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FRACTAL VECTOR MEASURES IN THE CASE OF AN
UNCOUNTABLE ITERATED FUNCTION SYSTEM
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ABSTRACT. In this paper we obtain an extension of the concept of Hutchinson measure
(which is the unique fixed point of a contraction on the set of normalized Borel measures
on a compact metric space) related to an iterated function system. Our extension means
that we consider vector measures (instead of normalized Borel measures) and, also, an
uncountable iterated function system instead of a finite one, as in the case of Hutchinson
measure.
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1. INTRODUCTION

The Hutchinson measure (also called fractal measure) is related to the attractor of an iterated function
system. If (T, d) is a compact metric space, an iterated function system (L.F.S.) is a set (w;)"; of
contractions defined and taking values on T

If we consider the complete metric space (C(T'), §), where § is the Hausdorfl-Pompeiu metric and
K(T) is the set of all nonempty compact subsets of T one can prove that the map S : K(T) — K(T),
S(A) = U/, wi(A), is also a contraction.

The unique fixed point F' of S is called the attractor of the I.F.S. Using the I.LF.S. we can consider the
so called Markov operator, defined and taking values in the set of all normalized Borel measures. This
set, with a certain metric, becomes a complete metric space and the Markov operator is a contraction
(see [6], pp. 131-133).

The unique fixed point of the Markov operator is called Hutchinson measure. This measure has the
interesting property that its support is exactly the attractor of the L.F.S.

A first extension of the Hutchinson measure was given in [4] to the case of vector measures. A second
extension was given in [5], when we considered a countable iterated function system and vector measures.
In this paper we consider again the case of vector measures, but an uncountable iterated function system.

The present paper can be viewed as a continuation of my Ph.D. thesis (unpublished).

2. PRELIMINARIES

In this section we will recall some basic facts. For more details, one can consult [1]-[4] and [6].
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2.1. The sesquilinear vector integral.

Let (T,d) be a compact metric space and let (X , <> ) be a Hilbert space over the field K (either
K=R o K=C).

A function f : T — X is called simple function if there exists a partition (A4;),,., of T, with
Borel sets, such that f = Z?:l pa, i, where ¢4, is the characteristic function of the set A; and
neEX i€ { 1,...,n } We denote by S(X) the set of all simple functions.

A function f : T — X is called totally measurable function if there exists a sequence ( fn )n C
S(X) such that nleOO fn = [, the convergence being uniform. We denote by TM(X) the set of all

totally measurable functions. The set TM(X) is the closure of the set S(X) in the topology given by
the norm | £ o = max | /(1)]
€

We also denote C(X) = {f: T — X ‘ f is continuous }, and obviously C(X) C TM(X).
Let B be the set of Borel subsets of T'. A function p : B — X is called vector measure if p is

o — additive, that is, z( U A,) = Z w(A,), for any sequence (A”>n C B, with 4; N 4 =0,
n=1 n=1
for i # j.
Let 4 : B — X be a vector measure and A € B. We call the variation of u on A
the number, denoted by |u|(A), defined as:

|| (A) = sup{ Z Il (A || ’ (A;); is a finite partition of A with Borel sets }.
One can prove that |pu|: B — R, is a positive measure (see [1], p. 114).

Let uw: B — X be a vector measure. If |u|(T) < oo, we say that p has bounded
variation . We denote by cabv(X) the set of vector measures with bounded variation. One can prove
the following theorem (see [1], pag. 156).

Theorem 2.1. a) The application || || : cabv(X) — [0,00), | &l =l || (T) is a norm on

cabv(X), the called variational norm.
b) (cabv(X), I ||) is a Banach space.

Let f = Z wa,; T; be a simple function, p € cabv(X). We define:
i=1

/fdud;f Yo < i), @ >

i=1

Jrau] < 3 1)1zl < 1l lull

i=1

Remark. Obviously,

These inequalities show that the application f +—— /f dp is continuous and has an unique uniform

continuous extension to the set TM(X) (the closure of S(X) with respect to the topology given by

[ oo )-
Let f be a function such that f € TM(X) and (f”)n C S(X) such that f, —= f. We

define ﬁ dp = le ﬁ" dp, and the limit does not depend on the sequence (f, ), which converges

uniformly to f.

