ON THE UNIFORM DOUBLING OF HUTCHINSON ORBITS OF
CONTRACTIVE MAPPINGS
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ABSTRACT. We are interested in the preservation of doubling properties along
the Hutchinson orbit generated by successive applications of contraction map-
pings on a metric measure space. We construct some elementary examples,
built on Muckenhoupt weights, showing that even when the initial and the
limit points of the orbit are doubling, no iteration of the IFS remains dou-
bling. We also obtain positive results under some quantitative assumptions
on the separation of the images through the IFS. We also explore the com-
pleteness, in the Hausdorff-Kantorovich metric, of a version of the doubling
property which is suitable for the application of Hutchinson type contractions.

INTRODUCTION

The basic scheme of the Banach fixed point theorem applied by Hutchinson in
[7] to contractions acting on the Hausdorff metric space (the set K of all compact
sets equipped with the Hausdorff distance), relies deeply on the completeness of
this space. In [1] the authors consider the complete space K x P, where K is the
Hausdorff space of compact subsets of the fixed underlying compact metric space
(X, d), and P is the set of probability measures on X with the Kantorovich distance
for the weak star convergence. From the real analytical point of view (see [3]) we
are specially interested in the subset of those pairs in I x P which are spaces of
homogeneous type. It easy to see that this subset it is not complete. We provide
a simple example in Section 2. So that the Banach fixed point theorem can not be
directly applied to this family.

The results in [9] show that typically the limit fractal provided by the Hutchinson
iteration scheme and equipped with the invariant measure, is a (normal) space of
homogeneous type. In this note we construct examples showing that no point in
the orbit has the doubling property even when the starting point, and the limit
point, have both the doubling property. These examples show that the loose of
the doubling property by iteration is related to the distance of the images of the
starting set under the given family of contractions. We also prove the completeness
of a version of the doubling property which, under the assumption of finite metric
(Assouad) dimension, coincides with the classical doubling property. Moreover,
we obtain sufficient conditions on an iterated function system (IFS) in such a way
that this complete doubling classes are preserved by Hutchinson’s algorithm. As a
corollary we obtain uniform doubling orbits associated to such IFS.

In the first section we introduce the basic notation and definitions. Section 2 is
devoted to prove, under the assumption of finiteness of metric dimension, that the
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doubling property is equivalent to a control by neighboring balls. We also prove in
Section 2 that this version of the doubling property is closed as a subset of I x P
and hence complete. Section 3 contains, for two classical IF'S in dimensions one and
two, examples showing that it may happen, for some starting doubling measures,
that no point of the orbit is a space of homogeneous type. In Section 4 we prove
our positive result and we illustrate it with Cantor and Sierpinski type sets.

1. BASIC DEFINITIONS AND NOTATION

Throughout this paper (X,d) shall be a compact metric space. We shall use
Ba(z,7) to denote the ball {y € X : d(z,y) < r}, r > 0. With Bg(x,r) we shall
denote the “closed” ball {y € X : d(z,y) < r}.

Let K ={K C X : K # 0, K compact}. With [A]. we shall denote the e-
enlargement of the set A C X ie. [A]l: = U,cq Ba(v,e) ={y € X : d(y,A) < e}.
Here d(z, A) = inf{d(z,y) : y € A}. Given A and B two sets in K the Hausdorff
distance from A to B is given by

dp(A,B) =inf{e >0: A C [B]. and B C [A].}.

Let us now introduce the Kantorovich-Hutchinson distance on the set of all Borel
regular probability measures on the quasi-metric space (X, d). Let

P(X) = {p: pis a positive Borel measure on X and u(X) = 1},

and let C(X) be the space of continuous real valued functions on X. Let Lip; be
the space of all Lipschitz continuous functions defined on X with Lipschitz constant
less than or equal to one, i.e. f € Lipy if and only if |f(z) — f(y)| < d(x,y) for
every x and y € X.

Since (X, d) is compact, dg (p,v) = sup{|[ fdu— [ fdv|: f€Lip1} gives a
distance on P(X) such that the dx-convergence of a sequence is equivalent to its
weak star convergence to the same limit (see [5]).

