of the family F. Such a dynamical
system is usually called non-autonomous. They generalize deterministic dynamics
(where all the functions fy, equal one fixed rational map) and random dynamics
(where the functions fy, are chosen according to some probability law) that first
have been considered by Fornaess and Sibony [FS91]. Non-autonomous maps are
also deeply related with the skew-products studied by Jonsson [Jon99, Jon00|, Sester
[Ses99] and Sumi [SumO1].
If A = (A, A2,...) € A, then it is convenient to denote

ff = f,\n Of,\n_l 0"'0fA1-

Like in deterministic dynamics, the normal family behavior of (f}),, splits the sphere
into two subsets. The Fatou set Fy, i.e. the set of points for which (f}), is normal on
some neighborhood, and its complement the Julia set [J,. We are going to investigate
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the fractal nature of the Julia set 7, and, more precisely, the dependence of the fractal
dimensions of Jy on the parameter A € A,

The deterministic hyperbolic case is completely understood by now. Indeed in
1979, Bowen [BowT79| showed that the Hausdorff dimension of the Julia set can be
expressed by the zero of a pressure function. The picture was completed by Ru-
elle [Rue82] who showed that this dimension depends real analytically on the func-
tion. More recently, random dynamics became an active area and both Bowen’s
formula and Ruelle’s real analyticity result have its counterparts in random dynam-
ics. Bowen'’s formula has been established for various random dynamical systems (see
e.g. [MUS11] and the corresponding references in this monograph) and Rugh [Rug|
established real analyticity for random repellers. We will see in this note that the
situation is completely different in the non-autonomous setting.

Bowen’s and Ruelle’s results are valid for hyperbolic deterministic functions and
hyperbolic functions are so called stable functions of the parameter space. There
are several notions of stability. We consider holomorphic stability that is based on
the concept of holomorphic motions and the A\-Lemma, which has its origin in the
fundamental paper [MSS83| by Mané, Sad and Sullivan. Let A C AN be a complex
Banach manifold. A parameter n € A is called holomorphically stable if there exists
a family of holomorphic motions {A,n () }» over some neighborhood V;, C A of 7 such
that the following diagram commutes. In here, o(A1, Aa,...) = (Ao, A3, ...) is the
usual shift map.

Fan Fro Fs
(1.1) Ty —= Tot) — Jo2() — To3(n)

hxl hami ho%)l h”3(*)l
f>‘1 f>\2 ng

In——=To00) — = To200) —= T30

Comerford in [Com08| proved stability for certain hyperbolic non-autonomous poly-
nomial maps. We establish the following characterization of holomorphic stability.
We would like to mention that the usual theory developed by Mané, Sad and Sulli-
van [MSS83| is based on the stability of repelling periodic points. Such points do not
exist at all in the non autonomous setting. Another remark is that the parameter
space Al is infinite dimensional.

As usual we denote by C;, = {¢’ = 0} the critical set of a function g. The
definition of topological exactness is given in Definition 2.2.

Theorem 1.1. Suppose that A C Al is a complex Banach manifold. Let f,,
n € A, have perfect Julia sets and suppose that f\ is topologically exact for A in a
neighborhood of 1. Then, the map f, is holomorphically stable if and only if there
exist an open neighborhood V' of n and three holomorphic functions o' : V. — C,
1 =1,2,3, such that
(1.2) i (A) € Tonny and o () #aj(A) forall\ €V andi # j.
(1.3) S (Crn) n{af(N), a5 (N), a5(N)} =0 forall X eV andn > 1.
(1.4) If of**(X) = fh () (N)) for some A €V,

then this equality holds for all A € V.

Remark 1.2. The dynamical assumptions perfectness of the Julia set and topo-
logical mixing are necessary in order to exclude some pathological examples. In



Regularity and irregularity of fiber dimensions of RDS 491

general these are very natural and mild assumptions since they hold in most cases.
Indeed, Sumi [SumO1] improving Jonsson [Jon00| has shown that 7, is perfect if
{fx,}; is a equicontinuous family on C ([Sum06| even contains a uniformly perfect-
ness result). Details on the mixing property are in Section 2.

Remark 1.3. Throughout the whole scope of this paper we could have chosen in
each fiber j > 0 the map fy; in a different family J; of rational maps. In particular,
Theorem 1.1 and the whole Section 3 on holomorphic stability does hold without any
restrictions on these families F;, 7 > 0. Only starting from Section 4 we need some
further control like, for example, a uniform bound on the degree of the functions.
We do not insist for such a generalization simply because the notations are already
involved enough.

This characterization is in the spirit of the stability of critical orbits in the de-
terministic case, i.e. the stability of orbits

ax= falen) = e fl(e) e

where ¢ is a critical point of f). By Montel’s Theorem, such an orbit is stable if it
avoids three values af(\), a%(A), a%()\) depending holomorphically on A and staying
some definite spherical distance apart. Such a condition appears in Lyubich’s paper
|[Lyu86| which itself is based on the previous work by Levin [Lev81|. It turns out
that this is the right point of view for generalizing the characterization of stability
to the non-autonomous setting.

Hyperbolic random and non-autonomous polynomials have been studied by Com-
erford [Com06], Jonsson [Jon00|, Sester [Ses99] and Sumi [Sum01, Sum06, Sum10b].
H. Sumi also considered in [Sum97| related hyperbolic semi-groups. The definition
of hyperbolicity is based on a uniform expanding property, and this is the reason
why we will call such maps uniformly hyperbolic. We will consider hyperbolic and
uniformly hyperbolic non-autonomous maps. Later in the course of the paper we
will see that they have normal critical orbits and are therefore holomorphically sta-
ble provided we equip the parameter space with the [*-topology. Using standard
properties of quasiconformal mappings we get the following Holder continuity result
of the dimensions.

Theorem 1.4. For every uniformly hyperbolic map f, there is a neighborhood
V of i in [*°(Ag) such that the functions

A— HD(J,) and X+~ PD(7))

(in fact all fractal dimensions) are Hélder continuous on V' with Hélder exponent
a(\) — 1 if X converges to the base point 7.

As already mentioned before, in deterministic as well as in random dynamics one
has much more, namely, real analytic dependence of the dimension [Rue82, Rug].
Surprisingly it turned out that in the non-autonomous setting the Holder continuity
obtained in Theorem 1.4 is best possible. Indeed we show the following.

Theorem 1.5. Consider the quadratic family

F={fr(2)=7/2(z* - 1)+ 1, T € Ao} where Ao = {|7| > 40}
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and let A be the interior of AN N 1%(Ag) for the [®~topology. Then A = A“1% (see
Definition 4.2 ) and the functions

A= HD(j,\) and A+ PD(j)\)
are not differentiable at any point n € A when equipped with the [*°-topology.

In order to prove this result we first produce conformal measures, introduce
and study fiber pressures and establish an appropriate version of Bowen’s formula.
Considering the family F in greater detail we also show that generically the different
fractal dimensions are not identical.

Theorem 1.6. Let F and A be like in Theorem 1.5. Then, there exists an open
and dense set €} C A such that

HD(J)\) < PD(J,) for every €.

The authors whish to thank the referee of our paper who provided us with a
very detailed report containing important remarks, comments and suggestions. In
particular, this influenced the final formulation of Theorem 3.6.

2. Non-autonomous dynamics

Rational functions are holomorphic endomorphisms of the Riemann sphere C and
the spherical geometry is the natural setting to work with. Therefore, all distances,
disks and derivatives will be understood with respect to the spherical metric. For
example, D(z,r) will be the spherical disk centered at z € C and of radius r > 0.

We always assume that Ag is an open and connected subset of C¢ for some d > 2
and that F = { fry 7€ Ao} is a holomorphic family of rational functions which
means that f, is a rational function for every 7 € Ay and that (7,2) — f,(z) is a
holomorphic map from Ag x C to C. We are interested in the dynamics of

fAnO"'Oszof)\N n=1
where the fy, € F or, equivalently, the \; € Aq are arbitrarily chosen.
Let m: A — Ay be the canonical projection on the first coordinate and let
o: A — AL be the shift map o(A;, Ao, ...) = (Mg, A3,...). To A= (A, Aa,...) €A
we associate a non-autonomous dynamical system by first identifying f\ with fr) =
fr, and then by setting

ff:fan—l(A)O"'Ofa(A)OfA 3=fAnO"'OfA20fA1, n > 1.