2.2. Norms and topologies on measure spaces.
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We denote by BL(X) the set of all Lipschitz functions f : T — X . On this set we introduce the
norm: || fllsr = || fllo + || fllz, where || f]lz is the Lipschitz constant of f. For the proofs of the
results given in this section one can see [3].

We also denote: BL;(X) = {f € BL(X) ’ I fllsr < 1}.

For any p € cabuv(X), we define: || |l = sup{’ ﬁd,u| ‘ f e BLl(X)}.

Then the application p — ||p||arx is @ norm on cabv(X) and ||u||mrr < || -
The norm defined above is called Monge - Kantorovich - type norm (in the following we will call it, in
short, the Monge - Kantorovich norm).

Let a > 0. We will denote B, (X) = {,u € cabv(X) ) el < a}. It can be proved the following
result: For any a > 0 and n € N, the set Ba(Kn) equipped with the metric generated by the
Monge - Kantorovich norm is a compact (hence, complete) metric space.

For any v € X, we denote cabuv(X,v) = {u € cabv(X) ‘ w(T) = v}. Obviously, for any
A C cabv(X,v), we have:

A—Ad:Ef{,u—y‘u,ueA} C cabv(X,0).

We define: Li(X) = {f T — X ‘ f is a Lipschitz function and || f || < 1 }
For any (1 € cabv(X,0), we denote || |3, = sup{|[ fdu|| f € L1(X) }. Then the application
*

*
pw — || pllyr is a norm on cabv( X, 0) and we have: || ullmr < @l < || pll diam(T). This
norm is called the modified Monge - Kantorovich norm.

For any v € X and a > 0 we denote Bo(X,v) = {pn € B,(X) | w(T) = v}.

*

One can prove the following theorem: For any v € X, a > 0 and n € N | theset B,(K ,v)
equipped with the metric given by the modified Monge - Kantorovich norm is a compact (hence, complete)
metric space.

2.3. Fractal vector measures.

*
Let m € N . We consider the linear and continuous operators R; : X — X, i =1,2,...,m,
n

and the iterated function system (wi )izl, that is, w; : T — T is a contraction of ratio r; < 1,
forany ¢ = 1,2, ..., m. We define the Markov - type operator:

H: cabv(X) — cabv(X), H(p) = Z R; o N(W;l)a
i=1

—1
that means that, for any Borel subset A C T', H(u)(A) = Z R; (u(wi (A)) )

It can be proved (see [4]) that:
a) The Markov - type operator is correctly defined: H(p) € cabv(X) for any p € cabv(X).

b) Let us consider the Banach space (cabv(X) A ) . Then, H is linear and continuous and || H ||o <

m
Z | Ri |lo (where we denote by || |lo the operatorial norm).
i=1
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Theorem 2.2. (change of variable formula) For any f € C(X), we have:
Jram = foan. where g = 3" R e g o,
i=1
Ri* being the adjoined operator of R;.

Proof. Using additivity properties, it will suffice to prove that for any R € £(X), for any continuous
function w : T — T and for any f € C(X), we have:

(2.1) [ ranmu = [adn

where H(R) € cabv(X) is given by H(R)(1) = R o w(u) and g = R* o f o w.
We construct the canonical sequence for f (see [2]):
fm = Z epm f(t"), where t]* € B".
i=1
It is obvious that || fi o < < Il fllo and that (C’i )1<i<K(m) is a partition of 7', where C’Z-m =
w™(BM™). We take v € C’l- such that w(v™) = t7*. We have:
K(m)
Jrman@® = Y < £ HERGED) >

1=1

= > < sy R(p i Bm)) >

i=1

K(m)

= Y < fem), Ruer) >

i=1

m

= Z (R" o £)&"), n(Cf) >

Z (R™ o f)(w) . n(C") >

K(m)

(2.2) = Z < (R* of ow)(v ) (Cm)
i=1
K(m)
For any m € N, we consider the simple function g,, = Z cpcim(R* ofo w)(vzm) .
i=1
Then, from (2.2) we obtain: '

(2.3) ﬁ AH(R)(1) = fom dp.