We are now in position to describe the basic metric space introduced in [1] whose
structure is of our interest. Let 2" = K x P. Given two elements (Y;, ;) of 27,
i =1,2, define

6 (Y, 1), (Yz, p2)) = du (Y1, Yz2) + di (p1, p2)
so that (27, ) becomes a complete metric space. Let
E={(Y,p) € Z :supp(u) C Y}

The basic result regarding the completeness of (£, §) is given in the following state-
ment.

Theorem 1.1. The set £ is closed in (Z,6). Hence (€,6) is a complete quasi-
metric subspace of (Z,0).

The basic tool in Hutchinson method for the construction of self-similar fractals
is the Banach fixed point theorem.

Corollary 1.2. If T : £ — £ is a contraction mapping and (Yo, po) € &, then
(Yoo, too) = limy 00 T™((Yo, 10)) belongs to £, and it is the unique point in &
which satisfies T((Yoo, fhoo)) = (Yoo, fhoo)-
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Like in the now classical theory of Hutchinson, the basic examples of application
of Corollary 1.2 are induced by iterated function systems (IFS) ® = {¢1,..., o}
of contractions on (X, d). This means that there exist a1, as,...,ap > 1 such that

d(6i(z), 6:(y)) < %d@”

for every z,y € X. Given an IFS &, let T : 2" — 2 the application defined by
T(Y,u) = (1Y, Top) = (Y, 1), where

M
YI = U ¢’L(Y)7
=1
and
M
W (B) = me (67 "(BNi(Y))),

for some probabilistic sequence 0 < p; < 1, Z?il p; = 1 and every Borel subset
B of Y'. This transformation T is called the transformation induced by ® associ-
ated with the probabilities {p;}. As usual, it is easy to see that T is contractive on
(Z,6) with contractivity factor A = 1/a, where a = min; a;, and that £ is invariant
under 7.

With our notation we have that T3 is a contraction on K and hence we obtain,
as in Theorem 2.6 in [5], a fixed point Y, for 77 which is the only compact set in
X satisfying

M
i=1

On the other hand T3 is a contraction on P and we obtain , as in Theorem 2.8 in
[5], a fixed point u for Ty which is the only probabilistic Borel measure such that

M
Hoo(B) =D pittes (67 1(B)) ,
=1

for every Borel set B.

2. SUBSPACES OF £: THE DOUBLING PROPERTY

Given (Y, pu) € &, we say that (Y, u) is a space of homogeneous type (s.h.t.), or
that p is a doubling measure on Y if the inequalities

0 < u(Ba(y,ar)) < Au(Ba(y,r))

hold for every y € Y and r > 0 and some constants A > 1 and a > 1. We
shall write (Y, ) € D(a, A) to keep record of the quantitative parameters of this
doubling property.

Notice also that if (Y, u) € £ is a space of homogeneous type, then supp(u) =Y.
In fact, from the very definition of £, we have that supp(x) C Y. On the other
hand, if y ¢ supp(p) then there exists an open set G containing y with u(G) = 0.
So that for some ball B in Y we should have p(B) = 0, which is impossible.
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We shall introduce the doubling property of a measure on a metric space in an-
other way. In Euclidean spaces the doubling property can be detected through the
behavior of the measures of neighboring balls of similar size. This property is no
longer true in general metric spaces. The basic property of R™ which makes this
possible is the finiteness of its (metric) dimension.

Given constants A > 1 and « > 1, we shall say that (Y, u) € D(a, A) if (Y, p) € €
and for every choice of y1,y2 € Y and r > 0 with d(y1,y2) < ar, we have that

1(Ba(yr, 7)) < Au(Ba(yz, 7).

A metric space (X,d) satisfies the weak homogeneity property, or it has finite
metric (or Assouad) dimension, if there exists a constant N € N such that no ball
of radius 7 > 0 contains more than N points of any r/2-disperse (or separated)
subset of X (see [4] and [2]). Let us point out that the expression “finite metric
dimension” corresponds to the finiteness of the following concept of dimension. The
metric dimension of X is the infimum of all those positive numbers s such that the
inequality

card (B(z,\r) N A) < CN°

holds for some constant C, every A > 1, every x € X, every r-disperse subset A of
X and every r > 0.