A straightforward generalization of the deterministic case leads to the following def-
initions. The Fatou set of (f}), is

F(fx) = {z eC; (f¥)n is a normal family near z}

and the Julia set J(fy) = C\ F(fx). Most often there will be only one non-
autonomous map f, associated to the parameter A\. Then we will use the simpler
notations F, and J,. For these sets we have the invariance property

(2.1) P (Terin) = Tosny and - f (Fosrin) = Foiry,  J 2> 1.
The critical set of fy is Cy, = {f} = 0}.

Lemma 2.1. The Julia set J, of a non-autonomous map f, is either infinite or
there exists N > 0 such that J,n»(y) consists in at most two points for every n > N.
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Proof. From the invariance property (2.1) it is clear that either all the sets Jon(»),
n > 0, are simultaneously infinite or finite and that the sequence ny = #J,n(y) is
decreasing hence stabilising when finite. Suppose that #7, < oo and let N be the
first integer such that

ny=(n+1), forevery n> N.

Since, by assumption, the functions of F are not injective, it follows that every point
of J,n () is a totally ramified point of f,~(y). Therefore we are done since a rational
map of degree at least two has at most two such points. 0

As usually, J, is called perfect if it does not have isolated points. In the case
where 7, is an infinite set then it is automatically perfect provided the map satisfies
the following mixing property.

Definition 2.2. A map f, is topologically exact if, for every open set U that
intersects 7y, there exists N > 1 such that f¥(U) D Tny)-

As we will see in Example 2.3, non-autonomous maps need not be topologically
exact. However, this mixing property is satisfied in most natural settings and is
a mild natural dynamical condition. Biiger |Biig97| showed that polynomial non-
autonomous maps with bounded coefficients are topologically mixing. This results
suggest most likely that fy is topologically exact if {\;}; is pre-compact in A,.

Non-autonomous maps are very general and many of the basic properties valid
in the deterministic case are no longer true here. For example, in the deterministic
case a point is in the Julia set if no subsequence of the iterates is normal. Also,
deterministic Julia sets are known to be perfect sets. Both these properties are
no longer true in the non-autonomous setting. To illustrate this and some other
particularities we provide here two simple examples.

Example 2.3. Let f(z) = 2% and hj(z) = a;z for some a; > 0, j > 0. There
are numbers A\; > 0 such that for every j > 1

(2.2) hjof=fr ohjo1 where fy (2) = \;2°

In other words, the deterministic map f is conjugated by the similarities (h;); to the
non-autonomous map fy. The numbers «; can be chosen such that f{(z) = f"(2) =
22" for even n and f{(z) = r,f"(2) = 22" for odd n. In here the coefficients r,
are chosen to decrease to zero so fast that the sequence (f}')n 0qq is normal at every
finite point z € C. Notice that then (f{), caqa is not normal at infinity from which
easily follows that

j A — S ! U {OO}
In particular, this example shows that the conjugation (2.2) does not preserve the

Julia sets. Also, the initial system is perfect and topologically exact whereas the new
non-autonomous map has neither of these properties.

Example 2.4. Consider f a hyperbolic rational function such that the Fatou set
of f has infinitely many distinct connected components Uy, Us, . ... For example, one
might take f(z) = 2% + ¢ where ¢ = —0.123 4 0.745¢ and where the associated Julia
set J(f) is Douady’s rabbit. Now, similarly to the first example, we will modify this
deterministic map by conjugating it to a non-autonomous map f) where

o, =Mppiof OM:Ll-



494 Volker Mayer, Bartlomiej Skorulski and Mariusz Urbariski

This times, M,, = Id for odd n and, for even n, M, is a Mdbius transformation of
the Riemann sphere such that M,,(U,) D C\ D(0,r,) where r, — 0.
Notice that [y = fags © frg, = f° for every & > 0. It follows that the

deterministic set J(f) is a subset of the non-autonomous set J,. On the other hand,
it is easy to see that F(f) C Fy. Therefore, both systems have the same Julia set
J(f) = I

In this example, the conjugation preserves the Julia and Fatou sets. However,
although we started from a hyperbolic hence expanding function f, for the non-
autonomous map f, we have that

(=0 on I,
provided the numbers 79, — 0 sufficiently fast.

Further examples with pathological properties can be found e.g. in [Brii01] and
especially in the very interesting papers [Sum10a, Sum10b, Sum11] by Sumi.

Both above examples are obtained in conjugating a deterministic map. The
reason why in both cases the resulting dynamics differ from the original ones is
the the lack of equicontinuity of the conjugating family of similarities or Mobius
transformations respectively. Given this observation it is natural to introduce the
following definition.

Definition 2.5. Two non-autonomous maps fy and f, are conjugated if there
are homeomorphisms h;: C — C, j > 1, such that

(2.3) hji10 fa, = fu; ©hj holds on C for every j > 1.

If in addition the families {h;}; and {h;'}; are equicontinuous then fy and f,
are called bi-equicontinuous conjugated. In the case the homeomorphisms h; be-
ing (quasi)-conformal then we say that the maps are (quasi)-conformally conjugated
or (quasi)-conformally bi-equicontinuous conjugated.

The notion of bi-equicontinuous conjugation is consistent with the notion of affine
conjugations used by Comerford in [Com03|.

Often it is necessary to consider conjugations that do only hold on the Julia sets.
But, in order to do so, it is necessary to first ensure that the conjugating maps do
identify the Julia sets. Clearly, bi-equicontinous conjugations have this property.

Lemma 2.6. If the non-autonomous maps f\ and f, are bi-equicontinuously
conjugated, then the conjugating homeomorphisms identify the corresponding Julia
sets.

Proof. Suppose that h;: C— C, j > 1, are the homeomorphisms such that (2.3)
holds and such that {A;}; and {h;'}; are equicontinuous. Then f{ = h,}, o fi' o hy
for every n > 1 which implies that hi*(F(f.)) € F(fx) or, equivalently, F(f,) C
hi(F(fx)). On the other hand, f! = h,10 f} o hit for every n > 1 from which
follows that hy(F(fr)) C F(fy)- O

As we have seen in Example 2.3, general conjugations may not identify Julia sets.

Nevertheless, in some special cases like in the Example 2.4 Julia sets are preserved.
Here is a more general statement where this also holds.

Lemma 2.7. (Rescaling Lemma) Suppose that fy is a topologically exact non-
autonomous map such that all the Julia sets J(f,~(x)), n > 0, contain at least three
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distinct points. Suppose that h, are homeomorphisms of C such that 0,1,00 €
hos1 (T (fon(ny)) and such that (hy,), conjugates fy to the non-autonomous map gh.
Then

j(QU"O\)) = hn+1<j(fcr"()\))) for every n > 0.

Proof. It suffices to establish the required identity for n = 0, i.e. we have to show
that J(gx) = J» if Tn = ho(T(f»)). Let aff,al,al € Jonn be the points that are
mapped by h, onto 0,1, 00 respectively. If 2 & 7, then it is easy to see from the
conjugations that Z has an open neighborhood U such that ¢} (U) does not contain
any of the points 0,1, co. Therefore, Montel’s Theorem yields that C \ I C F(g»)
or, equivalently, that J(gx) C Jh.