We also have: ¢, — g = R o f o w. Indeed, for any t € T one can find an unique i €
{1,2,..., K(m)} such that ¢ € C". Therefore:

lom(® = g1 = 1B (f(wlem)) = B (F(w®))] =
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< IR o | F(w(w) = flw®)) Il =

IR o I f(w(®™)) = f(w(®) ] X
However w(v®) = ¢ € B;" , w(t) € B]" and B; C f_l(B(ylm7 —)) (using the way of
m

construction of the canonical sequence

17 (f(we) = fw®) )1l <
_ w )
- )

).
Hence f(t7") = f(w(vm)) € B(y;” , %) , f(w(t)) € B(ylm , %), and this implies that

[ f(w@f)) = f(w®) ] <
Therefore, ||gm(t) — g(t)]|

lim/md,u.

Using the equality ﬁdH(R)(u) = lim /fm dH(R)(p), from (2.3), and taking the limit when m —
00, we obtain (2.1). O

2
|R|lo - —, that proves that g, — g, and, from that, /gdu =
m m

The following result can be proved: We consider the space (cabv(K"™), || |lamx) and suppose

Z IRillo(1+m)<1.Let a > 0, u'° € cabv(K") and P : cabv(K") — cabv(K"),
i=1

0 n
where P(p) = H(p) + g . Let, also, 0 # A C B,(K ), weak-* closed, such that P(A) C A
and 7: A — A, w(g) = P(p). Then 7 is a contraction on A, with the ratio ||7]; <

m
Z Il Rillo (1 + 7;). Consequently, there exists an unique measure u* € A such that 7T(,u*) = u* .

i=1
This measure p is called invariant vector measure or fractal vector measure.

Remark. a) It can be proved (see [3]) that the weak-* topology on Ba(Kn) is the same with the
topology given by || [[ax on Ba(Kn) . But Ba(Kn) is compact in the weak-* topology, so is compact
(hence, complete) in the topology given by || |mkx. If A C Ba(Kn) is weak-* closed, we conclude
that A is weak-* compact in this topology, hence is compact (and complete) in the topology given by
[ llarxc - . .

b) Theorems similar to the previous result can be proved for (cabv(K O MK)

and for (cabv(X )l H) , when X is an arbitrary Hilbert space (see [4]).

3. RESULTS

3.1. An integral for vector functions with respect to Lebesgue measure.

Let a,b € R, a < b, X the Lebesgue measure on [a, b] and X a Banach space.
Notations:

® Sia,p)(X) = { fi:la,b] — X ‘ f is a simple function }

o TMp, (X) = {f: la,b] — X ’ (3) (fu)n CS(a.b)(X) such that f, i>f}
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Definition 3.1. For f € S, 4)(X), f = Z@Ai x; , where (A4;)1<ig<m is a partition with Borel sets
i=1
def -
of [a,b] and z; € X, we define /fd)\ = ) A (A
(b i=1

Obviously, || /fdA < D lzlAA) < [ fllee® = a).

[a,b] =1

From these inequalities we deduce that the application f +— / fdA\ is continuous and, conse-

[a,b]
quently, it has an extension to Sy, 5](X) = TM{,, )(X). Namely, if (fn)n CS[4,57(X) and f, = f,
we define [ fdA = lim [ f,d\, and the limit is the same for all sequences (f,,), uniformly conver-

[a,b] "7 %, b]

gent to f.
3.2. The Markov-type operator.

In this section X is a Hilbert space and (7', d) is a compact metric space.
For any @ € [a, b], we consider:

e R, : X — X, linear and continuous;
e w, : X — X, contractions of ratio r, < 1.
We suppose that:

i) The application @ — R, is continuous on [a, b];

-1
ii) For any pr € cabv(X), the application o — p o w, is continuous on [a, b];

iii) For any f € C(X), the application @ — f o w, is continuous on [a, b];
iv) The application o — r, is measurable.