The next result shows that D can be regarded as a different way of describing a
space of homogeneous type when (X, d) has finite metric dimension.

Theorem 2.1. Let @ > 1 and A > 1 be given constants. Then

(1) D(a, A) C D(a, A) for some constant A ;
(2) if (X,d) has finite metric dimension, then D(a, A) C D(a, A’), for some
constant A’ depending only on A and N.

Proof. Suppose that (Y, 1) belongs to D(«, A) for some constants « > 1 and A > 1,
and take y1,y2 € Y and r > 0 satisfies d(y1,y2) < ar. Then for every positive
integer n > log,, (1 4+ a) we have

1(Ba(yr,7)) < p(Balya, (+1)r)) < A™u(Ba(ya,7))-

Hence (Y, 1) € D(a, A™).
For the converse, suppose that (Y, u) € D(«, A). For fixed y € Y and r > 0, we
define

O(yv T) = Bd(yv O‘T) - Bd(yv T) .

Let E be a fixed maximal r-disperse subset of C(y,r). By the finiteness of the
Assouad dimension of X, there exists a natural number Ny which does not depend
on y and r such that N = card(F) < Ny, let us say F = {y1,¥2,...,yn}. We claim
that

N
C(y,?") c U B(yg,’l”) .
=1

In fact, is not, for some z € C(y,r) we would have that d(z,y;) > r for all £ =
1,2...,N. But it can not be possible since E is a maximal r-disperse set. Since
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d(y,ye) < ar for each £ =1,2,..., N, we have u(Bg(ye, 7)) < Au(Ba(y,r)). Then

N
w(Ba(y,or)) < p(Ba(y,7)) + Y p(Balyi,))
=1
< (14 ANo)u(Bal(y,r))
< (1+ ANo)u(Bal(y,0r)),

for every 1 < @ < a. In other words, (Y,u) belongs to D(a/0,1 + ANp), and
the results holds taking A" = (1 + ANy)?, where p is a positive integer such that
a< (0/a). O

We are interested in the subspace of £ of all those (Y, 1) € £ which are spaces of
homogeneous type. This subspace of £ is not closed in £ in general, and this fact
does not allow the application of the Banach fixed point theorem. In fact the set
D(ar,00) = Jy 51 D(a, A) is not closed in €. For example, consider X = [0, 1] with
d the usual distance. Take Y;, = [0,1] for each n and j,, the measure with density
fat)=n—14+1/non [0,1/n] and f,(t) = 1/n on (1/n,1]. It is easy to see that
tn o do, and that each (Y, pn) € D(2, A,), with A, = 2n(n—1+1/n) as a possible
doubling constant. Actually it is also easy to show that A, can not be bounded
above, since by taking the balls B(x,r) = B(2/n,1/n) we see that A, > %.
Since in each space of homogeneous type atoms are isolated (see [8]), the space
([0,1],] ], d0) can not be a space of homogeneous type.

Nevertheless if « and A are fixed, then the class 5(04, A) is complete with the
distance 4.

Theorem 2.2. For every constants A > 1 and o > 1 given, the space ’5(a,A) 18
a closed subset of (Z7,9).

Proof. Notice that after Theorem 1.1, to check that 5(04,/1) is closed we only
have to prove that given a sequence {(Y,,pun) : n € N} in D(«, A) such that

(Yo, tin) 5 (Y, ), we have that

p(Ba(y; 7)) < Ap(Ba(z,7 +€))

for every y,z € Y and r > 0 with d(y, z) < ar and € > 0.

Now, for every natural number m let ¢™ be the continuous function defined
on R* U {0} such that ¢™ = 1 on [0,1], ™ = 0 out of [0,1 + 1/m) and ™ is
linear on [1,1 + 1/m]. Then for each s > 0 we have that ¢™ (d(y,x)/s) = 1 for
every © € By(y, s) and that the set where ¢ (d(y,-)/s) is not zero is contained in
Bu(y, s+ s/m).