Suppose now that there exists 2 € Jy N F(gy). Then there exists an open
neighborhood U of Z such that (gV), is normal on U. Let ¢ be the limit on U of
a convergent subsequence of (g%),. Shrinking U if necessary, we may assume that
one of the points 0,1,00 is not in ¢(U). Let W be an open neighborhood of 2
such that T is relatively compact in U. Since z = hy'(2) € J(f\), the open set
W = hy L(W) intersects J(f,). By assumption, the map f is topologically exact.
Therefore, there is N > 0 such that f{(W) O Ty for every n > N. It follows
that ¢?(W) D {0,1,00} for every n > N. But then we get the contradiction that
{0,1,00} C @(U). We showed that Jy C J(gx) and thus both sets coincident. [

3. Stability and normality of critical orbits

In this section we study holomorphic stability and establish, in particular, The-
orem 1.1. We would like to mention that Comerford in [Com08| has a partial re-
sult in this direction. He shows holomorphic stability for certain polynomial non-
autonomous systems provided they are hyperbolic. Our result is an if and only if
condition for the stability of a general non-autonomous rational map. The condi-
tion relies on the dynamics of the critical orbits and, due to the great generality of
non-autonomous systems, we are lead to consider two different conditions of nor-
mal critical orbits. In the Proposition 3.5 and in Theorem 3.6 we relate them to
holomorphic stability and they yield Theorem 1.1.

In the following we assume that A C Al is a complex Banach manifold. The
most relevant example is the [*-topology. Given any function w: N —]0, cof, let
A = 1®(Ag) be the interior of AN N I2(C%) in [2°(C%) (remember that Ay C C9)
where the weighted sup-norm is given by [|Allw,c0 := sup; |w(j)A;|. Then a sequence
A € AYY belongs to IZ°(Ag) if and only if (w(1)A1,w(2)Aa,...) is a bounded sequence
such that inf; w(y) dist(A;, 9Ag) > 0.

Starting from Section 4 we most often deal with uniform hyperbolic maps (see
Definition 4.2). Then the natural associated parameter space is A = [*°(Ay), i.e. the
space [2°(Ag) with weight function w = 1.

3.1. Holomorphic motions. Since this section relies on quasiconformal map-
pings and holomorphic motions, we start by summarizing some facts from this theory.
Let n € A be a base point.

Definition 3.1. A holomorphic motion of a set E C C over A is a mapping
h: A x E — C having the following three properties.
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L4 hTI = ZdE,
e for every A € A, the map z — hy(z) is injective on E and
e for every z € E, A — hy(z) is a holomorphic map on A .

As already mentioned in the introduction, Mané, Sad and Sullivan [MSS83]| ini-
tially established a A-Lemma stating that any holomorphic motion of a set £ C C
over the unit disk of C can be extended to a holomorphic motion of the closure of
E. Since then, this A-Lemma has been extensively studied and generalized. Most
notably, Slodkowski [S1095] showed that every holomorphic motion over the unit disk
is the restriction of a holomorphic motion of the whole sphere. Hubbard [Hub76]
discovered that this is false for holomorphic motions over higher-dimensional param-
eter spaces and [JMO7| contains a simpler example. Nevertheless, we dispose in the
following A-Lemma due to Mitra [Mit00] and Jiang—Mitra [JMO7].

Theorem 3.2. (\-Lemma) A holomorphic motion h of a set E C C over a
simply connected complex Banach manifold V' with basepoint n € V' extents to a
holomorphic motion H of E over V such that

(1) for every A\ € V, the map H), is a global quasiconformal map of C with
dilatation bounded by exp(2py (1, \)) where py is the Kobayashi pseudometric
onV,

(2) the map (A, z) — H\(z) is continuous.

3.2. Holomorphic stability and normal critical orbits. Here is the precise
definition of the stability we use. Notice that, in this definition, the conjugating maps
hon(y) are not necessarily bi-equicontinuous. We therefore have to include here that
the conjugating maps identify the Julia sets.

Definition 3.3. A map f,, n € A, is holomorphically stable if there is an open
neighborhood V' C A of n and a family of holomorphic motions {Ayn(x) }n of {Ton () tn
over V' such that, for every A € V., honn)(Ton(y)) = Ton(n) and

hontin) © forny) = for(n) © hon(ny o0 Ton(y) for every n > 0.

The set of holomorphic stable parameters is denoted by Ast@bte,

In the theory by Mané, Sad and Sullivan [MSS83| and, independently, Lyu-
bich [Lyu86|, showing in particular density of stable parameters in any deterministic
holomorphic family of rational functions, appear several equivalent characterizations
of stability. Most of this theory relies heavily on the stability of repelling cycles
which, in the present non-autonomous setting, do not exist at all. There is one cri-
terion of stability in [Lyu86] which turns out to be appropriate for generalization
to the present setting. This criterion exploits the dynamics of the critical orbits
cx = falen) = ... = f¥(ex) — ... under perturbation of A\. Indeed, stability
coincides with the normality of these orbits and, as already mentioned in the in-
troduction, Montel’s Theorem implies that such an orbit is stable if it avoids three
values a(A), a5 (M), a%(A) depending holomorphically on A and staying some definite
distance apart. It is therefore natural to make the following definition.

Definition 3.4. A map f, has normal critical orbits if there exists an open
neighborhood V' of n, k > 0 and, for each n > 0, three holomorphic functions
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oV — C, 1 =1,2,3, such that

(3.1) dists(aj (A),aj(A)) =k forall A € V and i # j.
(3.2) 2 (Crr) N{a(N), a5 (N), a5(N)} =0 forall A € V and n > 1.
(3.3) If o™ () = C]fn(/\)(oz;-‘()\)) for some A € V,

then this equality holds for all A € V.

Notice that (3.2) is precisely (1.3) and the compatibility condition (3.3) is also
exactly the condition (1.3) of Theorem 1.1. Only the first condition (3.1) differs from
the corresponding one in Theorem 1.1. It is a normalized version of condition (1.2)
in which we allow the functions o} to have values not only in the corresponding Julia
set but in the whole Riemann sphere. If, in this definition, the condition (3.1) is
replaced by (1.2), then we will say that f, has normal critical orbits in the sense of
Theorem 1.1 on V.

Proposition 3.5. Suppose that n € At js a holomorphic stable parameter
and that [, is a perfect set. Then f, has normal critical orbits in the sense of
Theorem 1.1.

Proof. Consider first the map f,, and let us define the points o (n) by induction.
Since J,, is perfect, there exist three distinct points of(n), a3(n), a3(n) € J,. Suppose
that all the points af (n) are defined for 0 < k < n. The set J,n(y) is also perfect and
so there are distinct points

n—1
o1 (n). a(n). a(n) € Tomin \ | £2(Csy) U | F1575 (k)
k=0
By assumption there are holomorphic motions {A,n»()}» such that Definition 3.3 is
satisfied. It suffices now to set

aj(A) = honyy(af(n)) for every A € V and all n, j. O

The following main result of this section goes in the opposite direction.

Theorem 3.6. Suppose that U is an open subset of A such that, for every A € U,
fx is topologically exact and
lim sup diam Jon(x) > 0.

n—oo
Suppose that n € U such that f, has normal critical orbits. Then f, is holomor-
phically stable, i.e. n € A*?P¢. Moreover, the corresponding family of holomorphic
motions is bi-equicontinuous; it gives rise to a bi-equicontinuous conjugation on the
Julia sets.

Before giving a proof of it, let us first explain how Theorem 1.1 results.

Proof of Theorem 1.1. Given Proposition 3.5 we only have to show that normal-
ity of critical orbits in the sense of Theorem 1.1 implies holomorphic stability. Let f,
be a map such that there exist functions af, af, @} defined and holomorphic on some
neighborhood V' of 1 such that the conditions (1.2), (1.3) and (1.4) are satisfied. Let
Mnny be a Mobius transformation sending the points oz;?(/\), j=1,2,3,t00,1,00
and consider f:,n( ) defined by

(3.4) fgn(,\) o Myn(p)y = Montiyy 0 fon(ny for every A€V and n > 0.
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By assumption, f, is topologically exact near 7, say on V. Therefore, Lemma 2.7
applies and yields that

T (fonn)) = Mon(n) (j(fgn(x))) for all A, n.

Since the functions A +— o (A) are holomorphic on V', it suffices to establish holomor-

phic stability of fn. This new function fn has normal critical orbits (with functions
aj constant 0,1 or oo) and so we would like to conclude by applying Theorem 3.6.