Remark. For the conditions i) - iv), we consider the topologies:
a) on [a, b], the trace of the topology given on R by the canonical metric:

de(z,y) = |z = yl;
b) on £ (X) (the space of linear and continuous operators on X): the topology given by the operatorial
norm ;
c) on cabu(X): the topology given by the variational norm;
d) on C(X): the topology given by the norm | ||oo:

1 lloe = tSléll;Hf(t) I, (M) f e CX).

Definition 3.2. For any u € cabu(X), we define H(u) : B — X via

B = [ Ra(fwn'@)) ar

[a,b]

for any A € B.
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—1

We will use the notation: H(u) = not /( Ry o ppow, )dA
[a,b]

Theorem 3.3. We consider (cabv(X)7 I H) Then, for any p € cabv(X), H(u) € cabv(X), the

function p — H(p) is linear and continuous, and || H |0 < /H Ro JlodA.

[a,b]

Proof. Let (A;)1<j<n @ partition of T with Borel sets. We have:

ZHH ZH/ ) ar|

= Lk

<> /HRaHOHN(W;l(AJ'))||d>\>
I=1 e
[ (1Rl e (4) 1) ax
[a,5] =1

- /( ||Ra||oi (e (45)) 1) A
o 7=t

< |l (T / |Rallo dA
T /||R | dx.

Taking the supremum with respect to all the finite partitions of T° with Borel sets, we obtain

HE@IT) <l ([ 1Rallo ar).

[a,b]

Hence H(p) € cabv(X) and || H(p) || < ( /HRQHO d)\) |l ¢ ]]. We conclude that H is linear and con-
[a,?]

tinuous and || H |lp < /||Ra|| dA. O

Theorem 3.4. (change of variable formula)

For any f € C(X) and p € cabv(X) we have ﬁdH(/I,) = ﬁdu, where g : T — X,

/R a(t)) ) dX.

[a,b]
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Proof. For any n € N* we consider the partition (B;)1<i<n Of the interval [a, b], where

<
b —
B, = [zi—1,%], zm = a+1i Obviously, A(B;) = - In each set B; we
choose «;, arbitrarily, fixed. According to Theorem 2.2 we have: ﬁdHﬂ(M) = /gn dp, where
b—a «— -1 b—a ~— %
H(p) = — Z;Rai OO Wy s Gn = —— Z;Rai o f o wa, -
It will be sufficient to prove that:

A) H,(n) — H(wp) in cabv(X);

B) g, — g in TM(X).
A) Let a € [a,b]; thereexists ¢ € {1,...,n} suchthat o € B;. Let also (4;)i<j<m bea

partition of T with Borel sets. We denote:

s iH /J“jta(ﬂ(wal(Aj))>dA B b;a iRa"’(“(w;il(Aj)))H'

I=1 14 =l
We b
s -3 i{![&(u(wal(&))) (e}
b / ([ (1)) = )|
[ Ra(#(wa, (4)) = Ra(1(wa, (47))) H) dA] }
< ;{ 3] [t e 49) = s a)
. o fim = ot o] |

From iv) and ii), we deduce:
19) (V)e > 0, (3)6. > 0 such that for |a — ag| < 0., ||Ra — Ro| < €.

-1 -1
2%) (V)e > 0, (I)n. > 0 such that for |a — ap| < n., [[pow, — pow, || <ce.

Let ¢ > 0 and n € N such that
using (3.1):

< min(de, 1 ). Because |a — ;| < , we have,

n

-1 1
s <X | [uow —mwows [ IRalo ar + ull [IR0 — Ra
Bi Bi

i=1

o dA

<e /||Ra||odx+s|m||(b—a> not ¢ pp
[a,b]
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where M = / | Rallo dX + |l (b — a).
[a,0]
Taking the supremum for all the finite partitions of T' with Borel sets, we conclude that H, (u) —
H(p) in cabu(X).