Fix y,2 € Y and r > 0 with d(y,2) < ar, ¢ > 0 and n > 0. Let g9 =
min{%@’z),n} > 0. Since Y, 5 Y, there exists N = N(gp) such that Y C
[Ya]eo if n > N, and from compacity for every n > N we can choose y,, 2z, € Y,
such that d(y,,y) < o and d(zp,2) < £9. Then d(yn, z,) < ar for every n > N.
Also we have that d(y,,y) < n and d(z,,2) < n for every s > 0 and n > N, then
Bd(ynvs) C Bd(yvs + 77)7 Bd(ya S) - Bd(yna s+ 77)) Bd(zna S) C Bd(za s+ 77) and
Bi(z,8) C Bg(zn,s +n). Hence for m > 1 we have

1(Ba(y,r)) < /w’" (@) du(z)
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— dim [om <M> A (2)

n—oo

< timinf o (Ba(y,r(1 +1/m)))

< liminf g, (Bd(ym r(1+1/m)+ n))

< Aliminfp, (Bd(zn, r(1+1/m) + 2n))
< A]%lnigfun(Bd(z,r(1+1/m)+3n))
<

it [ (S ) 0

z,x)
- A/ ( 1+1/m)+377) ()
< Au(Bd(z, (1+1/m)[r(1+1/m)+3n])).

3(r+3)
€

The desired inequality is obtained by taking m > and n = % (I

3. NON-DOUBLING ORBITS STARTING AT DOUBLING SPACES

As we have already mentioned, the results in [9] show that the usual self-similar
fractals, constructed from the iteration and fixed point technique introduced by
Hutchinson in [7], are typically spaces of homogeneous type.

Let us show now that it may happen that the only point in the orbit satisfying
the doubling property is (Yp, o) and of course the limit space (Yoo, fico) but no
other T"(Yp, o), n € N, is a space of homogeneous type. In these constructions we
shall use Muckenhoupt type weights. Let us review the basic properties of the A,
classes (see [6]). Let (X,d, ) be a space of homogeneous type and let 1 < p < oc.
We say that a non-negative locally integrable function w defined on X belongs to
Ap = Ay (X, d, p) if there exists a constant C' for which the inequality

( / wdu) ( [ du)p_l < C(uB)Y

holds for every d-ball B of X. We have that if w € A,, then (X, d, wdy) is also a
space of homogeneous type. In fact, denote dv = wdu en let x € X and r > 0 be
given. From Holder inequality and Muckenhoupt condition we have

pBater)) = [ whuEde
Ba(z,r)

1 p—1

P . T
/ wdp / w”P1dy
Bg(z,r) Bg(z,2r)

V(Balar)* (W) p(Bali,20)

_ M » o
- (Cuwd(x,zm) H(Ba(x, 2r)).

IN

IN
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Then

v(Bg(z,7)) < 1 < w(Bg(z,r)) >p - 1
v(By(x,2r)) = C \ u(By(z,2r)) ) — CAr’
where A is the doubling constant for p. Then v is doubling with constant C'AP. A
particular case is obtained by taking (X,d, u) = (R, |- |,dz). If w is any weight in
Ap, then (R”,| - |, wdz) is a space of homogeneous type.

We shall consider the Cantor type IFS

(3.1) b =Tm  bale) =gt T

defined on X = [0, 1] with the usual distance d(z,y) = |x — y|, where k a fixed
positive number. Let T, be the application induced on £ by this IFS with p; =

P2 = 1/2
For the case k = 2 we have ® = {¢1, ¢p2} with ¢1(z) = z/2 and ¢2(x) = x/2+1/2,
and the application T, is given by T.(Y, u) = (Y, '), where

Y =¢1(Y)Ua(Y),
and

W(B) = 5 (6 (BOGI(Y)) + 3 (63" (B6a(Y)))

Let po be the absolutely continuous measure given by dug = jw(z)dz, with
w(xz) = 2712, Tt is not hard to check that it is a doubling measure on [0, 1]
with respect to the standard Euclidean distance. Actually w is a Muckenhoupt A,

weight. In fact, let 0 <a<b<1. Ifb—a < %, then

(/abw(:c) d:zc) </abw_1(x) d:c) </ab:c—1/2 d:zc) </ab:c1/2 d:zc)

) -y

<
)
4(/; ) ()

2(b—a)”.