However, on every fiber the map fo-j()\), j > 0, belongs to a different holomorphic
family F; = { fo.j(,\); A € V}. But, as already mentioned in Remark 1.3, the whole
paper and especially Theorem 3.6 does hold in this generality with the same proof.
Therefore fn is holomorphically stable. ([l

The remainder of this section is devoted to the proof of Theorem 3.6. In order
to do so, we now suppose that the conditions of Theorem 3.6 are satisfied and that,
in particular, n € U C A is such that f, has normal critical orbits: there are V' C U,
an open neighborhood of 7, and holomorphic functions o such that the conditions
of Definition 3.4 are satisfied. We can and will suppose that V' is simply connected.
Consider the sets

Eoioyn = £ ({at(0), a5 (V) a5(N)}),  j<n
and
(3.5) Egj(x) = U Esioyn, A€V andj>0.
n>j

Proposition 3.7. For every j > 0, there are holomorphic motions hyi(y): Eqi
— &4i(n) over V such that

n)

(3.6) hoion(al(n)) = al(\) forall \ € V and i € {1,2,3}, and
(3.7) hoiti(n) © foitny = Join) © hoin)y 0N Egigy, A E V.

Proof. We explain how to obtain the motions in the case j = 0. The general case
is proven exactly the same way.

Let z, € &, and let n > 0 be minimal such that z, € F,,. A point 2, € £, , if
fi(z) = ai(n) for some i € {1,2,3}. Hence, we have to consider the equation

(3-8) N (2) = o ().

We want to apply the implicit function theorem to this equation and get z as a
function of A. This is possible as long as (f{)(z) # 0. If (f7)'(2) = 0, then the point
al(N) is a critical value of f{. However, the assumption (3.2) implies that this is
not the case for A € V. The set V being simply connected it follows that there is
a uniquely defined holomorphic function A — z), A € V| starting at the given point
zy, if A =1, and such that (A, zy) is solution of (3.8). Therefore, we can define

h)\(Zn) = Zx, AeV.
If ever 2\, € Ey; N Ey, for some A € V and 1 < k < n, then there are ¢,j €
{1,2,3} such that af(\) = f:,:(];)(aé?()\)). But then the compatibility condition (3.3)

implies that the last equation holds for all A € V' and that it does not matter for the
definition of the function A — zy if we start with of'(n) or with of(n).
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The normalization (3.6) and the conjugating relation (3.7) are clearly satisfied
simply by the way we constructed the holomorphic motions. Hence, the proof is
complete. 0

End of the proof of Theorem 3.6. We are now able to conclude the proof of The-
orem 3.6 by using Mitra’s version of the \-Lemma. Indeed, Theorem 3.2 asserts that
the motions hg;(y) extend to holomorphic motions of the closure EU]-( - We continue
to denote these extended motions by h,;(n). These maps h,;(y) are global quasicon-
formal homeomorphisms with dilatation bounded by exp(2py(n, A)). Therefore, for
every fixed A € V' the family (hy(y)); is uniformly quasiconformal and normalized by
(3.6). Since the points af (A), i =1,2,3, are at definite spherical distance (see Condi-
tion (3.1)), it results from standard properties of families of uniformly quasiconformal
mappings that the conjugation by {h4i(y)}; is bi-equicontinuous.

Up to now we showed that Theorem 3.6 holds but with the Julia sets J,ix)
replaced by the sets E,,j()\). However, it is not hard to see that J,i) C Eo-j()\).

Indeed, for every open set U C C \ggj( ») we have that
gj(k)(U) n {a{+n<A)a a™"(N), OééJrn()\)} = forevery n>0.

Hence, Montel’s Theorem along with Condition (3.1) imply that U C F,(). Conse-
quently, J,in) C Eo-j()\) for every 5 > 0.
It remains to show that

hoio)(Toitn)) = Tsiny  forevery j >0 and A e V.

This would be immediate (see Lemma 2.6) if the maps {h,s(y)}; where global conju-
gacies since they form a bi-equicontinuous family.

It suffices to consider the case j = 0. Let A € V. We show by contradiction that
ha(J,) C Jx. The proof of the converse inclusion is the same. Suppose that there
is z, € J, such that 2, = hy(z,) € F) NEy. Let 79 > 0 such that (f}), is normal
on D(zy,70). For 0 < r < rg, consider the neighborhood U, = hy'(D(zx,7)) of z,.
Since f;, is topologically exact there exists, for every 0 < r < 7y, an integer N, such
that f:(Ur) D JTon@y), n > N,. We even have

Tony C fy (U NEy) = hiiy o fRUNEy), n2 N,

But then it follows from (3.7) with &,(,)) replaced by & (), from normality of (h;}( 0O
f¥)n on D(zy,7) and by letting r — 0, that
lim diam jgn(n) =0

n—oo
contrary to the assumptions of Theorem 3.6. The proof is complete. U

From this study of holomorphic stability we get first informations concerning our
initial problem, namely the behavior of the variation of the Julia sets and of their
dimensions.

Corollary 3.8. Suppose that A C Al is a complex Banach manifold and let
n € As8Pe Then, in some neighborhood of i in A, the function \ — Jy is continuous
and X\ — HD(J,i(x) as well as A — BD(J,i(»)) are Hélder continuous with Hélder
constants depending on A only.
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Proof. The assertion on the Hélder continuity directly results from known prop-
erties of quasiconformal mappings along with the fact that the distortions of the
quasiconformal mappings ;) do only depend on A and not on j > 0. Concerning
the continuity of the Julia sets, this is a consequence of the continuity of the function
(A, 2) = hgein(2) (see property (2) of Theorem 3.2). O

4. Hyperbolic non-autonomous systems

In deterministic dynamics a hyperbolic function is stable. But if we perturb
a deterministic hyperbolic function to a non-autonomous map then the stability
depends on the topology we use on the parameter space. As an illustration we first
consider the simple Tychonov convergence and explain that, for this topology, every
map is unstable (see Proposition 4.1).

Then we investigate non-autonomous hyperbolic and uniform hyperbolic func-
tions and will see that the later are stable provided the parameter space is A = [°°(Ay).
In order to prove their stability it suffices to use Theorem 3.6. Indeed, the normal
critical orbits condition is best appropriated since it is easy to check for hyperbolic
maps.

4.1. Stability and Tychonov topology. Up to here, the parameter space A
was equipped with any arbitrary complex manifold structure. Let us first consider
the case when the space A = A} is equipped with the Tychonov topology.

Proposition 4.1. Suppose that F contains at least two deterministic hyperbolic
maps having Julia sets with different Hausdorff dimension. Suppose further that
A = AN and that A is equipped with the Tychonov topology induced by the simple
convergence. Then the function A — HD(J),) is discontinuous at every point of A.

Proof. Let n € A and set 6 = HD(J,). By hypothesis there exists fy, € F a
deterministic hyperbolic map with ¢’ = HD(J(f,) # 0. Consider then

)\(n) = (7]177727 ey T, )\07 )\07 )\0’ e )

On the one hand we have that A" — 7 point wise. On the other hand we have
HD(J\m) = ¢ for every n > 1 and hence HD(J\»)) # HD(J,) as n — oo. O

4.2. Hyperbolicity. Hyperbolic random systems have been studied in various
papers (see e.g. [Com06, Ses99, Sum01| and also [Sum97| where hyperbolic semi-
groups are considered). In these papers, normalized most often polynomial families
are considered and the definitions of hyperbolicity rely on uniform conditions. We
therefore call such functions uniformly hyperbolic.

In the following we make the standard convention that all the derivatives are
taken with respect to the spherical metric.