B) Let t € T. We have:

lon(®) = a0 = | [B2(F(walt))) d

i UHRz(f(%(t))) = Ro(f (wa(®) ) | A
[ o)) = R (7)) 0]

B;
Z[/HR lo o [[(fowa = Fowa)®| ax
1=1
<[ fowa = fowa, [l
(32) b 1R = Rl 17 (0, 0) | 7.
B;

<o

Because |a — ;| < , for n € N big enough, from iii) we have || fows — fowa, | < €.

Hence, using (3.2), we obtain:
ln(® = 901 < e [IRallodd + (b~ a)) . ()t €T,
[a,b]
and so ¢, — g. O

Theorem 3.5. Let f € Li(X) and g as in Theorem 3.4 Then g is a Lipschitz function and | gl <
/|\Ra||0ra dX.
[a,b]

Proof. First we remark that the function @ —— ||R4]|o 7 is Lebesgue integrable. This results from
the fact that the function is measurable (as a product of measurable functions) and is less than the
integrable function o — || Rqlo -

Let z,y € T. We have:

lote) = o) = | [ [#(wale)) = £ (walv)]ar ] <

[a,b]
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/HR?Z loll £ (wal@)) — f(waly)) dA <

[a,b]

< /I\Ra lo | wa(@) — wa(y) A <

[a,b]
< ( /”RQHO’FQ d)‘) d(.’L’,y)
[a,b]
Then g is a Lipschitz function and || g | < /|| R lora dX. O
[a,b]
Theorem 3.6. We consider the space (cabv(X), || ||k ). Then H is linear and continuous, and

| Hlly < /HR lo (1 + ra)d
[a,b]

Proof. Let g be as in Theorem 3.4 where f € BL(X). Forany ¢t € T,

gl /nR o 17 (wn®)] A< /IIR o dA.

[a,b] H Flloo < [a,b]
Using Theorem 3.5 we have:

l9llaz = llgllee + llgllz < /HR lo (1 + 7o) d

[a,b]
From Theorem 3.4 we know that:
| [rare] = | [adu] < lolae - Il
(see [3
/ Rallo (U + ra) A ) s

[a,b]

Taking the supremum for all the functions from BL;(X) we obtain:

o < ([ 1Rallo 1+ 7) ) s
[a,b]

Hence, ||H|lo < [ ||Rallo(1 + 7o) dX . O
[a,b]
Theorem 3.7. Let us consider the space (cabv(X, 0), || ||;[K) . Then:

a) For any p € cabu(X,0), H(p) € cabv(X, 0);

b) We define Hy : cabv(X,0) — cabv(X,0), Hyi(u) = H(p).
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Then H;p is linear and continuous and ||Hi|lp < /||Ra||0 To dA.
[a,b]
Proof. a) Let p € cabu(X, 0).
—1
H(p)(T) = /Ra<u(wa (T))) d\ = /Ra(,u(T)) A\ = 0 = H(u) € cabv(X, 0).
——

[avb} [Cb,b] =0
b) Let f € L;(X) and g be as in Theorems 3.4 and 3.5. Using Theorem 3.5, we have ||g|r <
/|| R, |lo ra dX\. We can write:

[a,b]

| Jran] = | foan| < lale - Il < ([ 1Rallo ra @) i

(see [3]) [a,0]
and taking the supremum for all f € L;(X), we obtain that:

* *
1) e < (f1Rallo ra a3 )l1Al e
[a,b]
Hence || Hy |lo < /||Ra||0 ro dX. O
]

la,b

3.3. Fractal invariant measures.

Theorem 3.8. (Fractal Vector Measure for || ||mx)