Notice now that even when (Yy, p10) = ([0, 1], 2w(z)dz) is a space of homogeneous
type, Te((Yo, po)) is not. In order to show the above statement, take 0 < & < 1/4,
E. = [3 —¢,3] and F. = [1,1 +¢]. Notice that Yj = Yy = [0,1] and that

duly = L2v(z)dz with

4
z—1/2 if0<x<1/2
U(I) = (

T @=7T if2<a <t

IN

IN

On the other hand, if b — a > 5 we have

(/abw(:c) d:zc) (/abwl(x) d:c)

IN

<
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o
W=

Figure 1: T7([0,1], wdz) = ([0, 1], w,

(see Figure 1). Hence uf (E-) = 3 (1 — /1= 2¢) and pf (Fz) = v/2¢/2. Since E.
and F. are balls with the same radii and non empty intersection, by taking ¢ — 0
we realize the impossibility of the doubling for p. For the further iterations of T,
acting on ([0, 1], swdz), let us say T7([0,1], wdz), the same situation appears at
each point of the form j/2", j = 1,2,...,2" — 1. Hence no T7([0, 1], %wd:c) is a
space of homogeneous type for n € N. But from uniqueness in the Banach fixed
point theorem

lim 77 ([o,ﬂ,lwda:) — ([0,1], dz),

n—oo 2

which is, perhaps, the most elementary example of space of homogeneous type.

Notice that in the above example we have that d(¢1([0, 1], $=2([0,1]) = 0, and
also the attractor of the IFS is the initial set [0,1]. The second example is given
by a similar construction associated to the classical Sierpinski contraction T, and
shows that the difficulty for the doubling is in the contact and not in the invariance
of the original set. In this case let X be the triangle in R? with vertices at (0,0),
(1,0) and (0,1), and take d((z1,v1), (z2,y2)) = max{|z1 — z2|,|y1 — y2|} as the
distance on X. Let

¢1 (x,y) = (l‘/2,y/2) )
¢2(Ia y) = ¢ (Ia y) + (07 1/2> )

¢3(Iay) = (bl(xay) + (1/270) :
Define Ty on 2" by Ts(Y, u) = (Y, ') with

Y =1 (Y)Ugo(Y)Ugs(Y):= Y/ UYyUYY,

and
W(B) = % (1 (o (BOYD) + e (93" (B YD) + (65 (BAYD))),

for every Borel subset B of Y.
Let us define a weight function w(z, y) on the basic triangle X, given by w(z,y) =
sw(y) where w is the weight function defined on [0, 1] by w(y) = y~1/2. Notice that
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for (z,y) € X and r > 0, Bq((2,y),5) = (I1 x Ix) N X, where I = (z — 5,z + %)
and Iy = (y — 5,y + 5). Hence

/ () dady < / w(y) dy,
Bd((w,y),%) I>

/ w Nz, y) dedy < r/ w™ (y) dy.
Ba((z,9),5) Iz

After multiplying term by term the above inequalities and using the fact that
w € As([0, 1], dy), we obtain the A2(X,d, dzdy) condition for w:

</jgd((m7y)7§)ﬁ(x,y) da:dy) (/Bd((myy)é)ﬁl(:r,y) d:cdy)
< [Cwtdy [ )y

< Crt

< Cu? (Ba ((@9).5))-
So that, in particular, (X,d, @ dxzdy) is a space of homogeneous type. Notice that
d(¢:i(X),$;(X)) =0 for every i,j = 1,2, 3, and taking Yy = X again Ts(Yp, w dzdy)
is not a space of homogeneous type since precisely at each contact point of ¢;(X) and
¢;(X) for i # j, we have a singularity of w in one of these sets and boundedness on
the other (see Figure 2). In fact, for 0 < e < 1, E. = ([0,¢] x [§ — ¢, 3])N¢1(X) and

(a) wi(z,y) defined on Y1 (b) wa(z,y) defined on Ya

Figure 2: T?(Yy, w dxdy) =: (Yy, W, dzdy)