Definition 4.2. A map f) is uniformly hyperbolic if the family {fkj ;> 1} is
equicontinuous (which, for example, is the case if {)\;, j > 1} is relatively compact
in Ay or, equivalently, if A € I°°(Ao)), if #J,5) = 2 and if there exist ¢ > 0 and
~ > 1 such that for every 5 > 0 we have

(4.1) [(foi)' (2)] = ey for all z € T,y and n > 1.

o'j

The set of parameters of uniformly hyperbolic random maps is denoted by A“HYP.
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For general families of non-autonomous maps this definition is not entirely satis-
factory. For instance, in the Example 2.4 we have conjugated a deterministic hyper-
bolic function by Mobius maps. The resulting non-autonomous map does not satisfy
the requirements of Definition 4.2 although it shares many properties of maps that
should be called hyperbolic. It is uniformly expanding “up to a conformal change of
coordinates”. Moreover, it is topologically exact which, as we will see (Lemma 4.8),
is a property that uniform hyperbolic maps always have.

A natural candidate for the class of hyperbolic maps is to take all the maps that
are Mobius conjugate to uniform hyperbolic maps. However, one has to be careful
since the map given in Example 2.3, obtained by conjugation by similarities of a
deterministic hyperbolic function, should really not be called hyperbolic. Given these
examples and Lemma 2.7 which ensures that the Julia sets are identified provided the
dynamics are topologically exact, it is natural to introduce the following definition.

Definition 4.3. A non-autonomous map fy is hyperbolic if it is topologically
exact, if #J,4(n) > 2 for all j > 0 and if there are Mobius transformations conjugating
f to a uniformly hyperbolic map.

We now consider uniform hyperbolicity greater in detail. Let Vs(E) = {z ; dist(z,
E) < 6} be the d-neigborhood of the set E.

Lemma 4.4. The map f\ is uniformly hyperbolic if and only if the family
{fAJ. ;> 1} is equicontinuous and there exist 6 > 0, N > 1 and 7 > 1 such that

(4.2) I( N(/\))’(z)| >7>1 forall z€ Vs(Tyin) and j > 0.

g'j
In particular, if f\ is uniformly hyperbolic then there exist > 0 such that for all
n>1,7 >0 and z € J,n+i(n) all holomorphic inverse branches of f(’fj(/\) are well
defined on D(z, ) have uniform distortion and are uniformly contracting.
Proof. Suppose that fy is uniformly hyperbolic and fix N > 1 such that ¢y > 1.

Suppose that (4.2) does not hold. More precisely, suppose that for any 6 > 0 and

any 1 < 7 < ey there exist w = ws, € Vs (\70;(,\)) for some j = js5. > 0 such that
(fo) ()] < 7.

Let 25, € J,i(n) such that |z5, — ws,| < 0. Due to the equicontinuity of the family

{ f 5\][ BE Jj> O} we can choose sequences 9,, — 0, 7, — 1 such that the corresponding

functions fg(")(k) — ¢ and points ws, -, = &, 25,,-, — & converge as n — oo. But

then it is easy to see that |¢'(€)] < 1 and, in the same time, |¢'(£)| > ¢y > 1. This
contradiction shows that uniform hyperbolicity implies (4.2). The other assertion
results now from standard arguments. ([l

n,Tn

In the case of deterministic iteration of rational functions there are several equiv-
alent conditions for hyperbolicity. One of them is the ezpanding condition, another
condition demands that critical orbits are captured by attracting domains. Here is a
version in the non-autonomous case which in fact is an adaption of [Ses99].!

IThe paper [Ses99] seems to be inspired by [Jon99] and in [Sum01] are more general results in
this direction. All these papers deal with fibered maps or skew-products which are deeply related
to our non-autonomous setting in the following sense. To a non-autonomous map fy, A € A, one
can associate F: A x C — A x C defined by F(), z) = (o()\), fx, (). This is a skew-product in the
sense of the papers mentionned excepted that the base space A is not necessarily compact. However,
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Proposition 4.5. A map f, is uniformly hyperbolic if and only if the family
{fx,}; is equicontinuous and if there exist my > 0 and open sets U; such that, for
every 57 > 0,

(1) foin(Uj) C Uy and dists(foi ) (Us), OUj11) = m,
(2) D(z,mqg) NU; =0, for every z € J,i(y), and
(3) the critical points of f,;(yy are contained in U;.

Proof. Since most of the proof is standard we only give a brief outline of it.
Especially, finding the sets U; knowing that f, is uniformly hyperbolic is a straight-
forward adaption of Sester’s arguments [Ses99, pp. 414-415] which themselves are
based on the deterministic case. The main idea is to build a metric in which all the
functions f,;(n) have a derivative greater than some constant v > 1 on Vs(J,i(x)) for
some § > 0.

The proof of the opposite implication is based on hyperbolic geometry. Suppose
the sets U; are given, set Vi1 = f,i\(U;) and Uj = f;l(/\)(VjH). Then f,i(): (7]- —
Vj41 is a proper map and, the critical orbits being captured by the domains U; (see
(3)), foiony: wj — Q41 is a covering map where wj, ;1 is the complement of the
closure of U i, Vi1 respectively. Therefore this map is a local hyperbolic isometry with
respect to the hyperbolic distances of these domains. Property (1) implies that there
is 0 < ¢ < 1 such that the inclusion map i: wj;; — €244 is a hyperbolic ¢—contraction
for all j > 0. Combining these properties it follows that f,;(,) is a 1/c-expansion on
Jsipn) C wiN f;jl(/\) (wjt+1) with respect to the hyperbolic distances of w; and wji.
Finally, it results from property (2) that it is possible to compare the hyperbolic and
spherical distance for points in J,i(n) C wj, j > 0, and to conclude. 0

The topological characterization of Propositon 4.5 and especially the uniform
control due to the constant mq implies the following.

Corollary 4.6. Uniform hyperbolicity is an open condition for the [*°-topology
on A (but not for the Tychonov topology). Moreover, if n € AP, then there is
an open neighborhood V. C A™P of 5 such that the open sets U; and the number
d = 06(X) > 0 given by Lemma 4.4 can be chosen to be the same for all the maps f,
AeV.

This result immediatley implies the following continuity property of non-auto-
nomous Julia sets which, in various versions, is well known to the specialists (see for

example [Bri00, Ses99, Sum01, Com06]).

Proposition 4.7. Every n € A"™P has an open neighborhood V' C 1°°(A,) such

that the map
A — j>\

A

from (V, Tychonov topology) into (K(C), Hausdorff topology) is continuous.

Proof. Let n € A" and let the open neighborhood V of 1 be sufficiently small
in A with respect to the [*°*-topology and chosen according to Corollary 4.6, i.e. there
are open sets U; such that every map fy, A € V, satisfies the conditions (1), (2) and
(3) of Proposition 4.5 with these sets U;. Denote

U; = {2 € U; ; distg(z,0U;) > mg/2}.

one is in the setting of [Jon99, Ses99, Sum01] if one restricts the base space. For example, if one
replaces A by KN equipped with the Tychonov topology where K is any compact subset of Ag.
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Shrinking the neighborhood V' if necessary and replacing mg by a smaller constant
we may assume that the open sets U, satisfy also the conditions (1), (2) and (3)
of Proposition 4.5 for every A € V. Moreover, all inverse branches exist and are

uniformly contracting on the complement of U 5, J > 1L
Define

n={zeC; fl(2) ¢U,} and A} ={z€C; fi(z) £ U,}.

Clearly 7y € N, A} C ), A%. On the other hand, since all inverse branches exists
and are uniformly contracting on the complement of Uj, j > 1, we have first of all
that 7, =, AY =), flg’ and, secondly, that for every € > 0 there exist n = n, > 1
such that A} C A} C V.(Jh) for every A € V.

Fix ¢ > 0 and let n = n.. Notice that the sets A} and A% do only depend on the

n functions fy,,..., f,. A standard compactness argument shows now that there
exists d = d() > 0 such that

Al c A' for every A, € V such that sup |\, —/] < 0.

i=1,...n

Therefore, for every A,” € V such that sup,_; |\ —j| < d we have that

T CAY C A C V()
This proves the proposition. 0J
We conclude the discussion on uniform hyperbolicity with the following uniform
mixing property.
Lemma 4.8. Let A € A" and let 6 = 6(\). Then, for every r; > 0 and

0 < ry <9, there exist N = N(ri,r2) such that for all j > 0, z; € J,(») and
22 € Jgi+n(y) We have that

foy (D(21,m1)) D D(z2,72) -

In particular, fy is (uniformly) topologically exact: for every r; > 0 there exist N =
N(ry) such that for j > 0 and z, € J,i(x) we have that fﬁ(/\) (D(zl,rl)) D ToitN(n)-

Proof. Suppose to the contrary that there exist r; > 0 and 0 < r, < ¢ and, for
every N, jn > 0, 21,8 € Joi(n) and 228 € Jpin+n(y) such that

(4.3) D(2o,n,72) \ fon () (D(z1,5,71)) # 0.