Let us consider the space (cabv(Kn), I ||MK) . We suppose that /HRaHo(l +re)dh < 1.
[a,b]
0 n
Let a > 0 and p € cabu(K ). We define
n 0
P cabU(Kn) — cabv(KL), P(p) = H(p) + p .
Let 0 # A C Bu(K ), weak-* closed, such that P(A) C A. Then the function = : A —
A, w(p) = P(u), is a contraction on A with the ratio ||| < /||Ra||0(1 + 1o ) dX, for the
[a,b]
metric generated by || ||mx on A. Consequently, there exists a unique measure u* € A, such that
* *
m(n') = p

n

Proof. The set A, being weak-* closed in B, (K ), is compact, hence complete in this topology. But

the weak -* topology coincides with the one given by || |ax on Ba(Kn) (see [3]). So A is complete in
the topology given by || ||k -

Let gy, ue € A. We have:

Im(u1) = w(p2)ll = [1H () — H(p2)ll < [Hllo lpa — pall

By using Theorem 3.6 we deduce that

Inle < I1H]o < /HRaHo(l +ra)dA < 1.
[a,b]
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Hence 7 is a contraction on A. Using the contraction principle, there exists a unique measure
* . * *
wo € A with n(p”) = w . O

Theorem 3.9. (Fractal Vector Measure for || ||:/IK)

Let us consider the space (cabv(Kn, 0), |l H;CIK> We suppose that : /Ra dx = 1 n (that
[a,b]
means : (V)x € K", /Ra(x) d\ = z) and /||Ra||0ra dx < 1.

[a,b] [a,b]

Let a > 0,v € K" such that lv] < a. We consider the set ) # A C Ba(Kn,U) weak -* closed,
such that H(A) C A, and the function 7 : A — A, w(n) = H(u). Then 7 is a contraction of
ratio ||w||L < |Rallora dX, for the metric generated by || H;\ZK on A. Consequently, there ezxists a

[a,b]
unique measure p* € A such that ©(p*) = p*

Proof Let Hy :cabv(Kn,O) — cabv(Kn,O) , Hi(u) = H(p). According to Theorem 3.5 we have:
|Hillo < /||Ra|| 7o dX. Similar to Theorem 3.8, we deduce:

[a,b]

Inlle < [Hillo < /I|Ra||ra < 1,
[a,b]

: . *
hence 7 is a contraction for ||u|,, x -

But (see [3]) the space (Ba(Kn7 v), d is compact (where d, . x is the metric generated by

ME*

n
I ||LK ) and A, being weak-* closed in B,(K , v) is closed in the topology given by d, ., so is
compact in this topology. Hence (A, d v K*) is a complete metric space. Using the contraction principle,

there exists a unique measure p* € A such that w(u*) = u*. O

Remarks. a) The condition /Ra dx = 1 n ensures that, for any p € cabv(Kn, v), we
[a,b]
n
have H(p) € cabv(K , v). Indeed,

H(p)(T) = /Ra (u (w;l(T))) dr = /Ra (W(T)) dx = /Ra (v) d\ = v.
[a'b] [a'b] [a'b]

This means that, for any p;, ps € cabv(Kn, v), H(u) — H(pe) € cabv(Kn, 0), so we can use for
H(p1) — H(po) the modified Monge - Kantorovich norm.

b) The condition ||v] < a ensures that Ba(Kn7 v) # (. Let ¢ € T and let §; be

the Dirac measure concentrated in ¢t. We have: d;v € cabv(Kn, v) and [ v || = |Jv|| < a. Hence
n

0tv € Bo(K ,wv). O

Theorem 3.10. (Fractal vector measure for any arbitrary Banach space)
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Let X a Banach space and consider <cabv(X), I H) . We suppose :

/||Ra||0 < 1.

[a,b]
Let ,uo € cabv(X) and
P : cabv(X) — cabv(X), P(u) = H(p) + ,uO.
Then there exists an unique measure p” € cabv(X) such that P(u™) = p*.

Proof. For any 1, p2 € cabv(X), by using Theorem 3.3, we have:

[1P(1) = Plp2) || = [ H(pm) = H(p2) | < [Hllo [ = p2l
< ( [1Rallo ar) i = el
[a,b]
So P is a contraction on the Banach space (cabv(X ), |l ||> . Using the contraction principle, there
exists a unique measure p* € cabv(X) such that P(u*) = u*. O
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