F. =10,¢e] x [§,1 +¢], with dpo = w dwdy, we have p (E-) = £e (1 — (1 —2¢)3/?)
and ply (F.) = v/2¢%/2 /2. These formulas show that Ty (X, @ dzdy) is not a space of
homogeneous type, since F. and F; are two neighboring balls with the same radii
and pg(Fe)/po(Ee) tends to infinity when e tend to zero. Again no T2 (X, w dzdy)
is a space of homogeneous type and the limit space (Yoo, oo ) is the Sierpinski tri-

angle with the restriction of the Hausdorff measure of dimension log 3/ log 2, which



10 H. AIMAR, M. CARENA, AND B. IAFFEI
is doubling.

Our third example shows that even when some separation of the sets {¢; (X) : i =
1,..., M} holds, no uniform doubling property for the whole orbit can be expected.
In fact, let us consider now the application T, induced by the IFS of Cantor type
taking kK = 5/2 in (3.1), and with p; = pa = 1/2. In other words, ¢ (z) = 22/5 and
¢2(x) = 22/5+ 3/5. Take again w(z) = 271/2 and (Yo, o) = ([0,1], w(z)dz) as
the starting space. Notice that for any fixed o > 1, the space (Yp, po) € 5(04,/1).
We claim that if T"(Yp, po) belongs to D(a, Ay,) for some constant A, > 1, then
A, > 272 for each natural number n. If fact, let us write (Y., ttn) to denote
T™(Yy, o). For a fixed n, take y; = (%)n, Yo = % (%)", and r = d(y1,y2) = % (%)"
Notice that y; and y2 belong to Y;, and they are the extreme points of the first “gap”

of Y,,. Tt is easy to see that p,,(Ba(y1,7)) = C5~ /2 and pn(Ba(ya, 7)) = C (%)n/2
where C' is a constant which does not depend on n. Then

:un(Bd(y%T)) _ 277,/2

pin(Ba(y1,7))

Hence D(a, A) can not be invariant under 7.

)

4. A POSITIVE RESULT

As a corollary of Theorem 2.2 and the Banach fixed point theorem, we have
immediately the following result.

Corollary 4.1. Let T : £ — & be a contraction mapping. Then if T : 5(04,/1) —
D(a, A) for some a > 1 and A > 1, there exists a unique fixed point (Y, u) for T
in D(a, A).

Let us next present an application of the above result to the special case of a
finite family of contractive similitudes on a metric space which strictly separate
images.

Proposition 4.2. Let (X,d) be a compact metric space and let {¢1,...,¢r} be a
finite sequence of contractive similitudes on X :
1
d(¢i(z), 6i(y)) = —d(z,y)
K3
for every x,y € X, where a; > 1 fori =1,...,M. Let T be the mapping on Z
defined by T(Y, pu) = (Y', i), where

M
V' = _U $i(Y),
M .
W(B) = pip (67 (BNi(Y))),
1=1

or some probabilistic sequence 0 < p; <1, ) ._,p; =1 and every Borel subset
babilisti 0 1L, yM 1 and Borel subset B
of Y'. If diam(X) <1 and

(4.1) Jmax ait < min {d(¢i(X), ¢;(X))} =: D,
i

then T : D(2, A) — D(2, A) for every A> P :=max{p; ' :i=1,...,M}.
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Proof. Set Y/ = ¢;(Y) and u}(B) = piu(é; H(BNYY)) for i = 1,2,...,M. Let
us first prove that, for A > P and every ¢ = 1,2,..., M, the space (Y/,u;) €
D(2, A) provided that (Y,u) € D(2,A). In fact, for (Y,d,p) € D(2,A), take
y,z € Y/ and r > 0 such that d(y,z) < 2r. Since each ¢; is one to one we

3

have that d(¢; (y),#; '(2)) = aid(y,2) < 2a;r, and that ¢; '(Ba(z,r) NY/) =

3

Bd(@_l(x), a;r)NY for every x € X. Then, for every € > 0,
pi el (Ba(y,r)) = (o7t (Ba(y,r) YY)
= p(Balg; ' (y), air))
Ap (Ba(y ' (2), air + aie))
= Ap(¢;7" (Balz,r +2)NYY))
= p; Aui(Ba(z,r +e)).