Consider then ¢y (z) = fN ) (riz+2z1.n5), 2 € D. Since f) is expanding on the Julia

(o

set the family (¢ )y is not normal at the origin. Therefore there are infinitely many
N such that

(44) (,DN(D(O, 1/2)) N D(ZQJV, 7”2) 7é @

Since 5 < 0, all inverse branches of fﬁN (o) are well defined and have bounded

distortion on D(zs y,72). It suffices then to choose N big enough and to deduce from
expanding along with (4.4) that

;ZJX(A),* (D(z2,n,72)) C D(z1,3,71)

where f(;]jg 9 is some well chosen inverse branch. This contradicts (4.3). U

),*
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4.3. Hyperbolicity and stability. The definition of hyperbolic map is based
on uniform controls, e.g. the iterated maps f('fj( ) are expanding uniformly in j. With
respect to this and in order to deal with perturbations of hyperbolic functions it is
natural to equip the parameter space A with the sup-norm, i.e. to work with the
space A = [*(Ag). Throughout the rest of this paper we suppose that A is this
particular Banach manifold.

As already mentioned, in order to establish stability of uniformly hyperbolic
maps, the condition of normal critical orbits as defined in Definition 3.4 is perfectly
adapted since easy to verify for such functions.

Proposition 4.9. If f, is a uniform hyperbolic map, then f,, has normal singular
orbits on some open neighborhood V- C A of 7.

Proof. By Corollary 4.6, there is an open neighborhood V' C A such that the
open sets U, in Proposition 4.5 can be chosen independently on A € V. Since we
know that

diStS(f)xn(Un)a aUn—}—l) > mo,

we can find three points a) € Uy and, if if n > 0,

a; € Up \ U fAnq(Un—l)

AeV

such that distg(aj,a}) > ¢ for some ¢y > 0 and for all n > 0 and i # j. Since
Cr,, C Uj, j = 1, we have the inclusion f(Csr) C fr,(Un—1) C Uy,. The constant

functions A — af'(\) = 2", A € V, therefore satisfy the conditions (1) and (2) of
Definition 3.4 and appropriate perturbations of these constant functions if necessary
yield that Condition (3) of this definition is also satisfied. Therefore, f\ has normal
critical orbits on V. O

The following statement follows now from Theorem 3.6.

Corollary 4.10. AP ¢ Astable when equipped with the [®-topology:.

5. Conformal measures, pressure and dimensions

In this section we consider a single non-autonomous uniformly hyperbolic map
o X = (A, X, ...) € AP Remember that all the derivatives are taken with
respect to the spherical metric. Since {\,}, is relatively compact in the set Ay and
since the rational maps are Lipschitz with respect to the spherical metric [Bea9l,
Theorem 2.3.1], there is a constant A < oo such that |f;,/(2)] < A for all z € C
and j > 1. Combining this with uniform hyperbolicity and setting a = ¢y we get

(5.1) a<|frin(E)| <A forall z€ T and j > 1.

5.1. Conformal measures. Denote by C(J) the set of continuous functions
¢: J — R. Let t > 0 and consider the operators L, +: C(Tpin) = C(Toit1(n))
defined by

(5.2) Loine9(w) = Z |f(/;j(,\)(z)|_t9(2)a W € Joit1(n)-

fo'j()\)(z):w

For n > 1, we denote EZ]-(A) ¢ = Logtn-1(x)t 0= 0 Loi(n) ¢
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Proposition 5.1. For every t > 0 there exist a sequence of probability measures
Mgi(x),e Supported on Jyi(n) and positive numbers pgi(y) ¢ such that

(5.3) ;j()\),t( cITL(\) ¢ ) Poi (A) Mo (At for all j > 0.

Moreover, there exist a sequence Ny — 00 and points wg € J,n; (5 such that
£Nk —J 11( )

(5.4) Pai(\),t (M)t for all j > 0.

= l11m Ni
k— ;
> £JJ+1(A),t

Measures, actually a sequence of measures, satisfying (5.3) are called t-conformal.
To simplify the notations we will use often in this section the following shorthands

1 (wy,)

My = Mgine  and P = Poi(a)¢-
This does not lead to confusions since the parameter A € A"P is fixed.

Proof. Choose for every N > 0 arbitrarily a point wy € J,~() and consider the
probability measures

. * . —1
mjv = BJN <£10Vja)’t> dwy Where BJN = (Eivja)’t]l(w]v» , 0<j<N.
Observe that

Y5 (wy)

* al(N).t N .
(5.5) Lo (mih) = —5== m? forall 0<j<N-—1.
]+1 'Ci.vj'-&-{(/\l)’t]l(wN) J

N

Let N, — oo be a sequence such that all the measures m;"* converge weakly as

k — oo and denote m;; = limy_, mj-vk. It follows then from (5.5) that, for every
J >0, the limit (5.4) also exists and that we have (5.3). O

Remark 5.2. It is a standard observation (see [DU91]) that (5.3) is equivalent
with
(5.6) dmjyq 40 f)\j = Pit fﬁj |tdmj,t~

The explicit expression (5.4) for the generalized eigenvalue p,i(y); leads to the
following very useful bounds.

Lemma 5.3. With the notations of Proposition 5.1 and of (5.1), we have for
every 7 > 0 and t > 0 that

A" deg(fa) < pjr < a”"deg(fi).

Proof. Since £ J’“(Aftll( k) = L’NH(A)t (L3, 1) (wy,) and since by (5.1)

(5.7) A deg(fr) < Loy (z) <a 'deg(fy) forall z € Ty
the lemma follows from the expression (5.4). O

Remember that 6 = 6(\) is such that all inverse branches are well defined and
have bounded distortion on disks of radius ¢ centered on Julia sets.

Lemma 5.4. For every t > 0, there exist a constant C; > 1 such that for every
t-conformal measure m;; and associated p;; and for all v > 0 and z € J,i(\) we have
m;i(D(z,7))

—n
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where pil, = pjipjtit--- Pjan—14 and p; [t = (p}ft)_l and where n > 1 is maximal
such that |(f,) ()| > 5.

Proof. First of all, since f) is expanding we have a lower bound of the derivatives
|f7,00] on Julia sets. Together with the Lipschitz estimation (5.1) it follows that
there is @ > 0 such that

(5.8) a<|frin()| <A forall z€ JTpin and j > 1.

Therefore, if 2 € J,4(y) and if we put r, = |f(’fj(k)(z)|_1 then for every r > 0 there
exist n such that

(5.9) Xy

which signifies that = is bounded below and above by implicit constants that do not
depend on z, j. Therefore it suffices to establish Lemma 5.4 for radii of the form
r=r, = | foj W@ 1. But this follows from a standard zooming argument along
with the conformality of the measures. More precisely from formula (5.6) provided
we can prove the following claim.

Claim 5.5. There is a constant ¢ > 0 such that for every sequence of t—conformal
measures m;; we have that

(5.10) m;j(D(z,0)) > ¢ forall j >0 and z € T,y

In order to establish this lower bound we first make the following general ob-
servation. The sphere having finite spherical volume and the number § being fixed,
there is an absolute number M such that every Julia set J,~(y) can be covered by
no more than M disks of radius 0. Consequently there exist, for every n > 0, a disk
D, = D(z,6), z € T\, having measure my,(D,) > 1/M.