To prove that (Y’, /) belongs to D(2, A), take now y,z € Y’ and r > 0 such that
d(z',y") < 2r, and £ > 0. Let us consider two cases:

IN

1) y and z belong to the same Y/;
2) y€ Y/ and z € Y] with i # j.

Case 1: If By(y,r) and Ba(z, 7 +¢) do not intersect any other Y for j # i, we can

use the fact that (Y, pul) € D(2, A) to obtain the desired estimate. On the other
hand, if By(y,r) or Ba(z,r + ¢) intersect Y for some j # i, necessarily r +¢ > D.
Since we are assuming that diam(X) < 1 we have that diam(Y/) < a; ' < D, so
that Y/ C By(z,r +¢) and u/(Bg(z,7 +¢€)) > p;. Hence

W (Ba(y,r) <1< p; 1/ (Ba(z, v +¢)) < Pu'(Ba(z,r +€)) < Ap' (Ba(z,7 +€)),
which is the desired inequality.
Case 2: We may assume that a; < a;. Since D < d(y, z) < 2r, we have r > D/2.
If r + e > D we easily have that
W (Ba(y,r)) <1=p; "1/ (Y]) < A/ (Ba(z, 7 +€)).
If, instead, r + & < D we have
W (Ba(y, ) = pi(Ba(y,r)) = n(Ba(¢; ' (), air) /M,
# (Ba(z,r+¢)) = 1(Balz, 7 + €)) = u(Ba(¢ ' (2), a;(r + €))) /M.
So that, since d(y,z) <1< 2r/D < 2a;r,
W (Ba(y,r)) pin(Ba(9; ' (y), air))
Apip(Ba(¢; ' (2), ai(r + €)))
ARL(Ba(07 (2),a5(r + )
Ap/ (Bg(z,r + €)).

INIA I

IN

O

Notice that the hypothesis diam(X) < 1 is not restrictive in the sense that the
results holds if now D > diam(X)/a; for every i =1,..., M.
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Hence, under the hypotheses of the above theorem, any starting point (Yp, 1)
generates an orbit

Or (Yo, o) = {T" (Yo, p1o) : m € No}

which is completely contained in 25(2, P). So that, in these cases, we obtain again
the result of Mosco ([9], see also [10]). And actually T"(Yp, o) are good approxi-
mations of the limit space (Yoo, ttoo ), in the sense that each approximating space is
a space of homogeneous type, with bounded doubling constant.

As a family of examples to which Proposition 4.2 applies, consider the Cantor
type IFS defined in (3.1), with & > 3. The classical Cantor set C' is obtained when
k=3 and p; = pa = 1/2, and actually the invariant measure p, is the restriction
to C of H® with s = }Zgg Then for every A > 2 and every (Yo, o) € D(2, A), the
whole orbit {T7'(Yo, o) : n € N} is a uniform sequence of spaces of homogeneous

type.

To give a higher dimensional example of application of Proposition 4.2, let us
consider a Sierpinski type family of contractions. For each k > 1, let

¢1 (Ji,y) = (‘T/k7y/k) )
¢2(Iay) = ¢1(Iay) + (05 1- 1/k)
¢3(Iay) = ¢1(Iay) + (1 - l/k,O)
Let X be the triangle in R? with vertices at (0,0), (1,0) and (0,1). Taking

d((z1,11), (z2,y2)) = max{|z1 — x2|,|y1 — y2|} as the distance on X, we define
Ts on Z by Ts(Y,u) = (Y, ') with

Vi=¢1(Y)Ua(Y)Ugs(Y): =Y/ UY UYy,

3

and
W(B) = % (1 (o7 (BOYD) + e (03 (B YD) + (65 (BAYD))),

for every Borel subset B of Y’. Hence from Proposition 4.2, for k > 3 and A > 3
we have that Ty : D(2, A) — D(2, A). So that the whole orbit {T7(Yp, u1) : n € N}
is a uniform sequence of spaces of homogeneous type for every (Yo, o) € 5(2, A).
We can take for example Yy = X and pug to be twice the area Lebesgue measure on
X. And of course also the limit (Yoo, ttoo) is a space of homogeneous type.
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