The mixing property of Lemma 4.8 with r; = ro = § asserts that there is a
number N = N(§) such that

(5.11) fg(k)(D(z,é)) D Djyn forevery j >0 and z € Join

Therefore, there is Q C D(z,d) such that fg(/\): 0 = Dj,y is a conformal bijection
with bounded distortion. With £ € €2 an arbitrarily chosen point we get

m;(D(z,0)) > m; () < |(fcjr\;()\))/(g)|_tpj_,tij+N,t(Dj+N) > AN N M

with p;, the eigenvalues associated to m;; by (5.3).
It remains to estimate pévt But this has already been done in Lemma 5.3 from
which follows that p}, < a™"*deg(fx)". Therefore, we get the final estimation

]_ a tN -N .
m;(D(z,0)) > v <Z> deg(fy)™" forall j >0 and z € J,in)-

0

As a first consequence of the previous result we get the following key estimation.
Here and in the following we use the symbol 1 for the function that is constant equal
to 1.

Lemma 5.6. For every t > 0, there exists a constant D; > 1 such that

1
D < p;f Z](A)i]l(w) <Dy foreveryj >0, n>1and w € Jyin(y
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Proof. Let again § = §(\) and remember from the previous proof that there is
an absolute number M such that, for every j,n, the Julia set J,j+n(y) can be covered
by at most M disks D; = D(z;,9), i = 1,..., M, of radius §. Let j > 0, n > 1
and let U, be the components of f J(A)( ;). Notice that {U; }:x is a Besicovitch
covering of J,i\), i.e. z € Us can happen for at most M indices (i, k). Together
with conformality of the measures we get that

1< mya(Uik) =< 500 Y () i)™ (D5)
i,k i,k

where z;;, € U is such that f{(z;x) = 2. Now, by Claim 5.5 we have that
Mjint(D;) < 1 from which follows that

(5.12) 1 =p; M wegli)im Ly L(w) and
(5.13) L= pi i Loiny (=) foreveryi=1,... M,

where here and in the following =<, > stands for the corresponding inequality up to
a multiplicative universal constant. The right-hand inequality of the lemma follows
now easily from Koebe’s distortion theorem and (5.13). For the other inequality we
proceed as follows. Let again N = N(0) be an integer such that the mixing property
(5.11) holds. For all n < N the required estimation is true (see (5.7) and Lemma 5.3).
Let n > N and j > 0. Denote then wyax € Jyi+n-n(y) @ point such that

EZJ(Z)\\[)t:“‘(wnlaX) = ||£n N ]1||<>o

Then (5.12) yields Egj(f)’tll(wmax) - pZ;N. Let w € J,i4n(y be any point. The
choice of N implies that there exists b € D(wmax,d) N f;j]fn, N /\)(wmax). Therefore

L2, M w) > | (FNnw) )] L0 1

Applying Koebe’s Distortion Theorem yields EZ;(])\\I)yt]l(b) = EZ]-_(J)Y),t]l(wmaX) >~ p;ft_N :
Since, by Lemma 5.3, p¥,,, _y, < a M deg(f1)" and since ’(f£+n,N()\))/(b)| < AN we
finally get

n a\ Nt —-N n
Eaj(,\),t]uw) = (Z) deg(f) Pit
which is the required inequality. U

We have not shown yet unicity of conformal measures. If m;; are some other
conformal measures and p;, are the corresponding eigenvalues from (5.3) then they
are uniformly close to the eigenvalues p;; of m;, in the following sense.

Lemma 5.7. For every t > 0, there exist a constant B; > 1 such that for all
j > 0andn >1 we have
—<licp,
By~ pjy

Proof. With the above notations we get from Lemma 5.4 that
m;(D(z,1)) < Ttp;f and m;(D(z, 7)) =< Ttﬁ;f

for every z € J,i and r = r(z,n) = |( C’fj(A))’(z)rl. Fix n > 1. Taking a Besi-

covitch covering of J,i(y by disks Dy = D(z,7(2x,n)) centered on J,i(n) we get
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e oMt (Di) Pl N - Pl
1<) " myu(Dh) <> pyr =2 = 228N " (D) < =2
for all j > 0 and n > 1. O

5.2. Pressure. To every A € AP and ¢ > 0 we associate the lower and upper
topological pressure

1 1 —
(5.14) P,\(t)= ligriioglf - log pY ; < 1im_>sup - log p; = Pa(t),

where we used the already introduced notation Prt = PAtPo(M)t - - - Pon—1(x)¢- Notice
that these definitions do not dependent on the choice of conformal measures because
of Lemma 5.7.

Since we have good estimations (Lemma 5.6) for the iterated operator L%, we
also have the following expression for the pressures.

1 1 —
(5.15) P, (t) = liminf — log £, 1 (w,,) < limsup — log £, 1(w,) = Px(¢)
n—oo 1 ’ n—oo T ’
for any arbitrary choice of points w, € Jon(y).
The pressures, seen as functions of £, have the following properties.

Proposition 5.8. P,(0) = P,(0) = log(deg(fy)) and both pressures are contin-
uous and strictly decreasing. More precisely, if 0 < t; < to, then

(5.16) —(tz = t1)log A < P\(t2) — Py(t1) < —(t2 — t1) logy
and the same relation is true for the upper pressure Py.

Proof. The statement about the evaluation of the pressures at zero is clear
directly from (5.15). For the remaining part, in fact the proof of (5.16), we consider
t — P, (t), the case of the upper pressure function is analogous.

Let 0 < t; < ty and set p; = P,(t;), i = 1,2. If m,,, is a t;-conformal measure
then Lemma 5.4 yields that for every z € J\ and n > 1

Mg (D(z,7)) < 1"y} where r=[(f3)'(2)|".
The expanding property implies » < v~". Therefore,
Mty (D(z, T)) = TtQ_tl%mhtl (D(Z, T)) = 7_(t2_t1)n%m>\,t1(D<Z7 T))
p)\,tQ p/\,tg

Choose now a sequence n; — oo such that --logp\’, — P,(t;) = p1. Then, for
] )
every € > (),
P <€D and pY, > e

provided j is sufficiently large. For such j and with r; = |(f}”)(2)|™! we get

my,(D(z,75))
m (D(z,75))

If po > p1 — (t2 — t1) log~y then there is € > 0 sufficiently small such that for some

=< exp {nj(pl — (ta —t1)logy — pa + 25)}-

sequence 7; — 0 we get lim;_, %ﬁ”j;; = 0. This holds for every z € J,.
St z,T

Therefore it would follow from Besicovitch’s covering theorem that my, (7)) = 0, a
contradiction. Therefore, ps < p; — (t2 — t1) log .
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The second inequality can be proven in the same way replacing the estimation
r=y7" by
r=() )T =A™ [

5.3. Dimensions. Given the properties of the pressure functions in Proposi-
tion 5.8, there are uniquely defined zeros h, and h)y of P, and P, respectively. With
these numbers we get the following formula of Bowen’s type.

Theorem 5.9. h, = HD(J,) and hy = PD(J,).

Proof. Given Lemma 5.4, the expression (5.14) of the pressures along with the
properties of the pressure functions (Proposition 5.8) the proof of the theorem is
by now a standard application of the Frostman type lemma Theorem 7.6.1 in [PUJ.
For more details we refer the reader to Chapter 7 of [PU] or to the, parallel but
technically more involved, proof of Theorem 5.2 in [MUS11]. O

6. Irregularity of pressure and dimensions

Considering a particular family of quadratic polynomials greater in detail, we
now establish that the Holder-continuity of dimensions obtained in Theorem 1.4 is
almost best possible, i.e. we prove Theorem 1.5. The key point is to show non-
differentiability of the pressure functions. As a byproduct we get that generically
there is a gap between the Hausdorff and the packing dimension as described in
Theorem 1.6. We recall that these results concern the family of functions

(6.1) F = {fl(z) =1/2(z*-1)+1, 1€ AO} where Ay = {|I| > 40}.

Note that for f; € F we have f/(z) = [z. The inverse branches of f; have the form

i B / 2(w — 1)

U={z€C:|z—1|<1/3}and U, = {2 € C: |2+ 1| < 1/3}
and denote U := Uy U U;. A simple calculation shows that f;(U;) D D(0,2) and that

moreover f, Y(U) c U for every i = 0,1 and A € A = AY. Consequently, the Julia
set J, is a Cantor set

Let

(6.2) = H"U)cU

and all critical orbits of (f{),, | € A}, do not intersect the set U. This last property
means that every A € [°°(Ag) gives rise to a uniformly hyperbolic map and that, in
particular, A\ is a stable parameter. Let, in the following, A = [*°(Ay). We have
A= Atup — Astable‘

Let n € A and let {h,»(»)}n be a family of holomorphic motions over V' neigh-
borhood of 1 such that (1.1) holds. We first investigate the speed of these motions.

Lemma 6.1. Let n € A and let V;, and {hon(n)}, be as above. Then, with
| Ak —7%]
[l 7

A = SUDg>1

o—A/6 < |hanx(2)] < A6

< B for every z € Jon(y) and n > 0.
z
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Proof. We give a proof for the case n = 0, the general case follows exactly in
the same way. Since z,hy(z) € U, a simple calculation shows that it is sufficient to
establish

A
(6.3) |z = ha(2)] < 9 for every z € J,.

For the sake of proving this inequality we recall that the holomorphic motions
are first constructed on the set &, defined in (3.5) and that the Julia set 7, is in the
closure of &,. Consequently, it suffices to establish (6.3) for all points z € &,.

For points z € &, the holomorphic motion h) is given by

(6.4) hya(z) = fy" (o)
for some i € {1,2,3} and n > 0 and where f," is a certain inverse branch of f}
which has been determined by the implicit function theorem in (3.8). Therefore, we
now consider in detail the behavior of these inverse branches under variation of the
parameter A.

Fix ¢ € {0,1} and k£ > 1 and consider inverse branches I L Jon ! both sending the
euclidean disk D(0,2) into U;. Our first step is to show that for every wy,wy € U;
with |w; — wy| < % we have

(6.5) | fa(wr) = £, H(ws)] <
Since
(6.6) | fa (wr) = £ we)| < L wn) = fo (wn)| + 1 (w) — fo H(ws)],

it suffices to estimate separately these two terms. Concerning the first one, observe
that

o| >

df; —1 1 3
6) o e e R
2(w—1
[V1+ =
for all w € U and |I| > 40. It follows that for |A\x — nx| < 1, Mg, Mk € Ay,
3 3 40
-1 -1
wi) — w)| < A — < ik
o) = o Gl = e = = =T
Concerning the second term, we have that
- _ Wy — W 1
) = I )| < A=l A

o6l —1) — (ml = 1)

Adding both estimations and using again that |n;| — 1 > 39 we obtain (6.5).
It suffices now to proceed by induction and to get, with the notation of (6.4),
that

A
ha(2) = 2| = 1f3"(0F) = £, (@) < 5 0

Having analyzed the speed of holomorphic motions we now use this tool in or-
der to study the variation of the lower and upper pressure P,(t), Py(t) defined in
(5.15). In order to do so, fix n € A. We will choose later on for every ¢ > 0
an element (sg,s;...) € {—1,1}N and consider, for z € (—r,r), the parameter
Az) = (M (2), Ao(z), .. .) defined by

() = €™k, k> 1.
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Since n € A = [*°(Ay), there is a number r € (0, 1] such that A(z) € A for all z €
(—r, 7). Moreover, the map x — A(x) is differentiable from (—r,r) into A. Clearly,
A(0) = n. Hence, for every t > 0, we consider a particular choice of perturbation of
In€F.

Proposition 6.2. For every t > 0 there is a choice of numbers s; = s;(t) €
{—1,1} such that, with the preceding notation, we have for every x € (—r,r)

(63) Pa(t) = Pylt) + o]
and
(69) Py (1) < P,(t) ~ el

In particular, the functions A + P,(t) and X > P,(t) are not differentiable at any
point n € A.

Proof. The particular choice of the functions in the family F leads to the following
expressions. First of all, for every n > 1,

"(2) = Hﬁquf_l(z)
k=1

Now, using again holomorphic stability and the notation z, = hy)(2), z € J;, we
also have that

n

f>\(a;) Zx H)\k )\x) Zx - H xsknkh k=1( Ofk 1( )

k=1

If we now apply Lemma 6.1 then we get the estimation

(B o)l < [T e mledo171(2)] = ens/0 <H> )|
k=1

and, similarly,

‘(f;\l(m))/(Z;vM > e nA/0 (H xs’“) ‘(f") (z )’ for every z € J,.

k=1

For the particular perturbation we have chosen we have

A _
A=Ax) = supM = sup |e
k>1 ’7719| k>1

* — 1| < esup|spz| = e|x].
k>1

Replacing A by this estimation in the preceding inequalities leads to

eftn|:p\/2 <H etxsk> n ‘_t |(f;\z(x))/(zx>‘—t < etn|:p\/2 <H txsk> ‘(fn ‘_t
k=1

k=1

for every z € J, and ¢ > 0.
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The operators £, ; have been defined in (5.2). The previous inequality yields

o—tnlal/2 <ﬁ ‘t‘“k> Lo (w) < LY 1 (ws)
k=1
< etn|:c|/2 (ﬁ tftsk) (w)

(6.10)

for every n > 0, w € Jyn(y and with w, = hen(r(z))(w). Avoiding long notation, we
have just shown this inequality for the first fiber. But it is clear that one can replace
here the parameters  and A(z) by their images by 07, j > 1, and one still has the
corresponding estimation.

We can now study the behavior of the pressures. Let us recall that we have
the expression (5.15) of P, () and of Py(t) in terms of the iterated operators fue
Inequality (6.10) implies that, for all z € (—r,7) and ¢ > 0,

n

ol n L. z
—t— 5 logﬁ A(w,) < - log L7 1 (w) — tﬁ Z Sk
(6.11) o

1
< t% + —log L) L (wx)-

For the conclusion of the proof let t > ( again be fixed. There are a sequence
n; — oo such that P,(t) = lim;_,, = o log L1 (w,,) and a sequence m; — oo such

that P, () = lim; ;o ni log £,/ 1(wy,;) Choose now numbers s, = s;(t) € {—1,1}
such that

1 & 1 &
lim inf — Z sy =—1 and limsup — Z sp = 1.
O i a4

There is then a sequence n; — oo such that P,(t) = lim; % log £, 1 (wy,).
Choose now the numbers s, = si(t) € {—1,1} such that

g Uz

1 1
liminf — s =—1, limsup — Z sp =1,
S i MG
1 & 1 &
liminf — s =—1 and limsup — s, = 1.
o & s &
This choice makes that either limsup; —¢t£ "7 | s, = t|z| or iminf; —t£ 377 s =

t|z|. It follows now from (6.11) that
— t —
Py(t) + 5z < Paw (1)

which is exactly (6.8). Inequality (6.9) follows in the same way and they both together
imply that the pressures are not differentiable at 7. O

Proof of Theorem 1.5.  We first consider Hausdorfl dimension. Let h, > 0 be
the unique zero of ¢ + P, (t) and suppose that the s; € {—1,1} in Proposition 6.2
are chosen for ¢ = h,. It follows then from (6.9) in Proposition 6.2 that

h h
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We look for h, zero of t — P,(t) since, by Theorem 5.9, this number equals
the Hausdorff dimension of Jy(). The pressures being stricly decreasing, h, < h,.
Therefore, Proposition 5.8 yields

h

1

from which follows that

(6.12)

Therefore, x — h, = HD(J\(s)) is not differentiable.
Similarly to (6.12) one obtains, with obvious notations,

T ooT |z]
6.13 B > Iy (1 )
(6.13) = {1 2log A
and the non-differentiability of the packing dimension follows. U

Proof of Theorem 1.6. In any family F the set Q = {\ € A, HD(J,) < PD(7\)}
is open in [*°(A) because of Theorem 1.4.

Density of €2 for the particular quadratic family of this section can be shown as
follows. If n € A\ 2 then it follows immediately from (6.12) and (6.13) together with
Bowen’s formula (Theorem 5.9) that there are arbitrarily small perturbations of 7

that are in €. 0
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